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Oxygen Level and Particle Size Effects on Sintering of

Binder Jetting Copper Parts

Abstract

Copper is one of the most conductive metallic materials. For most metals, additive
manufacturing is prone to laser or electron beam powder bed fusion processes. Due to
copper's high reflectivity and very high thermal conductivity, it is difficult to print 3D
parts with powder bed fusion methods. Binder jetting, which is a developing 3D
printing technology, has a high potential for use in order to eliminate these problems
of copper and low processing costs. In this study, the effect of particle size distribution
and oxygen level of the copper powders on part density, tensile strength, surface
roughness and electrical properties of the final parts were investigated. After the
sintering parameters study, it is seen that 1070°C and 100% H> are required for
sintering temperature and atmosphere. When we compare L-O 10-63 to L-O15-45, it
was observed that the surface porosity was very low but the internal porosity was high
and larger in the samples with L-O 10-63. In H-O 15-45 samples, there is an
inhomogeneity for the pore distribution along the cross section. Also, the best results
of tensile tests and electrical conductivity are obtained with low oxygen content of 15—
45 pum particle size copper powders. The powder with high oxygen level resulted in

lower results than the powder with low oxygen.

Keywords: Additive manufacturing, binder jetting, copper, particle size, oygen level



Baglayici Piiskiirtmeli Eklemeli Imalat Ydnteminde
Bakir Parcalarin Sinterlenmesinde Tane Boyutunun ve

Oksijen Seviyesinin Etkisi

Oz

Bakir en iletken metalik malzemelerden biridir. Cogu metal icin, eklemeli imalat, lazer
veya elektron 15101 toz yatagi flizyon islemlerine egilimlidir. Bakirin yiiksek yansitma
ozelligi ve cok yiiksek 1s1 iletkenligi nedeniyle toz yatak fiizyon yontemleriyle 3
boyutlu parcalarin basilmasi zordur. Baglayici piiskiirtmeli eklemeli imalat yontemi
ile bakirin bu problemlerini ortadan kaldirmak i¢in kullanim potansiyeli yliksek olup,
diisiik isleme maliyetleri gibi avantajlart ile one ¢ikmaktadir. Bu ¢alismada, bakir
tozlarmin partikiil boyutu dagiliminin ve oksijen seviyesinin, nihai pargalarin parca
yogunlugu, c¢ekme mukavemeti, ylizey piriizliligii ve elektriksel 06zellikleri
tizerindeki etkisi arastirilmistir. Sinterleme parametreleri caligmasindan sonra,
sinterleme sicakligi ve atmosferi i¢cin 1070°C ve %100 Hz gerekli oldugu goriilmiistiir.
Diisiik oksijenli 10-63 ile 15-45' karsilastirdigimizda, Disiik oksijenli 10-63 ile
numunelerde ylizey gézenekliliginin ¢ok diisiik oldugu ancak i¢ gdzenekliligin yiiksek
ve daha biiyiik oldugu gozlemlendi. Yiiksek oksijenli 15-45 numunelerinde ise enine
kesit boyunca gozenek dagilimi igin bir homojenlik yoktur.. Ote yandan ¢ekme testi
ve elektriksel iletkenlik acisindan en iyi sonuclar, diisiik oksijen igerigi 15-45 pm
partikiil boyutunda bakir tozlar ile elde edilmektedir. Oksijen seviyesi yiiksek olan

tozlar, diisiik oksijenli tozlardan daha diisiik sonuclar géstermistir.

Anahtar Kelimeler: Eklemeli imalat, baglayici piiskiirtmeli eklemeli imalat yontemi,

bakir, tane dagilimi, oksijen seviyesi
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Chapter 1

Introduction

1.1 Aim and Objective of the Thesis

Additive manufacturing (AM) is a process of joining metal powders layer by layer in
order to make complex shaped objects using 3D model data. The use of Additive
Manufacturing (AM) with metal powders is a new and growing industrial sector.
Additive Manufacturing is different from traditional manufacturing methods in which
materials are produced, then reshaped, machined, or otherwise finished. Titanium,
steel, stainless steel, aluminum and copper, cobalt chrome, titanium and nickel-based

alloy powders are used in additive manufacturing. [1]

Copper is one of the most conductive metallic materials. Its electrical and thermal
conductivity is second only to silver. For most metals, 3D printing is mostly done by
laser or electron beam powder bed fusion processes. [2] Due to copper's high
reflectivity and very good thermal and electrical conductivity, it becomes very difficult
to print 3D parts with powder bed fusion methods. Also, both methods are very costly
additive manufacturing methods for producing 3D copper parts. Binder jetting additive
manufacturing method, which is nearly a new 3D printing technology has a high
potential for use in order to eliminate these problems of copper and stands out with its
advantages such as multiple part production and low processing costs. The aim of this
thesis study is to investigate the effects of the powder size distribution and the oxygen
amount in copper powders on the density, mechanical, electrical properties of the final
part which is produced by Binder Jetting technology. Sintering parameters
optimization and binder jetting parameters optimizations have been carried out and

their results have been also discussed.



1.2 Theoretical Background

1.2.1 Additive Manufacturing

Additive manufacturing (AM) enables the production of parts that are difficult and/or
impossible to produce with traditional methods. The most important advantages are;
the use of a wide variety of materials such as polymers, metals and composites,
flexibility in design, the ability to combine 3D model data and materials layer by layer
to produce complex shaped parts with very precise dimensional accuracy. In addition,
complex geometries such as honeycomb structure and cooling channels can also be
produced easily. It has also advantages that enables lightening, extends product life

and reduce material waste. [3]

Since additive manufacturing has a high manufacturability potential compared to
traditional methods, it provides an advantage in producing optimized complex designs.
Resins and thermoplastic polymers, metals such as titanium and superalloys, and

composites are the most used materials in additive manufacturing.[4]

The use of Additive Manufacturing (AM) with metal powders is a new and growing
industry sector. Additive Manufacturing is different from traditional manufacturing
methods in which materials are produced, then reshaped, machined, or otherwise
finished. Titanium, steel, stainless steel, aluminum and copper, cobalt chrome,
titanium and nickel-based alloy powders are used in additive manufacturing. [5]

The part designed in the computer environment, as shown in Figure 1.1, is converted
into the required format (*.STL) and divided into layers, and additive manufacturing

machines create these layers according to their unique technique.[6]

Figure 1.1: Additive manufacturing (3D printing) process step



1.2.2 Additive Manufacturing Techniques

According to ISO/ASTM standards (ASTM F2792), the techniques used to create
additive manufacturing layers fall into seven categories, the first four on the list being

suitable for metals.

e Directed Energy Deposition
e Powder Bed Fusion

e Sheet Lamination

e Material Extrusion

e Material Jetting

e Vat Photo Polymerization

e Binder jetting

1.2.2.1 Directed Energy Deposition

The directed energy deposition process is based on a raw material feeder and energy
source as shown in Figure 1.2, melting the material and depositing the molten material
on the sheet. Although it is similar to classical FDM systems in that it forms the part
by stacking the molten material in layers, it has great differences in terms of both raw

material and energy source.

Although it is mostly used in industrial applications such as repairing damaged turbine
blades and propellers, it is also possible to manufacture parts from scratch with this
method. Compared to other metal additive manufacturing applications (SLM, SLS),
more efficient and larger parts can be produced. However, it is impossible to produce
complex geometries such as lattice structures with this method. This method is

preferred for coarser geometries where high resolution is not required.[7]



Figure 1.2: Types of directed energy deposition

Wire & powder system comparison

e Wire fed systems are more economical due to the low cost of raw materials

e The deposition rate per unit time is higher in wire systems.

e The surface roughness of the final product is much higher in wire fed system.
Therefore, the post-process requirement is more.

Directed energy deposition method has advantages such as high accumulation rate,
rapid prototyping, lower raw material cost compared to powder bed laser systems,
large-size parts production, high-strength parts production, repair of damaged parts
with this method, its use in processes such as adding external coating to existing parts,
and efficient raw material use. In addition, it has disadvantages such as the high initial
investment cost compared to other methods and the high surface roughness, especially

in wire-fed systems.[8]

1.2.2.2 Powder Bed Fusion

Powder bed fusion technologies are based on the principle of fusing powdered

materials by melting or heating, using a power source such as laser, infrared light



source and electron beam. In this method, powder materials are spread on a building
table in layers. Each layer is processed in a controlled manner by melting only required
areas with a laser. These processes continue one after the other, eventually forming the
part.[9]

During part production, various parameters affect part quality. These depend on the
parameters of the machine used, material properties, manufacturing environment
conditions and part design. Machine parameters; layer thickness, scanning speed,
scanning distance, laser focus diameter, laser power, scanning strategy, etc. can be
listed as Material properties can be any physical and chemical properties of the
material. The manufacturing environment includes factors such as temperature and
atmosphere. Part design, on the other hand, covers various parameters such as the

geometry of the part and its positioning on the table. [10]

PBF is classified into laser beam melting (LBM), electron beam melting (EBM), and
selective laser sintering/melting (SLS/SLM). Binder Jetting technology is also a
powder bed based additive manufacturing method; however, binder is used instead of
using power source to fusion powders. Therefore, it is usually classified in sinter based

additive manufacturing. [11]

1.2.2.2.1 Selective Laser Sintering/melting

Selective laser sintering/melting (SLS/SLM) is an additive manufacturing technique.
The product, which is designed in 3D in the computer environment, is created in layers,
mapped and these layers are produced layer by layer and take their final form. The 3D
machine that will make the production must have a mechanism that can spread the
material in powder form in layers of the desired thickness and an optical mechanism
that can apply laser to the desired points. The dimensions of the products whose
production is completed with SLM are very close to the designed dimensions.

However, final operations may be required. [12]

In SLM technique, chipping is not necessary after production. Stress relieving, sand
blasting and electrochemical polishing operations may be required. Stress relieving
can be done after production in order to remove the thermal stresses that occur because

laser is not applied to every point of the product at the same time. Apart from these,



since the product takes its final shape directly, it is superior to casting and tooling

production techniques. [13]

During SLM production, one layer of powder material is spread at a time. As it can be
seen in the Figure 1.3, the piston under the chamber where the raw material is stored
rises each time by the layer thickness, while the piston in the product chamber
decreases as the layer thickness. With the help of a roller, the new layer is layered the
production chamber. The beam received from the laser source is with the help of
mirrors that can scan all the coordinates in the production chamber and it is dropped
on the new layer formed. The powder material on the parts where laser is not applied

can be reused. [14]

Figure 1.3: Schematic of typical SLM machine [15]

1.2.2.2.2 Electron Beam Melting

Electron Beam Melting (EBM) is a powder bed fusion (PBF) method similar to
(DMLS as a solid pattern is built from metal powders. The key difference is that in

EBM the heat source is electron beams. EBM technology is a process that builds layer



by layer by melting completely dense metal powders with a powerful electron beam.
[16]

The operation of the system begins with the sending of an electron beam from the
filament as shown in Figure 1.4. A series of coils is used to control and scan the
bundles. By accelerating the electrons between the cathode and the anode, the energy
required for the melting of the powders is produced. The electron gun and the powder
bed are in a vacuum system, thus providing an extremely clean and contamination-free

environment.[17]

Electron

Figure 1.4: EBM process chamber [18]

The biggest difference between the EBM and SLS/SLM is in the preheating and the
cooling process. While EBM Technology produces with preheating between 650 and
1100 degrees, DMLS/SLM/SLS systems produce at an ambient temperature of
approximately 200 °C. Another important difference between the technologies is that
laser-based systems operate under a gas atmosphere, while EBM systems operate

under vacuum. [19]



In the EBM method, there is no need support structure to mechanically connect the
parts to the table, as the parts are not mechanically stressed. This gives two main
advantages; the first is that usage of short supports that are not mechanically attached
to the table, instead of dense supports that are attached to the table, and the other one
can use the production area to the end in the z direction by stacking them on top of
each other. [[19,20]

The most well-known difference between EBM and DMLS systems is the differences
in surface roughness and geometric tolerance. This difference is seriously dependent
on the geometry, but the surface of the production of the laser system is cleaner and
the geometric tolerance is more successful. [21]

1.2.2.3 Sheet lamination

During the sheet lamination process, sheets of adhesive-coated paper, plastic, or metal
laminate are joined together using heat and pressure, and then shaped with a computer-
controlled laser or knife as illustrated in Figurel.5. Post-processing of 3D-printed parts

includes steps such as machining and drilling.[22]

- X-Y moving optic head
Laser /

Current laser

Mirror
‘ \ t'} / Laser beam

Heated roller

Part layer contour

Previous

S _ A~~~ layer
. z —
Material P .
sheet - 2 ./
o . l/
Material — )
Supply roll Fabricated part and l i
support material f \
W T Waste take-up roll

Platform

Figure 1.5: Sheet lamination process [23]

The work piece is positioned on the table. The activity of the adhesive is provided by
heated rollers. The laser sent from the plotter type source; the cutting process is
performed as desired according to the material thickness. When the process is

completed, the system is cleaned of excess and support material. [24]



1.2.2.4 Material Extrusion

Material extrusion devices are the most common and cheapest 3D printers in the world.
Material extrusion also called fused deposition modeling or FDM. Polymer materials
consisting of PLA, ABS, Nylon, ASA, PETG, HIPS, FLEX, PCBS, PVA, and PP can

produce models with desired chemical properties.[25]

Support material filament ﬁ

Build material filament =

Extrusion nead\
Drive wheels
Liquifiers
Extrusion nozzles \_‘

art supports

e

Part
Foam base

Buid platform ~

Support material spool

N\

Build material spool \o

Figure 1.6: Material Extrusion process [26]

During the material extrusion process, the thermoplastic material, the filament, is
pushed out of the heated nozzle as in Figure 1.6. The 3D printer prints the material on
the printing table in this sequence; firstly the filament cools and then solidifies where
it is printed. The 3D printer repeats this process based on the data from the print file,

performing the printing process layer by layer. [27]

1.2.2.5 Material Jetting

Material Jetting (MJ) or “PolyJet” is an additive manufacturing process in which
droplets of material are selectively deposited and cured on a printing table as shown in
Figure 1.7. Using photopolymers or wax droplets that harden on exposure to light,
objects build up one layer at a time. The nature of the Material Jetting (PolyJet) process
allows different materials to be printed on the same object. In this technique, the aim
IS to create support structures from a different material to the produced model.[28]



' Support Material

—- Build Material

UV Curing Lamp

y . * Print Heads
y Object being fabricated

A
\

Levelling Blade Build Platform

Elevator

Figure 1.7: Material Jetting process [29]

1.2.2.6 Vat Photo Polymerization

Polymerization is an additive manufacturing process in which a light source selectively
cures the photopolymer resin as shown in Figure 1.8. Also called Vat Polymerization,
there are two most common forms of this method: SLA (Stereolithography) and DLP

(Digital Light Processing).[30]

Linear stage

Magnet holde

Print bed

Resin vat

UV projector

Figure 1.8: A sample SLA (Stereolithography) device [31]
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The main difference between these two 3D printing technologies is the light source
they use to cure the resin. SLA 3D printers use a dot laser as opposed to the voxel
approach used in a DLP 3D printer.[31]

1.2.2.7 Binder Jetting

Binder Jetting technology was developed in 1993 at the Massachusetts Institute of
Technology (MIT). Extrude Hone company licensed the patents from MIT in 1996 to
manufacture metal parts using Binder jetting technology. In 2005, ExOne Company
split from Extrude Hone, focusing on Binder Jetting of bronze-infiltrated stainless steel
as well as pressed sands for metal casting molds. In 2021, Desktop metal acquired
ExOne company. There are also other binder jetting companies such as Digital Metal,
Voxeljet AG. [32]

Inkject printhead

X-Y positioning system
\

«

=

[ ]

Powder spreader Par\t ‘_VBvinder droplets
=2

Unused powder

Build platform

Figure 1.9: Schematic of the BJT process [32]

In binder jetting, there is a need for a 3D model of the part to be produced, designed
with CAD programs. This CAD model is saved in STL format and sliced in layers with
a slice program. As shown in Figure 1.9, a thin layer of powder is spread over the
powder bed for printing and a new powder layer is compacted with the help of a
counter-rotating roller. A liquid binder is sprayed onto the powder layer where the part
will be formed, with the help of nozzles in the print head. After the penetration of the
binder within the powder is complete, a heater passes over the powder bed to cure/dry.
This process is repeated until the part is produced. [33]
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The manufactured part is hardened in a furnace at low temperature around 200-220 °C
and cleaned from dust. The hardened part is called “Green Part”. It is then sintered to
improve mechanical properties in a high temperature sintering furnace as shown in

Figure 1.10. at the appropriate temperature according to the manufacturing material.

Figure 1.10: A tube furnace for sintering

Sintering atmosphere, material composition, temperature and holding time are
important parameters. Sintering methods are different for ceramics, metals and
polymers. Ceramics have higher sintering temperatures and lower densification rates

than metal powders.[34]

The surface roughness of the parts produced by the Binder Jetting method and
subjected to secondary processes are not at the desired level. For this reason, various
methods are used to increase the surface quality. The most commonly used techniques
are sandblasting and polishing. It is also used in methods such as coating, machining,

surface infiltration and hand polishing.[35]

The powder size and layer thickness used in all powder bed 3D printing methods
directly affect the surface quality of the part. As the powder size and layer thickness
increase, the surface quality decreases. However, as the powder size decreases, the
fluidity ability of the powder decreases, making it difficult for the powder to spread to
the build table at the time of printing. As the layer thickness increases, the processing

time decreases and this reduces the costs. [36]
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1.2.2.7.1 The Advantages of Binder Jetting

Table 1.1: The advantages and disadvantages of binder jetting

Advantages Disadvantages
Cost effective Secondary processes
Fast production time Low relative density
Working environment Surface roughness
No residual stresses Shrinkage

No printing supports

Homogeneity of microstructure

Many eligible materials

As it mentioned in Table 1.1, binder jetting is cost effective process because there is
no necessity to use a heat source such as laser and coarse powders can be used in
building of 3D parts, therefore; the production cost of fine powders reduces.[37]
Moreover, it allows changing the properties of materials and the ratio of two types of
materials to adjust the properties of the final parts, which means that there are
unlimited possibilities for making components with binder jetting. It is a very suitable

process for products with special requirements of the internal material structure.

Binder jetting allows fast production.[38] In fusion-based additive manufacturing
technologies, the support material is produced together with the part. For this reason,

it requires more time and material than in Binder Jetting technology.

Compared to other additive manufacturing methods, there is no need a controlled
atmosphere for printing with binder jetting technology. It works at ambient
temperature and in air.[39] Thus, problems related to oxidation, residual stress,
separation and phase changes are not encountered. BJ technology is also suitable for
production bigger part with more powder usage than other PBF technologies.
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1.2.2.7.2 Disadvantages of Binder Jetting

Binder Jetting technology includes longer production processes due to the subsequent
secondary processes (sintering, drying, etc.)., It yields generally a lower relative
density which is undesired. Density can be increased by a proper sintering, yet

geometric distortions must be considered. [40]

When the BJ method and the PBF method are compared in terms of surface roughness,
the parts produced with the Bj method appear to have lower resolution and higher

surface roughness. [41]

There has not been enough work yet on secondary processes that the BJ method
requires. Most of researches focused on sintering and infiltration. For this reason, post-

production secondary processing stra000egies continue to be developed. [40]

1.2.3 Binder Jetting Parameters

There are many parameters that affect the properties of the parts to be produced with
Binder Jetting technology. These parameters can be classified under 4 categories as it

is shown in Table 1.2.
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Table 1.2: Important parameters of binder jetting

Powder Binder Parameters | Printing parameters | 3D model design
Parameters parameters
Chemical Sprayability Layer thickness Design of
composition overhang
Wetting behavior | Powder-spreading
structure
Particle-size and printing speed
o Viscosity
distribution

Powder packaging
Flowability

Wettability

Binder volatility

Binder saturation
Drying time
Heater power ratio

Print direction

1.2.3.1. Powder Production Methods

The atomization method is a method used for powder production in all metals that have

been melted. In this method; the molten metal flows through a hole in the bottom of

the crucible, it is exposed to pressurized gas or liquid, and the liquid metal is solidified

by breaking up into very fine particles. Atomization method can be classified in four

main groups. [42]

e \Nater atomization

e (Gas atomization

e Centrifugal atomization

e Plasma atomization

Metal powders for additive manufacturing are generally produced using the gas

atomization process.[42]

Gas atomization is the process of separating the liquid metal into small droplets with

the effect of gas flow with high velocities as illustrated in Figure 1.11. Liquid metal
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droplets suddenly become spherical, cool and solidify. The diameters of these parts
range from 1 um to 1 mm. Spherical metal alloy powders have superior properties due
to the rapid solidification characteristic during processing. The microstructure of the
powders formed is superior to the powders obtained by other methods. Gas
atomization method is commonly preferred because of the controllable powder size
and distribution. The purpose of the gas atomization method is to transfer the kinetic
energy of the gas expanding at high speed to the liquid metal and to separate the metal
into small droplets. The high-pressure gas atomization method is an effective method

used in the production of fine metal and alloy powders.[43]

Thermocouple -

Stopper Rod —
~

Induction Coils
Alloy Melt om s
Crucible
Atomizer Nozzle
High Pressure
Inert Gas

Atomized Droplets

Chamber - >

Exhaust Gas

- Cyclone Separator

‘ ‘-‘; Atomized Powder

Figure 1.11: Schematic diagram of gas atomization processing [44]
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Metal powders can also be produced with water atomization which is the other
common atomization technique, however; water atomized powders have irregular
shapes as shown in Figure 1.12. The sphericity of powders has a beneficial effect for
powder spreadability, apparent and tap density, and therefore desired in metal AM
processes. When gas atomization is compared with water atomization, spherical

powders can be more easily produced.

Figure 1.12: Scanning electron micrographs of atomized powders. (a) water
atomized iron powder; (b) gas atomized high carbon steel; (c) centrifugally atomized
nickel-base superalloy (plasma rotating electrode process); (d) vacuum atomized
nickel-base superalloy [45]

Metal powders have a very important role in additive manufacturing processes. The
geometry (spherical, prismatic, etc.), particle size distribution and morphology of the

metal powder used will have a significant impact on the mechanical properties,
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consistency observed from build to build, reproducibility, production of error-free

components, manufacturing defects on surfaces.

The powder shape affects the parameters that directly affect the final part such as the
powder's spreadability, powder packaging density, binder penetration time and density
as indicated in Figure 1.13. Since the powders will be spread as a homogeneous, the
spaces between the powder particles will be close to each other. The spherical powder

shape also facilitates sintering as it increases powder-powder contact.[46]

Point contact Point contact

ey

Point contact

Spherical

- \\ // £

Surface contact

Irregular

Figure 1.13: Changing mechanism of packing density of spherical and irregular
ceramic powders after powder spreading [47]

Particle size distribution is an important point in additive manufacturing as it can affect
many properties such as flowability of powder and ability to spread, powder bed
density, energy input required to melt powders, and surface roughness [48]

As the powder particles get smaller, the fluidity of the powder decreases. However,
powder binder interaction increases. The other effects of particle size distribution is
layer thickness. The layer thickness must be greater than the largest particle size in the
powder bed. For this reason, the smaller the powder size, the lower layer thickness and
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the finer part enables production. The powder packaging also improves as the powder
size increases.[47]

In the gas atomization process, all powder particles have the same chemical
composition, but smaller particles tend to have a higher oxygen content due to their
higher specific surface. In particular, the chemical composition will affect melting
temperature, mechanical properties, weldability, thermal properties. Also, the
chemical composition may change slightly after multiple uses in additive

manufacturing machines. [49]

Powder packing density is an important parameter used to measure powder particle
placement and maximum contact points. It is the density of each layer of powder
spread through the roller. Powder morphology, powder size, interparticle strength,
powder fluidity and powder surface chemistry are parameters that affect packaging
density. Powder packing density then determines the final properties and geometric
accuracy of the final part. [49]

1.2.4 Binder Jetting Materials

Metallic materials are mostly used with Binder Jetting method in industrial
applications. The metal materials used are conventional powder metallurgy alloys such
as stainless steels.[50] As shown in Figure 1.14, copper and copper alloys, nickel and
cobalt-based alloys, titanium alloys and stainless steels are studied as metallic
materials, but high-density standard alloys are required in most industrial applications.
This requirement has been met with various materials, but geometric accuracy after
sintering is still one of the problems.[33] Inconel and cobalt-chromium alloys are very
difficult to process with conventional methods, but these materials are much easier to

process with the BJ method.
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Figure 1.14: Scientific document amount related to binder jetting metal additive
manufacturing reported in the literature [51]

The development of new powder binder systems is needed for the development of the
Binder Jetting method in medical applications. Since biocompatibility is essential, the

binders used during production must be biocompatible.[47]

Additive manufacturing of ceramic materials is more difficult than metals and
polymers due to their high melting temperatures, high hardness and brittleness. Binder
jetting is a more suitable additive manufacturing method for ceramic parts since
melting is not performed compared to other powder bed additive manufacturing
methods. Most of studies are focused on bio ceramics, structural ceramics and electric

functional ceramics. [52]

1.2.5 Copper in Binder Jetting Technology

The physical and chemical properties of the materials used in the aviation, automotive
and electrical industries are of great importance, therefore copper and copper alloys
are widely used in these industries. [53] The thermal, electrical and corrosion
resistance properties of copper and copper alloys are severely affected by impurities
in them. Impurity can be prevented by special production methods, thus providing
more stable physical and chemical properties. [54] Pure copper is widely used in

aerospace, automotive and electrical fields due to its high thermal conductivity,
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electrical conductivity and machinability. Especially pure copper is one of the main
raw materials for heat exchangers and radiators, as shown in Figure 1.15, due to its

high thermal conductivity.[55]

Figure 1.15: A DM Cu 3D printed a heat sink gyroid [69]

The demand for copper powder shows an increasing trend in the electrical and
electronics industries. In addition, copper powder is a preferred metal powder for rapid
prototyping and powder metallurgy applications. <100 Mesh copper powders have a
market share of approximately 30% due to its low cost and wide availability, and an
increase is expected with a growth of approximately 3.5% between 2019 and 2030.
Accordingly, it is seen that the powders with 15-45 and 10-63 micron particle
distribution used in this study are economically advantageous because binder jetting
has advantageous such as fast processing then other additive manufacturing production
techniques, and printing in complex shapes.

Recently, many researchers have been working with various additive manufacturing
methods using pure copper to study the microstructure and properties. 3D printing
setups for most metals use laser or electron beam and powder bed fusion processes. In
this process, a flat bed of fine metal powder is selectively fused with an energy source,

typically a very powerful laser. Subsequent layers of powder are similarly fused,
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gradually creating a fully 3D object. While this process works quite well for many
popular 3D printable metals such as aluminum, steel, nickel or titanium, the use of

copper is very minimal.[56]

This problem is caused by the fact that 3D printing using the copper powder bed fusion
process becomes quite difficult. Copper is highly reflective which defects optical
mirror as shown in Figure 1.16, and conducts heat and electricity very well. Due to the
insufficient power of the laser in fusion based additive manufacturing, copper parts
can be produced with special laser (wave size suitable for copper reflection) or EBM
(electron beam melting) benches, but due to the EBM vacuum environment, copper
powder containing very low oxygen and hydrogen needs to be used as raw material. It
is not a preferred method because it increases the cost of copper production. These two

methods are considerably expensive for producing copper parts. [57]

Figure 1.16: The damage to the optical mirror [56]

In order to eliminate these problems of copper, it is seen as a very suitable method for
the production of pure copper parts as shown in Figure 1.17 with the binder jetting
additive manufacturing method, which is a 3D printing technology with a high
potential for use and has advantages such as serial, low operating cost and multiple
productions. In addition, this additive manufacturing method does not need support
structures compared to other additive manufacturing methods. [57]
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Figure 1.17: Complex-shaped copper made via binder jetting [56]

1.3 Literature Review

Bai et al. (2015) aimed to reveal the effect of bimodal copper powder mixtures on the
properties of powder and sintered density of copper parts. As conclusion, decreasing
of median size of powders has a benefit on apparent/tap density improvement in
bimodal mixtures. Also, they found that apparent density yield result higher increase
than tap density, and it is particularly useful for powder compaction on Binder Jetting.

Another benefit of bimodal powders is green density of copper parts increased. [58]

Kumara et al. (2017) used gas atomized spherical shape copper powders due to its
advantages, such as ease of powder recoating, better sintering, easier necking. They
used two different copper powders which have median particle size of 30um and Spm,
and mixed them to investigate the effects of hot isostatic pressing (HIP) on sintered
bimodal powders parts. As a result of study, HIP process reduced the porosity and
density of sintered bimodal parts increase 92% to 99.7%. [59]

Kumar and coworkers (2019) produced pure copper characterization samples with
different particle size of powders to show the effects of porosity on the material
properties with Binder Jetting. As a result, they found bimodal powders demonstrate
highest density and material properties. The highest density of hipped bimodal part is
97.3%, tensile strength of 176MPa, thermal conductivity of 327.9 W/m-K and an
electrical conductivity of 5.2 x 107 S/m. [60]
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Miyanaji et al. (2020) studied about effect the fine copper powder on flowability and
layer recoating for binder jetting additive manufacturing. In the study, they used
copper powder that average particle size of around 5 pm and compare the results with
their previous study which average particle size of copper is around 20 um. As a result,
they found an increase in density at least 9% when it is compared to the coarse copper
powders. They, also found properties of parts with building with fine powders are

greater than bimodal powder parts.[61]

Barthel and coworkes (2021) . investigate the effect of powder condition to understand
the spreading parameters on green and sintered density. They used gas atomized
stainless steel 316L with a particle size under 22 um (90%). In conclusion, powder
drying has a benefit on the spreading parameters due to reduced powder cohesion and
improved powder flowability. They also found, lower layer thickness and larger roller
diameter increase packing stress per particle Thus, properties of green and sintered
density both increases.[62]

Kwon et al. (2017) used two different stainless-steel powders and boron as a sintering
agent in order to have fully dense final part. They compared the argon atmosphere
sintering and vacuum sintering to see the effect sintering environment. Also, the
hardness is compared with the cast stainless steel. As a result, the mixed powders had
a better packing density because of better packing density distortion and shrinkage
decreased and also surface finish improved. The vacuum sintering showed better
density but surface oxidation occurred with sintering agent. The hardness values of the
printed part by binder jetting reached the result of cast stainless steel. [63]

Otta et al. (2021) studied the effect of porosity and impurity of sintered copper on
thermal properties. They used spherical and oxygen-free high conducting copper, then
prepared a suspension which consist 56% copper. This suspension filled into silicon
moulds and dried to have a green body. After that, the samples are sintered. As a
conclusion, the porosity around 2-5% decrease the heat conductivity. On the other
hand, the copper powder which include no impurity of iron has better heat
conductivity. Thus, the main reason is the impurity in copper powder for low heat
conductivity and prevention of impurities could give better heat conductivity even for

low percentage of porosity. [64]
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Enrique and coworkers (2018) aimed to produced metal matrix composite with in situ
formation. They used inconel 625 as matrix material and carbon from the binder as
reinforced material. They also investigated the different sintering temperature routes.
As a result, the formation of a core-shell structure occurred by using an inert
atmosphere throughout the sintering process and Cr3C2 phase composed the shell and
the core was composed of a nickel matrix with NbC, Mo2C and Cr3C2 phases. Argon
atmosphere with 5% H2 resulted in a core structure without the presence of the Cr3C2
shell. [65]

Ming et al. (2021) aimed to study demonstrates the feasibility of fabricating
copper/diamond composite by binder jetting. Their main aim is to produce the part
without any diamond graphitization. In order to understand the effect of the diamond
volume, sintering temperature on density, porosity, they used copper-coated diamond
powder and pure copper powder. The sintering is done at 800°C and 900°C. The result
show that the diamond volume fraction has an important impact on sintering. When it
increased from 10 vol% to 50 vol%, the sinterability decreased. Thus, the achieved
highest sintered bulk density was 69.1% 10 vol % Diamond and 65.6% for 50 vol%
Diamond.[66]

Ming et al. (2021) investigated effect of powder particle size on density properties.
Seven different particle size alumina powders (from 0.05 um to 70 um) were used in
this study. They found two conclusions, one of them is powder bed density and feed
region density compatible under all conditions and apparent density has the strongest
effect than tap density and Hausner ratio for powder bed density.[67]
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Chapter 2
Materials and Methods

2.1 Experimental Studies

In order to understand the compatibility between copper powder and acrylic binder
benchtop test were done. Benchtop test is manually mixing method of powder and
binder. Different proportions of powder and binder were mixed and the most suitable
mixture was casted into the bar to investigate the compatibility, curing and sintering

behaviors. The results were compared with the samples produced by binder jetting.

2.2 Powder Preparation

In this study, gas atomized low oxygen and high oxygen content copper powders were
used in order to see the effects of the oxygen content. Gas atomization produces
spherical metal alloy powders and have superior properties due to the rapid
solidification characteristic during processing, also lower oxygen content in the
powder. However, the particle size distribution of these powders' ranges from 1 pm to
1 mm. In addition, two different powder batches with different particle size
distributions were used in order to observe the particle size effects. In order to have

15-45 pm and 10-63 pum particle size distribution, sieve and air classifier were used.

2.2.1 Sieving

At first, both high oxygen and low oxygen containing copper powders were sieved
from the 45um sieve. After that, low oxygen containing copper powder is sieved from
the 63um sieve to see the particle size effects on the properties of final parts. In order

to obtain <63um and <45um powders, an ultrasonic sieve is used at SentesBir
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company. The sieving method is a technique used to produce the distribution of
powders between 20 and 100 microns. The sieving generally made by ultrasonic
sieving. During the sieving process, the particles accumulate between the stainless-
steel sieve wires and close the pores. The cleaning problem is eliminated in the
ultrasonic sieve system. Therefore, Ultrasonic Sieve as shown in Figure 2.1, is the most

ideal solution.

Figure 2.1: An ultrasonic sieve

2.2.2 Air Classifier

In this study, air classifier is used to obtain 15-45 um and 10-63 um particle size
distribution from the <63um and <45pm low oxygen and high oxygen containing
copper powders. Air classification (separation) is the process of separating the
powders according to their size, shape and specific gravity by air flow and is carried
out dry as shown in Figure 2.2. The separation process is characterized by average
particle size of powders. Particles above average particle size of powders represent the
"coarse" fraction, and those below the "fine" fraction. The performance of the

separation is determined by the mass contents of each fraction in the resulting product.

s LALALULIIS

Figure 2.2: An illustration of air classifier 1. Feeding system, 2. Air Classifier-1, 3.
Air Classifier-2, 4. Air Classifier-3, 5. Cyclone collector, 6. Dust collector, 7.
Draught fan, 8. Electrical control system
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Powders smaller than 5 microns may clog the nozzle of the inkjet print head during
building in the binder-jetting device and cause insufficient binder deposition in
production. For these reasons, particles below 10 microns have been eliminated in the
classification of 15-45 um and 10-63 um powders. For better understanding, sample

codes depending on powder properties are given in the Table 2.1.

Table 2.1: Representative sample coding

Sample code Oxygen level Particle size
LO-15-45 220 ppm 15-45
HO-15-45 1500 ppm 15-45
LO-10-63 230 ppm 10-63

2.3 Powder Characterization

Properties of a powder is great importance for the processing, transportation and
storage of powder. While the shape and size properties of the powder play an important
role in terms of good spreading to the powder bed, powder should be controlled in

terms of its homogeneity, good flow and density properties.

2.3.1 Helium pycnometry

In this study, Micromeritics AccuPyc 11 1340 helium pycnometer at Izmir Katip Celebi
University,was used in order to find the true density values of the powders (in Figure
2.3). Helium pycnometer aims to find volume and true density using Archimedes' fluid
overflow principle and Boyle's Law. For maximum accuracy of measurements, the
overflowing fluid must be an inert gas that can enter all but the smallest pores.
Therefore, Helium gas with small atomic dimensions approaching pores with a
diameter of 0.25 nm is considered suitable for measurements. Helium's behavior as an

ideal gas is also a reason for preference.
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Figure 2.3: Micromeritics AccuPyc 11 1340 helium pycnometer

2.3.2 Particle size analyzer

The sieved and classified powders’ particle size distributions were analyzed with
Malvern mastersizer 2000 as shown in Figure 2.4, at SentesBir R&D laboratory. Both
Sieved copper powders (<63um and <45um) and air classified copper powders (15-45
um and 10-63 pm) were analyzed. It has been seen that the copper powders of which
particle sizes are 15-45 um and 10-63 um do not contain powder with less than 7

micron sizes.

Figure 2.4: Malvern Hydro 2000
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2.3.3 Apparent Density and Flow Measurement

Apparent densities and flow properties of both high and low oxygen containing copper
powders were measured in order to understand the effect of apparent density on final
density of the sintered part. All tests are done by hall flowmeter as illustrated in Figure
2.5, at SentesBir R&D center according to the ASTM B212 — 13 standard. The flow
properties of the powders were measured with ASTM B213-20 standard using the
Hall-flowmeter.

'{T\ 16-pin. (0.4-pm) finish or better
!
—— —
—— ]
i
® | —T% ey Hall Flowmeter
3 - Funnel
\‘ _‘Zﬂ{
i 0100 % I !
W
) (E'Mlmm’ __L[_ . _-_:i'—f 0.125 in, (3.2 mm)

Approx. 1.0 in. (25 mm)

| ~— Density Cup

FIG. 1 Flowmeter Apparatus — Hall Funnel

Figure 2.5: The standard schematic of flowmeter apparatus — Hall Funnel

2.3.4 Tap Density Measurement

Tap density of the powders were measured in accordance with ASTM B 527 — 93
standard (Determination of Tap Density of Metallic Powders and Compounds) using

the apparatus as shown in Figure 2.6.
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Figure 2.6: Example of Tapping Apparatus

2.3.5 Elemental analyzer

Elemental analysis was carried out in order to examine the effects of the oxygen and
carbon ratio of the copper powders on the sintered final part. In Figure 2.7, Leco TC
400 and Eltra Elemental C/S instruments of SentesBir AS were used for oxygen and

carbon analysis.
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Figure 2.7: (a) Eltra Carbon/Sulphur analyzer, (b) Leco oxygen/nitrogen analyzer

2.3.6 SEM analyses

SEM pictures of three different powders were taken at the Thermo Scientific Apreo S
from Ege University Central Research Test and Analysis Laboratory Application and

Research Center

Figure 2.8: Scanning electron microscope (SEM)
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2.4 Binder Jetting Production Procedure

In order to understand the shrinkage behavior, firstly, cube samples with a volume of
8 m3 were printed with a low oxygen content of 15-45 um. The dimensions of all

characterization samples were printed with considering shrinkage.

2.4.1 3D Cad Model

In this step, the geometry of the all-characterization samples, as shown in Table 2.2,
are designed in CAD program. Then the dimensions of the samples were determined.
Dimension of the samples are shown in table 3 and table 4 and the tensile test samples
are designed according ASTM E8/E8M-16a as shown in Figure 2.9 and in Table 2.3.
Since the part must be designed with computer aided design programs and this design
must be ready for 3D printing, the modeling step, which is the first step, has been

examined under two headings, the creation of the CAD model and the STL file.
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Table 2.2: Diameter of characterization samples

Samples Cu Powder Number of samples
Tensile Test Samples 6
(below)
Low Oxygen
(15-45um)
Electrical  Conductivity 5
High Oxygen
Test Samples (66 mm, 19 LYY
lenght:77 mm), cylinder (15_45“m)
Cube-shaped ~ Samples Low Oxygen 8
8,8 mm?
(8,8 mm’) (10-63pm)
Surface Roughness Test 4

Samples (r:11mm, lenght:
2,2 mm) Circle

W B W

it
f: 1 1 i Yot
o] fus

]

L

f>—

Pressing Area = 645 men” [1.00 in.“]

Figure 2.9: Design of tensile stress sample (ASTM E8/E8M-16a)
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Table 2.3: Diameter of tensile test samples

Dimensions (mm)
G 28
D 6,3
W 6,6
T 6,6
R 28
A 35
B 89,1
L 98,6
C 9,6
F 4,8
E 4,8

2.4.2 Layer Thickness and Binder Saturation

As the layer thickness increases, the surface quality decreases. On the other hand, as
the layer thickness decreases, the printing time increases, but when the part prints
thinner layers, the surface quality increases. Excessive amount of binder may affect
previous powder layers due to the penetrating properties of binders. During printing,
the capillary effect may cause the binders to leak into neighboring powders, so it is
very important to apply an optimum level of binder during printing. If the amount of
binder is more than the optimum level, it causes excessive spread in the powder bed.

This causes poor surface quality and poor geometric accuracy.
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Figure 2.10: Cube samples produced with binder jetting

For the reasons mentioned above, the effect of layer thickness and binder saturation
was investigated by printing 8m3 cube samples which 10-63 um powder used for both
the low binder and 85 pm layer thickness, and the medium binder and 120 um layer

thickness parameters, as shown in Figure 2.10.

2.5 Effect of Sintering Atmosphere and Temperature

After the printing process, the sintering process is carried out to remove the binder
from the printed parts and to ensure that the voids disappear and become solid. There
are factors to be considered in determining the desired properties of the parts produced
by binder jetting. These are sintering atmosphere, temperature and sintering time. It is
very important to control the sintering process as each material has its own sintering

properties.

36



1040-1080 °C .
/ 2.0-60hrs.
' by
v 700°C \
3
; Hf 1.0hr, \
g_ /.f'f \
£
@ |450°C
\
/ 0.5 hr, '
Time

Figure 2.11: Sintering Regime [68]

In this study, the effect of sintering atmosphere was investigated by using different
gases such as 100% nitrogen, 95/5% nitrogen/hydrogen and 100% hydrogen. In
addition, the effect of sintering temperature was investigated by sintering at different
sintering temperatures of 1040C, 1050 and 1070C as shown in Figure 2.11 which is
similar the heating schedules that Bai et al used. In addition to these, the effects of
deoxidation step and debinding temperature were investigated. Finally, the effects of
sintering speed and time were examined. All these tests were carried out in a tube

furnace located in SentesBir R&D center as shown in Figure 2.12.
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Figure 2.12: Protherm tubular furnace
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2.6 Characterization Technigques

2.6.1 Density, Porosity and Shrinkage of Samples

Densities of sintered cube samples were measured with mass/volume formula by using
a caliper and the ASTM B 962 — 08 standard (Density of Compacted or Sintered
Powder Metallurgy (PM) Products Using Archimedes' Principle), but the density after
curing was measured with the standard mass/volume formula. This is because cured

samples still contain binder and can be easily oxidized in water.

In Archimedes principle, sintered cube samples were first impregnated in silicone oil.
Afterwards, the excess silicone oil on the surfaces was cleaned with a cloth
impregnated with silicone oil, and density measurements were made on a calibrated

precision balance with an Archimedean test apparatus in SentesBir R&D center.

Finally, the shrinkage of the samples whose densities were measured after sintering

and after curing were calculated.

2.6.2 Microstructure characterization

As a result of the previous benchtop tests, it was observed that the samples prepared
by hot molding were oxidized due to the temperature. For this reason, sintered samples
for microstructural analysis were molded using the acrylic cold molding resin,

hardener and cold molding apparatus shown in the Figure 2.13.

(@) (b) (©)

Figure 2.13: (a) acrylic cold mounting, (b) hardener, and (c) mould.
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Afterwards, grinding was applied to the specimens removed from the cold mold. The
grinding process was done with the automatic grinding machine in SentesBir R&D
center as shown in the Figure 2.14. SiC papers with coarse grinding was used as the
first step, and then grinding was continued with 600 grid and 1200 grid papers. After
the samples had a flat surface, the polishing process was started. 3 um and 1 pm
diamond solution was used in the polishing process, then the process was completed

by polishing with colloidal silica.

Figure 2.14: Automatic grinding & polishing machine

In order to analyze the porosity of the polished parts, NICON Eclipse Optical
Microscope, located in SentesBir R&D center, was used with 2,5x, 5x and 10x

magnification. The optical microscope used is shown in Figure 2.15.

e e

Figure 2.15: Nikon Eclipse Optical Microscope
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In the next step, the results of the porosity analysis with an optical microscope were
analyzed using the ImageJ software, and the porosity densities were calculated. These

results were then compared with the Archimedean densities.

In final next step, the polished samples, which were then analyzed for porosity, were
etched for microstructural analysis. The etching solution was etched with the etching
solution No. 27 in the ASTM-E407-07 Microetching Metals and Alloys standard, and

microstructure analysis was performed.

2.6.3 Surface Roughness

Surface roughness of samples were measured with Profilometer in Dokuz Eyliil

University as seen in the Figure 2.16.

Figure 2.16: Linear Profilometer

2.6.4 Tensile Tests

Tensile tests of the samples produced with binder jetting were applied in accordance
with ASTM -E8/E8M - 16a standards using Shimadzu machine at Dokuz Eyliil
University Mechanical Engineering Dept. Composites Laboratory as shown in Figure
2.17.
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Figure 2.17: Shimadzu Tensile test machine
2.6.5 Electrical Conductivity Tests

The electrical conductivity test samples produced with binder jetting were tested with
4 point measurements at Izmir Katip Celebi University as shown in Figure 2.18. The
electrical conductivity of all samples were calculated by the Pouillet's Law with the

results of electrical resistivity.

The electrical resistivity (p) was calculated from the equation Pouillet's Law formula

below:
p=R—
(2.1)

In equation, (p): Resistivity, (A): Cross-section Area, (L): Length, (R) Resistance
over Length.

= | -

(2.2)

41



The electrical conductivity (o) was calculated from the equation above.

Figure 2.18: 4-point measurements apparatus
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Chapter 3

Results and Discussion

3.1 Benchtop Test Results

Before starting the additive manufacturing step, benchtop tests were done in order to

observe the compability of the binder-powder, and also curing and sintering behaviors.

3.1.1 Importance of Binder Ratio

Table 3.1 represents the mixing ratio of binder and copper powder that has <63 pm
particle size. Mixturel which has 3% binder content showed easily crumbling structure
and has low castability. On the other hand, mixture 4 and 5 (having binder ratios of 7-

8%) showed very low viscosity, and was difficult to be casted.

The best results were obtained with mixture 2 and 3, which were contain of 5 and 6%
binder ratio. The mixtures had appropriate viscosity to cast into bars. Therefore, all
benchtop tests were done using mixture 2. Mixture 3 was elected because higher binder

ratio could negatively effect the sintered density by leaving higher porosity in the

structure.
Table 3.1: Powder and binder ratios for benchtop test mixtures
Mixture 1 Mixture 2 Mixture 3 Mixture 4 Mixture 5
Low O2 Cu 97 95 94 93 92

Powder (%)

Acrylic 3 5 6 7 8
Binder (%)
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3.1.2 Curing Behavior

In order to observe the curing behavior of the binder, the mixture 2 was casted into a
rectangular bars made of steel, as shown in Figure 3.1 (a). Then, the bars have been
put into the furnace for curing at 200 °C for 2 hours. After curing, it was seen that the
cured mixture has been stuck on the bar and some cracks have been observed. The
cured sample could be removed from the bar only by shredding, as shown in Figure
3.1 (b).

(@) (b)

Figure 3.1: (a) Cured sample in the bar (200 °C for 2 hours), (b) Cured sample in
pieces.

Another test was done to evaluate the effect of the bar material. Cylindrical bars that
are made of steel, graphite and composite, as shown in Figure 3.2, were used. The
results were similar with the rectangular bar, as the cured parts have been stuck, cracks

occurred and the only way to took of parts was to shred.

(@) () (©)

Figure 3.2: (a) cured part in steel bar (b) cured bar in carbon bar (c) cured part in
fiber bar.
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Finally, the mixture 2 is cured in silicon bars at 200 °C for 2 hours as shown in Figure
3.3. It is seen that silicon bar is more appropriate as the molding material since the
samples easily have been took off from the bars more easily. However, it should be

noticed that the cubes were oxidized as the curing was conducted in open atmosphere.

(a) (b)

Figure 3.3: (a) Silicon bars, (b) Cured bars at 200 °C for 2 hours.

In order to overcome the oxidation, the mixture 2 has been casted into silicon bars and
cured in the tube furnace under Argon atmosphere at 200 °C for 2 hours, as shown in
Figure 3.4 (a). As shown 3.4 (b), curing was found to be successful because it is seen

that oxidation is eliminated using argon atmosphere.

(@) (b)

Figure 3.4: (a) Benchtop test samples before curing, (b) Benchtop test samples after
curing in argon atmosphere.
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All the cured benchtop test samples were sintered with binder jetting method, and the
results are given in the sintering optimization section of the thesis.

3.2 Powder Characterization Results

In the comparing the benchtop test samples with binder jetting samples, the binder
jetting samples were printed with <45 um low oxygen copper powders. It was
observed that the fine powders blocked the binder-spraying nozzle during spreading
and the production was prolonged. Therefore, the copper powders were prepared not

to contain powders under 7 pm.

For the first set of powders (15-45 um), 106 um copper powders with low oxygen
content were sieved from 45 um sieve and then classified as 15-45 um and the prepared

copper powders did not contain any powders under 7 um as shown in Figure 3.5 (a).

In order to find the effect of powder oxygen content, <106 um coppers powders with
high oxygen content were sieved from 45 um sieve and then classified as 15-45 pm as

shown in Figure 3.5 (b).

In order to find the effect of particle size distribution, <106 pm coppers powders with
low oxygen content were sieved from 63 um sieve and then classified as 10-63 pm as
shown in Figure 3.5 (c). The average particle size values of LO-15-45 and LO-10-63
powders are 25.1 and 33.9 microns, respectively.

In Table 3.2, apparent density, tap density, true density, flow rate, oxygen and carbon
content of all the powder batches were given. When LO-15-45 and HO-15-45 are
compared, it is seen that true density and apparent density values of high-oxygen
powders are lower than low-oxygen powders. The true density and the apparent
density of low-oxygen powder is lower because of its higher oxygen content (1500
ppm). This can be attributed to the presence of copper-oxide since oxide has lower

density than Cu.

When LO-15-45 and LO-10-63 are compared, apparent density of LO-15-45 is higher
because the sphericity and the flow rate of LO-15-45 is lower than HO-15-45 and LO-
10-63, which could be because of the difference in the sphericity of the powder

batches.
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SEM images of the three different powder batches are shown in Figure 3.6. It is seen
that LO-15-45 and HO-15-45 powder batches contain higher amount of smaller

particles and powder distributions are relatively smaller compared to LO-10-63

powder.
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Figure 3.5: (a) Particle size distributions of 15-45 pm low oxygen, (b) 15-45 um high
oxygen, ¢) 10-63 um low oxygen copper powders
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Figure 3.6: SEM images of lower and higher magnifications of (a,b) 15-45 um low
oxygen powders, (c,d) 15-45 um high oxygen powders, and (e,f) 10-63 um low
oxygen powders

Table 3.2: Powder characterization results of the all copper powders. The results
were added by averaging as a result of five consistent measurements

Characterization of LO-15-45 HO-15-45 LO-10-63
Copper Powders

Apparent Density (g/cm?®) 5,04 4,54 4,72
Tap density (g/cm®) 5,15 5,2 5,49
True density (g/cm?®) 8.8965 8.7934 8.8972
Flow rate (s/50 g) 11,28 15,23 15,44
O content (ppm) 220 1500 230
Carbon content (ppm) 300 42 320

3.3 Sintering Parameter Optimization Results
3.3.1 Effects of Sintering Temperature on Density
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In Table 3.3, the cube samples produced with benchtop test and binder jetting sintered
under 95/5% nitrogen/hydrogen atmosphere with a sintering regime, which contains
debinding at 450 °C for 30 minutes, oxidation-reduction at 700 °C for 1 hour and
sintering at 1040 °C for 130 minutes with 5°C/min as shown in Figure 25. It is seen
that binder-jetting samples showed higher relative density. One important point is that
benchtop test gives close density values compared to commercial binder jetting

process.

Table 3.3: Comparison of benchtop test and binder jetting samples at 1040 °C for
130 min. under 5% hydrogen and 95% nitrogen atmosphere

_ Sintered Relative
Particle _ .
_ ] Sintered Bulk Density-
Size/Production _ _ _
temp./time Density Archimedes
Method
(gr/cm® (%)
1040 °C /130 | 4,82 +0,7 53,74 £2
<45 um/(Benchtop) )
min.
1040 °C /130
<45 pm/(Binder Jetting) ) 4,88 +0,6 54,41 £2
min.

In Table 3.4, the cube samples produced with benchtop test and binder jetting sintered
under 95/5% nitrogen/hydrogen atmosphere with a sintering regime, which contains
debinding at 450 °C for 30 minutes, oxidation-reduction at 700 °C for 1 hour and
sintering at 1050 °C for 130 minutes with 5°C/min as shown in figure 25. It is observed
that the relative densities of samples increased with the increase in temperature

samples.
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Table 3.4: Comparison of benchtop test and binder jetting samples at 1050 °C for
130 min. in 95/5% nitrogen/hydrogen atmosphere

) Sintered
Particle ) ] ]
) _ Sintered Bulk Relative Density
Size/Production

temp./time | Densit %
Method P Y (%)

(gr/cmd

<45 um/Sample 11050 °C

_ 4,77 £0,9 52,79 £1,9
(Benchtop) /130 min.

<45 um/Sample 2|1050 °C

. . i 5,01 +0,8 55,74 +1,8
(Binder Jetting) /130 min

In Table 3.5, the sintering regime used as similar in table 6 and 7. It is seen that

increasing the temperature from 1050 °C to 1070 °C had a beneficial effect on density.

Table 3.5: Comparison of benchtop test and binder jetting samples at 1070 °C for
130 min. in 95/5% nitrogen/hydrogen atmosphere

Sintered
Sintered Bulk Relative

Particle
Size/Production

temp./time Densit Density (%
Method P y y (%)

(gr/cm®

<45 um/Sample 1[1070 °C/130

. 4,84 +0,8 54,01 +2,1
(Benchtop) min.

<45 um/Sample 2(1070 °C/130

. _ _ 5,28 +0,6 58,97 £1,6
(Binder Jetting) min.

As a result, sintered of benchtop test samples and binder jetting samples showed
different relative densities but an increase in temperature resulted better relative

densities for all samples.
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3.3.2 Effects of Binder Ratio on Density

In order to understand the effects of binder ratio and layer thickness, the cube samples
printed with 15-45 pm low oxygen copper powders by binder jetting at Istanbul
Technical University EKAM Research Center. The samples sintered with a sintering
regime, which is debinding at 450 °C for 30 minutes, oxidation-reduction at 700 °C
for 1 hour and sintering at 1070 °C for 130 minutes with 5°C/min in 95/5%

nitrogen/hydrogen atmosphere.

Table 3.6: Sintering results of samples that printed with the parameter of low
binder/85 um layer thickness and medium binder/120 pm thickness

) ) Sintering Sintered Bulk Relative
Binder Ratio _ ) )
temp./time Density (gr/cm® | Density (%)
Low binder 1070/130 min. 5,93 +£0,5 66,2 £1,3
Medium binder | 1070/130 min. 5,62 £0,6 62,7 £1,5

As it seen in Table 3.6, the low binder content results in better relative density.
Therefore, low binder content with 85-um thickness parameter was chosen as the

printing parameter, and all other samples were printed with this parameter.

3.3.3 Effects of Sintering Atmosphere on Density

The 15-45 um low oxygen copper cubes sintered with the similar sintering regime
(debinding at 450 °C for 30 minutes, oxidation-reduction at 700 °C for 1 hour and
sintering at 1070 °C for 130 minutes with 5°C/min.) but different atmosphere. As it
can be seen in the Figure 3.7, 100% H: atmosphere have a positive effect on the

density.
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Figure 3.7: Effect of sintering atmosphere on the density of parts with 15-45 um
powders. Samples 1 & 2 correspond to 95/5% N2/H: sintering, and samples 3 & 4
correspond to 100% H sintering

3.3.4 Effects of Sintering Time on Density

In Figure 3.8, the 15-45 um low oxygen copper cubes sintered with the sintering
regime, which was debinding at 450 °C for 30 minutes, oxidation-reduction at 700 °C
for 1 hour and sintering at 1070 °C for 4 hours with 5°C/min. Prolonged sintering time

yields higher relative density when comparing with the 2 hours of sintering.
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Figure 3.8: Effects of sintering time. Sample 1 & 2 correspond to sintering at 1070
°C 2 hours and Sample 3 & 4 correspond to sintering at 1070 °C 4 hours

3.3.5 Effects of Reduction Process Temperature on Density
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As it seen in Figure 3.9, the 15-45 um low oxygen copper cubes sintered under 95/5%
nitrogen/hydrogen with the sintering ramp, which was debinding at 450 °C for 30
minutes, oxidation-reduction at 900 °C for 1 hour and sintering at 1070 °C for 4 hours
with 5°C/min. . Increase in oxide reduction process temperature yields small increase
on relative density (79% — 81%) when comparing with the sintering atmosphere,

sintering time.

84
83
82
81 (]
80
79
78
77

Relative Density %

76
1 2 3 4

Sample Code

Figure 3.9: Effects of oxide reduction temperature. Sample 1 & 2 sintered with
oxidation-reduction temperature at 700 °C and sample 3 & 4 sintered with oxidation
reduction at 900 °C

3.4 Density, Porosity and Shrinkage Results

The high and low oxygen content 15-45 pm, and low oxygen content 10-63 copper
powders were printed in binder jetting at Istanbul Technical University EKAM with
the parameters as determined in Section 3.3.2. After that the samples have been cured
to obtain green parts as shown in Figure 3.10 (a).
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Figure 3.10: (a) High oxygen content 15-45 pm green parts printed with binder
jetting, (b) sintered LO-10-63 cubes, and (c) sintered LO-15-45 parts

The cured cubes were sintered using the sintering ramp, which contains debinding at
450 °C for 30 minutes, oxidation-reduction at 900 °C for 1 hour and sintering at 1070
°C for 4 hours with 5°C/min heating rate under 100% hydrogen atmosphere. The
results of green density, relative density and shrinkage were compared. Moreover,
optic microscope and image j results are showed in Table 3.7. The highest green
density was resulted in LO 10-63 samples, followed by LO 15-45. Parallel to green
density, LO 10-63 sample shows the highest sinter density which is equal to 82,4 % of

relative density.
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Table 3.7: Comparison of green, sintered and relative density, porosity and shrinkage

results.
Sample | Green Sintered Bulk Relative Porosity | Shrinkage
code Density Density (Image
Density ) (%)
) , analysis)
/cm /cm %
(@em?) | (glem?) (%) (%)
LO-15-
4,54 7,38 81,0 11,6 40,3 +0,9
45
HO-15-
4,38 7,26 77,9 13,8 34,8 1,2
45
LO-10-
63 4,67 6,98 82,4 23,4 28,8 £3,5

3.5 Optical Microscopy

In Figure 3.11 (a), (b), (c), and (d) when the microstructure images of L-O 15-45
samples are examined, it is observed that the porosities are homogeneously distributed.
It can be seen that the amount of porosity is similar to each other both in the corners
and in the inner regions. On the other hand, in the H-O 15-45 samples, the porosities
are inhomogeneously distributed and the amount of porosity shows differences in the

corners and inner regions as seen in Figure 3.11 (e), (), (g), and (h).

In Figure 3.11 (i), (j), (k), and (I) the 1-O 10-63 samples are examined, it is seen that
the porosities are homogeneously distributed, but it can be seen that the porosity sizes

are quite large compared to the other samples.

| ! - v ‘]!:DOEmAI
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(k) 0
Figure 3.11: Optical microscope images of (a,b,c,d) LO-15-45, (e,f,g,h) HO-15-45,
and (i,j,k,l) LO-10-63 parts
In Figure 3.12, image analysis was done using the image j program to determine the
porosity ratios of the images obtained with the optical microscope. While H0-10-63
fragments have the highest relative density, it can be observed that it has the highest
porosity by image analysis. Considering the other samples, L-O-15-45 has the lowest

porosity rate and in H-O-15-45 samples also shows similar results.

(©)

Figure 3.12: (a) High oxygen content 15-45 um green parts printed with binder
jetting, (b) sintered LO-15-45 parts sintered, and (c) LO-10-63 cubes
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3.6 Surface Roughness Measurements

The surface roughness of all cube and circle samples gave results as seen in the Table
3.8. The lowest surface roughness is seen in the H-O-15-45 cube, while the highest
value is seen in the L-O-10-63 cube. However, when circular samples are examined,
L-O-15-45 and H-O-15-45 show similar surface roughness, and L-O-10-63 samples

show the highest surface roughness in both cubes and circles.

Table 3.8: Comparison of surface roughness values of the samples

Sample code/shape Ra Rq Rt

LO-15-45/cube 14,4 18,7 99,1
HO-15-45/cube 8,6 10,9 62,2
LO-10-63/cube 17,8 24,4 131,8
LO-15-45/circle 10,4 14,5 80,6
HO-15-45/circle 10,8 15,6 82,4
LO-10-63/circle 15,9 21,1 119,8

3.7 Electrical Properties

As can be seen in the Table 3.9, L-O-10-63 samples showed the lowest electrical
resistivity and conductivity. L-O-15-45 has the highest electrical resistivity and

conductivity values. H-O-15-45 samples shows similar results with L-O-15-45.
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Table 3.9: Electrical conductivity test results

Sample code Resistivity Electrical
(ohm/m) Conductivity
(m/ohm)
LO-15-45 cube | 2405,10 4,15
HO-15-45 3264,69 3,03
cube
LO-10-63 cube | 3576,4 2,8

When the density results that have a great effect on the electrical properties are
examined, the highest density was obtained in the samples produced with LO-15-45
pure copper powders, as seen in the results of bulk density, optical microscope and
image analysis. The electrical conductivity results show that the electrical properties
increase as the sintering temperature increases, due to the decrease in porosities and
with the decrease in the average particle size distribution of pure copper powders. This

is due to the nature of a porosity that inhibits the electron transfer.
3.8 Tensile Tests Results

As can be seen in the Table 3.10, the L-O-15-45 samples shows the highest yield and
tensile strength values. Also, L-O-15-45 samples show highest ductility. On the other
hand, L-O-10-63 samples show the lowest tensile strength and ductility. When oxygen

levels are compared, L-O-15-45 samples show better tensile results.
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Table 3.10: Tensile test results

Samples Yield Strength | Ultimate Strain (%)
Strength (MPa)
(MPa)
L-O-15-45 25,7 £3,6 95,519 14,3 £2,1
H-0-15-45 20,5 +1,8 76,0 £45,3 10,5 +7,8
L-O-10-63 21,1 +0,9 62,5 +£33,6 10,0 +6,3

Yun Bai et al. carried out sintering studies by mixing pure copper powders of different
particle sizes in different proportions, obtaining different bimodal particle size
distribution and pressing with binder jetting additive manufacturing method. In their
results, they obtained the highest density when they used the smallest median size
which is 15 pm. In opposition to these results, when the study made with L-O 15-45
and L-O 10-63 micron pure copper powders are examined, the average particle sizes
of the powders with this particle size distribution are 25 micron and 33 micron, and
the Archimedes density results are found as 82.4 % and 81%, respectively. However,
bulk density results are similar, and increase with decreasing of the median particle
size. The reason that Archimedes density gives the opposite of the bulk density is due
to the fact that the surface quality of the cube produced with the powder with 10-63
particle size distribution is better and absorbs the silicon oil less, and when the image
analysis and bulk analysis results are examined, it is easily understood that the 10-63

particle size distribution gives a lower density.

Hadi Miyanaji et al. investigated the effect of fine pure copper powders on the parts
produced in binder jetting. In their results, they observed that when the average particle
size increased, there was a decrease in the ultimate tensile strength results. When it is
compared with this study, the samples produced with pure copper powders with a
particle size distribution of L-O 15-45 um have obtained approximately 51% higher
ultimate tensile strength (95,5 MPa) than the samples produced with L-O 10-63 um
pure copper (62,5 MPa).
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Ashwath Yegyan Kumara et al. investigated the effect of process-induced porosities
on mechanical, electrical and thermal properties by producing various characterization
samples in binder spraying using pure copper powders. They used four wire
measurement apparatus for electrical conductivity analysis and calculated electrical
conductivity using the Wiedemann-Franz Law. It has been observed that the electrical
conductivity increases when the average particle size distribution decreases and the
best results are obtained with bimodal powders. Compared to the results of this study,
4 point measurement was used instead of four wire measurement and similar results
observed that the electrical conductivity increased when the 15-45 um particle size
distribution is used instead of 10-63 pum particle size distribution.
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Chapter 4

Conclusions

Conclusions of benchtops test results can be summarize below;

1) As a benchtop test result, it was found that the mixture with 5% binder and 95%
copper powder has the most suitable viscosity for casting into the bar and most suitable
mold was the silicone mold, since the samples easily have been took off from the bars.

2) It was observed that the benchtop samples cured at 200 °C for 2 hours were oxidized
under open atmosphere. For this reason, it was seen that a protective atmosphere
should be used during curing. Oxidation did not occur in the samples cured under

argon gas.

3) It was observed that the benchtop test specimens had lower density, when
comparing the sintered benchtop test specimens with the binder jetting specimens.
Therefore, it was concluded that the benchtop test method is a suitable method to test
the compatibility of binder and powder, curing behavior before printing with binder

jetting, but it is not sufficient to test the properties after sintering.
Conclusions of binder jetting results are listed below;

1) When samples were produced using the binder jetting additive manufacturing
method with copper powders with 2 different particle size distributions (15-45 and 10-
63) and 2 different oxygen levels, and their physical and electrical properties were
compared. Since 15-45 samples with low oxygen show more stable results in general,
it has been observed that it is more advantageous than 10-63 and high oxygen copper

powders.

2) Cube samples produced with <45 pm low oxygen copper powders were sintered

under 95/5% nitrogen/hydrogen atmosphere at different temperatures of 1040 °C, 1050
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°C and 1070 °C, and their relative densities were measured. The highest relative

density was obtained at the sintering temperature of 1070 °C.

3) In order to examine the effect of the binder ratio, cube samples were produced using
low and medium amounts of binder. It was observed that the relative densities of the

cubes with a low ratio of binder were better.

4) As another study, the effect of sintering atmosphere was investigated. Samples
sintered under 100% H> atmosphere gave approximately 15% higher relative density

results than samples sintered in 95/5% N2/H> atmosphere.

5) When the effect of sintering time on relative density was examined, samples sintered
for 4 hours resulted in higher relative density than samples sintered for 2 hours. Also,
results showed that the effect of oxide reduction temperature on relative density was
not drastic; however, a small improvement in relative density was observed with oxide

reduction performed at 900 °C.

6) When the results of the samples produced with LO-15-45 and HO-15-45 powders
in the same sintering regime, the samples with higher oxygen resulted lower relative
density. However, LO-10-63 samples resulted in the highest relative density compared
to LO-15-45 and HO-15-45 samples. As a result of the subsequent microstructure
analysis, it was observed that the largest porosity size and ratio was in the LO-10-63
samples. Surface roughness analysis was performed to find out the reason for the high
relative densities of the LO-10-63 samples, and considering the results, it was
understood that the relative density values of the LO-10-63 samples were high because
the surface roughness values of the LO-10-63 samples were high.

7) As the electrical properties were compared, the LO-15-45 samples result the best

electrical conductivity due to both low porosity and low oxygen level.

8) Finally, the tensile test results were examined, the worst results were showed in the
HO-10-63 samples. This is due to the high pore size and porosity level of HO-10-63
samples. On the other hand, the results of LO-15-45 and HO-15-45 samples are
examined, and similar results are obtained, but LO-15-45 gives better results.
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