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powder bed fusidh in the "Materials (2023)" journaMohamed Abdelhafiz Mohamed

performed the experiments, acquired and analyzed the data, and wrote the initiBr draft.



Ali Emadi reviewed themanuscriptDr. Mohamed A. Elbestawi reviewed and edited the

manuscript



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 fusio(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. Noneth&leBs; of purecopper

is known as a challenging manufacturing process attributed to low optical abggrpt
rapid dissipation of laser energy, and affinity to oxidation. This thesis focuses on the

process development and optimization for LPBEof

Firstly, the Processtructureproperty relation was examined by assigning a wide range of
process parameters to print -CBBF 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.

SecondCu oxide exhibits higher optical absorption than pcwpper, 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. Howetiercurrent work emphasized the adverse
effectsof oxide presence on part qualipyarticularly when using a medium laser power
machine.In this regard, a new method of-$itu Cu oxide reduction during LPBkvas
proposed to develop an easy and environfregridly gpproach to recover the

contaminated powdeApplying laser ablation on the powder surface and the 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.

Finally, thepowerdensity of CuLPBF coils was improved by enhancing the filling factor
and increasing the electrical conductivity. The dimensional limitation cLFRF
fabricated parts was initially identified. The power of utilizing sample contouring was
highlighted toupgrade surface quality. Adjusting beam offset associated with optimum
scan track morphology upgraded the minimum feature spacing to 80 um. The electrical
impedance of fulkize CuLPBF coils, newly reported in this study, was measured and
compared with dal wire. It can reflect the performance of €CBBF coils (power factor)

in high-frequency applications.

Vi
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Chapter 1

Introduction and Literature Review

1.1 Background

Additive Manufacturing(AM), often known as 3D printing, idefined as a process of
fusing materials tdabricate products from 3D model dataypically layer by layer,
opposingsubtractive manufacturing approachigs AM offers a method oproduéng
highly complex designs that are challenging or impossible to achieve with traditional
manufacturing technique8M enables efficient resource ugdition since it only adds the
needed material during the building proc&¥gh the development of stereolithography in
the 1980s, AM began asrapid prototyping procesd-urther research opolymer AM
resulted in new technologies such as selective laser sintekidgof metals was
challenging to accomplish until the early 2000s when laser powder depositidaisand
powder bed fusion methods were developedtording to ASTM standard F2792, the AM
processs dividedinto main categoriedirected Energy Depositio(DED) and Powder
Bed Fusion (PBFJ2]. These two categories are further subdivided depgrah 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 RBM category. It gains significant attention
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due toits ability to producecomplexand high-quality metal componentsvith delicate
featuresAnother advantage of LPBF is its capacityptocess variety of metalsalloys

and ceramic matrix compositeghis flexibility enables manufacturers to choose materials
tailored to the specific requirements edichapplication such aslectrical conductivity,
mechanical strength, corrosion resistance, thermal quatiesin the LPBF process, a

thin layer of metal powder igniformly spread across a buipdatform using a recoater,

which may be a blade, roller, or brush. And thae, highpowerlaser beanis directed to
melt a predefined powderegionbased on the CAD fildorming a single solidified layer

of the final productas shown irFigure1-1. The laseexposed 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). Taepent 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.

I (e —— Scanning
"""""" Galvanometric
Mirrors
Recoater
l (Blade)
Powde( Excess
Reservoir

' T g Build Plate

Figurel-1: Schematic diagram dfPBF procesg3].
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Process parameters in LPBF can be classifiedseweralcategories, as iffigure 1-2.

Every parameter has a different impact on the characteristics of the final pfidauatide
range of processing parameters available in modern LPBF systems procuoieplate
toolkit for adapting the additive manufacturing process to the specific needs of various
applications and materialgvhile there are over a hundred such parameters, the most
significant and commonly investigated by researclaeeslaser power, scanning speed,
hatch spacing, layer thickness, antysical properties of the powdét]. The primary goal

of optimizing LPBF process parameters for each material is to obtain-ffefegarts with

high mechanical and physical properties.achievehe best overall resultSLM machine
manufacturerbave typically provided set of recommendgxrameterfor thefrequently

used metal and metal alloys of Aluminum, Steel, Titanium, Nickel, and Cobalt chrome
alloys[4,5]. The optimization of parameters is an ongoing proceahich manufacturers

releasenew machine models and technological advances.
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Figurel-2: classification of LPBF process parameters.
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1.2 Laser powder bed fusion of copper (CtLPBF)

Cuis a weltknown metal with outstanding characteristics such as strong electrical and
thermal conductivity. It is one of the most conductive materials available, making it
essentiain variousindustries and applications requiring efficient heat and elecémealy
transfer.The standard electrical conductivity @fiis v ggp 1 S/m which is equivalent to
100% ofthe International Annealed Copper Standard (IAQS)s beng used asn unit

for other metas electrical conductivityThe highest measured conductivity farrecopper

is about 103.6% IAC&troom temperature (20 °Candthe corresponding resistivity is
16. 64 2[6,7h &arording to the Wiedemaniranz relationship, metals with high
electrical conductivity also possess high thermal conductivity. This relatiolssrahid as

long as the metal is in a domain where charge carrier mobility dominates the heat transfer
procesq8]. Accordingly, the thermal conductivity of pure copper is 401 W/(m.Khe
presence of impurities negatively impacts the resistivi@wandCu alloys[9], as shown

in Figurel-3. Depending on the element and amourhasolid solutionanyadditions to

pure copper lower its electrical conductiviBurity levels and processing technigues have
improved considerably since the IACS wasfounded According tothe ASTM, high
conductivity commercially availablegradesof C10100and C10200are classified as

oxygenfree 99.99% pure coppevith a conductivity of 101% IACELO].
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Figurel-3: Impact of alloying elemesbn the electrical conductivity &uat ambient
temperaturgo]

AM of Cu is rapidly growing to exploit the benefits of AM in electriGaaid thermal
applicationsFor instance, in the field of electric maspAM of winding and insulation
material enables higher fill percentage, which improves efficiency and power density
Additionally, the internal thermal conduction in the stasmid rotorcore will enhance,
making it more compatible with aerospace applicatiptis 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 outstandingonductivity, ithas significantly low optical absorption

both flat solid and powdeforms[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 layerdVioreover, high thermal conductivity accelerates heat dissipation
outward from the meltpoolThose two inherent characteristics of @awder inhibit
completemelting and sufficient time at the liquid phaseThe researcherbave been

exploring the feasibility of fabricating higtuality CuLPBF parts using commercially
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available machinefy,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 regartijgh energy density obtained by high laser powenis possible
solution. However, such LPBF machines are not usually available in the market, being
either custorrmade or selfieveloped12]. A maximum density of 98% was obtained using
laser power between 600 and 800[M] [16]. Exposing highkreflectivity Cu powder by

high power laser increases the risk of damaging the optical mirror, as repofiail in

Figure1-4 shows the damage after 12 hr of intense back reflection.

Figurel-4: optical mirror damage due to intense back reflection during LPBF of Cu at
high laser powef15].

As an alternative solution, the propertie€ofpowder were modifiedia pre-alloying with
a highly optical absorbent substance such as silicon, tin, or zinc. However, the low
chemical concentration of such components redGea®flectivity marginally[17]. As a
result, unless a large amount of those elements is added, fully dense LPBF components
fabricated of pralloyed Cu powder cannot be accomplished using low to medium laser
power [18]. In this situation, theelectrical conductivity of the adbuilt samples was
significantly reducedOther researchers have pointed out a different strategy of powder

coating to increase absorptivisince he lasematter interaction takes place within the
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very thin outer layer, which is measured in tens of nanomgte20] After applying
immersiontin plating, the absorption of coated powder is doubled compared with pure Cu,
as shown irFigure 1-5. Although the fabricated parntgerenearly 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 amafrusing an IR laser), as shown in
Figurel-5. According to the study if21], the selfdeveloped blue semiconductor laser was

not capable of producing porosifyee parts where the maximum density was 98%.

100 - RI
90 - ey
- * 2
80 f oS —e——g Loues CuSn0.3
@70 | “N?\\ 1 :—Purc Cu
= L s . g X0 -~ + =Fiber lasef
2 60 r
S50 f
£ L
]
= 40
-
&30
20
10 b |
d Uity g gopad g b9 1

400 600 200 1000 1200 1400
Wavelength (nm)

Figurel-5: optical absorption of Cu powder before and after coating with a thin layer of
Sn[i9].

1.3 Applications and opportunities

Currently, AM is employed to include several copper applications in different fields:
electromechanical and thermal applications. Tits¢fully 3D-printed electrical motowvas
built at ChemnitzJniversity of Technology as shown ifrigurel-6. It was produced using

a method in which highly viscous metallic and ceramic pastes were extruded through a
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nozzlein layers mannej22]. The green part was subjected to a series of heat treatment
steps to first evaporate the binder and then powder sint@iiveg3D-printed stator can
withstandelevatedtemperaturebecause ceramics replaces the polymer insulation. layer
Consequently, e operated temperature is only limited by the iron's ferromagnetic
characteristics, which is 700 The Hghly viscous metallic compound is inevitably gas

to handleand simple control is needed to depdisé conductor, insulator, and iron core
layers However, high dimensional shrinkagecurs during sintering and heat treatment,

sothe dimension accuracy is lower tharthe LPBF system.

(a) (b)

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

(c) final product after heat treatmdgg)].

One of the benefits of copper AM is printing electronics in customizable arrangements,
including sensors, passive and active components, and batfesieshe mechanical
sensors, much of thgrogress has focused detectingan applied force. Foexample,
piezoelectric, piezoresistive, and totwdpacitive sensors are among the many types that
can be printed for force detectidrinepitched copper mesh with embedded copper wires
was established to generate capacitive touch seRgpre 1-7 [23]. Moreover, here has
beenmprovement in fabricating lithiuaron micro-battery systemassing AM technologies

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

area.
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(a) (b)

Figurel-7: (a) capacitive touclsensomdeveloped with embedded copper mgshand
(b) printed lithiumion battery{24].

1.4 Motivation

The field ofAM has witnessed remarkable advancements in recent yatran estimated
marketof 12.7 billion US dollarsn 2020 LPBF has emerged as a prominent method for
fabricating threedimensional metal componentisie to its capability of producinigigh
accuracy and fine feature®n the other handhé superior electrical conductivity Gfu,
particularly is critical in applications such as electrical motors, where namienergy
losses owing to resistive heatingeissentil for efficiency The need for this study derives
from the urgent necessity to overcome the restrictions associatedheitbu-LPBF
processAccording to the literature reviewnany research topics of €UWPBF have been
revealed and discussed. Howevbkere is still a gap in understanding the prostascture
property(PSP)correlationsThe impact of unusual process parameters, such as preheating
temperature, scanning strategy, and beam offset, have not been assgtiseanore, the
possibility of LPBF to creatkill-size Cu windings with compact desigas not been well
investigated.In this regard, thedimensional accuracynd surface quality should be
optimized first. While some studies have reporteddineensional accuracgnd surface

roughness of GILPBF 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 fdtRRF samples.

1.5 Research objectives

The key objective of this thesis is to find the optimal LPBF process parameters to
manufacture higldensity Cuparts with optimum abuilt electrical conductivity in
addition to the effect ah-situ andpostprocessingn part propertieBased on the most

recent knowledge arttieestablished research topitisethesisobjective can be divided

into the following sukobjectives:

1

Exploringthe PSP for the LPB&f 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 hsitu method to reduce Gaxide content and its impact on
part properties.

5- Dimensional accuracy and surface roughness optimization warooess
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 pestew journal, as follows:

10



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

Chapter 1introduces the background of AM and LPBF, the challenges dfRBF, the

motivation behind the research topic, and the objectives.

Chapter 2 coversa comprehensiveSP on LPBF of Cu arekamines the effects of a wide

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

Chapter 3 discusseghe adverse effects of oxide presence on part quality, particularly
when using a medium laser power machine. This study proposes a-sgw @Gu oxide
reduction method during LPBF, developing an easy and environmentally friendly approach

to recover the ataminated powder.

Chapter 4 exploits the obtained results from previous chapters to fabricatsiZall3D

printed coils. The dimensional limitation is initially identified. The benefits of applying
sample contouring to improve surface quality are addressed. Adjusting beam offset
as®ciated with optimum scan track morphology is discussed here. The electrical

impedance of fulize CuLPBF 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 procedsstructuré property relationships of copper laser powder bed fusiePRE)

produced parts made of high purity copper powder (99.9 wivéte examined in this

work. A nominal | aser beam diameter of 100 e&m
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, eiwedd of scanning

speed from 200 to 700 mm/s, six levels of hatc
thickness values of 30 em and 40 em. The infl v
A maximum relative density of 96% was obtained at a laser power of 370 W, scanning

speed of 500 mm/ s, and h ashowthe signifieactinfugnceof 100 & m.
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 measur e d-rayaphoto8ectidn sfrtroScopy (XPS) ahd energy

dispersive Xray spectroscopy (EDX) were performed on théuaift samples to assess the

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

recorded for the optimum densiiyw contaminagd coils was 81% IACS.

Keywords:

additive manufacturing; laser powder bed fusion; pure copper; pretessuré property

relationships; physical properties; chemical concentration
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2.1 Introduction

Laser powder bed fusion {BBF), 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) am®ngst t
nonprecious metals. Accordingly, the EC scale of all métagéxpressed as a percent of
the international annealed copper standard (IACS); i.e., 100% IACS is equivalerit to 58
10 S/m for C10700 and C11300 copper alloy. Moreover, according to theskivaedi

Franz relationshifi], 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 automotiustind

Since copper has high inherent conductivity, it is a highly reflective material when
subjected to electromagnetic radiation. According to Hafrxe [2], the metallic
reflectance (R), evaluated experimentally, is directly proportional to conductivity and
inversely proportional to the frequency of EM wave a&dn2-1, where f is the frequency,

fois the vacuum permittivity (8.85 I 10112 F/ m)

Y poT — 2-1

Since most of theommercial SLM machines are equipped with a continuous laser and
feature a wavelength r ang#,materidls witimhighdd 30 nm ¢t o

electrical conductivity, such as pure copper, have shown significant difficulties during

17
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printing. It was attributed to the low optical absorption of copper powder, which was

reported to be in the range ofi&4% in the neanfrared region (1080 nnj%,6].

Self-developed higipower, ultrashort pulses, and shesavelength (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 &gty 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[8], in which an infrarechigh power laser of 1 kW

was developed #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, 8r@7 or 0.09 mm hatch spacing, corresponding to
the volumetric energy density range of 74020 J/mr [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 sucEa4.0Zn[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 usingshltw 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 shofitpaseder 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 4000 WI[11,12]

18
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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 intentionia\eloped

by heating the powder in the open air at 20d6lCand hence the opticabsorptivity of

copper oxides was measured at double the optical absorptivity of pure copper. However,
the nanometric copper oxide was presented dyudissamples that contributed to less EC.

A fluidized-bed method was developed to reduce spontaneoudatimxi during
transportation and storage. A thin coating layer of polydimethylsiloxane was precipitated
on Cu patrticles, and high laser energy was sufficient to evaporate this laygt sjweni

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 itimickel coating was higher than those maenf pre

alloyed powdef14]. The coating process is generatlymplex and influenced by several
parameters regarding the coating variables, such as temperature, PH, potential difference,
etc., which will significantly inpact the coating properties. Advanced powder
preprocessing may indicate an underlying challenge of having inconsistent and unreliable

properties of EPBF products.

Table 2-1 summarizes the optimum process parameters reported in the literature using
commercial LPBF machines, where process parameters P, v, h, and t are laser power,
scanning speed, hatch spacing, and layer thickness, respectively. Ev is the theoretical

volumetrc energy density.
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Table2-1: Process parameters for printing copper padsge by commercial-PBF

machines and corresponding optimum properties.

Process Parameters

Optimum Properties

Ref. L-PBF Machine P % h t Ev
RD% EC (IAC's%)
(W) (mm/s) (mm) (mm) (I/mm3)

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

[15] Renishaw PLC AM125 200 300 0.1 0.045148 86 50.3

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

[17] Sinterstation Pro DM125 200 100 0.12 0.05333 88.1 NA
[18,19]EOS M290 200, 300400, 6000.08 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 panaragtend 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 significartegs
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 theilasamples to
assess the impact of impurities on th€® BF part characteristics and their influences on

the resulting microstructure. The microstructure evolution along the building direction was
investigated. This paper provides a comprehensive expedhmsntly on the proceiss

structuré property relationships durintpe manufacturing of pure copper parts byPBF
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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 showrHgure2-1.

1 pm
U semmacssax

Figure2-1: SEM of copper powder used in the current study at (a) low and (b) high
magnification
Some small particlesalled satellite particlesvere attached to larger ones, along with the
existing particle irregularities, causing the flowability to be adversely affected. The
chemical composition of the -@isceived powder was measured using inductively coupled
plasma (ICP). The purity of coppeaw/99.7%Table2-2 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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Table2-2: Characterization of the Cu powder used in this study.

Test Value ASTM Standard
Sieve analysi: 1.62 wt % ASTM B214
Dv (10) =
Laser sizdiffraction Dv (50) = ASTM B822
Dv (90) =
Hall flow 11s/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 nomiget la

beam di ameter was 100 em with a continuous wayv
chamber was insulated by a stream of nitrogen gas with aifbuiltygen sensor that

ensur@ 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 meltingCopipér

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

process parameters used in this study are illustrafealite2-3, 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.

Table2-3: List of process parameters.

Process Variables Levels
Laser power (W) 200, 245, 290, 335, 370
Scanning speed (mm/s) 2001 400 (steps of 50), 50800 (steps of 100)
Hatchspacing {1 ) 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 thicknesst( ) 30, 40
Scanning pattern Serpentine (zigzag)
Strip width (mm) 100
Beam offset (rh 10.1

Since the thermal map surrounding the SLM part leads to variations in profii¢se
samples were distributed on the substrate to ensure no presence dy a&dmngientrated
heat zone. Prsintering was conducted on 15 coupons ainforgmore fusion between
scan tracks; the surface temperature of these samplesherefore increased before
applying primary exposure. Rsintering exposure parameters were set at 100 W laser

power, 800 mm/ s scanning speed, and 100 em hat

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 spacirag shown irfrigure2-2. 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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—
50 mm

Figure2-2: 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. AB204 Mettler balance with a
resolution + 0.1 mg was used to precisely measure the weight of the samples in the air

& andfluid & . Deionized water was applied as a submerging fluid of dehsity

w w¥ ¢—. Using Eq. 2-2, the RD was calculated as sample density relative to Cu bulk

density based on the B1499 standard:

" —— 22
a

The asbuilt samples were examined with a TESCAN VP scanning electron microscope
(SEM) using secondary electmmat 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 $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 pracgss us

di amond pastes with sizes of 6, 3, and 1 &gm.

The elemental composition analysis was performed via efisgersive Xray

spectroscopy (EDX) using-KIAX 80 Mm2 and INCA software. For comparison;rXy

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

XPS Microprobe undeultra-high vacuum in the order of 0Pa, where the Xay beam

di amet er , power , and voltage were 100 ¢&m, 25
excellent tool for elemental analysis and chemical state identificaggroxidation states.

However, itis a surfacesensitive technique, so the selected samples were slightly polished

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

gun used to sputter any possible surface oxidation or other contaminants durdgg st

and handling.

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

Meter from Tektronix, whichassa 0. 1 e€q max resolution and O0.02
contact resistance, which was more than the resistartbe obils themselves, the four

wire Kelvin measurement technique was appl@dresponding to the B1930 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 studiéassumptions available in the literature. The volumetric energy density
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(Ev), which istheamount of energy delivered by the laser beam to the unit volume of the

powder, can be expressed2a:

2-3
VIS(¢:s)

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

by Eq.2-4
o "0 0 Y Y 2-4

where” DR RY fd & Y are copper powder density, latent heat of fusion, specific heat,
melting point, and preheating temperature, respectively. Substituting with the
thermophysical properties of Cu powde4]. yields'O of 4.8 J/mm, thusE, 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 involvegd saich as

laser distribution, optical absorptivity, heat dissipation, and effective layer thickness, as
illustrated inFigure 2-3. Therefore, these factors aradded as expresseth Eq. 2-4,

resulting in a modified volumetric energy densi@y

OLL 0 3
o ' 8 2-5
0 uD

wherev is the optical absorptivity, which is around 0.44 for Cu powder (particle size less
t han 1[Z5)00 isthe)energy loss factor to compensate the amount of heat dissipation
and is roughly estimated to be8(19]. U 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 platforglisplacementy is estimated to be 1.753. By equatigg. 2-4
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and2-5, the minimum value 0© should be greater than or equal to 28 Jmrherefore,
all the process parameters combination should iie¢trequirement to obtained fully

melted Cu powder and good quality parts.

laser beam

Scanning direction
-«

& \ spattering particles
metallic Vapor /
X reflection )

p Radiative heat
Ad

/i S A 4 <
fe K\{\ . convective heat
r < S ) A — o=

Remelted depf;h

s actual Iayéralgkﬁes

§ nductive heat

Figure2-3: 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 eghiaped samples. Variation in the scaleiegs
caused an RD error of 0.4%igure 2-4 shows the process parametersvVjPmap for

different h. The PV maps are colecoded, where the greener zone represents the most

desirable parameters.
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Figure2-4: Scan speed (Maser power®)-relative density (RD) maps for different hatch
spacing (h) valuesaj h = 0.05 mm, ) h = 0.08 mm, anccf h = 0.1 mm.

On the other hand, the blue area exhibits the valugsvofind h with lower RD. The range

of RD fluctuated from 836%. 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 presintering 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, hidgbesity parts were mainly located at high

P levels. It was also noted that as the scanning speed increased, the density increased until
it reacheda value of 500 mm/s; any further increase would result in RD deterioration. In
several instances, the combination of process paramptersh and t) resulted in groups

of identical E. The associated RD values at the samedtevaried, asseea in Figure

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

density equation on the part quality.

98
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Figure2-5: RD variance for groups of identical.E

2.3.3 Effect of Hatch Spacing

Figure2-6 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 scamp@adss

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

shown inFigure2-4, 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 optiuegien would be 170

200 J/mm.

Figure2-6: Relative density (RD) at different hatch spacing (h) and scanning velocity
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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 hypothesisTwo reasons might explain this contradiction. The first was the cooling rate

associated with track overlapping. Published fialesnent modeling work has focused on

estimating the resulting cooling rate for various hatch spacing vE6EesA maximum

temperature at the center of the melted tragkv@as obtained in the case of smaller h (75

em) .

Because

of the high

overl apping

bet ween

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

It was evident in the SEM microgyhs of the a$uilt samples at different h that the

depicted cell sizes were inversely proportional to the coolingzélelt was understood

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

close adjacent tracks. For highnductive 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 widtifhe 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 folow axisymmetric Gaussian profiles. As f decreases, the power distribution
becomedilatter, and vice versa. Therefore, the intersected tpartof 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 ofasarftension, known as the

Marangoni effecf27], as shown ifrigure2-7b.

The underlying reason behind thiariation 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 tgmerature Q7Q Y which is equal t6 0.1743 103N/m.K for Cu

[28]. Accordingly, the flow of molten metal wasartially directed perpendicular to the
scanning direction, which caused swelling () in the previous tmaick)( as indicatedh

Figure 2-7d, as well as void creation (ll) between the currsolidified track (n) and
unmelted powder for the track (n +[29]. At a laser power of 370 W and a scanning speed

of 350 mm/s, the top surface topography showed continuous and stable scaattfatks

mm hatch spacing~{gure2-7 c,d).Nonetheless, small gaps were presented between those

tracks (circled in red).
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Figure2-7: Schematic diagrams foa) small h andlf) large h. SEM othetop surface at
p=370 W, v =350 mm/s forc] h = 0.05 mm andd) 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 Figure2-8 shows theP-v surface roughness maps (Ra) for various h.

All Ra measurements were performed in the transverse direction of the scafrigues.

2-4 shows that lower surface roughness values were obtained aP higlues, a trend
similar to the results obtained for relative densiy 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 aPhighichagreed

with the RD results. It was also sdrifrigure2-8c that the target Ra zomstarted at a lower

v when compared to the target RD zoné&igure2-4c, for h = 0.1 mmThe minimum Ra

32



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

obtained wasp T@tl , equi valent to grade fAN8O, a rough

categorize the quality of machined surfai3es.
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240 260 280 300 320 340 360
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Figure2-8: Scan speed (Mpser power)-surface roughness (Ra) maps for different
hatch spacing (h) values)(h = 0.05 mm,l§) h =0.08 mm, andd) h = 0.1 mm.

The dimensional accuracy in thé X horizontal plane was defined as the deviation of the
sample crossection area compared to the prespecified dimension. The side length of the

asbuilt sample was measured with a coordinate measuring machine (CMM) with an
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accuracy of 0.1 1 . 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.
resulted in an increase in the corresponding surface area by 3 and 4.5%, respectively. It

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

Figure 2-9 presents the SENhicrographs of the side surface for thebagdt 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, arfdr the same sample, the top surface quality was much better
(Figure2-7c). 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.

SEUMNV 000KV | WO 1321 MM Lieiieoi) VEGAT TESCAN SEM HV. 2000 ¥V 2
Viewfeld 103 mes Dot SE E i Vewfeld 31 1 pen 100

Figure2-9: SEM micrographs ofthe-e BF Cu part 60 @) losviadi®) hignur f ace at

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.

Figure2-10 shows the ratio of sid®-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/iviin),

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

ratio also increased.
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Figure2-10: Relationship between the surfaceighnessatio and linear input energy at
the optimum hatch spacing (h) for Cu samples manufacturedRBH.

2.3.5 Microstructure
Figure 11 shows the microstructure of copper samples manufactureePB¥ lunder

processv ari ables of 370 W | aser power , 400 mm/ s s

spacing using a KEYENCE digital microscope.
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Steady state

—Bonding

Steel Building plate

Figure2-11: Grain morphology of the {PBF Cu sample at two locations) (nidpoint
and p) close to the steel building plate.

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

buil ding direction (z). Close to the building
structure (MP) consisted of two distinct zones owning obvious charactetisiies

starting with columnadendritic formed perpendicular to MP boundaries and directed

i nward. Eventually, the equiaxed grains were f
Figure2-11b. On the other hand, titemidheight of the sample (steadtate), the irgrain

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

guided by different solidification conditiongigure 2-118). The columnar grains were
periodically repeated and spaced by the same m

bondingorstecadg t at e zones. The average grain size rer
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100 e&m. I n addition, the shape of porosities

vapor (type 1), distinguished by an almost spherical shape, to lack of fusion and unmelted
powder porosity (type I). Types | and Il of porosity were detected in bordidgteady

state zones, respectively. However, type Il was observed to be more intense in the steady
state zone. Regarding the mptiol dimension, the mgtoo |l 6 s penetrati on
dramatically decreased in the steatigte zone, in which the depth was barely equal to the

layer thickness. Nevertheless, mgdtol depth could reach the extent of five delayers,

i.e., 200t I total depth in the bonding zone.

Temperature gradient G, solidification rate R, and the undercaélivage the key factors

that govern the solidification mode, microstructure refinement, emalsequentlythe

grain structure developmejatL]. For a certain material processed bPBF, G, R, and"Y

values are determined implicitly by process parameters combination. Even if the process
parameters are held constant, grain structure wouldat@ssarily beonsistent on both

micro and macro scales. For instance, the heterogeneity of the grain morphology observed
insidetheMP, as seen ifigure2-11b, was attributed to the dynamic G/R rg8a]. 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 théiggididnterface
movement, leading to lower G[B2]. 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 polystalline material by considering the diffusion of some
impurities, such as Fe and C in the Cu mgB8834]. 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 bedbés preheating temg
energy required by the laser beam would be reduced. As a result, the total amount of heat

energy gained by preheatiatpng withthe full laserpowerprovides 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 showsidnre2-12, in which slightly higher

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

decreased by 3%.
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Figure2-12: Optical micrographs of the cresection of LPBF Cu samples
manufactured under 370 \&ser power, 600 mm/s scanning speed, and 0.1 mm hatch
spacing with two different preheating temperaturas200 °Cand €)120 °C; f) and ¢)

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 showdigre2-13.

(@) (b)

flold: 109.1pm Dot SE 20 {
SEMMAG: 139kx  Datemidyy: 100820 /]

Figure2-13: Solid-state sintering of Cu powder at elevated preheating temperagture: (

in-field image after printing, and) 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 tminimizesurfacefree energy via surface, grain boundaries, and lattice

diffusion [35,36].

Although the sintering temperature of Cu is between 708rC1000 °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 comfoessive

on the powder beneath, which is called in advanced sitgdtipnr e s 8 et ed sinterin
[37]. Figure2-13b 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 apeimveen neck attached to

anotherConsequently, this may have reduced the flowability of the recycled powder.
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2.3.6 Chemical Composition

X-ray photoelectron spectroscopy of the Cu sample fabricated-BBH. under a laser

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

Figure2-14.
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Figure2-14: X-ray photoelectron spectroscopy of the Cu sample fabricateeRBA.
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 AFK| X-ray sourceQ p T @ipd 6 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 spgsiuch 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

40



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

[38]. After 3 min of 2 keV At 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 temperatun@shen the rate
dramatically decreased. This welkscribed 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 1Q00 °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 surfackaning tool proved its importance in giving an
accurate chemical composition. At this point, a higbolution spectrum of 0.2 eV was
utilized to identify the coréevel BE and quantify the atomic concentration. The2pu

peaks doublet consisted of Cu 2p3/2 and Cu 2p1/2 peaks, as sheguragl-15.

Cu 2p3/2

34 r i
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Cu 2P1/2

C/s
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Binding energy (eV)

Figure2-15: Cu 2p highresolution spectra for the Cu sample fabricated BBE with a
laser power of 370 W, scanning speed of 500 mm/s, and $@acing 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 (gD 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, th&CwO spectrum owned a single peak at 932.4 eV with a narrower

FWHM of 1.9 eV.

In contrast, the Cu@eak 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,Ouhan the CuO spectrum. Furthermore, the O 1s peak
emphasized this observation, since the O 1s peak was found atlavebBE of 530.4

eV, which was very close to the O 1s peak of thgdhhase (529.2 £ 0.1 e¥41]. Moving

to the bonding zone, a certain amount of Fe was introduced, as shbigore2-16.
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Figure2-16: X-ray photoelectron spectroscopy of the Cu sample builtBBE @ = 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
guantification 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 traciote

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 stspaaiatermine the
atomic concentration of the constitutional elements using the peak wrdas high
resolution spectra. The relative sensitivity factor (RSF), stated by Scofield, was utilized to
scale the calculated peak afega). Figure2-17 showsthe weight concentration of the

impurities along the building direction.
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Figure 2-17: Weight percent of impurities using the XPS peak area along the building
direction (Z).

The starting poinat 0.4 mmcorrespondso 0.7 mm of the actual Zince 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 solidificatjgd]. The transition from FeCu alloy to

Fefree 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 steadyt at e zone, the i mpuritieso
significantly dropped while reaching less than 1 wt %, thus producing ghiifly copper

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

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

shown inFigure2-18.

‘Fe Kat CukKal

Figure2-18. EDX map of the Cu sample built byPBF 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 seerFigure2-19, 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 impuritiedias been speculated that the
observed high and al most consistent carbon con
was due to hydrocarbon contaminatidhe XPS proved its ability to distinguish between

carbon from air contamination and carbon from steel substrate.
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Figure2-19: Weight percent of impurities across the height of the Cu sample
manufactured by {PBF, as identified by EDX.

2.3.7 Electrical Conductivity

The main goal of this study was to maximize the EC of Cu parts madé’By-LFor 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 mma\Rith

mm wire diameter. The resistance of thebast coils was directly measured using a DC

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

Rwire

Rsubject

Figure2-20: Electrical resistivity measurement of Cu coil made ByRF.
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EC was calculated usirteg. 2-6 based on the simplified relationship between the current

and the voltage drop (V/I1), obt4&lining the coil

06 "Wa 2-6

ZT
where” is the resistivitygis coil length (m), A is the area cressction (n), and R is the
resistance (q). Another source of R error is
measured six times by flipping the terminals every reading. To ensure good contact, surface
cleaning was performed by lightly hafiting the coil taminals. Considering the increase

of the crosssection 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 ayeaof 3.43 10" up to 3.93 10’ S/m, which

corresponded to 60 and 67% IACS, respectively, according to theZRi€gandard22].

For Cu parts fabricated by powder metallurgy, porosity is one of the prominent contributors
to EC deterioratiof¢3]. The optimum RD gained in this study should theoretically lead to
95% IACS, according to the dengigonductivity relationshif44]. However, in additive
manufacturing, metals printed for electrical/thermal purposes also suffer from higher
resistivity due to large grain boundaries and lattice dislocpigrMicrostructural defects

such as voids, lack of fusion, and large grain boundaries, as sh&guir2-11, 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 HRBIE procesgL5]. It was reported that

the resistivity of Cu was decreased from 8.18 to 3.68A | by heating at 1000 °C.
Additionally, impurities have a negative influence on the EC of copper with no exception

but with disparate impag24]. 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 differenceiisignificant,i.e., YO5 p) ! #8t wx OAlthough

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 valugh whs 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 coupgtesam
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 dorfimant.

ECi RD relationship for the 2 mm Cu coils manufactured ByBF is shown irFigure

2-21.

82

- }
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s %
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29 a0 91 92 93 94
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Figure2-21: EC vs. RD for the 2 mm Cu coils fabricated byBF.
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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 noteel that th

ECi RD slope was in agreement with the one reportgdsin

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 -tonface
volume ratio in the case of the Cu coil, leading to a high thermal dissipataivamng 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 proceisstructuré property 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, &) and/s;

and six hatch spacings of 50, 80, 90, 100,

120

values of 30 em and 40 &m, 67A scanning rotati

scanning strategy were maintained during the processing. A selmieheating 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

em were employed.
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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 em, above which
resulted irrelative density deterioration.
3. The minimum surface roughness obtained was
to the surface roughness of machined surfaces. At the optimum hatch spacing of
100 ¢ m, -tottop surfagd rdughness ratio increased when increasing the
input linear energy desity.
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 lsapes, starting with columndendritic formed perpendicular to
MP boundaries and directed inwards. The equiaxed grains were formed at the melt
pool 6s cent ette zoreta mixfeelldar and ablymnar grains was
identified. The averagegrani ze r emar kably varied from 10
5. Two types of porosity were detected: spherical (type 1) due to entrapped vapor, as
well as lack of fusion and unmelted powder porosity (type Il). Types | and Il of
porosity were detected in the bonding and stesddie zones, respectively.
However, type Iwas observed to be more intense in the stasaty 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 maximunECof Cu samples printed by-BPBF 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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Abstract

Copper laser powder bed fusion ¢€CBBF) 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 atjaaeks

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 heatipger 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 stagessifurmopper 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 chemicsadd) 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 theipgaipowder.

Keywords

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

During the lastdecadesthe research and development in Additive manufacturing (AM)
have increased rapidly, fueled by its manufacturing advancerjiéniBhe 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 tahaisemperature 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 desigrteermal 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 coblowever, processing pure Copper via LPBF
exhibits many challenges, as reported in the litergflréchieving dense GLPBF part

is quite difficult using laser power density less than 10 MW/Cm2 available in most
commercial machineg]. Due to copper's high thermal conductivity (400 W/m.K) and
poor optical absorptivity (3G10% in powder form), absorbed laser energy is insufficient

to produce satisfactory wettabilitAs a result, researchers have focused their efforts on

tackling these issugg].

The strategies reported in the literature to overcome the challengesLétBFucan be
grouped into two categories: (a) Adaptation of laser properties by applying pulsed laser at
different wavelengthgt] or increasing the laser powder to 1 K8y and (b) Maodification

of Cu powder surfacgg]. Since most commercial 3d printers are equipped with a medium

power laser, sel€onstructed 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," respediyvally

The modification of copper powder characteristics was investigated as an alternative
solution. Copper was praloyed with high opticahbsorptive material such as silicon, Tin,

or Zinc. However, the low chemical concentration of such elements slighilyate#
copper reflectancg0]. Consequently, fully dense LPBF parts can't be achieved using low
or medium laser power unless adding a large amount of those elg¢iénlis this case,

the Copper thermal and electrical conductivity was sharply decreased in-hdt as
samples. The Lasenatter 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 laseabsorptive metals and simultaneously avoids unnecessary alloying
elements in the core metal. Surface modification of Cu powder via oxidation was also
examinedas a simple attempt to increase optical absorptdagteHowever, 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 thaGubu
parts due to the high surfatevolume 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 thef@cesat room
temperature, where oxidation kinetics follows the logarithmic rate law. Unfortunately, this
layer is not selprotective, which means the Cu is continuously subjected to corrosion,
unlike Al and Ag[13]. Longterm air exposure provokes the chemical state of Cu oxides
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from Cuprous (Cti ) to Cupric (C@") [14]. The overlayer's thickness of hydrocarbon and
oxides was estimated to be a few nanometers, i.e., 4 nm on Cu plate &fter 10
Microstructure and surface morphology are reported as other factors of accelerating surface
oxidation, which is relevant to the presence of crystalline defegtsFor Example, Cu

film deposited by ion beam at zero bias voltage exhibits lower oxidation resistance than
the film deposited a0 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 dislocatiofi4]. 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 texfum@. 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 todd lack
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. Lasduced surface cleing as an
application of laser ablation is a photothermal process using the laser beam to remove the
unwanted coating, oxidation, and contamination layH¥E 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 mtiomal shockwave that causes

the exfoliation of desirable layers, which igtisted at the weakest molecular bondijngj.

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

composition, colour, layer thickness, and laser type. Continwane (CW) and pulsed
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fiber are two laser types employed feurface treatment. However, the pulsed laser is
superior in this fieldoecause it can immediately eject surface contaming2i@n The
Laserinduced reduction of Cuo nanoparticles, submerged in reductant solution, was
investigated by pulsed and CW laser irradiation by means of jphetmochemical
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 indkdk w

joints[20].

This study investigates the impact of using sudaxieized 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 patiallynithe
asreceived, recycled, and oxidized powder was characterized in terms of oxygen content
measurements, flowability, phase analysis, oxide thickness determjnatidnoptical
absorptivity. The second part of this study aims to quantitatively evaluate the negative
impact of Cu oxides on powder characteristics and, consequently, on-ttleBEuparts.

Lastly, the proposed laser cleanimglting-cleaning method was a&d out on recycled

and oxidized powdemwhich 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 stweys agasatomized Cu powder. The nominal

purity of the Cu batch was 99.9%he apparent density waseasure@ccording to ASTM
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B212 and found to bé&.07 g/cm3Figure 3-1a showsthe cumulative distribution of the
particle diametersvhere the D10, D50, and D90 are equal to 16, 31, and 51 (um),
respectively. Most Cyparticleshave aspherical/quassphericalshape as shown in the
SEM image Figure 3-1b). However,this powder batcltontairs particles thashowan

irregular shape.

100

(@) (b)

S @ 0
=) o o

Cumulative volume fraction %
N
o

o

0 10 20 30 40 50 60 70
particle size (um)

SEMHV:2000K/  WD:2133mm
Viewfleld: 5417 pym  Det: SE 100 pm wl

Figure3-1: Cumulative particle size distribution (a) and SEM of Cu Powder used in this
study (b).

The Cu powder was classified into virgin, recycled, and oxidizedf. &1 the virgin Cu
powder batch was heated at 200°C for 2 hours in an-apduarnace in order to obtain a
high oxygen concentration at the outer layer, noted as "oxidized powder". This treatment

aims to improve the optical absorption a§lizj.

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-@444. 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

Sour £%®1.70086 A). The XRD spectrum was obtained withirange of 30114 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 reledtroscope
(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@0Second, fin sections (approx.
60-80nm) were cut with a diamond edge on a Leica UCT ultramicrotome and picked up
onto Formvarcoated Cu grids. Samples were loaded into a JEOL JEM 1200 EX
TEMSCAN transmission electron microscope (JEOL, Peabody, MA, USA) operating at
accelerating voltage of 80k\lmages were acquired with an AMTrdegapixel digital
camera (Advanced Microscopy Techniques, Woburn, MA). The optical absorption of Cu
powder in the wavelength range of 4D800 nm was measured using a-Véible-NIR
LAMBD A 950 Perkin Elmer spectrophotometer equipped with a 150 mm diameter
integrating spherdzigure3-2 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.

A \\

Spectralon coated
Reference beam » Integrating sphere

: 7

Sample holder

Sample beam 2

Port plug for
total reflectance

ede PMT and PbS

Reference holder detectors

Figure3-2: 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

Cubeshapedparts of 10*10*7 mrmiwere printed bythe EOSINT M280 SLM machine.

The nominal laser beam diameter was 10@ with a continuous wavelength of
108G: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
element$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 aggfmUCuUecycled aNd Clyidized,
respectively. Table 1 shows the process parameters employed in laser melting exposure.

Table3-1: process parameters used to manufactutgt; WCuecycied aNd Clxidized
samples

Process Variables Value

Scanning speed (mm/s  400-800 (100 increments)

Hatch spacingt( ) 90, 100, 110, and 120

3.2.3 Sample characterization

The relativedensity (RD) of abuilt samples was calculated using the Archimedes
principle according to ASTM B9624. The weight of Cu parts in air and-idaized water

was measured three times at room temperature using AB204 Mettler balance with 0.1 mg
resolution. Tle standard density of solid Copper used in the calculation of RD is 8.89
g/cn?. Surface Roughness was investigated in a perpendicular direction of scanning tracks
by the Mitutoyo SH#10 stylus profilometer. The arithmetic mean surface roughmass
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 enedgppersive Xray 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 nedlistller.

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 E2885 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 matphaejgm

produce CO2 and H20.

In order to measure the electrical DC resistance of printed Cu, Circular flat coils of 2 mm
wire diameter were CARlesigned and printed on top of a 1 mmdeyosited substrate as

in the case of cube samples. The coil's length was chosen to be 460 nmowram stigure

3-3. It is compatible with ASTM B1982 Standard, which recommends the test length to
be greater than 300 mm. It also represents the actual DC resistancesizifalbils ready

for industrial applications. In additiorthe measurement of small resistance near the
ohmmeter's lower limit or its resolution increaske error % of readings. KEITHLEY
2400 Source Meter from Tektronix company was used at room temperature. Tivareour

Kelvin method was implemented to eliminate the effect of contact resistance.
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Figure3-3: 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 dscolaation of the Cu powder indicates the intensity of oxides on the outer surface
of the patrticles, as shown iRigure 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 pickuprqmared with the virgin powder. To quantify the
impact of unprotected storage, the oxygen pickup of the recycled Cu paadealso
measureafter 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 virgidgraand
became much darker. Under the oxygieh environment and elevated temperature (equal

to or above 200 C), ¢éhcolour turned black after 6 hrs whether the initial oxide state is O
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ors [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 o
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 oxidatesn sit

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 particlgg]. 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 imasing friction force between the particles], the reduction in
oxidized powder flowability is in agreement with oxygen content, as manifeskéglire

3-4. However, this conclusion hasn't been consistently obtained, as repof&g im

some instance, the oxide film declines the hptarticle 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 partizie sas an inferior
gravity force which diminishes the negative impact of piiticle 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 adsgkity material.

Thus, a high concentration of surface oxide can deteriorate polvdebility [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.
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Figure3-4: The oxygen contennd AORof 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 illustratéidjime 3-5.

Two Cu oxides peaks were detected withirrange of 40 to 48as presented in the
magnified view ofFigure3-5. It is noted that the evolution of CuO phases is associated

with high oxygen contenas in recycled and oxidized powder.

In the case of virgin powder, only a Cu20 peak-abR42.6 was detected. The native Cu
oxide layer established at room temperature acts as a protstetite 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 growislows down after a short period when the thickness
reaches a few nrfj28].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 thadC3[2®,30], it emerges at a
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relatively low temperature of 18 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 mghology, and microstructuifg1,32]. 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 ttie 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 Cui ) peak of the oxidized powder is 25 §teater than that of

the recycled powder.

Cu (111)
Cuzo Cuo
WMM Gididind
) Recycled
A .',"\.qm
Nty i I My " AN /_-AN\)..L“/(){» Pure
40 41 42 43 44 45 46 47

Cu (200)

Intensity (a.u.)

Cu (220) Gu(3Lh)

30 40 50 60 70 80 90 100 110
20(deg.)

Figure3-5: XRD spectrum of the virgin, recycled, and oxidized Cu powder.

The SEM images ifrigure3-6 (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 sedFignire3-6(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 particleatwther, 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 patrticle sizes using a single preparation procedure. By surveying a wide range
of particles' perimeters, it is noted that the oxidation sites in the taggio Cu powder

are scattered and rare. Howeuegure 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 FG[13]. It is challenging to identify such ultthin 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 lajgai. Figure 3-6 (f)
demonstrates that oxides formation and growth are quite surface rouglepessient,
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 manygeéestan
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 (showrkigure 3-6 (i)). Comparatively, complete

oxide separation often occurs at temperatures equal to or abo%€ 3). The average
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thickness was estimated based on multiple measurements of different particle sizes and

found to be 85 nm.

SEMHV:2000KV  WD: 14.10 mm
View field: 1442m  Det: SE
SEM MAG: 15.03 kx
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HV=60kV
4 : Direct Mag:
SEM MAG: 18.00 kx HSC EM Facility

SEMHV:2000KV  WD: 14.15 mm
v HV=80KV Hv=gokv
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Figure3-6: SEM images of particle surface of (a) virgin, (d) recycled, and (g) oxidized.
TEM of particle crossection and their corresponding magnified view shows the

maximum and average oxide thickness of (b,c) virgin, (@dycled, and (h, i) oxidized.

70



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

Low magnification TEM images ifrigure 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 thisylar is not established from the same constituent
elements in which the darker spot represents the-degisity material and vice versa.
Typically, the mature oxide layer composes of three layers: the outer layer of Cu20 + CuO,

the intermediate layer of CGR and Cu20+CUB1].

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 nestcommercial LPBF 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 nted that the A curve of recycled power is located between virgin and
oxidized powder, which coincides with the aforementioned regokiggen content and

oxide thickness). It also agrees with the findings reportghjrin which the Cu(ll) phase
possesses higher optical absorption than Cu(l) at the wavelength of 1080 nm. It is also
correlaeswith the fact that oxidation increasthe surface topography of spent powder
particles which leads to more interaction with the incident liggsj. Consequently, it can

be inferred that the oxidized powder would absorb more heat energy from the laser beam,
and theoretically, good GUPBF processability would be achieved. The penetration depth

of the laser beam through the Cuo layer can be calculgtetehns of the Bedrambert

law, as in Eq3-1. By utilizing the extinction coefficient of the CuO film reported3a],

the beedambert penetration depth would be approximately 400 nm which is more than the

71



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

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.

O On'Q BeerLambert law

Where,
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Figure3-7: 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 virginidCl), recycled
(Clkecycled, and oxidized (Cgtigizea ) powder were investigated in the volumetric energy
density (E ) range of 10260 W/mni. No delamination or macro cracks was observed
within the whole process windowigure 3-8a, b, and ¢ 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 gl map. Unexpectedly, the RD measurements of
Cuecyciea Samples were slightly reduced by012% compared with Cilgin. It contradicts

the fact that it owes good flowability and a higher A. The degradation g@kitcupart

guality also involves an increase in surface roughneds Be 10.4 & which is 30%
greater than Giyin as perceivable on top surface SEMure3-8f. The Ev corresponding

to optimum RD of Cucycied@nd Cuxidized IS lOower than that of the Guin. 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 releag&7], circled in Figure 3-8e. Besides, the gasduced
porosities were recognized in the crgegtion microstructure, which will be discussed in

the next sections. The drop in RD of &dses 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-10° in laserassisted additive manufacturing, the
shape and size of meltpool are controlled by the convective flow (primarily Marangoni
flow) of molten meta[38]. Due to the spatial temperature variation on the top surface, the

surface tension gradient gives rise to Marangoni shear stress ishiidfined by the
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temperature gradienQQ "FQ1i multiple by the temperature coefficient of surface tension
‘QFQ Y 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 th&[7Q “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 oxidg}. 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 oxideg.

500 600 700 600 700 800
V (mm/s) ( V (mm/s)

Figure3-8: Relative density Vh 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 theCuoxidgized Samplesthe topsurface of every deposited layer was noted to

be darkened with scattered black patcidse top surfac&EM micrograph ofCuuxidized
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samplecombined with EDS magwas 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 ridgscan 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 gradienttwin the meltpool'Q "TQ "Y the buoyancy force creates upward

flow of warmer liquid along the meltpool axXi40]. These forces facilitate the transfer of
oxides to the surface, as shown in the high O concentration ar&gwie 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 viewFigure 3-9a.

50 um 1
—_

Figure3-9: Top surface micrograph of @LPBF samplesnade of oxidized powder (a)
SEM micrograph with two inserted images showing a magnified view(b) EDS map

showing the oxygedistribution

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 nhras been used fahis study, the mechanism of

laser oxide removal is mainly by evaporation and oxygen decompdgiioit 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)(#1] [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 k, values of Cu vary between 6146 J/cm, which is related to the interaction time

and repetition ratt2]. Comparatively, thedJof CW laser can go up to 10 times more than
pulsed[43]. In this section, the Fvalues will be estimated in order to provide sufficient
energy for ablation and simultaneously avoid powder meltind, @ stated in Eg-2.

The transition from discrete elements (powder form) to interconnected solid patrticles
results in a sharp increase in thermal conductiViterefore, partial melting of Cu powder

can hinder the scan tracks from having good wettability.

"0 "0 O 3-2

3.3.4 Estimation of laser Fluence of Pre and Postxposure

The temperature profile across the irradiated layer can be mathematically formulated by
solving the partial differential equation of Fourier's second ki 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 irB8g.The simplified temperature
equation at the oxide surface layer, i.e., z=0, is shown iB8-E8:5, which is acceptable if

the laser beam diameter is much larger than the contamination thicknessdtesdal
interaction time for a moving heat source is defined as the ratio of the beam diameter to

the scanning speed.

g s ¢O — . . .U
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A relation between laser fluence)(and layer temperature can be obtained by substituting
the properties listed ihable3-2, oxide thickness acquired from TEM tesiad theoptical
absorptiornvalues. 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 Cu20 and CuO, respectively, corresponding to the reported boiling pointsef tho
phases if45]. The initial temperature of the Cu powder bed is 180 C. Laser scanning speed
was kept constant at 1000 mm/s for pre and-prgbsure steps, compromising the
increase in production time and powder denudation. The optimum process parameters of
Cuwuewere used during the laser melting expostishle 3-3 shows the calculated laser
fluence for oxide removal at pexposure (f and posexposure (f). Noted that, Fwas
adapted to be compatible with the A of the Cu oxides flat surfaidsand the

thermophysical propertig47].

Table3-2: Thermophysical used in the calculations (pow{ks).

Property symbol Value/unit

Specific heat 0 0.4 J/(g.K)
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Thermal diffusivity | 0.5x106 m2/s

Thermal conductivity "Q 1 W/(m.K)

Table3-3: The calculated Laser fluence of oxide removal atgxmosure (Fi) and Post

exposure (Fp)

Raw material Fi (Jlcm?)  Fp(Jlcm?)
Recycled Powder 4 300
Oxidized Powder 5 300

On the other handhermal energy@® required to raise a unit volume temperature from
the initial temperature J to the melting point is formulated in E}6. It is approximately
calculated to be 4.9 J/n¥j22]. The volumetric energy density is modified as in &d.to
consider optical absorptivity (A), heat loss)(Kaser power distribution @ and effective
layer thickness (K. By comparing Eq.3-6) and 38-7), the laser Fluence of powder melting
(Fm) will be 140 and 110 J/chiior the recycled and oxidized powder, respectively. These
values represent the limit as in BeR. It's worth noting that the difference between Fi and
Fm is significant, which helps prevent melting during-@xposure. The applied ¥alues

will range from 5 to 100 J/ctnlt is less concerned with employing high F over the
solidified layer during pose¢xposure (F>fj, where it assists in melting any unfused
powder particles. Furthermore, it is reported that remelting of solidified surfaces in LPBF

can improve surface roughng4s].
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Figure3-10: Schematic illustration for the two scenarios of oxidized Cu powder LPBF
(a) direct melting and (b) cleaningelting-cleaning.

Figure3-10illustrates the two scenarios of direct melting (DM) of the oxidized Cu powder
LPBF and the proposed cleaningltingcleaning method. DM can also cause oxide
ablation, as presented by oxygen content measurements in the following sections.
However, due tdghe rapid meltingcooling 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 frogn densit
measurements and also reportedBifj. 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 preexposure of powder particles, as illustratedrigure 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 powdetharacteristics

Figure 3-11, followed byTable 4, presestthe impact of laser exposure on the powder
topography and surface chemical composition at different energy densitiesincased
surface Cu oxides revedlan interesting bubble formation phenomenon that was observed
near the ablation thresholdFigure 3-11b). This feature size varies between

¢ matatog "’ abefore the explosion. Higher F increases both the bubble and crater sizes
up tou‘ d&andg 1t & respectively, as shown Figure3-11c. 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 compositianalysis at the centre of the crater confirms the
success in removing the entire layer of Cu oxides, noted as an-feeédeone”, which
approaches the original O wt% of the virgin Cu powder. The O wt% of points 3 & 5 are
similar, assuring that the peregion of both corresponding laser fluences can exceed the
oxide film. For 100 i lasermaterial interaction time, The estimated thermal penetration
depth|( ¢/ dis 14 awhich 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. Bd®d&DS
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 valud¢iovEver,
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solid-state sintering characterized by neck formation between the adjacent particles

originated around 30 J/ém
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Figure3-11: Impact of laser fluence on the surface of the oxidized Cu powder (a) no
exposurgb) 15 J/cri (c) 23 J/crrand (d) 45 J/ck

Table3-4: EDS O wt.% composition alifferentpoints 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 exposuran{cro secondsor CW radiation sufficiently activates
"Normal vaporization" and "Normal boiling" ablation mechanigs®. 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 nondirect exposed area, as showthie upper part dfigure3-11c. In this region, due

to the deviation from the ablation threshold, lasaterial thermalization turns into a

mostly meltingphase. As a resulhe rim becomes much thicker.

Normal boiling comprises nucleation of the vapor phase at the Jgmlid 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 singégFi))ghe

current results show higherdt 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 aduilt samples

The last step provides a contaminatfage surface to be ready for the next deposited Jayer
as illustrated inFigure 3-10b. After applying the laser cleaning strategy, The oxygen

content measurements of hé and0o show a reduction compared with
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the initial content of Cu powder, even at thgrfferior to the estimatedyFas inFigure

3-12. It is strongly related to the amount of oxide that can be removed during the powder
laser cleaning and melting exposuteshould be noted that the decline is evidamtund

200 J/cm2which can be considered the threshold of this stag800 J/cm2, the oxygen
content marginally risesHigh 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 mersusceptible to reoxidation. Additionally, high fluence can lead to the
generation of more plasma, which can bri@gygen or other oxidizing species into
proximity to the ablated surface, increasing the likelihood of reoxidakio®O growthis

inferior since the process is environmentatigulated|t is worth noting that the O content

of both0 0 andoo yields to the same level at highetr E may refer to the

limit of this techniqgue where no further reduction can be achieved. The significant
improvement in the case of dized 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 distinguishables shown in the two inserted photo$-igure3-12,

It is evident in the crossectional micrograph that the size and pore intensity are
diminished by laser cleaning strategy, as depictdedgare3-13. Without laser cleaning,

pores disperse randomly within the melt pool fordh a clusteiin the interlayer zone, as

shown inFigure3-13a. Pores' tendency to aggregate, yeltirgled, hinders a good fusion
between the deposited layers. Extensive porosity signifies a high amount of trapped gases
resulting fromthe vaporizing and degassing of the contamination 1§3%r The insitu

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 vaporizatiene

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 theatkbigptimum
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 afesamples, the pore sizes are
mostly turned from micro to nano size, and the lack of fusion defects are minimized, as in
Figure3-13b.
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4000 , Oxidized Powder
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3000
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Oxygen Content (PPM)
O wt.% reduction
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0 50 100 150 200 250 300 350

Laser Fluence (Fp) (J/cm2)
Figure3-12: the oxygen content of GUPBF samples made of recycled and oxidized
powder after applying laser cleaning compared with the initial content, two inserted

photos showing the surface of printed-€ample during laser cleaning.
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Figure3-13: Crosssectional optical micrographs of @#PBF samples made of oxidized
powder (a) with and (b) without laseleaning.

Relative density and electrical resistance measurements provide a valuable quantitative
assessment of the lasgdeaned samples. The improvement is very noticeable jficeu
compared with Cieycies The relative density was increased from 91% to 95%+0.3, which

is approaching the value of g4 The electrical resistance of Cu coils also showed a
remarkable rise from 60% to 75% £1 IACs ag-igure 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 Cu20 in the metal matrix. Side
by side with voids, these impurities work together to accentuate the negative impact of

oxides on tk printed parts.
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Figure3-14: RD andEC of CuLPBFsamples made of recycled and oxidized powder

with and without laser cleaning.

For betterunderstanding, the EDS map was performed on LBBfizcato check the

oxygen location, reinforcing the idea of reoxidation of the void's interior surface, as shown

in Figure3-15a. The high intensity of Oxygen (oxides form) within the pores and unfused
layers is attributed to the reaction of trapped oxygem vapor during track cooling, as
reported in prior studief85,53]. 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 microdrapive3-15a,b. The O peak

in the EDS points spectra distinctly decreased after applying the laser cleaning technique,
as seen irFigure 3-15c. There is no sign of peaks belonging to other impurities in both

samples.
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Figure3-15. EDS mapping of Cu and O elements forlRBFsamples 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 CtLPBF part quality. For this purpose, recycled and surtedgized 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 methedtef@opper
oxide reduction is proposed to overcome the imperfection in the printed eetaewly
proposed method is extended to cover recycled powdedevelopan easy and
environmentally friendly (no chemicals used) approach to recover the containinate

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 Cuidizea emphasizes the negative impact of the excessive
amount of oxides In addition, the degradation ob«Gisa Surface quality was
guantitively assessed as an increase in surface roughutssS®so.

7. The EDS elemental composition analysis at tiaget's ceter confirms the success
in removing the entire layer of Cu oxides, noted as an "eixeezone", 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 noticeald in Cuxigizea cOmpared with Cuyces The relative density

measurement of laseteaned samples was increased to 95% compared with 91%

for uncleaned ones.

References

1.

DebRoy T.; Wei H.L.; Zuback J.S.; Mukherjee T.; Elmer J.W.; Milewski J.O.;
Beese A.M.; WilsorHeid A.; De A.; Zhang W. Additive manufacturing of
metallic componentgrocess, structure and properti€&rogress in Materials
Science2018,92, 112224,

Tran T.Q.; Chinnappan A.; Lee J.K.Y.; Loc N.H.; Tran L.T.; Wang G.; Kumar
V.V.; Jayathilaka W.; Ji D.; Doddamani M. 3D Printing of Highly Pure Copper.
Metals2019,9, 756.

Silbernagel C.; Gargalis L.; Ashcroft I.; Hague R.; Galea M.; Dickens P. Electrical
resistivity of pure copper processed by medjpmwered laser powder bed fusion
additive manufacturing for use in electromagnetic applicatiohdditive
Manufacturing2019,29, 100831.

Kaden L.; Matthaus G.; Ullsperger T.; Seyfarth B.; Nolte S. Selective laser melting
of copper using ultrashort laser pulses at different wavelengths. In Proceedings of
the Laser 3D Manufacturing, 2018; pp. 166L.

Colopi M.; Caprio L.; Demir A.G.; Previtali B. Selective laser melting of pure Cu
with a 1 kW single mode fiber lasétrocedia Cirp2018,74, 59-63.

Jadhav S.D.; Dhekne P.P.; Dadbakhsh S.; KrutR.;.JVan Humbeeck J.;
Vanmeensel K. Surface modified copper alloy powder for reliable-tesesad
additive manufacturingddditive Manufacturin@020,35, 101418.

89



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

7. Ikeshoji T-T.; Nakamura K.; Yonehara M.; Imai K.; Kyogoku H. Selective laser
melting of pure coppedlom2018,70, 396400.

8. Gruber S.; Stepien L.; Lopez E.; Brueckner F.; Leyens C. Physical and geometrical
properties of additively manufactured pure copper samples using a green laser
source Materials2021,14, 3642.

9. Pelaprat 3M.; Finuf M.; Fritz R.; Zediker M. Seeing things in a new light: High
power blue lasers for metal processibgser Technik Journél018,15, 39-41.

10. Tiberto D.; Klotz U.E.; Held F.; Wolf G. Additive manufacturing of copper alloys:
influence of process parameters and alloying elemdmagerials science and
technology2019,35, 969977.

11. Zhang S.; Zhu H.; Hu Z.; Zeng X.; Zhong F. Selective Laser Melting of Cul10Zn
alloy powder using high laser pow@®owder Technolog2019,342 613620.

12. Jadhav S.D.; Vleugels J.; Kruth J.P.; Van Humbeeck J.; Vanmeensel K.
Mechanical and el ectrical properties
surface oxi di zvatdrial®©esjgrp&eProcegsingy@mmunications
2020,2, e94.

13. Suzuki S.; Ishikawa Y.; Isshiki M.; Waseda Y. Native oxide layers formed on the
surface of ultra higipurity iron and copper investigated by angle resolved XPS.
Materials Transaction4997,38, 10041009.

14. lijima J.; Lim J:W.; Hong S:H.; Suzuki S.; Mimura K.; Isshiki M. Native
oxidation of ultra high purity Cu bulk and thin film&pplied surface scien@906,
253 28252829.

15. LiJ.; LiY.; Wang Z.; Bian H.; Hou Y.; Wang F.; Xu G.; Liu B.; Liu Y. Ultrahigh
oxidation resistance and high electrical conductivity in cojspeer powder.
Scientific report22016,6, 1-10.

90



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

16.

17.

18.

19.

20.

21.

22.

23.

24,

Lim J-W.; Ishikawa Y.; Miyake K.; Yamashita M.; Isshiki M. Influence of
substrate bias voltage on the properties of Cu thin films by sputter type ion beam
depositionMaterials Transaction2002,43, 14031408.

Tongsri R.; Yotkaew T.; Krataitong R.; Wila P.; ®in A.; Muthitamongkol P.;
Tosangthum N. Characterization of Cu6Sn5 intermetallic powders produced by
water atomization and powder heat treatmbftdterials characterizatior2013,

86, 167-176.

Razab M.K.A.A.; Jaafar M.S.; Abdullah N.H.; Suhaimi F.M.; Mohamed M.;
Adam N.; Yusuf N.A.A.N. A review of incorporating Nd: YAG laser cleaning
principal in automotive industryJournal of Radiation Research and Applied
Science2018,11, 393402.

Heidelmann G.Surface cleaning with laser technologydapt Laser Systems
LLC: 2011.

AlShaer A.W.; Li L.; Mistry A. The effects of short pulse laser surface cleaning
on porosity formation and reduction in laser welding of aluminium alloy for
automotive component manufactu@ptics & Laser Technolog014,64, 162

171.

Kang B.; Han S.; Kim J.; Ko S.; Yang M. Ostep fabrication of copper electrode
by lasefrinduced direct local reduction and agglomeration of copper oxide
nanoparticleThe Journal of Physical Chemistry2011,115 2366423670.

Abdelhafiz M.; AlRubaie K.; Emadi A.; Elbestawi M. ProcéSsructuré
Property Relationships of Copper Parts Manufactured by Laser Powder Bed
Fusion.Materials2021,14, 2945.

Huang T-J.; Tsai D:H. CO oxidation behavior of copper and copper oxides.
Catalysis Letter2003,87, 173178.

Zegzulka J.; Gelnar D.; Jezerska L.; Prokes R.; Rozbroj J. Characterization and

flowability methods for metal powderScientific report22020,10, 1-19.

91



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tan J.H.; Wong W.L.E.; Dalgarno K.W. An overview of powder granulometry on
feedstock and part performance in the selective laser melting préckitve
Manufacturing2017,18, 228255.

Zhao Y.; Cui Y.; Hasebe Y.; Bian H.; Yamanaka K.; Aoyagi K.; Hagisawa T.;
Chiba A. Controlling factors determining flowability of powders for additive
manufacturing: a combined experimental and simulation stuelgwder
Technology2021,393 482493.

Touzé S.; Rauch M.; Hascoét\l. Flowability characterization and enhancement
of aluminium powders for additive manufacturidgiditive Manufacturin@020,
36, 101462.

Platzman I.; Brener R.; Haick H.; Tannenbaum R. Oxidation of polycrystalline
copper thin films at ambient conditionEhe Journal of Physical Chemistry C
2008,112 110%1108.

Unutulmazsoy Y.; Cancellieri C.; Chiodi M.; Siol S.; Lin L.; Jeurgens L.P. In situ
oxidation studies of Cu thin films: Growth kinetics and oxide phase evolution.
Journal of Applied Physic2020,127, 065101.

Choudhary S.; Sarma J.; Pande S.; AbaBoard S.; Turban P.; Lepine B,
Gangopadhyay S. Oxidation mechanism of thin Cu films: A gateway towards the
formation of single oxide phasAlP Advance2018,8, 055114.

Aromaa J.; Kekkonen M.; Mousapour M.; Jokilaakso A.; Lundstrom M. The
Oxidation of Copper in Air at Temperatures up to 100C@rosion and Materials
Degradation2021,2, 625640.

Honkanen M.; Vippola M.; Lepistd T. Low temperature oxidation of copper
alloysd AEM and AFM characterizatiodournal of Materials Scienc2007,42,
46844691.

Wan Y.; Wang X.; Sun H.; Li Y.; Zhang K.; Wu Y. Corrosion behavior of copper
at elevated temperatuiat J Electrochem S@012,7, 79027914.

92



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

34. Song J.; Zhang F.; Hu Q.; Jiang W.; Li D.; Zhang B. A Novel CeO2/Cu20/CuO
Nanocomposite Designed from a CeAlCu Glass Precursor as an Excellent Dual
Function Catalyst in Dye Wastewater Remediati@immCatCher2021,13, 924
933.

35. Speidel A.; Gargalis L.; Ye J.; Matthews M.J.; Spierings A.; Hague R.; Clare A.T;
Murray J.W. Chemical recovery of spent copper powder in laser powder bed
fusion.Additive Manufacturin@022,52, 102711.

36. Ashour M.; AbdelWahab M.S.; Shehata A.; Tawfik W.Z.; Azooz M.; Elfeky S.A.;
Mohamed T. Experimental investigation of linear and toirdier nonlinear optical
properties of pure CuO thin film using femtosecond laser pulsesnal of the
Optical Society of America B022,39, 508518.

37. El-Wardany T.; She Y.; Jagdale V.; Garofano J.K.; Liou J.; Schmidt W. Challenges
in 3D Printing of High Conductivity Copper. In Proceedings of the International
Electronic Packaging Technical Conference and Exhibition, 2017; p.
V001T001A005.

38. Gan Z.; YuG.; He X.; Li S. Surfaezctive element transport and its effect on liquid
metal flow in lasejassisted additive manufacturing.International
Communications in Heat and Mass Trans#8i.7,86, 206214.

39. Pogson S. ; Fox P.; Sutcliffe C.; O6bnei Il W
DMLR. Rapid prototyping journa2003.

40. Ghasemi A.; Fereiduni E.; Balbaa M.; Jadhav S.D.; Elbestawi M.; Habibi S.
Influence of alloying elements on laser powder bed fusion processability of
aluminum: A new insight into the oxidation tendengyditive Manufacturing
2021,46, 102145.

41. Harp W.; Dilwith J.; Tu J. Laser ablation using a lgmgsed, higkfluence, CW
singlemode fiber laserJournal of Materials Processing Technolo2§08,198
22-30.

93



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

42. Bertasa M.; Korenberg C. Successes and challenges in laser cleaning metal
artefacts: A reviewJournal of Cultural Heritage022,53, 100117.

43. SONG L.; SHANGGUAN J.; LI C.; QIAN D. INDUSTRIAL LASER
SOLUTIONS., Laser cleaning with continuewswve vs. pulsed fiber lasers.

Available online:https://www.laserfocusworld.cofaccessed on

44, Steen W.M.; Mazumder LLaser material processingith ed. springer science &

business media; 2010.

45, American Elements. American Elements, Copper(l) Oxide & Copper(ll) Oxide.

Available online:https://www.americanelements.cqactcessed on

46. Ito T.; Yamaguchi H.; Masumi T.; Adachi S. Optical properties of CuO studied by
spectroscopic ellipsometryournal of the Physical Society of Japaf98, 67,
3304-3309.

47, AntonopoulodAthera N.; Kalathakis C.; Chatzitheodoridis E.; Serafetinides A.
Theoretical and experimental approach on laser cleaning of @lh#pplied
Science2019,1, 1-12.

48. Mohsin I.U.; Lager D.; Hohenauer W.; Gierl C.; Danninger H. Finite element
sintering analysis of metal injection molded copper brown body using thermo

physical data and kineticEomputational materials scien@912,53, 6-11.

49, Boschetto A.; Bottini L.; Pilone D. Effect of laser remelting on surface roughness
and microstructure of AlISi10Mg selective laser melting manufactured pées.
International Journal of Advanced Manufacturing Technolag®1,113 2739
2759.

50. Shugaev M.V.; He M.; Levy Y.; Mazzi A.; Miotello A.; Bulgakova N.M.; Zhigilei
L.V. Laserinduced thermal processes: heat transfer, generation of stresses,
melting and solidification, vaporization, and phase explosiorHdndbook of

Laser Micraand NaneEngineering Springer: 2021; pp. 8B63.

94


https://www.laserfocusworld.com/
https://www.americanelements.com/

Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

51. Kearns A.; Fischer C.; Watkins K.G.; Glasmacher M.; Kheyrandish H.; Brown A;
Steen W.; Beahan P. Laser removal of oxides from a copper substrate using Q
switched Nd: YAG radiation at 1064 nm, 532 nm and 266 Applied surface
sciencel998,127, 773780.

52. Davis J.RCopper and Copper Alloy&\SM international: 2001.

5. Mall M.:; Koutnl D.; PantDlejev L-; Pambagui
temperature preheating on pure copper twveled samples processed by laser

powder bed fusionlournal of Manufacturing Process2622,73, 924938.

95



Chapter 4
On The Fabrication of High-Performance
Additively Manufactured Copper Winding Using

Laser Powder Bed Fusion

CompleteCitation:

Abdelhafiz, M.; Emadi, A.; Elbestawi, M.AOn the fabrication of highperformance
additively manufactured copper winding using laser powder bed fudiaterials2023

16(13), 4694 https://doi.org/10.3390/mal6134694

Copyright:
Thisis an operaccess article. It idistributed under the Creative Commons Attribution
License which permitsthe reuse, distribution, and reproduction all articlesif proper

accreditation/citation of the original publication is given

96



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

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 fusicuPER) coil

by increasing the sldilling factor (SFF) and the electrical conductivity. Firstijre
dimensional limitation of CLPBF fabricated parts was identified. Sample contouring and
adjusting beam offset associated with optimum scan track morphology upgraded the
mi ni mum feature spacing to 80 efiingfastorcor di ngl vy,
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 fulkize CULPBF coils, newly reported in this study, was measured and
compaed with solid wire. It can reflect the performance oflGRBF 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

addiional 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 coshd@ed
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 loEk@3. However, copper powder hasinique
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 thatfuleatensity copper p#&s can be
produced using conventional infrared fiber lasers with a laser power of 500 W within a

volumetric energy density window of 23810 J/mmi[3].

AM techniques may not achieve the same physical properties of fabricated parts as
traditional manufacturing methods. Thewer 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 pow®] or pulsed lasefd] 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 c¢@aér

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 causaealistortion

and lead to deviations from the intended dimensj8hsAdditionally, 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-diffatted zone around the laser spot
diameter. It is therefore recommended to utilize an optimal beam offset that thehalf
radius of the | aser beamds c (0. Meaguringthene and s h«
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 useoofdinate measuring
machinesX-ray computed tomography systems, and optical scafb@lsMicroscope
images in conjunction with image processing software offer an alternative noncontact
measurement approach. Higksolution microscope images of the part can be captured and
processed using specialized software such as Injabd.2] 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 thesssugah
porosity follow a Ushaped curve with respect to the energy deifi8jty3]. 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 scanpe®gsdoes not compensate

for the lack of required energsince 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 povidesed AM parts. Sample contouring is
rarely reported in GULPBF despite being an effective tool for reducing the roughness of

part sideg13,15]

The main objective of this work is to improve the power density of the RBF coil by
enhancing both the SFF and the electrical conductivity. The coil power density is defined
by the amount of electrical power per unit cresstional area of the conductbncreasing

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 optimizedNinie some
studies have reported the DA and surface roughness-0P8& parts[7,17-19], none

have presented potentialsitu 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 anddjusted beam offset
Cu-LPBF test coupon. In this step, DA and surface roughness were also investigated. The
morphology and size of singkean 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 coilsravéneatireated to quantify the improvement in

electrical conductivity.
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4.2 Materials and Methodology

4.2.1 Powder Characteristic

In this study, anitrogenatomized pureopper powder (99.9% wt) was processed by LPBF

to fabricate test samples. The particle size varies from 7 {d 6@vhere the D10, D50,

and D90 are equal to 16, 31, and{%$1, respectively. Powder morphology shows that Cu
particles are primarily spherical and qusgherical, as illustrated iRigure 4-1. High
magnification on Cu powder indicates a few srsatelliteparticles adhedto 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 #flight collision [20]. The Cu powderds apparent
and hall flow of 11 s/ 50 g were measured

B212 and B213, respectively.

SEMHV:1000kv  WD:17.05 mm

SEMHV.1000kV  WD: 17.05 mm VEGAN TESCAN =
H Viewfleld: 108.3ym  Det: SE 20pm U

Viewfield: 4357 pym  Det: SE 100 pm wi

Figure4-1: 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, with a continuous wavelength of 108@0 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 mand layer thickness of 0.04 mm, as reportgdjn

Since the DA of LPBF fabricated pai$ 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 dimesasiwitive application. In

this regard, a cusin coupon design, inspired by benchmark artifacts preser@t jnvas
fabricated to determine the minimum acceptable spacing between the fdeigues4-2

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 weidfined. The binary images were discretized to obtain
one reading pepixel. The surface roughness of the printed samples was quantitively
assessed by the Mitutoyo-810 stylus profilomet€f8]. Fivemeasuremens were done

over a set distance of 4.8 mm in the building direction (Z).

Front view

Top view

Figure4-2: 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-$eossn coils and

cube samples, as shownHigure4-3. 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 follawg the steps offered by ASTM B9@2l. 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 roortremperature 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/urface
topography and sample cressction 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 usi ng pendedpartickesisite. Dhe iblished sampdes sere 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 rinséllhe microstructure was investigated via an optical microscope

Nikon LV100.
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Cu-LPBF of round

J |
wire 2mmdia) || Recoater | / | Dispenser |

| Process chamber door |

Control terminal

Figure4-3: As-built Cu samples before separation from the steel build péfte dnd
EOS M280 (ight).

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 temperatuare pampe

10 °C per min. The dwell time was 4 h, followed by furnameoling to ambient

temperature.

The DC resistance of dmililt and(heattreated) HTed coils was measured by a KEITHLEY

2400 Source Meter from the Tektronix company at room temperature. Thd &woinal

Sensing method was implemented to counteract the impact of contact resistance on the

readings Figure 4-4a). In addition, 1yauge (2.05 mm) copper wires with round and

square cross sections were procured to use as
wire. These higipurity Cu wires (99.9%) were manufactured by ocdtdwing 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 KEYSIGHT98A9 which

produces frequencies of a range from 20 Hz to 10 Miitpu¢e4-4b).
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Figure4-4: Resistance measurement setup for copper ca)l®C resistancepj 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 Iight of the current workoés goal of examini
necessary to establish a baseline using an untuned sample (no contouring and without beam
adjustment) for future comparisorfsigure 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 ofwafter LPBF was noted along the TF

l ength regardless of the nominal size. The ave
and minimum value of 200 and 0 & m, respectivel
after image conversion to a binary format whiehvi ed from 80 em up to a I
1 8 Om, as shown ifrigure4-6. 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 depictedrigure4-5. The last contact point exhibited less variation of

mi ni mum spacing with a standard deviation of

Image
threshold

Zc> Nominal
g size (CAD)
1)
1.1
1
0.9
g 0.8
& 5 —— As-built
£ CAD
'c 0.5
= 04
0.3 J » Gap o
0.2 /— closed
0.1
0 2 8 10

4 6
Length (mm)

Figure4-5: Width variation of the TF before contouring and beam offset adjustment.
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Figure4-6: 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 pafigure4-7 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 poaegilable on the EOS machine will be adequately

specified to compensate for the thickness of the simgtk width. The employed laser

follows an axisymmetric Gaussian profile characterized by the distribution factor

indicating the laser power intensitythe beam center and the radial decay of laser power.

As a result, the nominal beam diameter is surrounded by affeetted zone noted by the

effective laser beam diameter, as presenté&dguare4-7. 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 &m.
to predict. Therefore, it will be measureased on the actual printed singlan track. The

outer surface irregularity of uncontoured Cu parts is due to the heterogeneity of heat energy

delivered along the part edge, as illustrateBigure4-7a . The | aser pathoés st
points also possess different energy densities due to the acceleration and deceleration of
the laser scanng®]. In contrast, the contour track guarantees consistent melting of the part

edge.
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Figure4-7: Schematic of LPBF part size in case &f ntuned beam offset (machine

default) and without contouringy) with contouring and optimized beam offset.
Assessing the scan line width amdorphology

Figure4-8a 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 acchiguse@-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 em at the correspondi egze sfphe mothinablhser2 00 mm/ s .
beam di ameter. The maxi mum absolute width is 4
the adhesion of Cu particldsigure4-9 summarizes the change in average width relative

to scanning speed. Surprisingly, the mini mum a

the beam diameter.

The scanning speed and the corresponding linear energy density also impact the
morphology of tracks. As shown Kigure4-8b, the scan tracks become more unstable by
increasing the scanning speed. The presence of &nghlowpressure areas that result in

pinched and humped bead zones, indicateéigare 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 PlateaRayleigh 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 shownFigure A1. The minimum variance of track width

was obtained at V equal to 400 mm/s.
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Excessive melting Sufficient melting Lack of melting

< »

Oversized width Continuous Instability/Fragmentation

Figure4-8: Single tracks of CILPBF show the evolution of their morphology with
respect to scanning speed) SEM images of scan lines deposited on top of printed
coupons, If) scan lines with a black background.
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Figure4-9: Singletrack average width as a function of scanning speed.

The beam offset and scanning speed assigned for contouring and core process parameters
are stated irmable 4-1 according to the results acquired in this section and the density
measurement obtained [A]. Since the partially melted powder particles adhered to the
track border were observed at all scanning spedbeam offset during core melting is
shifted a little further by the magnitude of maximum deviation aiming to reduce any
additional powder adhesioit 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 jude or predict optimum performance based on a single parameter, but it is

an integration of the influence of multiple factors.

Table4-1: Beam offset and scanning speed assigned for contouring and cofRBEu

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 applysagple 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 fusionrfjadly melting), as shown ifrigure 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

opencore surface, particle adhesion is more intensive in the uncontoured samples. It is

attributed to the sizeable irregular surface area created by meltpool spheroidizdtéon at t

tracks terminal. The formation of balls, as indicateHigure4-10b, is the most significant

factor affecting surface quality, i . e., Ra wa
corresponding to grade N10 and N9, respectively. This conspicuous behavior can be

explained by the lack of wettability of molten metal witheeent 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 parametef7ijeditait pool

instability at the track terminal might also result in splashes of molten dr{ipgtS hese

formed balls take irregular shapes with appr o>
hand, excellent laysrbonding can also be achieved by contouring, as evinced by the

detectable deposited | ayeilFigued-l0mt er face in the

The edge morphology of cresectioned DA coupons in the XY plane is illustrated in

Figure4-11with and without contouring. It reveals a new location of lack of fusion defect,
approximately 200 em away from the edge, align
overlap between the contour and core hatch is reported to be one of the reasorsibkhind

a defecf24]. According to the track width measurement and the applied beam offset, the
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over |l apping of 70 &em can be assumed to provid
caused by scan line instability where the melt pool (liquid) collides with the solidified

contour. At this instant, the molten metal experienced a different surfaceafwiceeat

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 swffélce uncontoured

samples. It reduces the mechanical strength by increasing the stress concentration at this

point. Therefore, it offers a further benefit for contouring use.

¢ Interlayer
bonding

% Track
| terminals

Figure4-10: SEM micrograph of the side surface-ClaBF samples: &) with contouring,
(b) without contouring.
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Contour/hatch inteﬁace

(b) Sharp valley

500 um

Figure4-11: SEM of CuLPBF samples edgea) with contouring, 6) without

contouring.
Effect of beam offset adjustment on DA

The mini mum spacing between the TF was i mpr ove
sample contouring and the optimum beam offset ot (Figure4-12 shows a consistent

minimum spacing compared with the uncontoured sample. It is worth noting that the width

variation is sizedependent, as shown in the TF wid#rsus the length plot frigure4-12.

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 exhgdt 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-itieBRFied parts.
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Figure4-12: 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 owbf-roundness error for a set of holes printed on the.BBF coupon, as
shown inFigure4-13a. The circularity (roundness) of microhole features was calculated
using Cox6s met heguvalénydiametef, asrini Eftlg where A i€ thee
actual surface area of the object, and P is the perinkéteiré4-13b) [20]. Therefore, the
perfect roundness will be % equal to 1. The actual polygon aréa)(was calculated

by summing the triangle areas corresponding to two consecutive points on the
circumference ®hw , @ Mo  and the centerofly , known by gaussés ar
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 {Rand the radius of the largest inscribed circlg [B5].

As defined by ASME Y14.5 M-1994, the two concentric circles are assigned in a way that

minimizes the radial distan¢25].

115



Ph.D. Thesi$§ Mohamed A. Mohamed Mcmaster University Mechanical Engineering

%o T b 76
\ 0 o 41
whereo ™ wB o O

—— 500 um

Figure4-13: Roundness of microholes fabricated onlB®BF coupon: (a) SEM ds
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 obtainedsby and the MZC method are provided in
Figure4-14. Even though contouring of curved edges significantly raises the quality of the
surface, oubf-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 assubpeediu® 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 tineumiand
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

e m. Therefor e, it needs t oLPBfcois.onsi der ed
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Figure4-14: Roughness error of microholes fabricated oALEBF coupon using Cd@x s
andthe MZC method.

4.3.2 Characterization of As-Built Coil

The LPBFCu coils used in this study were designed in accordance with several

requirements: (Mabrication on top of 1 mm of sacrifice printed Cu substrate to avoid any

upward fusion of metallic impurities, i.e., Fe andli/C (2) the minimum spacing between

the coil turns

wa s

s el

ected

t

(0]

be

250

em,

and triple the margin of the straight portion. The goal is to prevent any short contact

between coil turns that may be caussdunexpectdg adhered particles, as discussed

previously. (3) The coil length should be compatible witaASTM B19302 Standard,

which recommends the test length to be at least 30028n(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 squaresemigm 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 procestes with
same laser parameters and measured using the same procedures and methodology, the RD
of the asbuilt coils indicates a slight drop when compared to the cube samples. Increasing
the surfacdo-volume ratio of LPBFed parts made of high thermal condiigtiaaterial

such as Cu leads to different densification between core and border regions, as shown in
Figure4-15. 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

tempeature to increase, which improves the RD of(Z4.

Reduction of porosity

A

Part core

Center Line

—»
N

1 mm

500 um

Figure4-15. SEM of CuLPBF cross section shows the distribution of porosity in the

transverse direction.
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The SFF is defined as the ratio of the cresstional area that the conductor wire occupies

within the stator slot to the total amount of empty slot spa8k Assuming that the coil

wi || be installed in a rectangular stator sl ot
was calculated to be 79% and 63% for square and round wire, respectively. In comparison

with the traditional manufacturing method, theirpin 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 Wi28]. 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 performarme r@liability.

DC and AC Resistance

The electrical conductivity,( of asbuilt round and square winding was calculated by
substituting in Eg4-2 using the measured DC resistantde ) and wire geometries. The
standard electrical conductivity () of pure wrought Cu, according to the International
Annealing Standard (IACS), is 5.8 x"18/m[26]. The actual crossectional areas (A) of

all wires used in the calculation are presentdeignre4-16a. 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 dtigure4-16b shows the of the printed coil
compared with the corresponding solid winding (pure wrought). ,Tloé LPBFed Cu

winding was 20% less compared with the standard conductivity of Cu.

e w WSHY O
, 000 Y—m 4-2

”
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Figure4-16: DC and AC resistance of solid and printed coils. (a) dteal 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) lllustration of the effective arkiglatfrequencies
known as fithe skin ef f e dntedsjtyregibnotLPBFparti nci des wi

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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el ectronsdé scattering, increasing their resist
electrical resistance is governed by the number of disruptions found in the periodic atomic
lattice structurg30]. It reduces the fregaveling distance of electrons without disturbance,
known as the fimean free patho. The increase in
pure solid metal originated from material defects such as porosity, grain boundaries,
vacaicies in the atomic lattice, and dislocation of crystal structure. The porosity (when
present) in CtLPBF has the greatest impact on material conduci8ity. 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 payoreduces the effective cress
sectional area. Several researchers developed models that describe the relationship between
material conductivity and porosity , as stated iTable4-2. Eq 4-3ais a straight line

drawn to fit the experimental data for Cu processed by powder metallurgy of seven
researcherf32]. In a range of less than 30%, the relationship can also be approximated

by a straighline equation but with  p® ¢ [B3]. The effective thermal conductivity

(0 ) can be calculated by effective medium theory (EMT), which models the porous
material as a typical twphase structure. In E4-4, EMT assumes a random distribution

of two phases, where (1) refers to parent material (copper) and (2) refers to pores. By using
the WiedemariFranz law (Eq 4-5), EMT could be reformulated to describe the
relationship betweep and-. In the case of porous copper, Koh calculated the material
dependent numbers L and b to be 2.307'8 20rf+ and 18.& Hi 8+, respectively34].

At - = 0.06, which is approximately the porosity % of our printed coils, the predicted

, OO0 0 BY means of the aforementioned models. &8a, b,and4-4) is 87%, 93.3%,

and 89%, respectively. Thus, the obtaineaf 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 ctsnponen
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 decling, ifi3]. These models, in contrast, presupposed-high

purity copper.

Table4-2: Conductivityi porositymodels

Ref. Conductivity and Porosity Relationship

[32] w1 ¢®
woow P 4-3
[33] (b1 ppco

[35] 0 Mool PpQ ¢ o Q 4-4

o0 pQ ¢ o0 Q PoQ
where is the volume fraction
[34] Q@ 0 "Y, @(WiedemaniiFranz law) 4-5

Where L is the Lorenz number, T is the absolute temperature, and

materiatdependent lattice (phonon) contributions to thermal conduc

The AC resistance (g spectrum is plotted iRigure4-16c for the Cuprinted and solid
coils with respect to a frequency range from 20 up foHEO 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 crossect i onal area than round wires, squa
dramatically at high frequencies. It is worth noting that the difference.dbdween

printed and solid coils in both square and round cases tends to be constant at low
frequencies, as seen in the magnified graptigare4-16d, and then continuously diverges

by increasing the frequency.

The tendency of AC to concentrate near the cor
effecto rather than being di s tsectiopnoftted evenly
conductor. At high frequency, the current density is maximujmatlthe circumference

and reduces exponentially toward the center. As a result, it increases the wire resistance by

reducing the effective area, as illustratedrigure4-16e . ASkin deptho is defi
distance from the outer surface to the point at which the current intensity reaches 37% of

lo (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-igure4-15, 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 tast majority of the alternating current.

Thus, the R 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 roughnes43¢hl# is attributed

to the increase in charge carrier path length. Therefore, surface roughness possibly

contributes to the higher resistance of printed lsedause its surface quality is inferior to

the smooth surface of solid wire. I n this stud
higher than the Rmeasured for printed samples. Thus, it is believed that porosity

distribution i s d o mi n a n-dectioh geometry ahdh shape onduct or
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considerably affect the current density distribution. As depictétgare4-16e, the skin
effect reduces the effective area of the
toward the corner$38]. Accordingly, the R of the solid and printed square coil is

relatively higher, as found iRigure4-16c.

where] is the skin depth, is the angular frequency, is the absolute magnetic

permeabilityof the conductor.

4.3.3 Effect of HT

HT of thecontoured CtLPBF samples led to further improvement in surface roughness.
The Ra was reduced from 5.3 to 3.9 em due
as manifested by the SEM micrograph of the side surfaB&gure4-17. In comparison,

the optimum R of the side surface of dmuilt samples obtained by employing a high
precision LPBF [INMaThédpplied HT effecvel\8sintered thelaslt
components, resulting in the fusion of both the unmelted powders and the adjacent tracks
[31]. This sintering process resuli@dhe development of neck formation between adhered
particles and the side surface. It is reported that HT can reduce the surface roughness of
AISi10Mg parts manufactured by LPBF by 113®]. When heat is applied to powder
particles near melting temperature, the particle shell starts to melt, but the core stays
unaffected. I't is known as Aliquid phase

of the particle continue as long as tieat is applied near the melting pdud].
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Figure4-17: SEM micrograph of the side surface after HT shows improvement-of Cu
LPBFO6s surface roughness.

Figure 4-18 compareghe, of Cu processed by different powder bed AM techniques,
including the results obtained in this study, with the min and mecalculated by
conductivityi porosity models. It is noted that theof the part manufactured by LPBF in

(d), (), and the current work (b) approach (equal to or barely less than) the estimated values
by , - models at the corresponding RD, regardless of being -luitsor HTed
condition. However, there are two exceptions to this trend, where, tie either
significantly low in (a) or exceeds both and, , as shown irFigure 4-18e. At
relatively low laser power, incomplete fusion between tracks and deposited layers results
in unmelted powder particles trapped inside the p{8&k Therefore, due to multiple
interfaces of powder particles and the porebs
increased if compared with unfilled pores with the same empty volume. Hence, the shape,
structure, and distribution of pores afféutf hnot just- P [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 pardBipadn
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the other hand, electron begowder bed fusion (E®BF) is superior in the field of Cu
additive manufacturing. A highurity fully dense part with a long columnar grain structure
accounts for the remarkable performance offE-[41], even though the conductivity
values may be overestimatg]. Employing highprecision (hpb PBF wi t h 25 em bean
size results in a tiny grain size in the rangeidf 5 € m, canseduentlyhigher resistivity.

It occurs due to a smaller molten pool and a faster cooling rate, leading to fine grain size
and high dislocation densitjl7]. HT at 1000 °C, higher than the recrystallization
temperature, enhances conductivity by restoring grain boundaries and dislocation density,
bringing it closertq,  , as in case (f) and the current work. Neverthekesseported in

[3], the electrical conductivity without HT could reach the valug of (Figure4-18d).

In binderjetting AM, the remaining carbon after binder bwffi contributes to further
conductivity loss[33]. It is reasonable to conclude that the conducfiyibrosity

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 showrrigure4-19. The average

grain size was calculated according to ASTM E1B2by substituting into Egl-7 [42].

The average grain size before and after HT wi

respectively.

5
3 T®E p

whereA is the area of a rectangular portion taken from the microscope irbageand

¢ are the number of enclosed and intercepted grains with the perimeter.
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Figure4-18: Comparison of the electrical conductivity of Cu processed by different
powder bed AM methods: (a) mediymwer LPBH31], (b) current study, (c) binder
jetting AM [33], (d) highpower LPBH3], (e) EBPBF[41], and (f) highprecision LPBF
[17] with min and max calculated by conductivity porosity models.

Figure4-19: Microstructure befored) and afterlf) 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
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