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Preface 

This thesis adheres to the guidelines set forth by McMaster University for writing an 

integrated article thesis, commonly referred to as a sandwich thesis. The thesis is composed 

of five chapters investigating the laser powder bed fusion of pure copper. Chapters 2, 3, 

and 4 consist of journal papers that have either been published or are currently under 

consideration for publication, as follows: 

Chapter 2: a version of this chapter is published as a research article, titled "Processï

structureïproperty relationships of Cu parts manufactured by laser powder bed fusion" in 

the "Materials (2021)" journal. Mohamed Abdelhafiz Mohamed performed the 

experiments, acquired and analyzed the data, and wrote the initial draft. Kassim S. Al-

Rubaie curated the data and revised the initial draft. Dr. Ali Emadi reviewed the 

manuscript. Dr. Mohamed A. Elbestawi reviewed and edited the manuscript. 

Chapter 3: a version of this chapter has been submitted for peer review to the "Journal of 

Manufacturing Processes" as a research article entitled "In-situ laser removal of 

Cu2o&Cuo during laser powder bed fusion of copper parts". Mohamed Abdelhafiz 

Mohamed performed the experiments, acquired and analyzed the data, and wrote the initial 

draft. Dr. Ali Emadi reviewed the manuscript. Dr. Mohamed A. Elbestawi reviewed and 

edited the manuscript. 

Chapter 4: a version of this chapter is published as a research article, titled "On the 

fabrication of high-performance additively manufactured copper winding using laser 

powder bed fusion". in the "Materials (2023)" journal. Mohamed Abdelhafiz Mohamed 

performed the experiments, acquired and analyzed the data, and wrote the initial draft. Dr. 
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Ali Emadi reviewed the manuscript. Dr. Mohamed A. Elbestawi reviewed and edited the 

manuscript.  
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Abstract 

Pure copper is widely employed as the primary metal in thermal management and 

electromagnetic applications due to its exceptional electrical and thermal conductivity. 

Laser powder bed fusion (LPBF) is a versatile additive manufacturing technique that 

utilizes high laser energy to selectively melt and fuse successive layers of metal powder to 

create metallic components with intricate geometries. Nonetheless, LPBF of pure copper 

is known as a challenging manufacturing process attributed to low optical absorptivity, 

rapid dissipation of laser energy, and affinity to oxidation. This thesis focuses on the 

process development and optimization for LPBF of Cu.  

Firstly, the Process-structure-property relation was examined by assigning a wide range of 

process parameters to print Cu-LPBF coupons. The optimum process parameters were 

defined based on maximum relative density, which was obtained at the full laser power of 

the EOS M280. The results emphasized the significant impact of laser power and hatch 

spacing on the part quality. 

Second, Cu oxide exhibits higher optical absorption than pure copper, as reported in the 

literature. Therefore, the thin film of oxide that was created either on recycled or 

intentionally oxidized power particles would be a possible easy way to increase the heat 

energy absorbed from the laser beam. However, the current work emphasized the adverse 

effects of oxide presence on part quality, particularly when using a medium laser power 

machine. In this regard, a new method of in-situ Cu oxide reduction during LPBF was 

proposed to develop an easy and environment-friendly approach to recover the 

contaminated powder. Applying laser ablation on the powder surface and the solidified 
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layers results in considerable improvement, where the oxygen content is reduced by 70% 

in the LPBF samples compared to the initial state of the oxidized powder.  

Finally, the power density of Cu-LPBF coils was improved by enhancing the filling factor 

and increasing the electrical conductivity. The dimensional limitation of Cu-LPBF 

fabricated parts was initially identified. The power of utilizing sample contouring was 

highlighted to upgrade surface quality. Adjusting beam offset associated with optimum 

scan track morphology upgraded the minimum feature spacing to 80 um. The electrical 

impedance of full-size Cu-LPBF coils, newly reported in this study, was measured and 

compared with solid wire. It can reflect the performance of Cu-LPBF coils (power factor) 

in high-frequency applications. 
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Chapter 1  

Introduction  and Literature Review 

1.1 Background 

Additive Manufacturing (AM) , often known as 3D printing, is defined as a process of 

fusing materials to fabricate products from 3D model data, typically layer by layer, 

opposing subtractive manufacturing approaches [1]. AM offers a method of producing 

highly complex designs that are challenging or impossible to achieve with traditional 

manufacturing techniques. AM enables efficient resource utilization since it only adds the 

needed material during the building process. With the development of stereolithography in 

the 1980s, AM began as a rapid prototyping process. Further research on polymer AM 

resulted in new technologies such as selective laser sintering. AM of metals was 

challenging to accomplish until the early 2000s when laser powder deposition and laser 

powder bed fusion methods were developed. According to ASTM standard F2792, the AM 

process is divided into main categories: Directed Energy Deposition (DED) and Powder 

Bed Fusion (PBF) [2]. These two categories are further subdivided depending on the heat 

source used, such as laser, electron beam, plasma arc, and gas metal arc. 

Laser powder bed fusion (LPBF), also known as selective laser melting (SLM), is a 

prominent manufacturing method in the PBF-AM category. It gains significant attention 



 

 

 

Ph.D. Thesis ï Mohamed A. Mohamed     Mcmaster University - Mechanical Engineering 

2 

 

due to its ability to produce complex and high-quality metal components with delicate 

features. Another advantage of LPBF is its capacity to process a variety of metals, alloys, 

and ceramic matrix composites. This flexibility enables manufacturers to choose materials 

tailored to the specific requirements of each application, such as electrical conductivity, 

mechanical strength, corrosion resistance, thermal qualities,.etc. In the LPBF process, a 

thin layer of metal powder is uniformly spread across a build platform using a recoater, 

which may be a blade, roller, or brush. And then, the high-power laser beam is directed to 

melt a predefined powder region based on the CAD file, forming a single solidified layer 

of the final product, as shown in Figure 1-1. The laser-exposed area of each layer can be 

obtained by slicing the Standard Triangle Language (STL) file using SLM machine 

software. Therefore, the total product height and the chosen layer thickness determine the 

number of printed layers (slices). To prevent molten material oxidation during printing, the 

entire process has to be carried out in a sealed chamber supplied with inert gas, either 

nitrogen or argon. 

 

Figure 1-1: Schematic diagram of LPBF process [3]. 
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Process parameters in LPBF can be classified into several categories, as in Figure 1-2. 

Every parameter has a different impact on the characteristics of the final product. The wide 

range of processing parameters available in modern LPBF systems provides a complete 

toolkit for adapting the additive manufacturing process to the specific needs of various 

applications and materials. While there are over a hundred such parameters, the most 

significant and commonly investigated by researchers are laser power, scanning speed, 

hatch spacing, layer thickness, and physical properties of the powder. [4]. The primary goal 

of optimizing LPBF process parameters for each material is to obtain defect-free parts with 

high mechanical and physical properties. To achieve the best overall results, SLM machine 

manufacturers have typically provided a set of recommended parameters for the frequently 

used metal and metal alloys of Aluminum, Steel, Titanium, Nickel, and Cobalt chrome 

alloys [4,5]. The optimization of parameters is an ongoing process in which manufacturers 

release new machine models and technological advances. 

 

Figure 1-2: classification of LPBF process parameters. 
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1.2 Laser powder bed fusion of copper (Cu-LPBF) 

Cu is a well-known metal with outstanding characteristics such as strong electrical and 

thermal conductivity. It is one of the most conductive materials available, making it 

essential in various industries and applications requiring efficient heat and electrical energy 

transfer. The standard electrical conductivity of Cu is υψὼρπ S/m which is equivalent to 

100% of the International Annealed Copper Standard (IACS). It is being used as an unit 

for other metal's electrical conductivity. The highest measured conductivity for pure copper 

is about 103.6% IACS at room temperature (20 °C), and the corresponding resistivity is 

16.642 nɋm [6,7]. According to the Wiedemann-Franz relationship, metals with high 

electrical conductivity also possess high thermal conductivity. This relationship is valid as 

long as the metal is in a domain where charge carrier mobility dominates the heat transfer 

process [8]. Accordingly, the thermal conductivity of pure copper is 401 W/(m.k). The 

presence of impurities negatively impacts the resistivity of Cu and Cu alloys [9], as shown 

in Figure 1-3. Depending on the element and amount in the solid solution, any additions to 

pure copper lower its electrical conductivity. Purity levels and processing techniques have 

improved considerably since the IACS was cofounded. According to the ASTM, high 

conductivity commercially available grades of  C10100 and C10200 are classified as 

oxygen-free 99.99% pure copper with a conductivity of 101% IACS [10]. 
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Figure 1-3: Impact of alloying elements on the electrical conductivity of Cu at ambient 

temperature [9]  

AM of Cu is rapidly growing to exploit the benefits of AM in electrical and thermal 

applications. For instance, in the field of electric motors, AM of winding and insulation 

material enables a higher fill percentage, which improves efficiency and power density. 

Additionally, the internal thermal conduction in the stator and rotor core will enhance, 

making it more compatible with aerospace applications [11]. Many studies investigate how 

to increase the electromechanical parts produced by AM technology. Other advantages 

involve the design freedom to make customized and complex parts.  

Although Cu has outstanding conductivity, it has significantly low optical absorption in 

both flat solids and powder forms [12]. The amount of heat energy absorbed by the laser 

beam is crucial to ensure complete melting and fusion between either adjacent tracks and 

subsequent layers. Moreover, high thermal conductivity accelerates heat dissipation 

outward from the meltpool. Those two inherent characteristics of Cu powder inhibit 

complete melting and sufficient time at the liquid phase. The researchers have been 

exploring the feasibility of fabricating high-quality Cu-LPBF parts using commercially 
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available machines [7,11,13,14]. The authors showed that printing fully dense parts using 

low laser power within the infrared region (wavelength (‗ around 1080 nm) is not 

applicable. In this regard, high energy density obtained by high laser power is one possible 

solution. However, such LPBF machines are not usually available in the market, being 

either custom-made or self-developed [12]. A maximum density of 98% was obtained using 

laser power between 600 and 800 W [15] [16]. Exposing high-reflectivity Cu powder by 

high power laser increases the risk of damaging the optical mirror, as reported in [15]. 

Figure 1-4 shows the damage after 12 hr of intense back reflection.  

 

Figure 1-4: optical mirror damage due to intense back reflection during LPBF of Cu at 

high laser power [15]. 

As an alternative solution, the properties of Cu powder were modified via pre-alloying with 

a highly optical absorbent substance such as silicon, tin, or zinc. However, the low 

chemical concentration of such components reduces Cu reflectivity marginally [17]. As a 

result, unless a large amount of those elements is added, fully dense LPBF components 

fabricated of pre-alloyed Cu powder cannot be accomplished using low to medium laser 

power [18]. In this situation, the electrical conductivity of the as-built samples was 

significantly reduced. Other researchers have pointed out a different strategy of powder 

coating to increase absorptivity since the laser-matter interaction takes place within the 
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very thin outer layer, which is measured in tens of nanometers [19,20]. After applying 

immersion tin plating, the absorption of coated powder is doubled compared with pure Cu, 

as shown in Figure 1-5. Although the fabricated parts were nearly fully-dense (99%), the 

conductivity was only 80% IACS. It is attributed to the presence of tin and sulfur 

contamination. On the other hand, a blue laser with a wavelength of 450 nm can guarantee 

a significant increase in absorption (triple the amount of using an IR laser), as shown in 

Figure 1-5. According to the study in [21], the self-developed blue semiconductor laser was 

not capable of producing porosity-free parts where the maximum density was 98%. 

 

Figure 1-5: optical absorption of Cu powder before and after coating with a thin layer of 

Sn [19].  

1.3 Applications and opportunities 

Currently, AM is employed to include several copper applications in different fields: 

electromechanical and thermal applications. The first fully 3D-printed electrical motor was 

built at Chemnitz University of Technology, as shown in Figure 1-6. It was produced using 

a method in which highly viscous metallic and ceramic pastes were extruded through a 
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nozzle in layers manner [22]. The green part was subjected to a series of heat treatment 

steps to first evaporate the binder and then powder sintering. The 3D-printed stator can 

withstand elevated temperatures because ceramics replaces the polymer insulation layer. 

Consequently, the operated temperature is only limited by the iron's ferromagnetic 

characteristics, which is 700 C. The highly viscous metallic compound is inevitably easy 

to handle, and simple control is needed to deposit the conductor, insulator, and iron core 

layers. However, high dimensional shrinkage occurs during sintering and heat treatment, 

so the dimension accuracy is lower than in the LPBF system. 

 

Figure 1-6: 3D multi-material printing of coil (a) CAD model, (b) printing process, and 

(c) final product after heat treatment [22]. 

One of the benefits of copper AM is printing electronics in customizable arrangements, 

including sensors, passive and active components, and batteries. For the mechanical 

sensors, much of the progress has focused on detecting an applied force. For example, 

piezoelectric, piezoresistive, and touch-capacitive sensors are among the many types that 

can be printed for force detection. Fine-pitched copper mesh with embedded copper wires 

was established to generate capacitive touch sensors Figure 1-7 [23]. Moreover, there has 

been improvement in fabricating lithium-ion micro-battery systems using AM technologies 

[24]. It has an opportunity to increase energy density by making full use of the available 

area. 
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Figure 1-7: (a) capacitive touch sensor developed with embedded copper mesh [23] and 

(b) printed lithium-ion battery [24]. 

1.4 Motivation  

The field of AM has witnessed remarkable advancements in recent years, with an estimated 

market of 12.7 billion US dollars in 2020. LPBF has emerged as a prominent method for 

fabricating three-dimensional metal components due to its capability of producing high 

accuracy and fine features. On the other hand, the superior electrical conductivity of Cu, 

particularly, is critical in applications such as electrical motors, where minimizing energy 

losses owing to resistive heating is essential for efficiency. The need for this study derives 

from the urgent necessity to overcome the restrictions associated with the Cu-LPBF 

process. According to the literature review, many research topics of Cu-LPBF have been 

revealed and discussed. However, there is still a gap in understanding the process-structure-

property (PSP) correlations. The impact of unusual process parameters, such as preheating 

temperature, scanning strategy, and beam offset, have not been assessed. Furthermore, the 

possibility of LPBF to create full -size Cu windings with compact design has not been well 

investigated. In this regard, the dimensional accuracy and surface quality should be 

optimized first. While some studies have reported the dimensional accuracy and surface 

roughness of Cu-LPBF parts, none indicated possible in situ strategies for improvement. 
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Additionally, the correlation between microstructure evolution after heat treatment and the 

improvement in electrical conductivity has not been reported for Cu-LPBF samples.  

1.5 Research objectives 

The key objective of this thesis is to find the optimal LPBF process parameters to 

manufacture high-density Cu parts with optimum as-built electrical conductivity, in 

addition to the effect of in-situ and post-processing on part properties. Based on the most 

recent knowledge and the established research topics, the thesis objective can be divided 

into the following sub-objectives: 

1- Exploring the PSP for the LPBF of Cu samples 

2- Constructing process maps of relative density and surface roughness versus a wide 

range of LPBF parameters. 

3- Examining the electrical conductivity of a set of coils printed using the optimum 

process parameters. 

4- Investigating a new in-situ method to reduce Cu-oxide content and its impact on 

part properties.  

5- Dimensional accuracy and surface roughness optimization via in-process 

techniques. 

6- Quantifying the impact of heat treatment on electrical conductivity and surface 

roughness. 

1.6 Thesis outline 

The results of this thesis have been written in three journal articles. Two are already 

published, and one is submitted to a peer-review journal, as follows: 
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Chapter 1 introduces the background of AM and LPBF, the challenges of Cu-LPBF, the 

motivation behind the research topic, and the objectives. 

Chapter 2 covers a comprehensive PSP on LPBF of Cu and examines the effects of a wide 

range of process parameters on the density, surface roughness, and electrical conductivity. 

Chapter 3 discusses the adverse effects of oxide presence on part quality, particularly 

when using a medium laser power machine. This study proposes a new in-situ Cu oxide 

reduction method during LPBF, developing an easy and environmentally friendly approach 

to recover the contaminated powder. 

Chapter 4 exploits the obtained results from previous chapters to fabricate full-size 3D-

printed coils. The dimensional limitation is initially identified. The benefits of applying 

sample contouring to improve surface quality are addressed. Adjusting beam offset 

associated with optimum scan track morphology is discussed here. The electrical 

impedance of full-size Cu-LPBF coils was measured and compared with solid wire. 

Chapter 5 highlights the important findings in the thesis, contributions, and 

recommendations for further research. 
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Abstract:  

The processïstructureïproperty relationships of copper laser powder bed fusion (L-PBF)-

produced parts made of high purity copper powder (99.9 wt %) were examined in this 

work. A nominal laser beam diameter of 100 ɛm with a continuous wavelength of 1080 

nm was employed. A wide range of process parameters was considered in this study, 

including five levels of laser power in the range of 200 to 370 W, nine levels of scanning 

speed from 200 to 700 mm/s, six levels of hatch spacing from 50 to 150 ɛm, and two layer 

thickness values of 30 ɛm and 40 ɛm. The influence of preheating was also investigated. 

A maximum relative density of 96% was obtained at a laser power of 370 W, scanning 

speed of 500 mm/s, and hatch spacing of 100 ɛm. The results show the significant influence 

of some parameters such as laser power and hatch spacing on the part quality. In addition, 

surface integrity was evaluated by surface roughness measurements, where the optimum 

Ra was measured at 8 Ñ 0.5 ɛm. X-ray photoelectron spectroscopy (XPS) and energy-

dispersive X-ray spectroscopy (EDX) were performed on the as-built samples to assess the 

impact of impurities on the L-PBF part characteristics. The highest electrical conductivity 

recorded for the optimum density-low contaminated coils was 81% IACS. 

Keywords:  

additive manufacturing; laser powder bed fusion; pure copper; processïstructureïproperty 

relationships; physical properties; chemical concentration. 
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2.1 Introduction  

Laser powder bed fusion (L-PBF), also known as selective laser melting (SLM), is one of 

the main metal additive manufacturing (AM) methods used for producing parts with 

complicated geometries. Pure copper has the best electrical conductivity (EC) amongst the 

nonprecious metals. Accordingly, the EC scale of all metals is expressed as a percent of 

the international annealed copper standard (IACS); i.e., 100% IACS is equivalent to 58 ³ 

106 S/m for C10700 and C11300 copper alloy. Moreover, according to the Wiedemannï

Franz relationship [1], thermal conductivity is strongly proportional to EC, making copper 

an excellent candidate for most electrical and thermal management applications.  

During the last decade, significant research efforts were aimed at AM of copper alloys for 

electrical and thermal applications. These efforts were also the result of the need for more 

effective and compact designs of electrical drives in the automotive industry. 

Since copper has high inherent conductivity, it is a highly reflective material when 

subjected to electromagnetic radiation. According to Hagens-Rube [2], the metallic 

reflectance (R), evaluated experimentally, is directly proportional to conductivity and 

inversely proportional to the frequency of EM wave as in Eq. 2-1, where f is the frequency, 

ⱦ0 is the vacuum permittivity (8.85 Ĭ 10ī12 F/m), and ů is the conductivity (S/m): 

Ὑ ρ τ
Ὢ“‭

„
 2-1 

Since most of the commercial SLM machines are equipped with a continuous laser and 

feature a wavelength ranging from 1030 nm to 10.6 ɛm [3,4], materials with higher 

electrical conductivity, such as pure copper, have shown significant difficulties during 
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printing. It was attributed to the low optical absorption of copper powder, which was 

reported to be in the range of 32ï34% in the near-infrared region (1080 nm) [5,6]. 

Self-developed high-power, ultra-short pulses, and short-wavelength (green) laser 

machines were also explored as alternative methods to deal with copper AM challenges. 

High laser power in the range of 500 to 1000 W successfully produced high-density parts 

(over 97%). For example, a fiber laser of 1 kW built on a TRAFAM research lab machine 

was used to fabricate parts with 97% density at 800 W, although the EC was not reported 

[7]. Another example was reported in [8], in which an infrared-high power laser of 1 kW 

was developed in-house at the Politecnico di Milano. A relative density (RD) of 98% was 

reached. The maximum RD reported in the literature was 99.4% obtained at 800 W laser 

power, 400 mm/s scanning speed, and 0.07 or 0.09 mm hatch spacing, corresponding to 

the volumetric energy density range of 740ï1120 J/mm3 [6]. While the use of high laser 

power typically improved part relative density, the risk of damaging the laser lens was 

increased due to significant back reflection of laser exposure. High laser power of 1800 W 

was also used for printing copper alloys such as Cu-10Zn [9].  

Adding alloying elements improves copper processability and reduces the need for 

redundant laser power despite the negative impact on conductivity. Other relevant 

examples in the literature include experimental studies using ultra-short laser pulses with 

two central wavelengths of 515 or 1030 nm performed on copper samples to explore the 

advantage of the high heating rate provided during the short laserïpowder interaction times 

[10]. The capability of a green laser (515 nm) was also examined in printing Cu and Au 

parts at a power range of 400ï1000 W [11,12] 
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The research reported in the literature was not always restricted to optimizing the laser 

characteristics. Some researchers considered powder surface treatment to improve the 

printability of copper. A thin layer (105 nm) of surface oxide was intentionally developed 

by heating the powder in the open air at 200 °C [6], and hence the optical absorptivity of 

copper oxides was measured at double the optical absorptivity of pure copper. However, 

the nanometric copper oxide was presented on as-built samples that contributed to less EC. 

A fluidized-bed method was developed to reduce spontaneous oxidation during 

transportation and storage. A thin coating layer of polydimethylsiloxane was precipitated 

on Cu particles, and high laser energy was sufficient to evaporate this layer away [13]. Tinï

nickel coating was implemented on the copper powder using the immersion deposition 

method. The results showed less porosity on the corresponding samples, indicating that the 

part density achieved from the tinïnickel coating was higher than those made from pre-

alloyed powder [14]. The coating process is generally complex and influenced by several 

parameters regarding the coating variables, such as temperature, PH, potential difference, 

etc., which will significantly impact the coating properties. Advanced powder 

preprocessing may indicate an underlying challenge of having inconsistent and unreliable 

properties of L-PBF products. 

Table 2-1 summarizes the optimum process parameters reported in the literature using 

commercial L-PBF machines, where process parameters P, v, h, and t are laser power, 

scanning speed, hatch spacing, and layer thickness, respectively. Ev is the theoretical 

volumetric energy density. 
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Table 2-1: Process parameters for printing copper parts made by commercial L-PBF 

machines and corresponding optimum properties. 

Ref. L-PBF Machine 

Process Parameters Optimum Properties 

P  

(W) 

v 

(mm/s) 

h  

(mm) 

t  

(mm) 

Ev 

(J/mm3) 

RD% EC (IAC 's%) 

[13] Phenix ProX 200 250 800 - - - 91 16 

[15] Renishaw PLC AM125 200 300 0.1 0.045 148 86 50.3 

[16] EOSINT M270 195 400 0.08 0.03 203 83 NA 

[17] Sinterstation Pro DM125 200 100 0.12 0.05 333 88.1 NA 

[18,19] EOS M290 200, 300 400, 600 0.08 0.03 208 99 41 

[20] SLM® 125 400 400 0.12 0.03 278 95 98 

Note: NA  = not available. 

The current research aims to highlight the ability of commercial SLM machines to deal 

with highly reflective material. Based on the literature mentioned above, most of the studies 

set one or multiple process parameters as constant. However, these parameters may had a 

significant effect, and are required to be assessed. Accordingly, in this study, a 

comprehensive range of process parameters were included in the optimization process, in 

which maximizing RD and EC was the main objective. The most significant process 

parameters on the part quality were then evaluated. In addition, the surface roughness of 

the top solidified surface and side surfaces was evaluated in terms of mean arithmetic 

deviation (Ra). Elemental composition tests were performed on the as-built samples to 

assess the impact of impurities on the L-PBF part characteristics and their influences on 

the resulting microstructure. The microstructure evolution along the building direction was 

investigated. This paper provides a comprehensive experimental study on the processï

structureïproperty relationships during the manufacturing of pure copper parts by L-PBF 
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using laser power less than 400 W. The resulting part properties, such as electrical 

conductivity, part chemical composition, and surface roughness, were also evaluated. 

2.2 Experimental Procedure 

2.2.1 Feedstock Material 

A pure copper powder (99.9 wt %), atomized with nitrogen gas, was used as the feedstock 

material. Scanning electron microscopy (SEM) showed that most Cu particles of the 

powder were spherical, as shown in Figure 2-1. 

 

Figure 2-1: SEM of copper powder used in the current study at (a) low and (b) high 

magnification. 

Some small particles, called satellite particles, were attached to larger ones, along with the 

existing particle irregularities, causing the flowability to be adversely affected. The 

chemical composition of the as-received powder was measured using inductively coupled 

plasma (ICP). The purity of copper was 99.7%. Table 2-2 shows the characterization results 

of Cu powder according to the ASTM standards. D10, D50, and D90 are the cumulative 

distribution of the particle diameters at 10%, 50%, and 90%, respectively. 
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Table 2-2: Characterization of the Cu powder used in this study. 

Test Value ASTM Standard 

Sieve analysis (+45 ɛm) 1.62 wt % ASTM B214 

Laser size diffraction 

Dv (10) = 16 ɛm 

ASTM B822 Dv (50) = 31 ɛm 

Dv (90) = 51 ɛm 

Hall flow 11 s/50 g ASTM B213 

Apparent density 5.07 g/cm3 ASTM B212 

2.2.2 L-PBF Process 

All samples were fabricated using an EOSINT M280 SLM machine, equipped with a 400 

W Ytterbium fiber laser. The maximum operating power was 370 W. The nominal la-ser 

beam diameter was 100 ɛm with a continuous wavelength of 1080 Ñ 20 nm. The building 

chamber was insulated by a stream of nitrogen gas with a built-in oxygen sensor that 

ensured an oxygen percentage of less than 0.13% during the SLM process. The building 

plate was preheated to 200 °C. A high preheating temperature is assumed to be beneficial 

to cut off a partition of the heat energy required by a laser to reach the melting point. Copper 

samples were printed directly on top of ground building plates made of steel (DIN 1.2083), 

since steel has good bonding with copper and maintains most of the input heat energy, 

particularly for the first few layers [8,13,15]. 

In this study, the experimental work was performed in two stages. In the first stage, a full 

factorial design of experiments was implemented to examine the resulting RD, including 

the laser power P, speed v, and hatch spacing h. Other factors such as the layer thickness t, 

scanning strategy, and preheating temperature were maintained constant. The detailed 

process parameters used in this study are illustrated in Table 2-3, in which the initial set of 
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parameters used in the first stage is underlined. In the second stage, the layer thickness t, 

exposure type, preheating, and scanning orientation were examined one factor at a time. 

Table 2-3: List of process parameters. 

Process Variables Levels 
Laser power (W) 200, 245, 290, 335, 370 

Scanning speed (mm/s) 200ï400 (steps of 50), 500ï800 (steps of 100) 

Hatch spacing (ʈÍ) 50, 80, 100, 120, 150 

Exposure type Single, presintering, remelting 

Preheating (K) 393, 473 

Scanning orientation of each layer 67°, X-axis, Y-axis 

Layer thickness (ʈÍ) 30, 40 

Scanning pattern Serpentine (zigzag) 

Strip width (mm) 100 

Beam offset (mÍ  ī0.1 

Since the thermal map surrounding the SLM part leads to variations in properties [21], the 

samples were distributed on the substrate to ensure no presence of a highly concentrated 

heat zone. Pre-sintering was conducted on 15 coupons aiming for more fusion between 

scan tracks; the surface temperature of these samples was therefore increased before 

applying primary exposure. Pre-sintering exposure parameters were set at 100 W laser 

power, 800 mm/s scanning speed, and 100 ɛm hatch spacing. 

The full coupons used in sample characterization had a side length of 10 mm and a height 

of 7 mm, with a minimum of 5 mm spacing, as shown in Figure 2-2. Flat spiral coils, having 

different shapes (circular and rectangular) and wire diameters of 1 and 2 mm, were printed 

for EC measurements. The samples were separated via wire EDM. 
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Figure 2-2: As-built samples are arranged before separation from the substrates. 

2.2.3 Sample Characterization 

The densification level of the Cu parts was investigated at room temperature using the 

Archimedes method according to ASTM B962-14. AB204 Mettler balance with a 

resolution ± 0.1 mg was used to precisely measure the weight of the samples in the air 

ά  and fluid ά . Deionized water was applied as a submerging fluid of density ”

ωωχȢχφ . Using Eq. 2-2, the RD was calculated as sample density relative to Cu bulk 

density based on the B193-19 standard: 

”
”ά ”ά

ά ά
 ³ 
ρ

”
 2-2 

The as-built samples were examined with a TESCAN VP scanning electron microscope 

(SEM) using secondary electrons at 20 kV (accelerating voltage) and 11 pA (probe 

current). Surface morphology is a good indication of the wettability and fusion between 

adjacent scan tracks. The top surface roughness was measured in a transverse scanning 

direction using a Mitutoyo SJ-410 stylus profilometer, and the average of three 
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measurements was used. For the microstructural analysis, the samples were sectioned 

parallel to the building direction (Z). Then, the samples were ground using SiC abrasive 

papers with meshes of 800, 1200, 2400, and 4000, followed by a polishing process using 

diamond pastes with sizes of 6, 3, and 1 ɛm. 

The elemental composition analysis was performed via energy-dispersive X-ray 

spectroscopy (EDX) using X-MAX 80 Mm2 and INCA software. For comparison, X-ray 

photoelectron spectroscopy (XPS) was conducted using a PHI QUANTERA II Scanning 

XPS Microprobe under ultra-high vacuum in the order of 10ī8 Pa, where the X-ray beam 

diameter, power, and voltage were 100 ɛm, 25 W, and 15 kV, respectively. XPS is an 

excellent tool for elemental analysis and chemical state identification, i.e., oxidation states. 

However, it is a surface-sensitive technique, so the selected samples were slightly polished 

once again and stored in a vacuum. In addition to that, the XPS facility had a built-in ion 

gun used to sputter any possible surface oxidation or other contaminants during storage 

and handling. 

Electrical resistance was measured at room temperature using a Keithley 2400 Source 

Meter from Tektronix, which has a 0.1 ɛɋ max resolution and 0.02% error. To eliminate 

contact resistance, which was more than the resistance of the coils themselves, the four-

wire Kelvin measurement technique was applied, corresponding to the B193-20 standard 

[22]. 

2.3 Results and Discussion 

2.3.1 Required Volumetric Energy Density 

The amount of laser energy required to melt the Cu powder was roughly estimated based 

on previous studies' assumptions available in the literature. The volumetric energy density 
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(Ev), which is the amount of energy delivered by the laser beam to the unit volume of the 

powder, can be expressed as [23]: 

Ὁ
ὖ

ὺȢὬȢὸ
 2-3 

The minimal thermal energy (Ὁ  required to melt a unit volume of material is described 

by Eq. 2-4 

Ὁ ”ὒ ὅ Ὕ Ὕ  2-4 

where ”ȟὒȟὅȟὝȟὥὲὨ Ὕ are copper powder density, latent heat of fusion, specific heat, 

melting point, and preheating temperature, respectively. Substituting with the 

thermophysical properties of Cu powder [24]. yields Ὁ of 4.8 J/mm3, thus Ev should be 

equal to or greater than this value to ensure that the laser energy can raise the Cu powder 

temperature to the melting point. However, many factors are not involved in Ev, such as 

laser distribution, optical absorptivity, heat dissipation, and effective layer thickness, as 

illustrated in Figure 2-3. Therefore, these factors are added, as expressed in Eq. 2-4, 

resulting in a modified volumetric energy density Ὁ : 

Ὁ
ὑὑὑ

ὑ
Ȣ
ὖ

ὺὬὸ
 

2-5 

where ὑ  is the optical absorptivity, which is around 0.44 for Cu powder (particle size less 

than 100 ɛm) [25]. ὑ is the energy loss factor to compensate the amount of heat dissipation 

and is roughly estimated to be 0.8 [19]. ὑ is the layer thickness factor and is defined by 

the density ratio of the solidified layer to the powder bed. Due to the reduction of spread 

powder layer thickness during solidification, the actual powder layer thickness would be 

greater than the platform displacement. ὑ is estimated to be 1.753. By equating Eq. 2-4 
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and 2-5, the minimum value of Ὁ should be greater than or equal to 28 J/mm3. Therefore, 

all the process parameters combination should meet that requirement to obtained fully 

melted Cu powder and good quality parts. 

 

Figure 2-3: Schematic diagram of heat transfer mechanisms away from the melting pool 

in L-PBF. 

2.3.2 Density Measurement 

The relative density (RD) was calculated using the average of three measurements of 

density for each sample, including the coil-shaped samples. Variation in the scale read-ings 

caused an RD error of 0.4%. Figure 2-4 shows the process parameters (P-V) map for 

different h. The P-V maps are color-coded, where the greener zone represents the most 

desirable parameters.  
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Figure 2-4: Scan speed (v)-laser power (P)-relative density (RD) maps for different hatch 

spacing (h) values: (a) h = 0.05 mm, (b) h = 0.08 mm, and (c) h = 0.1 mm. 

On the other hand, the blue area exhibits the values of p, v, and h with lower RD. The range 

of RD fluctuated from 83ï96%. Accordingly, the highest RD obtained was 96% at 370 W 

laser power, 500 mm/s scan speed, 0.1 mm hatch spacing, and 0.04 mm layer thickness. 

Neither pre-sintering nor remelting caused RD improvement. Higher RD and good bonding 

between the solidified layers were obtained using a scanning orientation of 67°. As 
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expected and based on previous studies, higher-density parts were mainly located at high 

P levels. It was also noted that as the scanning speed increased, the density increased until 

it reached a value of 500 mm/s; any further increase would result in RD deterioration. In 

several instances, the combination of process parameters (p, v, h, and t) resulted in groups 

of identical Ev. The associated RD values at the same Ev were varied , as seen in  Figure 

2-5. It was attributed to the different impact of each parameter in the volumetric energy 

density equation on the part quality. 

 

Figure 2-5: RD variance for groups of identical Ev. 

2.3.3 Effect of Hatch Spacing 

Figure 2-6 illustrates the RD variation associated with different h and v at a laser power of 

370 W. In general, up to an h value of 0.1 mm, RD increased with increasing h. Increasing 

h beyond 0.1 mm resulted in a reduction of the relative density for all scanning speeds, 

except in the case of high scanning speed, where v = 800 mm/s. Referring to the PV maps 

shown in Figure 2-4, it was seen that the highest values of RD (darkest green zone) were 
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obtained at h = 0.1 mm at a high power level so that the optimum Ev region would be 170ï

200 J/mm3. 

 

Figure 2-6: Relative density (RD) at different hatch spacing (h) and scanning velocity 

using a laser power of 370 W. 

Close hatch spacing has been suggested to offer effective fusion between scanned tracks 

and, consequently greater consolidation. However, the findings of this investigation refuted 

the hypothesis. Two reasons might explain this contradiction. The first was the cooling rate 

associated with track overlapping. Published finite element modeling work has focused on 

estimating the resulting cooling rate for various hatch spacing values [26]. A maximum 

temperature at the center of the melted track (n) was obtained in the case of smaller h (75 

ɛm). Because of the high overlapping between two subsequent scanned tracks, a high-

temperature gradient will be located across the melt pool, giving rise to a high cooling rate. 

It was evident in the SEM micrographs of the as-built samples at different h that the 

depicted cell sizes were inversely proportional to the cooling rate [26]. It was understood 

that the heat transfer away from the melt pool would be prompted by conduction due to the 

close adjacent tracks. For high-conductive metals with low h, the heat energy generated in 
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the melt pool will be rapidly dissipated, resulting in insufficient wettability, which may 

prevent the scanned tracks from being continuous (balling phenomena). 

The heat energy input and laser beam diameter at the exposed surface determine the melt-

pool size and the track width. The power density distribution factor is another important 

property of the heat source. It is also defined as the distribution factor, which describes the 

density profile of laser power across the beam radius. The commonly used laser sources 

usually follow axisymmetric Gaussian profiles. As f decreases, the power distribution 

becomes flatter, and vice versa. Therefore, the intersected partition of the previous track 

would be heated up and potentially reach the extent of remelting when using a nearly 

uniform laser along with low h. The flow of liquid metal may occur between the current 

and preceding tracks due to the spatial variation of surface tension, known as the 

Marangoni effect [27], as shown in Figure 2-7b. 

The underlying reason behind this variation was the temperature difference between the 

maximum temperature at the beam axis (less surface tension) and the temperature of the 

overlapped area (high surface tension). This relationship is quantified by the sensitivity of 

surface tension to temperature Ὠ‎ȾὨὝ, which is equal to -0.174 ³ 10ī3 N/m.K for Cu 

[28]. Accordingly, the flow of molten metal was partially directed perpendicular to the 

scanning direction, which caused swelling (I) in the previous track (nī1), as indicated in 

Figure 2-7d, as well as void creation (II) between the current solidified track (n) and 

unmelted powder for the track (n + 1) [29]. At a laser power of 370 W and a scanning speed 

of 350 mm/s, the top surface topography showed continuous and stable scan tracks at 0.1 

mm hatch spacing (Figure 2-7 c,d). Nonetheless, small gaps were presented between those 

tracks (circled in red). 
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Figure 2-7: Schematic diagrams for (a) small h and (b) large h. SEM of the top surface at 

p = 370 W, v = 350 mm/s for (c) h = 0.05 mm and (d) h = 0.1 mm. 

2.3.4 Surface Roughness and Dimensional Accuracy 

Surface roughness measurement is typically used to evaluate the quality of the printed 

surface. Figure 2-8 shows the P-v surface roughness maps (Ra) for various h. 

All Ra measurements were performed in the transverse direction of the scan lines.  Figure 

2-4 shows that lower surface roughness values were obtained at high P values, a trend 

similar to the results obtained for relative density. At extremely low RD, it was hard to 

distinguish scan lines because of their fuzzy shapes. Ra values were found to be quite 

similar in all directions. It was noted that the low Ra zone existed at high P, which agreed 

with the RD results. It was also seen in Figure 2-8c that the target Ra zone started at a lower 

v when compared to the target RD zone in Figure 2-4c, for h = 0.1 mm. The minimum Ra 
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obtained was ψ πȢυ ʈÍ, equivalent to grade ñN8ò, a roughness grade number used to 

categorize the quality of machined surfaces [30]. 

 

Figure 2-8: Scan speed (v)-laser power (P)-surface roughness (Ra) maps for different 

hatch spacing (h) values: (a) h = 0.05 mm, (b) h = 0.08 mm, and (c) h = 0.1 mm. 

The dimensional accuracy in the XïY horizontal plane was defined as the deviation of the 

sample cross-section area compared to the prespecified dimension. The side length of the 

as-built sample was measured with a coordinate measuring machine (CMM) with an 
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accuracy of 0.1 ʈÍ. With no exception, side length measurements resulted in a positive 

deviation (greater than 10 mm). The deviation varied between 0.1 mm and 0.22 mm. It 

resulted in an increase in the corresponding surface area by 3 and 4.5%, respectively. It 

was noteworthy that the high Ὁ samples possessed a relatively low dimensional accuracy. 

Figure 2-9 presents the SEM micrographs of the side surface for the as-built Cu part 

fabricated using process parameters leading to optimum RD, where the building direction 

is denoted by z. The figure shows unmelted and partially melted particles on the side 

surface. In contrast, and for the same sample, the top surface quality was much better 

(Figure 2-7c). The close contact of the powder, particularly during the liquid phase of layer 

circumference, gave rise to the affinity of powder particles to unwanted sintering. 

 

Figure 2-9: SEM micrographs of the L-PBF Cu partôs side surface at (a) low and (b) high 

magnifications. 

In this study, the sample side surface represented approximately 60% of the total surface 

area. Side surface roughness is rarely reported in the literature, particularly for copper.  

Figure 2-10 shows the ratio of side-to-top surface roughness as a function of linear input 

energy (P/v) for h = 0.1 mm. All side surface roughness measurements were carried out 
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parallel to the building direction. At the optimum linear input energy (0.75 J/mm), Ὑὥ  

was found to be higher than Ὑὥ  by 10%. As the input energy increased, the roughness 

ratio also increased. 

 

Figure 2-10: Relationship between the surface roughness ratio and linear input energy at 

the optimum hatch spacing (h) for Cu samples manufactured by L-PBF. 

2.3.5 Microstructure  

Figure 11 shows the microstructure of copper samples manufactured by L-PBF under 

process variables of 370 W laser power, 400 mm/s scanning speed, and 100 ɛm hatch 

spacing using a KEYENCE digital microscope. 
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Figure 2-11: Grain morphology of the L-PBF Cu sample at two locations: (a) midpoint 

and (b) close to the steel building plate. 

The grain morphology was found to vary depending on the investigated location along the 

building direction (z). Close to the building plate (bonding zone), the melt poolôs grain 

structure (MP) consisted of two distinct zones owning obvious characteristic shapes, 

starting with columnar-dendritic formed perpendicular to MP boundaries and directed 

inward. Eventually, the equiaxed grains were formed at the melt poolôs center, as shown in 

Figure 2-11b. On the other hand, at the midheight of the sample (steady-state), the in-grain 

structure examination revealed a formation of mixed cellular and columnar grain growth 

guided by different solidification conditions (Figure 2-11a). The columnar grains were 

periodically repeated and spaced by the same magnitude of h = 100 ɛm, being either in the 

bonding or steady-state zones. The average grain size remarkably varied from 10 ɛm up to 
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100 ɛm. In addition, the shape of porosities was irretrievably changed from entrapped 

vapor (type I), distinguished by an almost spherical shape, to lack of fusion and unmelted 

powder porosity (type II). Types I and II of porosity were detected in bonding and steady-

state zones, respectively. However, type II was observed to be more intense in the steady-

state zone. Regarding the melt-pool dimension, the meltpoolôs penetration depth was 

dramatically decreased in the steady-state zone, in which the depth was barely equal to the 

layer thickness. Nevertheless, melt-pool depth could reach the extent of five down-layers, 

i.e., 200 ʈÍ total depth in the bonding zone. 

Temperature gradient G, solidification rate R, and the undercooling ЎὝ are the key factors 

that govern the solidification mode, microstructure refinement, and, consequently, the 

grain structure development [31]. For a certain material processed by L-PBF, G, R, and ЎὝ 

values are determined implicitly by process parameters combination. Even if the process 

parameters are held constant, grain structure would not necessarily be consistent on both 

micro and macro scales. For instance, the heterogeneity of the grain morphology observed 

inside the MP, as seen in Figure 2-11b, was attributed to the dynamic G/R ratio [32]. During 

the rapid solidification of MP, the transition of grain growth from columnar to equiaxed at 

the MP center was believed to be due to the increased rate of the solid-liquid interface 

movement, leading to lower G/R [32]. As seen in the bonding zone, the inclination of grain 

growth direction, perpendicular to MP boundaries, was dominated by maximum heat flux 

direction, implying that it was aligned with the highest temperature gradient. This 

phenomenon is well known in polycrystalline material by considering the diffusion of some 

impurities, such as Fe and C in the Cu matrix [33,34]. At the bonding zone, a deeper melt 

pool is believed to be beneficial to promote a good connection between the Cu deposited 

layer and the substrate; otherwise, it would be rather challenging, particularly for medium 
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laser power machines. However, it may indicate an underlying problem of the gas trapping 

stimulation due to the evaporation of some diffused alloying elements (impurities) having 

a lower boiling point. 

By increasing the powder bedôs preheating temperature, a significant amount of the heat 

energy required by the laser beam would be reduced. As a result, the total amount of heat 

energy gained by preheating along with the full laser power provides sufficient energy in 

the MP that provides good wettability and fusion. The RD measurements showed a 

noticeable increase in RD for all the samples fabricated with preheating of 200 °C. Further 

evincing was observed in the microstructure shown in Figure 2-12, in which slightly higher 

porosity was presented with preheating of 120 °C, and thus, the optimum RD was 

decreased by 3%. 

 

Figure 2-12: Optical micrographs of the cross-section of L-PBF Cu samples 

manufactured under 370 W laser power, 600 mm/s scanning speed, and 0.1 mm hatch 

spacing with two different preheating temperatures: (a) 200 °C and (c)120 °C; (b) and (d) 

are the corresponding high magnifications, respectively. 
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However, the challenge of employing a high preheating temperature was increasing the 

tendency of Cu powder to densify amongst the samples and the interior features that made 

it quite hard to extract the unmelted powder, as shown in Figure 2-13. 

 

Figure 2-13: Solid-state sintering of Cu powder at elevated preheating temperature: (a) 

in-field image after printing, and (b) SEM of recycled powder (sieved). 

In this scenario, the solid phase of Cu particles was sintering spontaneously by applying 

prolonged heating (printing duration). During this stage, neck growth proceeded between 

neighbor particles to minimize surface-free energy via surface, grain boundaries, and lattice 

diffusion [35,36]. 

Although the sintering temperature of Cu is between 700 °C and 1000 °C, the early stage 

of solid-state sintering could be initiated at low temperatures under compaction. In the 

current case, the weight of the progressively added powder acted as a compressive force 

on the powder beneath, which is called in advanced situations ñpressure-assisted sinteringò 

[37]. Figure 2-13b shows SEM of recycled Cu powder after performing mechanical milling 

and then sieving. Two forms of disintegrated particles are indicated (yellow arrows); a 

particle with an exfoliated outer shell from its mate and an in-between neck attached to 

another. Consequently, this may have reduced the flowability of the recycled powder. 



 

 

 

Ph.D. Thesis ï Mohamed A. Mohamed     Mcmaster University - Mechanical Engineering 

40 

 

2.3.6 Chemical Composition 

X-ray photoelectron spectroscopy of the Cu sample fabricated by L-PBF under a laser 

power of 370 W, scanning speed of 500 mm/s, and hatch spacing of 0.1 mm is shown in 

Figure 2-14. 

 

Figure 2-14: X-ray photoelectron spectroscopy of the Cu sample fabricated by L-PBF 

under 370 W laser power, 500 mm/s scanning speed, and 0.1 mm hatch spacing, using a 

polished sample before and after sputtering. 

The photoelectron emission was attained by hitting the midpoint of the identified sample 

with an Al-K‌ X-ray source Ὤ ρτψφȢφ Å6 at a resolution of 0.8 eV. Although the 

sample was polished and cleaned before conducting the XPS testing, the spectrum peaks 

corresponding to the electronic state of the primary element (Cu) were hardly 

distinguishable. However, other contamination species, such as carbon and metal oxides, 

can be noticed at binding energy (BE) of 285 eV and 530.4 eV, respectively. Before 

sputtering, the high atomic carbon concentration may be ascribed to the presence of 

hydrocarbon film formation on the sample surface or residual ethanol used for cleaning 
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[38]. After 3 min of 2 keV Ar+ sputtering, the characteristic XPS peaks of Cu were revealed. 

Simultaneously, the C 1s and O 1s peaks had decreased, but still existed. The porous nature 

of the polished sample surface was assumed to provide a good container for 

contaminations, thus affecting XPS results even after sputtering. 

A passive layer of cuprous oxide was rapidly formed at low temperatures, and then the rate 

dramatically decreased. This well-described phenomenon was formulated by Mott and 

Cabrera [39,40]. Depending on the temperature, this stable Cu oxide film thickness was 

varied in the range of 10ï100 °A, acting as a barrier that hindered further penetration of 

oxides. This passive layer also attenuated the photoelectron emission signal coming out 

from the down metal. The in situ surface-cleaning tool proved its importance in giving an 

accurate chemical composition. At this point, a high-resolution spectrum of 0.2 eV was 

utilized to identify the core-level BE and quantify the atomic concentration. The Cu 2p 

peaks doublet consisted of Cu 2p3/2 and Cu 2p1/2 peaks, as shown in Figure 2-15. 

 

Figure 2-15: Cu 2p high-resolution spectra for the Cu sample fabricated by L-PBF with a 

laser power of 370 W, scanning speed of 500 mm/s, and hatch spacing of 0.1 mm, after 

sputtering. 
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The Cu 2p peaks along with the O 1s peak could provide valuable information regarding 

the state of Cu oxides (Cu2O and CuO). The Cu 2p3/2 peak, observed at a BE of 932.8 eV 

with an FWHM of 1.8 eV, was slightly higher than the BE and FWHM of a reference pure 

copper at the same band, which were found to be 932.3 ± 0.1 eV and 1.5 eV, respectively. 

In the literature, the Cu2O spectrum owned a single peak at 932.4 eV with a narrower 

FWHM of 1.9 eV. 

In contrast, the CuO peak was comparatively wide (3.4 eV), having a BE of 933.2 ±0.1 eV, 

as well as a satellite peak located between 939 and 946 eV [41]. In essence, the obtained 

spectrum more resembled the Cu2O than the CuO spectrum. Furthermore, the O 1s peak 

emphasized this observation, since the O 1s peak was found at a core-level BE of 530.4 

eV, which was very close to the O 1s peak of the Cu2O phase (529.2 ± 0.1 eV) [41]. Moving 

to the bonding zone, a certain amount of Fe was introduced, as shown in Figure 2-16. 

 

Figure 2-16: X-ray photoelectron spectroscopy of the Cu sample built by L-PBF (P = 370 

W, v = 500 mm/s, h = 0.1 mm). The inset shows a zoom of the Fe3p peak. 
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This spectrum was used to identify the impurities in the current sample and specified the 

quantification regions, which were the doublet peaks of Cu 2p and Fe 3p (because there 

was a strong overlapping between CuLMM and Fe 2p), C 1s, and O 1s. To track the amount 

of diffused elements, four equally spaced points were investigated along this zone, as 

shown in the in situ image of the inspected sample. The next step aims to determine the 

atomic concentration of the constitutional elements using the peak areas under high-

resolution spectra. The relative sensitivity factor (RSF), stated by Scofield, was utilized to 

scale the calculated peak area [38].  Figure 2-17 shows the weight concentration of the 

impurities along the building direction. 

 

Figure 2-17: Weight percent of impurities using the XPS peak area along the building 

direction (Z). 

The starting point at 0.4 mm corresponds to 0.7 mm of the actual Z since the difference 

between the sample heights before and after wire cutting was 0.3 mm. At this point, we 

noticed a high content of Fe, around 5 wt %, which was above the solubility limit of Fe in 

Cu, and was attributed to the rapid solidification [33]. The transition from FeïCu alloy to 

Fe-free was supposed to be between 0.7 and 1 mm based on the measurements provided in 
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Figure 2-16. By entering the steady-state zone, the impuritiesô mass concentration 

significantly dropped while reaching less than 1 wt %, thus producing a high-purity copper 

sample.For comparison, EDX elemental analysis was performed on the same Cu sample 

used in the XPS testing. The amount of iron diffusion is presented in the EDX map, as 

shown in Figure 2-18. 

 

Figure 2-18: EDX map of the Cu sample built by L-PBF (P = 370 W, v = 500 mm/s, h = 

0.1 mm). 

The results obtained from both EDX and XPS were in agreement with the location in which 

the iron diffusion was stopped. As seen in Figure 2-19, at a sample height of 0.9 mm, no 

sign of iron was detected, as indicated in the EDX elemental analysis. Accordingly, 

printing 1 mm of sacrifice copper substrate would be a good balance between EC and 

production time, avoiding EC losses due to impurities. It has been speculated that the 

observed high and almost consistent carbon content across the sampleôs investigated height 

was due to hydrocarbon contamination. The XPS proved its ability to distinguish between 

carbon from air contamination and carbon from steel substrate. 
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Figure 2-19: Weight percent of impurities across the height of the Cu sample 

manufactured by L-PBF, as identified by EDX. 

2.3.7 Electrical Conductivity  

The main goal of this study was to maximize the EC of Cu parts made by L-PBF. For that 

purpose, a set of flat spiral coils were printed using the optimum parameters obtained 

according to the maximum RD. The length of all the circular coils was 460 mm, with a 2 

mm wire diameter. The resistance of the as-built coils was directly measured using a DC 

four-wire Kelvin resistance measurement meter, as shown in Figure 20. 

 

Figure 2-20: Electrical resistivity measurement of Cu coil made by L-PBF. 
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EC was calculated using Eq. 2-6 based on the simplified relationship between the current 

and the voltage drop (V/I), obtaining the coil resistance, namely Ohmôs law [42] 

Ὁὅ ὛȾά
ρ

”

ὰ

Ὑ ³ ὃ
 2-6 

where ” is the resistivity, ὰ is coil length (m), A is the area cross-section (m2), and R is the 

resistance (ɋ). Another source of R error is contact potential; therefore, each sample was 

measured six times by flipping the terminals every reading. To ensure good contact, surface 

cleaning was performed by lightly hand-filing the coil terminals. Considering the increase 

of the cross-section area, the printed coils were measured at different points along the 

length with a micrometer and had an average diameter of 2.11 mm ± 0.02 mm. The results 

revealed that the coils had EC values in a range of 3.4 ³ 107 up to 3.9 ³ 107 S/m, which 

corresponded to 60 and 67% IACS, respectively, according to the B193-20 standard [22].  

For Cu parts fabricated by powder metallurgy, porosity is one of the prominent contributors 

to EC deterioration [43]. The optimum RD gained in this study should theoretically lead to 

95% IACS, according to the densityïconductivity relationship [44]. However, in additive 

manufacturing, metals printed for electrical/thermal purposes also suffer from higher 

resistivity due to large grain boundaries and lattice dislocation [45]. Microstructural defects 

such as voids, lack of fusion, and large grain boundaries, as shown in Figure 2-11, yielded 

lower EC in the printed coils. Therefore, heat treatment is one of the traditional and useful 

postprocessing techniques that has been employed by many researchers for grain 

growth/coarsening and crystal restoration after the L-PBF process [15]. It was reported that 

the resistivity of Cu was decreased from 8.18 to 3.69 ʈɱȢÃÍ by heating at 1000 °C. 

Additionally, impurities have a negative influence on the EC of copper with no exception 

but with disparate impact [24]. For example, 0.05 wt % of phosphorus or titanium would 
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significantly reduce EC by 30% and 40% IACS, respectively. For alloying elements such 

as silver or zinc, the difference is insignificant, i.e., ЎὉὅ ρ )!#3ȾπȢπυ ×Ô. Although 

the Cu coils, printed directly on top of a steel substrate, had a slightly higher RD than the 

ones obtained from the full coupon samples (processed at the same conditions), the 

resulting EC was decreased and not compatible with the RD value, which was caused by 

the high diffused iron content. 

Another set of coils was reprinted at a 1 mm distance from the substrate using the same 

length and wire diameter used in the previous experiment. The RD of the reprinted coils 

demonstrated slightly lower values than the RD obtained from the full coupon samples. 

However, the corresponding EC measurement indicated a maximum EC of 81% IACS. 

These results showed that the porosity magnitude was not prevailing in all events; in the 

current situation, the concentration and species of impurities were more dominant. The 

ECïRD relationship for the 2 mm Cu coils manufactured by L-PBF is shown in Figure 

2-21. 

 

Figure 2-21: EC vs. RD for the 2 mm Cu coils fabricated by L-PBF. 
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Even with relatively high purity Cu parts fabricated by LPBF, the EC outcome was 

different from the EC value of Cu fabricated by powder metallurgy at the same RD. This 

may be attributed to the increased amount of grain boundaries. It was also noted that the 

ECïRD slope was in agreement with the one reported in [43]. 

As mentioned, the sample size distinctly affected the RD of the reprinted coils compared 

to the bulky samples. The increased porosity can be attributed to the high surface-to-

volume ratio in the case of the Cu coil, leading to a high thermal dissipation and giving rise 

to a lower peak temperature that can be reached, particularly at the border. Conversely, the 

sample core held a higher amount of accumulated heat energy and consequently a higher 

RD [8]. This behavior was emphasized by a further reduction in the wire diameter, where 

lower RD and EC were acquired from a 1 mm wire diameter coil. 

2.4 Conclusions 

This work dealt with the processïstructureïproperty relationships of pure copper parts 

manufactured by laser powder bed fusion. Five levels of laser power of 200, 245, 290, 335, 

and 370 W; nine scanning speeds of 200, 250, 300, 350, 400, 500, 600, 700, and 800 mm/s; 

and six hatch spacings of 50, 80, 90, 100, 120, and 150 ɛm were examined. Layer thickness 

values of 30 ɛm and 40 ɛm, 67Á scanning rotation between subsequent layers, and a zigzag 

scanning strategy were maintained during the processing. A substrate pre-heating was also 

considered. Relative density, surface roughness, microstructure, elemental analysis by XPS 

and EDX, and electrical conductivity were evaluated. The main conclusions are as follows: 

1. The highest relative density obtained was 96% when a laser power of 370 W, 

scanning speed of 600 mm/s, hatch spacing of 100 ɛm, and layer thickness of 40 

ɛm were employed. 



 

 

 

Ph.D. Thesis ï Mohamed A. Mohamed     Mcmaster University - Mechanical Engineering 

49 

 

2. Using a maximum permitted laser power of 370 W and different scanning speeds, 

the relative density was found to increase with hatch spacing until reaching its peak 

at a hatch spacing of 100 ɛm, above which further increases in the hatch spacing 

resulted in relative density deterioration. 

3. The minimum surface roughness obtained was 8 Ñ 0.5 ɛm, which was comparable 

to the surface roughness of machined surfaces. At the optimum hatch spacing of 

100 ɛm, the side-to-top surface roughness ratio increased when increasing the 

input linear energy density. 

4. The grain morphology was found to vary depending on the investigated location 

along the building direction. Close to the building plate (bonding zone), the grain 

structure inside the melt pool consisted of two distinct zones owning obvious 

characteristic shapes, starting with columnar-dendritic formed perpendicular to 

MP boundaries and directed inwards. The equiaxed grains were formed at the melt 

poolôs center. At the steady-state zone, a mix of cellular and columnar grains was 

identified. The average grain size remarkably varied from 10 ɛm up to 100 ɛm. 

5. Two types of porosity were detected: spherical (type I) due to entrapped vapor, as 

well as lack of fusion and unmelted powder porosity (type II). Types I and II of 

porosity were detected in the bonding and steady-state zones, respectively. 

However, type II was observed to be more intense in the steady-state zone. 

6. The relative density of all samples investigated increased when a preheating of 200 

°C was employed during the printing of samples by laser powder bed fusion. 

7. During the XPS testing conducted on the polished and cleaned Cu samples, the 

spectrum peaks corresponding to the electronic state of the constitutional element 
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were hardly distinguishable. However, after sputtering, the characteristic XPS 

peaks of Cu were revealed. 

8. The maximum EC of Cu samples printed by L-PBF was 81% IACS. The impurities 

in L-PBF were more significant on EC than the porosities presented when using 

the optimum process parameters. 
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Chapter 3  

In-situ laser removal of Cu2o&Cuo during laser 

powder bed fusion of copper parts. 
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Abstract 

Copper laser powder bed fusion (Cu-LPBF) is known as a challenging manufacturing 

process. Since Copper is an excellent thermal and electrical conductor, low to medium laser 

power is insufficient to provide good wettability and fusion between either adjacent tracks 

or deposited layers due to heat dissipation and high reflectivity. Particle surface 

modification has therefore been proposed to improve optical absorptivity. A simple method 

to enhance optical absorptivity is to create a thin oxide film by heating copper powder in 

an air furnace. The first phase of the current work emphasizes that this technique is 

detrimental to the part quality if a medium laser power range is used. The second phase of 

this paper proposes a novel method of two stages of in-situ copper oxide reduction during 

LPBF. It offers a new technique for merging laser cleaning and melting in LPBF. The 

newly proposed method involves recycled and surface oxidized Cu powder aiming at 

developing an easy and environmentally friendly (no chemicals used) approach to recover 

the contaminated powder. Applying laser surface cleaning of powder and solidified layers 

results in considerable improvement, where the oxygen content is reduced by 70% in the 

LPBF samples compared to the initial state of the oxidized powder.  

Keywords 

Copper; oxide removal; laser powder bed fusion; laser ablation; microstructure evolution. 
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3.1 Introduction  

During the last decades, the research and development in Additive manufacturing (AM) 

have increased rapidly, fueled by its manufacturing advancements [1]. The high design 

freedom and complexity of 3D printing make the AM preferable over conventional 

fabrication methods. Laser powder bed fusion (LPBF) is an additive manufacturing process 

where a laser beam irradiates a thin layer of metallic powder to raise the temperature to the 

melting point. It causes the powder particles to melt and fuse into a solidified layer. LPBF 

can provide high dimensional accuracy products limited by laser spot diameter. Recently. 

The demand for more efficient and complex designs in thermal and electrical management 

applications is rapidly increasing. Therefore, the LPBF of Cu and Cu alloy has been 

investigated to meet these needs since it is the best choice due to its excellent electrical and 

thermal conductivity and moderate cost. However, processing pure Copper via LPBF 

exhibits many challenges, as reported in the literature [2]. Achieving dense Cu-LPBF part 

is quite difficult using laser power density less than 10 MW/Cm2 available in most 

commercial machines [3]. Due to copper's high thermal conductivity (400 W/m.K) and 

poor optical absorptivity (30ï40% in powder form), absorbed laser energy is insufficient 

to produce satisfactory wettability. As a result, researchers have focused their efforts on 

tackling these issues [2].  

The strategies reported in the literature to overcome the challenges of Cu-LPBF can be 

grouped into two categories: (a) Adaptation of laser properties by applying pulsed laser at 

different wavelengths [4] or increasing the laser powder to 1 KW [5] and (b) Modification 

of Cu powder surface [6]. Since most commercial 3d printers are equipped with a medium-

power laser, self-constructed SLM machines were implemented with abundant laser power 
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[7]. Furthermore, the researchers have investigated the benefits of using wavelengths of 

450 and 515 nm, known as "Blue and Green Laser," respectively [8,9]. 

The modification of copper powder characteristics was investigated as an alternative 

solution. Copper was pre-alloyed with high optical-absorptive material such as silicon, Tin, 

or Zinc. However, the low chemical concentration of such elements slightly mitigates 

copper reflectance [10]. Consequently, fully dense LPBF parts can't be achieved using low 

or medium laser power unless adding a large amount of those elements [11]. In this case, 

the Copper thermal and electrical conductivity was sharply decreased in the as-built 

samples. The Laser-matter interaction occurs within the very thin outer layer, i.e., tens of 

nm [6]. Therefore, the surface coating of Cu powder takes advantage of the high 

concentration of laser-absorptive metals and simultaneously avoids unnecessary alloying 

elements in the core metal. Surface modification of Cu powder via oxidation was also 

examined as a simple attempt to increase optical absorptance [12]. However, the presence 

of Cu oxides in feedstock material resulted in many defects in the final parts at medium 

laser power ( around 400 W).  

Another challenge of copper AM is the degradation of Electrical conductivity (EC) due to 

the negative impact of impurities. Pure Cu has a relatively high oxidation sensitivity 

compared to copper alloys. In particular, Cu powder attracts more oxides than bulk Cu 

parts due to the high surface-to-volume ratio. Therefore, improper handling and storage of 

Cu powder would lead to more propagation of surface oxides. When the Cu powder is 

exposed directly to the air, a native oxide layer forms and grows on the Cu surface at room 

temperature, where oxidation kinetics follows the logarithmic rate law. Unfortunately, this 

layer is not self-protective, which means the Cu is continuously subjected to corrosion, 

unlike Al and Ag [13]. Long-term air exposure provokes the chemical state of Cu oxides 
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from Cuprous (Cu1+ ) to Cupric (Cu2+) [14]. The overlayer's thickness of hydrocarbon and 

oxides was estimated to be a few nanometers, i.e., 4 nm on Cu plate after 106 s. 

Microstructure and surface morphology are reported as other factors of accelerating surface 

oxidation, which is relevant to the presence of crystalline defects [15]. For Example, Cu 

film deposited by ion beam at zero bias voltage exhibits lower oxidation resistance than 

the film deposited at -50 V [16]. It is attributed to the development of columnar structures 

with small grain size and rough surfaces, thus the occurrence of many crystal vacancies 

and dislocation [14]. Similarly, and due to the rapid solidification of metallic powder during 

the atomization process, the powder surface exhibits fine grain size with observable lattice 

strain as well as coarse surface texture [17]. Therefore, the oxide initiation and growth in 

the case of Cu powder are expected to occur earlier than in bulk Cu.  

Surface cleaning is an important preprocessing stage, particularly for manufacturing 

processes susceptible to contamination. The traditional surface cleaning methods, either 

physical or chemical, are often challenged by environmental concerns due to a lack of 

waste management. In addition, specialized labour skills are required to deal with 

hazardous materials to recover raw materials chemically. Laser technology can provide an 

effective and reliable solution for material removal. Laser-induced surface cleaning as an 

application of laser ablation is a photothermal process using the laser beam to remove the 

unwanted coating, oxidation, and contamination layers [18]. Laser cleaning exploits the 

rapid evaporation and sublimation of the target material when subjected to an intense laser 

beam. Another mechanism of laser removal is via a micro-thermal shockwave that causes 

the exfoliation of desirable layers, which is initiated at the weakest molecular bonding [19]. 

Many factors affect the performance of the laser ablation process, such as surface chemical 

composition, colour, layer thickness, and laser type. Continuous-wave (CW) and pulsed 
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fiber are two laser types employed for surface treatment. However, the pulsed laser is 

superior in this field because it can immediately eject surface contamination [20]. The 

Laser-induced reduction of Cuo nanoparticles, submerged in reductant solution, was 

investigated by pulsed and CW laser irradiation by means of photo-thermochemical 

reaction [21]. It was found that CW laser can reduce the oxygen content of copper powder 

by 50%. Laser surface cleaning is used as a preparation step prior to laser welding and was 

proven to provide excellent weld quality by significantly reducing the porosity in the weld 

joints [20]. 

This study investigates the impact of using surface-oxidized copper powder on the final 

part quality, which mimics a situation of multiple Cu powder usage. A novel method of in-

situ oxide removal is introduced to minimize the defects in the LPBF parts. Initially, the 

as-received, recycled, and oxidized powder was characterized in terms of oxygen content 

measurements, flowability, phase analysis, oxide thickness determination, and optical 

absorptivity. The second part of this study aims to quantitatively evaluate the negative 

impact of Cu oxides on powder characteristics and, consequently, on the Cu-LPBF parts. 

Lastly, the proposed laser cleaning-melting-cleaning method was carried out on recycled 

and oxidized powder, which diminishes the porosity formation in the microstructure. 

Density and electrical conductivity measurements agreed with the oxygen content on the 

samples that had been laser cleaned. 

3.2 Material and Methodology  

3.2.1 feedstock material 

The raw powder material used in this study was a gas-atomized Cu powder. The nominal 

purity of the Cu batch was 99.9%. The apparent density was measured according to ASTM 
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B212 and found to be 5.07 g/cm3. Figure 3-1a shows the cumulative distribution of the 

particle diameters where the D10, D50, and D90 are equal to 16, 31, and 51 (um), 

respectively. Most Cu particles have a spherical/quasi-spherical shape, as shown in the 

SEM image (Figure 3-1b). However, this powder batch contains particles that show an 

irregular shape. 

 

Figure 3-1: Cumulative particle size distribution (a) and SEM of Cu Powder used in this 

study (b). 

The Cu powder was classified into virgin, recycled, and oxidized. Half of the virgin Cu 

powder batch was heated at 200°C for 2 hours in an open-air furnace in order to obtain a 

high oxygen concentration at the outer layer, noted as "oxidized powder". This treatment 

aims to improve the optical absorption as in [12].  

The oxygen content of Cu powder was measured using the inert gas fusion method by the 

LECO ON736 series. Powder flowability was assessed based on the angle of repose (AOR) 

following the procedure in ASTM C-1444. The copper oxide phases were identified by X-

ray diffraction (XRD) analysis. The diffraction signal was gathered using the Bruker D8 

DISCOVER with DAVINCI.DESIGN diffractometer, equipped with Cobalt Sealed Tube 

Source (ɚavg= 1.79026 Å). The XRD spectrum was obtained within ς— range of 30-114o at 
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a step size of 0.02° and a collection rate of 1 s/step. XRD pattern was generated by collected 

signal integration using 1D Via DIFFRAC.EVA software. The thickness of growing oxides 

on the outer layer of copper particles was examined by transmission electron microscope 

(TEM). First, the powder samples were infiltrated with Spurr's resin in a vacuum oven for 

2-3 hours and then transferred to embedding molds filled with fresh 100% Spurr's resin 

and polymerized overnight in a convection oven at 60 oC. Second, Thin sections (approx. 

60-80nm) were cut with a diamond edge on a Leica UCT ultramicrotome and picked up 

onto Formvar-coated Cu grids. Samples were loaded into a JEOL JEM 1200 EX 

TEMSCAN transmission electron microscope (JEOL, Peabody, MA, USA) operating at an 

accelerating voltage of 80kV. Images were acquired with an AMT 4-megapixel digital 

camera (Advanced Microscopy Techniques, Woburn, MA). The optical absorption of Cu 

powder in the wavelength range of 400-1400 nm was measured using a UV-Visible-NIR 

LAMBD A 950 Perkin Elmer spectrophotometer equipped with a 150 mm diameter 

integrating sphere. Figure 3-2 shows the schematic diagram of the used diffuse reflectance 

spectroscopy (DRS) which total the surface (specular) and internal (diffuse).light 

reflection. Barium Sulfate powder was utilized as a reference.  

 

Figure 3-2: Schematic diagram shows the optical absorption measurement by means of 

diffuse reflectance using the integrating sphere accessory. 
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3.2.2 L-PBF Process parameters 

Cube-shaped parts of 10*10*7 mm3 were printed by the EOSINT M280 SLM machine. 

The nominal laser beam diameter was 100 ‘ά with a continuous wavelength of 

1080±20nm. The samples were built on a ground steel plate and then were separated by 

wire EDM 1 mm away from the building plate (sacrifice substrate) to avoid any diffused 

elements [22]. Our previous study shows the necessity of high laser power to produce dense 

Cu parts. Therefore, in the current work, the highest laser power available on this 

machine,370 W, was applied during the fabrication of all samples. The Cu samples made 

of virgin, recycled, and oxidized powder are noted as Cuvirgin, Curecycled, and Cuoxidized, 

respectively. Table 1 shows the process parameters employed in laser melting exposure. 

Table 3-1: process parameters used to manufacture Cuvirgin, Curecycled, and Cuoxidized 

samples 

Process Variables Value 

Scanning speed (mm/s) 400-800 (100 increments) 

Hatch spacing (ʈÍ) 90, 100, 110, and 120 

3.2.3 Sample characterization 

The relative density (RD) of as-built samples was calculated using the Archimedes 

principle according to ASTM B962-14. The weight of Cu parts in air and de-ionized water 

was measured three times at room temperature using AB204 Mettler balance with 0.1 mg 

resolution. The standard density of solid Copper used in the calculation of RD is 8.89 

g/cm3. Surface Roughness was investigated in a perpendicular direction of scanning tracks 

by the Mitutoyo SJ-410 stylus profilometer. The arithmetic mean surface roughness was 

obtained by averaging five readings for each part. Sample top surfaces were examined by 

TESCAN VP scanning electron microscope (SEM) using secondary electrons at 20 kV 
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(accelerating voltage) equipped with an energy-dispersive X-ray spectroscopy (EDS) 

detector to identify the elemental chemical composition of microconstituents. The polished 

samples were etched chemically by a reagent of 50 ml nitric acid and 50 ml distilled water. 

The microstructure was depicted via Nikon LV100. 

The oxygen content was measured using the inert gas fusion method by the LECO ON736 

series. One gram (±0.2) of the LPBF Cu samples was cut using a precision cutter and then 

weighed via precision balance. According to ASTM E2575-08, the Cu samples were 

prepared as follows (a) immersing in concentrated HCL for 3 min, (b) etching in an acid 

mixture of HNO3, CH3COOH, and H3PO4 for 1 min at 70 C, (c) rinsing three times in 

distilled water and subsequently in methanol, (d) drying by a stream of hot air. Before 

proceeding with the Cu samples measurement, three replicas of reference material supplied 

by the instrument manufacturer were used for drift correction. 5500 W impulse furnace 

was used to release analyte gases. Sample oxides react with crucible material (graphite) to 

produce CO2 and H2O.  

In order to measure the electrical DC resistance of printed Cu, Circular flat coils of 2 mm 

wire diameter were CAD-designed and printed on top of a 1 mm Cu-deposited substrate as 

in the case of cube samples. The coil's length was chosen to be 460 mm, as shown in Figure 

3-3. It is compatible with ASTM B193-02 Standard, which recommends the test length to 

be greater than 300 mm. It also represents the actual DC resistance of full-size coils ready 

for industrial applications. In addition, the measurement of small resistance near the 

ohmmeter's lower limit or its resolution increases the error % of readings. KEITHLEY 

2400 Source Meter from Tektronix company was used at room temperature. The Four-wire 

Kelvin method was implemented to eliminate the effect of contact resistance. 
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Figure 3-3: As-built samples arrangement made by (a) recycled, and (b) oxidized powder. 

3.3 Results and discussion 

3.3.1 powder characterization 

The oxidation intensity of Cu powder amongst the printed samples was observed to be 

uneven. Therefore, the powder was collected, sieved by a 200 mesh sieve, and then 

mechanically mixed to obtain a homogenous reusable material noted as "recycled powder". 

The discoloration of the Cu powder indicates the intensity of oxides on the outer surface 

of the particles, as shown in Figure 3-4. During printing, the building chamber was 

insulated by a stream of Nitrogen gas that kept the oxygen percentage around 0.13%. 

However, the recycled powder exhibited color transformation to golden brown with almost 

2.5 times the amount of oxygen pickup compared with the virgin powder. To quantify the 

impact of unprotected storage, the oxygen pickup of the recycled Cu powder was also 

measured after five months of storage, kept at room temperature in the vendor's containers. 

A negligible oxygen increase of 5% was noted. In comparison, the oxidation of Cu powder 

at 200 C led to a significant rise in oxygen content by five times that of virgin powder and 

became much darker. Under the oxygen-rich environment and elevated temperature (equal 

to or above 200 C), the colour turned black after 6 hrs whether the initial oxide state is 0 
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or з [23]. Transformation of the Cu oxide species simultaneously alters the appearance. 

For example, the characteristic colour of cuprous and cupric is dark brown and black, 

respectively. Since the oxidized Cu powder is not solid black, it indicates the existence of 

CuO over the particle surface but not fully covered, as evidenced in the following 

experiments. The development of Cu oxides is not uniform where the lattice defects, such 

as grain boundaries, are considered precursor oxidation sites. 

The recycled and oxidized powder were found to be more flowable than the virgin powder. 

This can be justified based on high moisture content, which is the main factor in increasing 

cohesive force between particles [24]. During printing, heating Cu powder for hours at a 

temperature of 180 C is sufficient to evaporate any possible moisture. As a result, the 

recycled powder exhibit better flowability. Given the fact that oxidation degrades material 

surface roughness by increasing friction force between the particles [25], the reduction in 

oxidized powder flowability is in agreement with oxygen content, as manifested in Figure 

3-4. However, this conclusion hasn't been consistently obtained, as reported in [26]. In 

some instance, the oxide film declines the inter-particle adhesion forces, and as a result, 

the powder flowability improve. It is governed by the ratio between gravity and Van der 

Waals force. For example, low density of Al powder with fine particle size has an inferior 

gravity force which diminishes the negative impact of inter-particle friction [27]. Therefore, 

surface alumina formation on Al powder weakens the prevalent Van der Waals force and 

leads to lower particle adhesion. Contrarily, the Inconel 718 is a high-density material. 

Thus, a high concentration of surface oxide can deteriorate powder flowability [26]. It can 

explain the reduction in flowability of the oxidized powder compared with the recycled in 

the present research since Cu is denser than Inconel 718. Referring to Carr's classification 

[24] and based on AOR measurements, the recycled powder is considered "free flowing" 
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powder, whereas the virgin and oxidized powder are located in the "fair to passable" 

category. 

 

Figure 3-4: The oxygen contents and AOR of three Cu powder types and the 

corresponding photo images. 

XRD spectrum of the three forms of copper powder shows the four dominant Cu peaks at 

corresponding miller indices of (111),(200),(220), and (311), as illustrated in Figure 3-5. 

Two Cu oxides peaks were detected within 2— range of 40 to 48o as presented in the 

magnified view of Figure 3-5. It is noted that the evolution of CuO phases is associated 

with high oxygen content, as in recycled and oxidized powder.  

In the case of virgin powder, only a Cu2O peak at 2— of 42.6 was detected. The native Cu 

oxide layer established at room temperature acts as a protective-stable film. The formation 

of such a layer is rapid at first, fueled by the transfer of electrons and cations to the oxide-

oxygen interface, but the growth slows down after a short period when the thickness 

reaches a few nm [28].In the XRD spectrum of the recycled powder, an additional peak 

related to the CuO phase is revealed. Although it has been reported in the literature that the 

CuO phase appears at a temperature only higher than 300 oC [29,30], it emerges at a 
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relatively low temperature of 180 oC being the preheating temperature. Furthermore, this 

finding contradicts the fact that the Cu LPBF was performed in Oxygen controlled 

environment. It can be justified based on the contribution of other factors, but not limited 

to, heating time, surface morphology, and microstructure [31,32]. The printing time was 

approximately 12 hrs which is believed to be sufficient to promote CuO formation. 

Moreover, the particles' surface is redundant with crystal defects due to the rapid 

solidification during powder atomization. It is worth noting that the oxidized Cu powder 

has relatively narrow XRD oxide peaks, proving that the oxides' crystal size is more 

extensive than that of virgin and recycled powder. For example, the full width at half 

maximum (FWHM) at Cu (и) peak of the oxidized powder is 25 % greater than that of 

the recycled powder. 

 

Figure 3-5: XRD spectrum of the virgin, recycled, and oxidized Cu powder. 

The SEM images in Figure 3-6 (a), (d), and (g) are well illustrating the prevailing pattern 

of oxides' growth on the Surface of Cu particles. The surface morphology of recycled Cu 
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particles reveals a formation of oxides in the shape of disconnected veins. Compared to 

virgin powder, no observable change in surface topography due to oxides evolution (at 

least at the same magnification level). As seen in Figure 3-6(g), the oxide layer extends to 

cover a more peripheral area since Cu powder particles have been subjected to sufficient 

heat energy, time, and Oxygen. However, for the same reasons mentioned earlier, the 

oxidation growth shape varies from one particle to another, particularly for different 

particle sizes: the smaller particle size, the more oxidation coverage area.  

TEM is an excellent candidate to investigate and depict many sites of the oxidation layer 

of various particle sizes using a single preparation procedure. By surveying a wide range 

of particles' perimeters, it is noted that the oxidation sites in the case of virgin Cu powder 

are scattered and rare. However, Figure 3-6 (c) illustrates the maximum detectable oxide 

thickness of 20 nm. At ambient conditions, The native Cu oxide layer has been reported to 

be 3nm thick after 105 s [13]. It is challenging to identify such ultra-thin film with this TEM 

equipment. On the other hand, the oxide layer was relatively thicker and varied in the range 

of 10 to 50 nm over the recycled powder surface. Thermal energy during printing was 

utilized to overcome the diffusion barrier of the native oxide layer [31]. Figure 3-6 (f) 

demonstrates that oxides formation and growth are quite surface roughness-dependent, 

where the thickness reaches the maximum of 50 nm in the rough region. Overall, Semi-

uniform oxide films with an average thickness of 25 nm were observed in many instances. 

The extreme oxide thickness in the current study is 110 nm which was disclosed over the 

oxidized Cu powder particles. A limited number of thick oxide layers were noticed to split 

in a way parallel to the layer surface (shown in Figure 3-6 (i)). Comparatively, complete 

oxide separation often occurs at temperatures equal to or above 800 oC [33]. The average 
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thickness was estimated based on multiple measurements of different particle sizes and 

found to be 85 nm. 

 

Figure 3-6: SEM images of particle surface of (a) virgin, (d) recycled, and (g) oxidized. 

TEM of particle cross-section and their corresponding magnified view shows the 

maximum and average oxide thickness of (b,c) virgin, (e, f) recycled, and (h, i) oxidized. 
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Low magnification TEM images in Figure 3-6 (b),(e), and (h) provide an overview of 

particle surface roughness and the distribution and sizes of porosities near the edge, as 

indicated by green arrows. In all magnified TEM images, the oxide layer exhibits uneven 

color tone, thus implying that this layer is not established from the same constituent 

elements in which the darker spot represents the high-density material and vice versa. 

Typically, the mature oxide layer composes of three layers: the outer layer of Cu2O + CuO, 

the intermediate layer of Cu2O, and Cu2O+CU [31]. 

Figure 3-7 displays the optical absorption (A) of the virgin, recycled and oxidized Cu 

powder versus the wavelength. The signal disturbance at 860 nm is due to the switch 

between PbS and InGaAs detectors. At 1080 nm, the nominal laser wavelength of the EOS 

M280 and most commercial L-PBF machines, the recycled and oxidized powder exhibit 

higher A of 45.7% and 56.2%, respectively, compared with 24% for virgin powder. 

Therefore, the outer layer structure significantly affects Cu powder's optical absorption 

(A). It is also noted that the A curve of recycled power is located between virgin and 

oxidized powder, which coincides with the aforementioned results (oxygen content and 

oxide thickness). It also agrees with the findings reported in [34] in which the Cu(II) phase 

possesses higher optical absorption than Cu(I) at the wavelength of 1080 nm. It is also 

correlates with the fact that oxidation increases the surface topography of spent powder 

particles, which leads to more interaction with the incident light [35]. Consequently, it can 

be inferred that the oxidized powder would absorb more heat energy from the laser beam, 

and theoretically, good Cu-LPBF processability would be achieved. The penetration depth 

of the laser beam through the Cuo layer can be calculated by means of the Beer-Lambert 

law, as in Eq. 3-1. By utilizing the extinction coefficient of the CuO film reported in [36], 

the beer-lambert penetration depth would be approximately 400 nm which is more than the 



 

 

 

Ph.D. Thesis ï Mohamed A. Mohamed     Mcmaster University - Mechanical Engineering 

72 

 

observed thickness of oxide film in all Cu powder types. Accordingly, the incident laser 

beam will irradiate the whole oxide thickness and a portion of the core metal. 

Ὅὼ ὍπὩ  Beer-Lambert law 

At  ȟ ‏  
3-1 

Where, 

Ὅȡ ὍὶὶὥὨὭὥὲὧὩ 

‌ȡὃὦίέὶὴὸὭέὲ ὧέὩὪὪὭὧὭὩὲὸ 

‗ȡὡὥὺὩὰὩὲὫὸὬ  

 ȡὕὴὸὭὧὥὰ ὴὩὲὩὸὶὥὸὭέὲ ὨὩὴὸὬ‏

ὯȡὉὼὸὭὲὧὸὭέὲ ὧέὩὪὪὭὧὭὩὲὸȢ 

 

Figure 3-7: optical absorption of the virgin, recycled, oxidized Cu powder versus 

wavelength. 
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3.3.2 Density measurement and surface quality 

The relative density (RD) of the Cu samples made of the virgin (Cuvirgin ), recycled 

(Curecycled), and oxidized (Cuoxidized ) powder were investigated in the volumetric energy 

density (Ev ) range of 100-260 W/mm3. No delamination or macro cracks was observed 

within the whole process window. Figure 3-8a, b, and c shows the scanning speed (V) 

versus hatch spacing (h) process map. The dark green zone represents the highest RD 

sample that is only located on the Cuvirgin map. Unexpectedly, the RD measurements of 

Curecycled samples were slightly reduced by 1±0.2% compared with Cuvirgin. It contradicts 

the fact that it owes good flowability and a higher A. The degradation of Cuoxidized part 

quality also involves an increase in surface roughness Ra to be 10.4 ‘ά which is 30% 

greater than Cuvirgin as perceivable on top surface SEM Figure 3-8f. The Ev corresponding 

to optimum RD of Curecycled and Cuoxidized is lower than that of the Cuvirgin. Therefore, It 

implies a side advantage of reducing the production time since the laser power and the 

layer thickness are fixed. 

The reason behind this finding is scan track interruption due to the rapid expansion 

accompanying oxygen release [37], circled in Figure 3-8e. Besides, the gas-induced 

porosities were recognized in the cross-section microstructure, which will be discussed in 

the next sections. The drop in RD of Cuoxidized emphasizes the negative impact of the 

excessive amount of oxides which counteract any possible improvement in optical 

absorption. Since the ratio between the heat transfer by convection and conduction, known 

as the Peclet number, is in order of 102-105 in laser-assisted additive manufacturing, the 

shape and size of meltpool are controlled by the convective flow (primarily Marangoni 

flow) of molten metal [38]. Due to the spatial temperature variation on the top surface, the 

surface tension gradient gives rise to Marangoni shear stress which is defined by the 
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temperature gradient ὨὝȾὨὶ multiple by the temperature coefficient of surface tension 

Ὠ‎ȾὨὝ). The concentration of Oxygen as one of the surface active elements affects the 

surface tension significantly. The presence of those elements within the meltpool may 

change the Ὠ‎ȾὨὝ value from negative to positive except around boiling point resulting in 

inversion of melt flow and alteration of meltpool size and shape along the scan track (due 

to nonuniform dispersion of oxide)[1]. Moreover, surface energy plays a vital role in 

meltpool formation that is controlled by the concentration of surface oxides and metal 

reactivity [39]. Depending on the temperature and atmosphere composition, the oxides 

stabilize the surface and restrain the flowability of the meltpool. Therefore, the wetting 

behaviour is negatively affected by oxides [10]. 

 

Figure 3-8: Relative density V-h process maps and top surface SEM micrographs of Cu-

LPBF samples at the corresponding optimum process parameters (star marked).of 

(a,d)virgin, (b,e) recycled, and (c,f) oxidized powder.  

While printing the Cuoxidized samples, the top surface of every deposited layer was noted to 

be darkened with scattered black patches. The top surface SEM micrograph of Cuoxidized 
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sample combined with EDS map was acquired to illustrate the O distribution, as shown in 

Figure 3-9. High O concentration was detected over the entire surface, particularly the 

inter-track zone and scan track ridges. It can be explained by the segregation of the nano-

sized oxides driven by thermocapillary fluid flow (toward the meltpool edge) which is 

induced by the surface tension gradient. Besides, due to density variation associated with 

the temperature gradient within the meltpool Ὠ”ȾὨὝ, the buoyancy force creates upward 

flow of warmer liquid along the meltpool axis [40]. These forces facilitate the transfer of 

oxides to the surface, as shown in the high O concentration area of Figure 3-9b. 

Comparatively, the EDS signal with intermediate O concentration could detect the nano-

sized porosity trapped near the surface (micro protuberance shape) resulting from oxygen 

decomposition, as shown in the magnified view of Figure 3-9a.  

 

Figure 3-9: Top surface micrograph of Cu-LPBF samples made of oxidized powder (a) 

SEM micrograph with two inserted images showing a magnified view(b) EDS map 

showing the oxygen distribution. 

3.3.3 Laser ablation 

The laser removal mechanism, either photothermal (evaporation) or thermoplastic 

expansion, is tied to the laser wavelength, interaction time and mode (CW or pulsed). Since 

Yb (Ytterbium) fibre laser 1080 ±20 nm has been used for this study, the mechanism of 

laser oxide removal is mainly by evaporation and oxygen decomposition [20]. It is possible 

to ablate the contaminated layers using CW laser as long as laser fluence (F) equals or 
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exceeds the ablation threshold (Fo)[41] [20]. Laser fluence is defined as the laser energy per 

unit area at the exposed surface. For 1080 nm wavelength and microsecond pulse duration, 

typical Fo values of Cu vary between 0.4-1.6 J/cm2, which is related to the interaction time 

and repetition rate [42]. Comparatively, the Fo of CW laser can go up to 10 times more than 

pulsed [43]. In this section, the Fo values will be estimated in order to provide sufficient 

energy for ablation and simultaneously avoid powder melting (Fm), as stated in Eq. 3-2. 

The transition from discrete elements (powder form) to interconnected solid particles 

results in a sharp increase in thermal conductivity. Therefore, partial melting of Cu powder 

can hinder the scan tracks from having good wettability. 

Ὂ Ὂ Ὂ  3-2 

3.3.4  Estimation of laser Fluence of Pre and Post-exposure  

The temperature profile across the irradiated layer can be mathematically formulated by 

solving the partial differential equation of Fourier's second law [44]. The heat flow is 

assumed to be only in one direction (z), with no convection or heat generation. The time-

dependent temperature distribution is expressed in Eq. 3-3. The simplified temperature 

equation at the oxide surface layer, i.e., z=0, is shown in Eq. 3-43-5, which is acceptable if 

the laser beam diameter is much larger than the contamination thickness. laser-material 

interaction time for a moving heat source is defined as the ratio of the beam diameter to 

the scanning speed.  
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ὭὩὶὪὧȡὭὲὸὩὫὶὥὰ έὪ ὧέάὴὰὩὲὩάὸὶὥὶώ Ὡὶὶέὶ ὪόὲὧὸὭέὲ 

A relation between laser fluence (Fo) and layer temperature can be obtained by substituting 

the properties listed in Table 3-2, oxide thickness acquired from TEM tests, and the optical 

absorption values. Oxides layer removal by evaporation requires reaching the boiling point 

of Cu oxides phases, so the temperature differences to attain this point are 2073 and 2270 

K for Cu2O and CuO, respectively, corresponding to the reported boiling point of those 

phases in [45]. The initial temperature of the Cu powder bed is 180 C. Laser scanning speed 

was kept constant at 1000 mm/s for pre and post-exposure steps, compromising the 

increase in production time and powder denudation. The optimum process parameters of 

Cupure were used during the laser melting exposure. Table 3-3 shows the calculated laser 

fluence for oxide removal at pre-exposure (Fi) and post-exposure (Fp). Noted that, Fp was 

adapted to be compatible with the A of the Cu oxides flat surfaces [46] and the 

thermophysical properties [47]. 

Table 3-2: Thermophysical used in the calculations (powder) [48]. 

Property symbol Value/unit 

Specific heat  ὅ 0.4 J/(g.K) 
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Thermal diffusivity ‌ 0.5x10-6 m2/s 

Thermal conductivity Ὧ 1 W/(m.K) 

 

Table 3-3: The calculated Laser fluence of oxide removal at pre-exposure (Fi) and Post-

exposure (Fp) 

Raw material Fi  (J/cm2) Fp (J/cm2) 

Recycled Powder 4 300 

Oxidized Powder 5 300 

 

On the other hand, thermal energy (Ὁ  required to raise a unit volume temperature from 

the initial temperature (To) to the melting point is formulated in Eq. 3-6. It is approximately 

calculated to be 4.9 J/mm3 [22]. The volumetric energy density is modified as in Eq. 3-7 to 

consider optical absorptivity (A), heat loss (Kl), laser power distribution (Kd), and effective 

layer thickness (Kt). By comparing Eq. (3-6) and (3-7), the laser Fluence of powder melting 

(Fm) will be 140 and 110 J/cm2 for the recycled and oxidized powder, respectively. These 

values represent the limit as in Eq. 3-2. It's worth noting that the difference between Fi and 

Fm is significant, which helps prevent melting during pre-exposure. The applied Fi values 

will range from 5 to 100 J/cm2. It is less concerned with employing high F over the 

solidified layer during post-exposure (F>Fp), where it assists in melting any unfused 

powder particles. Furthermore, it is reported that remelting of solidified surfaces in LPBF 

can improve surface roughness [49]. 

Ὁ ”ὒ ὅ Ὕ Ὕ  3-6 
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Figure 3-10: Schematic illustration for the two scenarios of oxidized Cu powder LPBF 

(a) direct melting and (b) cleaning-melting-cleaning. 

Figure 3-10 illustrates the two scenarios of direct melting (DM) of the oxidized Cu powder 

LPBF and the proposed cleaning-melting-cleaning method. DM can also cause oxide 

ablation, as presented by oxygen content measurements in the following sections. 

However, due to the rapid melting-cooling cycle in additive manufacturing, particularly 

for copper/copper alloy, a portion of the generated metallic vapor doesn't have enough time 

to escape. As a result, it is trapped in the form of spherical pores as evinced from density 

measurements and also reported in [37]. The first stage of the proposed cleaning method 

involves direct (particles surface facing laser beam) and indirect (in the interparticle zone) 
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laser pre-exposure of powder particles, as illustrated in Figure 3-10b. At some point, the 

laser intensity diminishes and leaves some oxide unchanged, i.e., oxide residue. A portion 

of this residue will float to the surface during laser melting.  

3.3.5 Effect of laser exposure on the powder characteristics 

Figure 3-11, followed by Table 4, presents the impact of laser exposure on the powder 

topography and surface chemical composition at different energy densities. Laser-induced 

surface Cu oxides revealed an interesting bubble formation phenomenon that was observed 

near the ablation threshold (Figure 3-11b). This feature size varies between 

ςππ ὲά to ς ‘ά before the explosion. Higher F increases both the bubble and crater sizes 

up to υ ‘ά and ςπ ‘ά, respectively, as shown in Figure 3-11c. ablation crater is the latest 

form of the burst bubble where the remainder of the shell blast is directed radially from the 

centre to create the crater rim. However, it is occasionally rimless, as indicated by a blue 

arrow. The EDS elemental composition analysis at the centre of the crater confirms the 

success in removing the entire layer of Cu oxides, noted as an "oxide-free zone", which 

approaches the original O wt% of the virgin Cu powder. The O wt% of points 3 & 5 are 

similar, assuring that the penetration of both corresponding laser fluences can exceed the 

oxide film. For 100 ‘ί  laser-material interaction time, The estimated thermal penetration 

depth (‏ ςЍ‌ὸ) is 14 ‘ά which is much deeper than the observed oxide thicknesses. 

The chemical concentration of points 2 and 4 quantifies the reduction in O concentration 

on the ablated surface compared to the initial state (point 1). As a further observation, the 

surface texture of Cu oxide has been refined after laser exposure. Besides the EDS 

measurements, this observation supports the idea of surface oxide mitigation via laser 

evaporation and melting. Liquid phase sintering (LPS) or partial melting of oxidized Cu 

particles was recognized at excessive F, approximately double the value of Fi. However, 
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solid-state sintering characterized by neck formation between the adjacent particles 

originated around 30 J/cm2.  

 

Figure 3-11: Impact of laser fluence on the surface of the oxidized Cu powder (a) no 

exposure, (b) 15 J/cm2, (c) 23 J/cm2, and (d) 45 J/cm2. 

Table 3-4: EDS O wt.% composition at different points on the surface of oxidized 

powder after laser irradiation. 

Elements O (wt. %) 

Point 1 11.2 

Point 2 5.8 
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Point 3 0.46 

Point 4 3.72 

Point 5 0.31 

 

Relativity long laser exposure (micro seconds) or CW radiation sufficiently activates 

"Normal vaporization" and "Normal boiling" ablation mechanisms [50]. However, this 

thermal process also involves melting features such as rim development and splashes (not 

existing here). For example, the transition from evaporation to melting can be noticed in 

the non-direct exposed area, as shown in the upper part of Figure 3-11c. In this region, due 

to the deviation from the ablation threshold, laser-material thermalization turns into a 

mostly melting phase. As a result, the rim becomes much thicker.  

Normal boiling comprises nucleation of the vapor phase at the liquid-solid interface. 

Therefore, Bubble nucleation is a good indication of partial evaporation of material or 

decomposition of copper oxides (vapour form) under the bubble shell. The material 

evaporation is proportional to the laser energy near the ablation threshold, increasing the 

vapour pressure inside the bubble until the shell can't endure the tensile stress. By 

comparing the threshold value of copper oxides treated with only a single pulse [51], the 

current results show higher Fi at a wavelength of 1064 nm. It can be justified based on the 

efficiency of the pulsed laser.  

3.3.6 Effect of laser cleaning on the as-built samples 

The last step provides a contamination-free surface to be ready for the next deposited layer, 

as illustrated in Figure 3-10b. After applying the laser cleaning strategy, The oxygen 

content measurements of the ὅό  and ὅό  show a reduction compared with 
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the initial content of Cu powder, even at the Fp inferior to the estimated Fp  as in Figure 

3-12. It is strongly related to the amount of oxide that can be removed during the powder 

laser cleaning and melting exposure. It should be noted that the decline is evident around 

200 J/cm2 which can be considered the threshold of this stage. At 300 J/cm2, the oxygen 

content marginally rises. High laser fluence can increase the likelihood of surface 

reoxidation in laser ablation. This is because high fluence generally results in more intense 

heating and more vigorous ablation of the material, which can create a more reactive 

surface that is more susceptible to reoxidation. Additionally, high fluence can lead to the 

generation of more plasma, which can bring Oxygen or other oxidizing species into 

proximity to the ablated surface, increasing the likelihood of reoxidation. The O growth is 

inferior since the process is environmentally insulated. It is worth noting that the O content 

of both ὅό  and ὅό  yields to the same level at higher Fp. It may refer to the 

limit of this technique where no further reduction can be achieved. The significant 

improvement in the case of Cuoxidized is more than 70% reduction compared to the initial 

powder O content, which is attributed to the relatively weak bonding of oxides. Due to the 

dark colour of copper oxide, The difference between the cleaned and uncleaned surface is 

easily distinguishable, as shown in the two inserted photos in Figure 3-12. 

It is evident in the cross-sectional micrograph that the size and pore intensity are 

diminished by laser cleaning strategy, as depicted in Figure 3-13. Without laser cleaning, 

pores disperse randomly within the melt pool and form a cluster in the inter-layer zone, as 

shown in Figure 3-13a. Pores' tendency to aggregate, yellow-circled, hinders a good fusion 

between the deposited layers. Extensive porosity signifies a high amount of trapped gases 

resulting from the vaporizing and degassing of the contamination layer [35]. The in-situ 

calorimetry during LPBF demonstrates a reduction in absorptivity compared with virgin 
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Cu powder, despite the high A of oxidized Cu powder measured at ambient temperature. 

[35]. It raises an additional drawback of surface oxide and hydroxide vaporization, where 

a portion of laser energy is consumed in latent heat of vaporization instead of being 

delivered to the powder bed system. Also, the metallic vapor causes more scattering of the 

incident laser beam. These phenomena lead to a deviation from the designated optimum 

process parameters and hence low absorbed energy which can lead to a lack of layers fusion 

due to insufficient meltpool wettability. Furthermore, The internal pressure of trapped gas 

acts to enlarge the lack of fusion gap. Compared with cleaned samples, the pore sizes are 

mostly turned from micro to nano size, and the lack of fusion defects are minimized, as in 

Figure 3-13b. 

 

Figure 3-12: the oxygen content of Cu-LPBF samples made of recycled and oxidized 

powder after applying laser cleaning compared with the initial content, two inserted 

photos showing the surface of printed Cu-sample during laser cleaning. 
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Figure 3-13: Cross-sectional optical micrographs of Cu-LPBF samples made of oxidized 

powder (a) with and (b) without laser cleaning. 

Relative density and electrical resistance measurements provide a valuable quantitative 

assessment of the laser-cleaned samples. The improvement is very noticeable in Cuoxidized 

compared with Curecycled. The relative density was increased from 91% to 95%±0.3, which 

is approaching the value of Cupure. The electrical resistance of Cu coils also showed a 

remarkable rise from 60% to 75% ±1 IACs as in Figure 3-14. The electrical conductivity 

of metal is strongly dependent on crystal defects such as voids, impurities, and grain 

boundaries which are different types of material imperfections disrupting the lattice 

structure [3]. The solubility limit of Oxygen in Cu at ambient conditions is less than 2 wt-

ppm [52]. However, during laser melting, the excess Oxygen resulting from the 

decomposition of copper oxide reacts and forms CuO and Cu2O in the metal matrix. Side 

by side with voids, these impurities work together to accentuate the negative impact of 

oxides on the printed parts.  
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Figure 3-14: RD and EC of Cu-LPBFsamples made of recycled and oxidized powder 

with and without laser cleaning. 

For better understanding, the EDS map was performed on LPBF-Cuoxidized to check the 

oxygen location, reinforcing the idea of reoxidation of the void's interior surface, as shown 

in Figure 3-15a. The high intensity of Oxygen (oxides form) within the pores and unfused 

layers is attributed to the reaction of trapped oxygen-rich vapor during track cooling, as 

reported in prior studies [35,53]. It explains the massive reduction in EC measurement of 

the uncleaned samples. Two points were selected based on void size resemblance to carry 

out EDS points analysis as indicated on the SEM micrograph Figure 3-15 a,b. The O peak 

in the EDS points spectra distinctly decreased after applying the laser cleaning technique, 

as seen in Figure 3-15c. There is no sign of peaks belonging to other impurities in both 

samples. 
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Figure 3-15: EDS mapping of Cu and O elements for Cu-LPBFsamples made from 

oxidized powder (a) without and (b) with laser cleaning (c) EDS spectra of two points 

indicated in SEM micrograph. 

3.4 Conclusion 

This study investigated the impact of particles' surface oxides on the powder characteristics 

and the Cu-LPBF part quality. For this purpose, recycled and surface-oxidized powders 
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were involved. This study reinforced the idea that utilizing Cu oxide film is detrimental to 

the part quality, which counteracts any possible improvement in optical absorption, 

particularly when medium laser power is used. Therefore, a Novel method of in-site copper 

oxide reduction is proposed to overcome the imperfection in the printed parts. The newly 

proposed method is extended to cover recycled powder to develop an easy and 

environmentally friendly (no chemicals used) approach to recover the contaminated 

powder. The main findings of this study can be summarized as follows: 

1. The recycled powder exhibited color transformation to golden brown with almost 

2.5 times the amount of oxygen pickup compared with the virgin powder. 

2. Heating of Cu powder at 200 C in an air furnace led to a significant rise in oxygen 

content by five times that of virgin powder 

3. both recycled and oxidized powder exhibit better flowability than virgin powder. 

4. The evolution of CuO phases is associated with high oxygen content as in recycled 

and oxidized powder.  

5. The oxide layer was varied in the range of 10 to 50 nm over recycled powder. The 

maximum thickness in the current study was 110 nm, disclosed over the oxidized 

Cu powder particles. 

6. The drop in RD of Cuoxidized emphasizes the negative impact of the excessive 

amount of oxides In addition, the degradation of Cuoxidized surface quality was 

quantitively assessed as an increase in surface roughness Ra by 30%. 

7. The EDS elemental composition analysis at the crater's center confirms the success 

in removing the entire layer of Cu oxides, noted as an "oxide-free zone", which 

approaches the original O wt% of the virgin Cu powder. 
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8. By applying laser surface cleaning of powder and solidified layers, the results show 

considerable improvement in which the oxygen content reduces by 70% in the 

LPBF samples compared to the initial state of oxidized powder. The improvement 

is very noticeable in Cuoxidized compared with Curecycled. The relative density 

measurement of laser-cleaned samples was increased to 95% compared with 91% 

for uncleaned ones. 
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Abstract 

Due to its exceptional electrical and thermal conductivity, pure copper is frequently 

employed in industry as the base metal for thermal management and electromagnetic 

applications. The growing need for complicated and efficient motor designs has recently 

accelerated the development of copper additive manufacturing (AM). The present work 

aims to improve the power density of the copper laser powder bed fusion (Cu-LPBF) coil 

by increasing the slot-filling factor (SFF) and the electrical conductivity. Firstly, the 

dimensional limitation of Cu-LPBF fabricated parts was identified. Sample contouring and 

adjusting beam offset associated with optimum scan track morphology upgraded the 

minimum feature spacing to 80 ɛm. Accordingly, the printed windingôs slot-filling  factor 

increased to 79% for square wire and 63% for round wire. A maximum electrical 

conductivity of 87% (IACS) was achieved by heat treatment (HT). The electrical 

impedance of full-size Cu-LPBF coils, newly reported in this study, was measured and 

compared with solid wire. It can reflect the performance of Cu-LPBF coils (power factor) 

in high-frequency applications. Furthermore, surface quality benefited from either sample 

contouring and HT, where the side surface roughness was lowered by 45% and an 

additional reduction of 25% after HT. 

Keywords 

copper; laser powder bed fusion; filling factor; DC and AC resistance; dimensional 

accuracy.  
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4.1 Introduction  

Laser powder bed fusion (LPBF) is a type of AM technique in which a laser is used to 

selectively melt and fuse metallic powders layer by layer to produce complex-shaped 

components. The development of AM techniques allows for optimizing electrical machine 

performance by reducing design constraints existing in traditional manufacturing methods. 

Copper winding in electrical motors can have intricate shapes and geometries that improve 

electromagnetic properties and reduce losses [1,2]. However, copper powder has a unique 

processing behavior due to its high thermal conductivity and reflectivity in the infrared 

region, where most fiber lasers operate, making it challenging to process using LPBF. 

Nevertheless, recent research has shown that near-full -density copper parts can be 

produced using conventional infrared fiber lasers with a laser power of 500 W within a 

volumetric energy density window of 230ï310 J/mm3 [3]. 

AM techniques may not achieve the same physical properties of fabricated parts as 

traditional manufacturing methods. The Lower density of copper parts processed by low 

and medium laser power machines is the main reason behind the low electrical conductivity 

of those parts. Many researchers have discussed possible ways to overcome this challenge, 

such as utilizing high laser power [3] or pulsed laser [4] and powder surface modification 

[5]. Dimensional accuracy (DA) and surface roughness are other drawbacks that can arise 

in AM parts, particularly when printing a challenging material such as copper [6,7]. 

Lack of DA is a critical aspect of LPBF products caused by various factors. One prominent 

reason is the thermal behavior of the material during the build process. During the melting 

and solidification cycle, thermal stresses and residual heat can cause part size distortion 

and lead to deviations from the intended dimensions [8]. Additionally, unmelted particles 
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adhered to the solidified part and improper beam offset can contribute to dimensional 

errors. The beam offset compensates for the heat-affected zone around the laser spot 

diameter. It is therefore recommended to utilize an optimal beam offset that is half the 

radius of the laser beamôs curing zone and should be directed inward [9]. Measuring the 

DA of AM parts starts with designing the benchmark part that encompasses all critical 

features of interest. Various measuring techniques can be employed to assess DA in 

additive manufacturing. These techniques include the use of coordinate measuring 

machines, X-ray computed tomography systems, and optical scanners [10]. Microscope 

images in conjunction with image processing software offer an alternative noncontact 

measurement approach. High-resolution microscope images of the part can be captured and 

processed using specialized software such as ImageJ [11,12]. The software employs image 

analysis algorithms to extract planar dimensional information such as distances, angles, 

and feature sizes. This method is advantageous for capturing fine details and can provide 

automated measurement capabilities. 

The surface quality of LPBF parts relies on various factors such as laser parameters, 

powder characteristics, and part surface inclination angle. Most studies that offer enough 

information on the process parameters see a general pattern in which the roughness and 

porosity follow a U-shaped curve with respect to the energy density [8,13]. As reported, 

high energy density, associated with high laser power and slow scanning speeds, can lead 

to significant melt pool dynamics, potentially resulting in a rougher surface. Therefore, 

printing Cu using a medium laser power range at low scanning speed does not compensate 

for the lack of required energy, since it harms both surface quality and part relative density 

[7]. In addition, the hatching pattern influences the development of surface roughness; for 

example, surface irregularity accumulates layer by layer due to nonrotating scan vectors 
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[14]. The presence of partially melted particles, whether at the top or side surface, is a form 

of roughness that usually accompanies powder-based AM parts. Sample contouring is 

rarely reported in Cu-LPBF despite being an effective tool for reducing the roughness of 

part sides [13,15]. 

The main objective of this work is to improve the power density of the Cu-LPBF coil by 

enhancing both the SFF and the electrical conductivity. The coil power density is defined 

by the amount of electrical power per unit cross-sectional area of the conductor. Increasing 

the SFF is the most powerful method to improve the power density of electrical motors 

[16]. In addition, heat generated during operation could be effectively dissipated by the 

additional copper in the slot. The SFF can be optimized by reducing the spacing between 

coil turns. In this regard, the DA and surface quality should be optimized first. While some 

studies have reported the DA and surface roughness of Cu-LPBF parts [7,17-19], none 

have presented potential in situ solutions for improvement. Besides, the minimum spacing 

between features has not yet been investigated. The first step aims to establish a reference 

point by identifying the dimensional limitation of uncontoured and unadjusted beam offset 

Cu-LPBF test coupon. In this step, DA and surface roughness were also investigated. The 

morphology and size of single-scan tracks were characterized thereafter to obtain the 

optimum parameters for sample contouring and beam offset. It was followed by printing 

coils using the obtained minimum spacing to be used for DC and AC resistance 

measurements. Finally, these coils were heat-treated to quantify the improvement in 

electrical conductivity. 
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4.2 Materials and Methodology 

4.2.1 Powder Characteristic 

In this study, a nitrogen-atomized pure copper powder (99.9% wt) was processed by LPBF 

to fabricate test samples. The particle size varies from 7 to 60 ʈÍ, where the D10, D50, 

and D90 are equal to 16, 31, and 51 ʈÍ, respectively. Powder morphology shows that Cu 

particles are primarily spherical and quasi-spherical, as illustrated in Figure 4-1. High 

magnification on Cu powder indicates a few small satellite particles adhered to the larger 

ones. During the atomization process, the coarser particles take relatively longer to be 

solidified than the fine particles. Therefore, it increases the bonding chance with fine 

particles due to in-flight collision [20]. The Cu powderôs apparent density of 5.07 g/cm3 

and hall flow of 11 s/50 g were measured by the powderôs supplier according to ASTM 

B212 and B213, respectively. 

 

Figure 4-1: Scanning electron microscope image of copper powder. 

4.2.2 LPBF Parameters and Sample Characterization 

The EOS M280 LPBF machine was utilized to process the Cu samples for this study. The 

nominal laser beam diameter was 100 ʈÍ, with a continuous wavelength of 1080 ± 20 nm. 
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The test samples were made using optimum laser power of 370 W, scanning speed of 500 

mm/s, hatch spacing of 0.1 mm, and layer thickness of 0.04 mm, as reported in [7]. 

Since the DA of LPBF fabricated parts is strongly influenced by the base material, powder 

characteristics, and process parameters being adopted, examining the geometric deviation 

is an essential step prior to printing a product used in a dimension-sensitive application. In 

this regard, a custom coupon design, inspired by benchmark artifacts presented in [21], was 

fabricated to determine the minimum acceptable spacing between the features. Figure 4-2 

shows the front and top views of the CAD design. It comprises trapezoidal protrusion 

features (TF) and three blind holes with diameters of 0.3, 0.6, and 0.9 mm. The scan track 

width and feature thicknesses were optically measured with ImageJ software. The 

threshold value of the scanning electron microscope (SEM) images were manually tuned 

until the interest area border was well defined. The binary images were discretized to obtain 

one reading per pixel. The surface roughness of the printed samples was quantitively 

assessed by the Mitutoyo SJ-410 stylus profilometer [8]. Five measurements were done 

over a set distance of 4.8 mm in the building direction (Z). 

 

Figure 4-2: CAD designs of the coupon used for geometry assessment. 
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The next step was printing four replicas of flat square and round cross-section coils and 

cube samples, as shown in Figure 4-3. All parts were fabricated on a sacrifice printed base 

of 1 mm anchored to the steel substrate to eliminate the negative impact of diffused 

impurities. The relative density (RD) of cube samples was measured according to the 

Archimedes principle and following the steps offered by ASTM B962-14. For comparison, 

the RD of the coils was measured following the same procedure in order to investigate the 

size effect on part density. The weight of Cu parts in air and deionized water was measured 

three times at room temperature using AB204 Mettler balance with 0.1 mg resolution. The 

standard density of solid Cu used in the calculation of RD is 8.89 g/cm3. Surface 

topography and sample cross-section were depicted using TESCAN VP SEM powered by 

secondary electrons at 20 kV (accelerating voltage). The samples were ground using a 

sequence of 800, 1200, 2400, and 4000 SiC abrasive papers, followed by a polishing 

process using 3, 1, and 0.05 ɛm suspended particles size. The polished samples were etched 

chemically at 20 °C and atmospheric pressure by a reagent of 50 mL of nitric acid (1.40 

pH) and 50 mL of distilled water. The samples were submerged in the solution for 2 s, 

followed by a water rinse. The microstructure was investigated via an optical microscope 

Nikon LV100. 
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Figure 4-3: As-built Cu samples before separation from the steel build plate (left) and 

EOS M280 (right ). 

HT of Cu-LPBF samples was conducted to upgrade the electrical conductivity by retrieving 

the typical microstructure of copper. A horizontal tube furnace with an argon inert gas 

atmosphere was used to heat the samples to 1000 °C, where the temperature ramped up by 

10 °C per min. The dwell time was 4 h, followed by furnace cooling to ambient 

temperature. 

The DC resistance of as-built and (heat-treated) HTed coils was measured by a KEITHLEY 

2400 Source Meter from the Tektronix company at room temperature. The Four-Terminal 

Sensing method was implemented to counteract the impact of contact resistance on the 

readings (Figure 4-4a). In addition, 12-gauge (2.05 mm) copper wires with round and 

square cross sections were procured to use as a reference in this study, noted as ñsolidò 

wire. These high-purity Cu wires (99.9%) were manufactured by cold drawing followed 

by fully annealed heat treatment. The selection of dead soft wire is due to its high flexibility 

and best conductivity (approach 100% IACs). The AC resistance (impedance) was 

measured for all coils using the Impedance Analyzer KEYSIGHT E4990A, which 

produces frequencies of a range from 20 Hz to 10 MHz (Figure 4-4b). 
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Figure 4-4: Resistance measurement setup for copper coils: (a) DC resistance, (b) AC 

resistance using the impedance analyzer. 

4.3 Results and Discussion 

4.3.1 Dimensional Accuracy and Minimum Spacing 

No contouring and unadjusted beam offset 

In light of the current workôs goal of examining the minimum feature size and DA, It is 

necessary to establish a baseline using an untuned sample (no contouring and without beam 

adjustment) for future comparisons. Figure 4-5 shows a high variation in feature width 

compared with the nominal size of the CAD file. The width of the isosceles trapezoids 

varied linearly in CAD design from 0.2 mm to 1 mm, where the gap formed sunken 

triangles of a 0.8 mm base. The enlargement of width after LPBF was noted along the TF 

length regardless of the nominal size. The average deviation was +80 ɛm, with a maximum 

and minimum value of 200 and 0 ɛm, respectively. The minimum spacing was measured 

after image conversion to a binary format which varied from 80 ɛm up to a maximum of 

180 ɛm, as shown in Figure 4-6. The minimum spacing between TFs is defined based on 

gap closing at the first and last contact points, since the TFs were noted to be reopened in 
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some instances, as depicted in Figure 4-5. The last contact point exhibited less variation of 

minimum spacing with a standard deviation of 13.6 ɛm and less average of 93 ɛm. 

 

Figure 4-5: Width variation of the TF before contouring and beam offset adjustment. 

 

Figure 4-6: Minimum spacing based on gap closing at the first and last contact points. 
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Application of the Beam Offset and Contouring 

The previous section assures the need to reduce surface roughness and average size 

distortion of the LPBFed Cu part. Figure 4-7 shows a schematic of LPBF part size before 

and after employing contouring and beam offset optimization. The width of scan tracks 

depends on laser parameters and material properties. Therefore, the beam offset of Cu-

LPBF parts made by the high laser power available on the EOS machine will be adequately 

specified to compensate for the thickness of the single-track width. The employed laser 

follows an axisymmetric Gaussian profile characterized by the distribution factor 

indicating the laser power intensity at the beam center and the radial decay of laser power. 

As a result, the nominal beam diameter is surrounded by a heat-affected zone noted by the 

effective laser beam diameter, as presented in Figure 4-7. The distribution factor is seldom 

published for SLM machines. In addition, the focus diameter for the utilized laser at the 

exposed area may vary between 100 and 500 ɛm. Thus, the track width is indeed difficult 

to predict. Therefore, it will be measured based on the actual printed single-scan track. The 

outer surface irregularity of uncontoured Cu parts is due to the heterogeneity of heat energy 

delivered along the part edge, as illustrated in Figure 4-7a. The laser pathôs start and end 

points also possess different energy densities due to the acceleration and deceleration of 

the laser scanner [9]. In contrast, the contour track guarantees consistent melting of the part 

edge. 
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Figure 4-7: Schematic of LPBF part size in case of (a) untuned beam offset (machine 

default) and without contouring, (b) with contouring and optimized beam offset. 

Assessing the scan line width and morphology 

Figure 4-8a shows the scan tracks of Cu processed by laser power of 370 W and scanning 

speed from 200 to 800 mm/s. A black background was used instead of the substrate images 

for better representation and increasing measurement accuracy (Figure 4-8b). Under SEM, 

it was observed that reducing the scan speed leads to enlarging the track width due to the 

rising in linear energy density. For example, the maximum average width was found to be 

300 ɛm at the corresponding speed of 200 mm/s. It is triple the size of the nominal laser 

beam diameter. The maximum absolute width is 440 ɛm, promoted by the high energy and 

the adhesion of Cu particles. Figure 4-9 summarizes the change in average width relative 

to scanning speed. Surprisingly, the minimum average width of 170 ɛm is still more than 

the beam diameter. 

The scanning speed and the corresponding linear energy density also impact the 

morphology of tracks. As shown in Figure 4-8b, the scan tracks become more unstable by 

increasing the scanning speed. The presence of high- and low-pressure areas that result in 

pinched and humped bead zones, indicated in Figure 4-8b, implies that the melt pool is 
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disturbed. Due to insufficient melting and lack of wettability, the surface tension of the 

melt pool during solidification introduces an axisymmetric periodic perturbation as 

determined by PlateauïRayleigh stability [22,23]. Further reduction of linear energy 

density at the highest V of 800 mm/s can lead to fragmentation of the melt line. The width 

fluctuation is plotted along the investigated length of the deposited tracks starting from 

reference coordinate (x), as shown in Figure A1. The minimum variance of track width 

was obtained at V equal to 400 mm/s. 
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Figure 4-8: Single tracks of Cu-LPBF show the evolution of their morphology with 

respect to scanning speed: (a) SEM images of scan lines deposited on top of printed 

coupons, (b) scan lines with a black background. 
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Figure 4-9: Single-track average width as a function of scanning speed. 

The beam offset and scanning speed assigned for contouring and core process parameters 

are stated in Table 4-1 according to the results acquired in this section and the density 

measurement obtained in [7]. Since the partially melted powder particles adhered to the 

track border were observed at all scanning speeds,the beam offset during core melting is 

shifted a little further by the magnitude of maximum deviation aiming to reduce any 

additional powder adhesion. It should be noted that although the scanning speed of 500 

mm/s is the optimum value from the part density point of view, it results in a slightly higher 

track width variation. LPBF is a very complex thermodynamic process. Therefore, it is 

impossible to judge or predict optimum performance based on a single parameter, but it is 

an integration of the influence of multiple factors. 

Table 4-1: Beam offset and scanning speed assigned for contouring and core Cu-LPBF. 

 Scanning Speed (mm/s) Scanning Orientation Beam Offset (mm) 

Contour 400 NA 0.11 

Core 500 67° 0.15 
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Effect of sample contouring on side surface roughness 

Surface roughness significantly improved by applying sample contouring. The arithmetic 

average roughness (Ra) measured by a stylus profilometer showed a remarkable reduction 

by half. The SEM micrograph of lateral surfaces presents a secondary structure of adhered 

powder particles due to incomplete fusion (partially melting), as shown in Figure 4-10. 

Those particles were observed in both cases, as depicted in the two magnified views of 

Figure 4-10. Although the energy density of the contour path is higher than that of the 

open-core surface, particle adhesion is more intensive in the uncontoured samples. It is 

attributed to the sizeable irregular surface area created by meltpool spheroidization at the 

tracks terminal. The formation of balls, as indicated in Figure 4-10b, is the most significant 

factor affecting surface quality, i.e., Ra was improved from 9.5 Ñ 0.7 to 5.3 Ñ 0.5 ɛm, 

corresponding to grade N10 and N9, respectively. This conspicuous behavior can be 

explained by the lack of wettability of molten metal with adjacent tracks and the solidified 

layer at track terminals. Particularly, LPBF of pure copper with medium laser power is a 

metastable process, as evidenced by the narrow process parameter region [7]. Melt pool 

instability at the track terminal might also result in splashes of molten droplets [24]. These 

formed balls take irregular shapes with approximately 100 ɛm in diameter. On the other 

hand, excellent layers bonding can also be achieved by contouring, as evinced by the 

detectable deposited layersô interface in the magnified view of Figure 4-10a. 

The edge morphology of cross-sectioned DA coupons in the XY plane is illustrated in 

Figure 4-11 with and without contouring. It reveals a new location of lack of fusion defect, 

approximately 200 ɛm away from the edge, aligning with the contour/hatch interface. The 

overlap between the contour and core hatch is reported to be one of the reasons behind such 

a defect [24]. According to the track width measurement and the applied beam offset, the 
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overlapping of 70 ɛm can be assumed to provide successful bonding. It is most likely 

caused by scan line instability where the melt pool (liquid) collides with the solidified 

contour. At this instant, the molten metal experienced a different surface force and heat 

transfer mechanism affecting the wettability and morphology. Adding to that, the high 

thermal conductivity of copper diminished the opportunity to remelt the solidified contour 

at the overlap region. A sharp valley defect is observed at the surface of the uncontoured 

samples. It reduces the mechanical strength by increasing the stress concentration at this 

point. Therefore, it offers a further benefit for contouring use. 

 

Figure 4-10: SEM micrograph of the side surface Cu-LPBF samples: (a) with contouring, 

(b) without contouring. 
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Figure 4-11: SEM of Cu-LPBF samples edge: (a) with contouring, (b) without 

contouring. 

Effect of beam offset adjustment on DA 

The minimum spacing between the TF was improved to be around 80 ɛm after applying 

sample contouring and the optimum beam offset of 110 ɛm. Figure 4-12 shows a consistent 

minimum spacing compared with the uncontoured sample. It is worth noting that the width 

variation is size-dependent, as shown in the TF width versus the length plot in Figure 4-12. 

For example, smooth surface and accurate dimension compared with the cad size were 

found in the thicker region (width above 0.5 mm). On the contrary, the thinner part of all 

the TFs less than 0.3 mm exhibits a higher size error with randomly distributed unfused 

powder particles. Despite being contoured, the unfused particles cannot be avoided, which 

increases the uncertainty of the surface quality and size deviation of the Cu-LPBFed parts. 
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Figure 4-12: Width variation of the TF after contouring and beam offset adjustment. 

Since the coil turns may consist of straight and curved parts, this section aims to briefly 

present the out-of-roundness error for a set of holes printed on the Cu-LPBF coupon, as 

shown in Figure 4-13a. The circularity (roundness) of microhole features was calculated 

using Coxôs method by defining circle equivalent diameter, as in Eq. 4-1, where As is the 

actual surface area of the object, and P is the perimeter (Figure 4-13b) [20]. Therefore, the 

perfect roundness will be at ‰  equal to 1. The actual polygon area (As) was calculated 

by summing the triangle areas corresponding to two consecutive points on the 

circumference ὼȟώ , ὼ ȟώ  and the center ὼȟώ , known by gaussôs area or 

shoelace formula. A different method of evaluating roundness error was also conducted by 

means of Minimum Zone Circle (MZC), which is the difference between the radius of the 

smallest circumscribed circle (Rc) and the radius of the largest inscribed circle (Ri) [25]. 

As defined by ASME Y14.5 M­1994, the two concentric circles are assigned in a way that 

minimizes the radial distance [25]. 
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‰ τ“ὃȾὖ  

where ὃ πȢυ ὼВ
ὼ ὼ
ώ ώ  

4-1 

 

Figure 4-13: Roundness of microholes fabricated on Cu-LPBF coupon: (a) SEM of as-

built top surface and polished surfaces at two positions along the building direction (top 

to bottom), (b) illustration of the parameters used in the two mentioned methods of 

roundness calculation. 

The calculation of roundness error obtained by ‰  and the MZC method are provided in 

Figure 4-14. Even though contouring of curved edges significantly raises the quality of the 

surface, out-of-roundness continues to pose an issue. It is worth noting that hole accuracy 

slightly improves as the size increases according to Cox criteria. It is assumed to be due to 

the fluctuation of the scan track during the contouring of a small curvature radius. The 

MZC technique exposes a broad range of radial deviations between the minimum and 

maximum locations, which correspond to random particle adhesion and track perturbation 

from one deposited layer to another. The maximum size error obtained in this study is 200 

ɛm. Therefore, it needs to be considered when designing the Cu-LPBF coils. 
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Figure 4-14: Roughness error of microholes fabricated on Cu-LPBF coupon using Coxôs 

and the MZC methods. 

4.3.2 Characterization of As-Built Coil  

The LPBF-Cu coils used in this study were designed in accordance with several 

requirements: (1) fabrication on top of 1 mm of sacrifice printed Cu substrate to avoid any 

upward fusion of metallic impurities, i.e., Fe and C [7]. (2) the minimum spacing between 

the coil turns was selected to be 250 ɛm, which gives more tolerance at the curved region 

and triple the margin of the straight portion. The goal is to prevent any short contact 

between coil turns that may be caused by unexpectedly adhered particles, as discussed 

previously. (3) The coil length should be compatible with the ASTM B193-02 Standard, 

which recommends the test length to be at least 300 mm [26]. (4) Thinner wire was noted 

to affect the RD negatively, so a 2 mm wire thickness (square and round) with acceptable 

properties was used. 
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RD and SFF of Cu Coils 

The measured RD of cube samples, round, and square cross-section wires was 95.7 ± 

0.26%, 93.9 ± 0.19%, and 94.3 ± 0.22%, respectively. The RD of purchased solid wire was 

also measured to be 99.95 ± 0.15%. Despite the fact that all parts were processed with the 

same laser parameters and measured using the same procedures and methodology, the RD 

of the as-built coils indicates a slight drop when compared to the cube samples. Increasing 

the surface-to-volume ratio of LPBFed parts made of high thermal conductivity material 

such as Cu leads to different densification between core and border regions, as shown in 

Figure 4-15. The exterior surface of the LPBF product is always in direct contact with the 

unfused powder that prompts heat dissipation, particularly when applying a lower 

preheating temperature. On the other side, heat accumulation in the core causes the peak 

temperature to increase, which improves the RD of Cu [27]. 

 

Figure 4-15: SEM of Cu-LPBF cross section shows the distribution of porosity in the 

transverse direction. 
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The SFF is defined as the ratio of the cross-sectional area that the conductor wire occupies 

within the stator slot to the total amount of empty slot space [28]. Assuming that the coil 

will be installed in a rectangular stator slot with 200 ɛm tolerance in all directions, the SFF 

was calculated to be 79% and 63% for square and round wire, respectively. In comparison 

with the traditional manufacturing method, the hairpin winding of square wire, developed 

recently to improve the power density of electric motors by optimizing the wire packing, 

can provide an SFF of 75% for square wire [29]. The benefit of employing LPBF in 

winding fabrication is the degree of freedom in designing a wire cross section that 

optimizes the SFF. Additionally, various insulation types can be used to fill the wires 

spacing of printed coils, enhancing performance and reliability. 

DC and AC Resistance 

The electrical conductivity („ of as-built round and square winding was calculated by 

substituting in Eq. 4-2 using the measured DC resistance Ὑ ) and wire geometries. The 

standard electrical conductivity („) of pure wrought Cu, according to the International 

Annealing Standard (IACS), is 5.8 × 107 S/m [26]. The actual cross-sectional areas (A) of 

all wires used in the calculation are presented in Figure 4-16a. It is noticeable that the solid 

square wire has a small round fillet. Therefore, the printed square coil was ground using 

fine sandpaper to obtain a comparable size. Figure 4-16b shows the „ of the printed coil 

compared with the corresponding solid winding (pure wrought). The „ of LPBFed Cu 

winding was 20% less compared with the standard conductivity of Cu. 

„ὍὃὅὛ
ὰȾὙ  ὃ

„
 4-2 
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Figure 4-16: DC and AC resistance of solid and printed coils. (a) The actual cross-

sectional areas of the used wires. (b) Electrical conductivity of LPBFed round and square 

coils compared with solid. (c) The AC resistance of the four coils. (d) Magnified 

spectrum at low frequencies. (e) Illustration of the effective area at high frequencies 

known as ñthe skin effectò, which coincides with the high-intensity region of LPBF part 

defects at the borders. 

When electrons move through a conductor such as copper, they experience collisions with 

impurities and other imperfections in the crystal lattice. These collisions lead to the 
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electronsô scattering, increasing their resistance to flow. In the case of solid pure metal, the 

electrical resistance is governed by the number of disruptions found in the periodic atomic 

lattice structure [30]. It reduces the free-traveling distance of electrons without disturbance, 

known as the ñmean free pathò. The increase in resistivity of the LPBFed part over that of 

pure solid metal originated from material defects such as porosity, grain boundaries, 

vacancies in the atomic lattice, and dislocation of crystal structure. The porosity (when 

present) in Cu-LPBF has the greatest impact on material conductivity [31]. Electrons may 

collide with the walls of the pores as they pass through the material. These collisions create 

a zigzagging path for the electrons, which increases the traveling distance, leading to an 

overall increase in resistance. Additionally, the porosity reduces the effective cross-

sectional area. Several researchers developed models that describe the relationship between 

material conductivity and porosity ‐, as stated in Table 4-2. Eq. 4-3a is a straight line 

drawn to fit the experimental data for Cu processed by powder metallurgy of seven 

researchers [32]. In a range of ‐ less than 30%, the relationship can also be approximated 

by a straight-line equation but with ‫ ρȢρςσ [33]. The effective thermal conductivity 

(ὑ ) can be calculated by effective medium theory (EMT), which models the porous 

material as a typical two-phase structure. In Eq. 4-4, EMT assumes a random distribution 

of two phases, where (1) refers to parent material (copper) and (2) refers to pores. By using 

the WiedemannïFranz law (Eq. 4-5), EMT could be reformulated to describe the 

relationship between „ and ‐. In the case of porous copper, Koh calculated the material-

dependent numbers L and b to be 2.307 × 10ī8 7ɱȾ+  and 18.6 7ȾÍȢ+, respectively [34]. 

At ‐ = 0.06, which is approximately the porosity % of our printed coils, the predicted 

„ὍὃὅὛ by means of the aforementioned models (Eq. 4-3a, b, and 4-4) is 87%, 93.3%, 

and 89%, respectively. Thus, the obtained „ of the printed coils shows 10% less than the 
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average of those estimated values. There are several possible reasons behind this 

contradiction: (1) disparity of pores distribution and shape, (2) none of these models 

account for the presence and size of grain boundaries. The grain boundaries of components 

produced using laser additive manufacturing are superior to those of parts treated using 

powder metallurgy or other conventional methods. Additionally, the presence of impurities 

could be responsible for the decline in „ [3]. These models, in contrast, presupposed high-

purity copper. 

Table 4-2: Conductivityïporosity models. 

Ref.  Conductivity and Porosity Relationship  

[32] ὥ ‫ ςȢρ 

„ „ ρ 4-3 ‐‫ 

[33] (b) ‫ ρȢρςσ 

[35] ὑ πȢςυσὺ ρὯ ς σὺ Ὧ

σὺ ρὯ ς σὺ Ὧ ψὯὯ  

where ὺ is the volume fraction 

4-4 

[34] Ὧ ὒὝ„ὦ (WiedemannïFranz law) 

Where L is the Lorenz number, T is the absolute temperature, and b is the 

material-dependent lattice (phonon) contributions to thermal conductivity 

4-5 

 

The AC resistance (Rac) spectrum is plotted in Figure 4-16c for the Cu-printed and solid 

coils with respect to a frequency range from 20 up to 105 Hz. It can be seen in all curves 

that the resistance is continuously rising along the frequency range. Although square wires 
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have a larger cross-sectional area than round wires, square wiresô resistance increases 

dramatically at high frequencies. It is worth noting that the difference in Rac between 

printed and solid coils in both square and round cases tends to be constant at low 

frequencies, as seen in the magnified graph in Figure 4-16d, and then continuously diverges 

by increasing the frequency. 

The tendency of AC to concentrate near the conductorôs outer rim is known by the ñskin 

effectò rather than being distributed evenly throughout the whole cross-section of the 

conductor. At high frequency, the current density is maximum (Io) at the circumference 

and reduces exponentially toward the center. As a result, it increases the wire resistance by 

reducing the effective area, as illustrated in Figure 4-16e. ñSkin depthò is defined by the 

distance from the outer surface to the point at which the current intensity reaches 37% of 

Io (Eq. 4-6) [36]. For example, the skin depth of LPBF copper wire is calculated to be 0.5 

mm at 18 KHz. Unfortunately, as observed in Figure 4-15, the porosity intensity gradient 

from the center to the edge of the LPBF parts is positive, which is also the case for the 

current density distribution at high frequency. At this moment, the region with high 

porosity (high resistance) will accommodate the vast majority of the alternating current. 

Thus, the Rac curve of the LPBF coil is steeper than that of solid wire. In addition, surface 

roughness negatively impacts conductor resistance, particularly when the skin depth 

becomes sufficiently shallow and comparable with the roughness scale [37]. It is attributed 

to the increase in charge carrier path length. Therefore, surface roughness possibly 

contributes to the higher resistance of printed coil because its surface quality is inferior to 

the smooth surface of solid wire. In this study, the skin depth at 100 KHz is 200 ɛm, much 

higher than the Ra measured for printed samples. Thus, it is believed that porosity 

distribution is dominant here. The conductorôs cross-section geometry and shape 
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considerably affect the current density distribution. As depicted in Figure 4-16e, the skin 

effect reduces the effective area of the square conductor by inducing ñcurrent crowdingò 

toward the corners [38]. Accordingly, the Rac of the solid and printed square coil is 

relatively higher, as found in Figure 4-16c. 

‏
ς

„‘‫
 4-6 

where ‏ is the skin depth, is the angular frequency, ‘ is the absolute magnetic ‫ 

permeability of the conductor. 

4.3.3 Effect of HT 

HT of the contoured Cu-LPBF samples led to further improvement in surface roughness. 

The Ra was reduced from 5.3 to 3.9 ɛm due to more fusion of previously adhered particles, 

as manifested by the SEM micrograph of the side surface in Figure 4-17. In comparison, 

the optimum Ra of the side surface of as-built samples obtained by employing a high-

precision LPBF machine is 6.8 ɛm [17]. The applied HT effectively sintered the as-built 

components, resulting in the fusion of both the unmelted powders and the adjacent tracks 

[31]. This sintering process resulted in the development of neck formation between adhered 

particles and the side surface. It is reported that HT can reduce the surface roughness of 

AlSi10Mg parts manufactured by LPBF by 17% [39]. When heat is applied to powder 

particles near melting temperature, the particle shell starts to melt, but the core stays 

unaffected. It is known as ñliquid phase sinteringò. Melting and fusion of the exterior layer 

of the particle continue as long as the heat is applied near the melting point [40]. 

https://en.wikipedia.org/wiki/Permeability_(electromagnetism)
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Figure 4-17: SEM micrograph of the side surface after HT shows improvement of Cu-

LPBFôs surface roughness. 

Figure 4-18 compares the „ of Cu processed by different powder bed AM techniques, 

including the results obtained in this study, with the min and max „ calculated by 

conductivityïporosity models. It is noted that the „ of the part manufactured by LPBF in 

(d), (f), and the current work (b) approach (equal to or barely less than) the estimated values 

by „ ‐ models at the corresponding RD, regardless of being in as-built or HTed 

condition. However, there are two exceptions to this trend, where the „ is either 

significantly low in (a) or exceeds both „  and „ , as shown in Figure 4-18e. At 

relatively low laser power, incomplete fusion between tracks and deposited layers results 

in unmelted powder particles trapped inside the pores [31]. Therefore, due to multiple 

interfaces of powder particles and the poreôs interior, the electrical resistivity is further 

increased if compared with unfilled pores with the same empty volume. Hence, the shape, 

structure, and distribution of pores affect the „ȟ not just ‐ Ϸ [33]. This observation can also 

justify the noticeable rise in conductivity after HT, in which the number of unfused powder 

particles was decreased by partially melting and bonding them to the parent part [31]. On 
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the other hand, electron beam-powder bed fusion (EB-PBF) is superior in the field of Cu 

additive manufacturing. A high-purity fully dense part with a long columnar grain structure 

accounts for the remarkable performance of EB-PBF [41], even though the conductivity 

values may be overestimated [3]. Employing high-precision (hp)-LPBF with 25 ɛm beam 

size results in a tiny grain size in the range of 5ï7 ɛm and, consequently, higher resistivity. 

It occurs due to a smaller molten pool and a faster cooling rate, leading to fine grain size 

and high dislocation density [17]. HT at 1000 °C, higher than the recrystallization 

temperature, enhances conductivity by restoring grain boundaries and dislocation density, 

bringing it closer to „ , as in case (f) and the current work. Nevertheless, as reported in 

[3], the electrical conductivity without HT could reach the value of „  (Figure 4-18d). 

In binder-jetting AM, the remaining carbon after binder burn-off contributes to further 

conductivity loss [33]. It is reasonable to conclude that the conductivityïporosity 

relationship is not always linear in Cu processed with AM and depends on multiple factors. 

Cu-LPBF samples were cut, polished, and etched to study the microstructure evolution and 

justify the improvement in conductivity after HT, as shown in Figure 4-19. The average 

grain size was calculated according to ASTM E112-13 by substituting into Eq. 4-7 [42]. 

The average grain size before and after HT was found to be 16.5 ɛm and 46.3 ɛm, 

respectively. 

ὰ
ὃ

ὲ πȢυὲ ρ
 4-7 

where Ar is the area of a rectangular portion taken from the microscope image, ὲ  and 

ὲ  are the number of enclosed and intercepted grains with the perimeter. 
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Figure 4-18: Comparison of the electrical conductivity of Cu processed by different 

powder bed AM methods: (a) medium-power LPBF [31], (b) current study, (c) binder-

jetting AM [33], (d) high-power LPBF [3], (e) EB-PBF [41], and (f) high-precision LPBF 

[17] with min and max calculated „ by conductivityïporosity models. 

 

Figure 4-19: Microstructure before (a) and after (b) HT. 

This section aims to determine whether the change in conductivity and grain size 

development are correlated. The conductivity of the fully dense copper matrix processed 




























