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Abstract

This study investigates the pressureless infiltration of 3D-printed alumina with copper oxide
to produce ceramic composites suitable for ASML application. ASML’s components demand
high mechanical performance ceramics with complex shapes and low porosity. An effective
method for producing large and complex shapes is powder bed binder jetting (PBBJ). A
major challenge of this technique is achieving a low level of porosity. To address this challenge,
pressureless infiltration has been employed as a post-processing method to reduce porosity.

Alumina porous structures with a relative bulk density of 59% were fabricated with PBBJ.
An infiltration setup was designed and successfully tested on these alumina porous structures.
Infiltrating the alumina with copper oxide in an oxygen-rich environment, resulted in a relative
density of 85% and a flexural strength of 53.6 MPa. Reactions between alumina and copper
oxide resulted in the consumption of up to 50% of the alumina, leading to the formation of
ternary oxides (like CuAlO2). The ternary oxides accounted for approximately 70 wt.% of
the composite. The formation of these ternary oxides significantly reduces the composite’s
mechanical properties, as it consumed the load bearing alumina. It was predicted that at
0% porosity, the theoretical minimal strength of this composite would be only 33% of the
strength of alumina.

The feasibility of infiltration in nitrogen was explored through differential thermal analysis
(DTA), thermogravimetric analysis (TGA), and X-ray diffraction (XRD) analyses. For these
tests an equimolar powder mixture (consisting of AloO3 and CuyO) was used. The results
revealed 5 different phase transitions during the infiltration cycle. Even under the most
optimal thermal infiltration conditions, 72 wt.% ternary oxide was formed.

Pressureless infiltration shows potential in improving the density of porous bodies created by
PBBJ. The thermal infiltration cycle has to be improved in order to minimize the unwanted
reactions between alumina and copper oxide. Using alternative materials for infiltration, may
better meet ASML’s requirements.
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Chapter 1

Introduction

1-1 Thesis scope and outline

This thesis investigates the pressureless infiltration of copper oxide into alumina to develop a
high density (>99%) ceramic composite material. The focus is on understanding the infiltra-
tion process and phase transformations that took place during infiltration. Porous alumina
structures were produced exclusively using powder bed binder jetting (PBBJ), with no other
additive manufacturing methods explored. The printing was done using alumina powder and
sintering was conducted using a vacuum graphite furnace. Pressurized sintering, did not give
any significant densification. The scope also centers on the requirements for ASML applica-
tions. Experiments were performed in oxygen-rich and full nitrogen environments to assess
their effects on infiltration and phase transformations. Characterization methods included mi-
crostructural characterization, thermogravimetric analysis (TGA), differential thermal analy-
sis (DTA), X-ray diffraction (XRD), scanning electron microscope (SEM) and 3-point bending
tests. Broader economic analysis and real-world testing (like 3D-printing the ASML applica-
tions) are excluded.

The introduction provides the background and motivation for this research. This includes
an introduction to 3D-printing high-density technical ceramics. The user case of ASML is as
well introduced. Due to confidentiality, details about the ASML use case could not be shared
and are therefore referred to as the ’ASML application’ The technical background elaborates
on the 3D-printing technique PBBJ. It focuses on the materials used (alumina and copper
oxide) and their interaction in composite form, focusing on both mechanical and chemical
aspects. This chapter also introduces pressureless infiltration and concludes with the research
questions. The methodology includes a block diagram, where the experimental process is
detailed with each step individually. The results section begins with the characterization of the
3D-printed PBBJ alumina porous structure, followed by infiltration and the peaks observed
during experiments in nitrogen using DTA and TGA. In the discussion, the reactions are
assigned to the observed peaks and the findings are analyzed. The conclusion addresses the
research questions, while the recommendations outline potential directions for future work.
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2 Introduction

1-2 Background and motivation

1-2-1 3D-printing technical ceramics

Technical ceramics are ceramic materials that are used for demanding environments where
high performance is essential. These materials often have outstanding mechanical, thermal
and chemical properties [8, 59]. Some technical ceramics have excellent hardness and wear
resistance make them ideal for tools and machines under heavy use, such as cutting tools. The
specific stiffness provided by some technical ceramics provides added benefits in mechanical
applications [19]. Electrical characteristics could also add value, with for example alumina
being used as an insulating material in electronics [47]. However, producing technical ceramics
with complex shapes has long been challenging due to the difficulty of machining these hard
and brittle materials [8].

3D-printing methods are changing this by enabling the manufacturing of high-density ceramics
with complex geometries. The 3D-printing techniques minimizes the need for machining and
post-processing. It can also reduce the production time and costs [8]. With this reason,
3D-printing as a technique for creating ceramic components is becoming a promising tool.

Technical ceramics are becoming more important in the semiconductor industry. The stabil-
ity of these technical ceramics under heat and chemicals is crucial. Higher accelerations are
required in chip manufacturing machines, with the rise in chip production. To meet these de-
mands, materials like technical ceramics, known for their high specific stiffness, could offer an
appealing alternative to traditional materials. Their role in high-tech applications highlights
their importance in modern engineering [8].

1-2-2 User case ASML

The user case of this master thesis is provided by ASML. ASML plays a critical role in
the semiconductor industry by providing advanced photolithography systems used in chip
manufacturing. These machines are essential for creating complex patterns on silicon wafers.
ASML specializes in both deep ultraviolet (DUV) and extreme ultraviolet (EUV) lithography
systems. The EUV technology enables the production of the most advanced semiconductor
designs [36].

ASML’s innovations have played a major role in following the trend of the Moore’s Law,
which predicts the steady increase in the number of transistors on a chip. For ASML it’s not
just about the number of transistors, the production speed measured in wafers per hour, is
equally important. The machines need to deliver high wafer outputs to remain competitive,
allowing customers of the ASML machines to recover their investments. To achieve this, the
machines must scan silicon wafers faster, requiring higher acceleration. At the same time,
downtime is costly, so every component must perform reliably without failure.

Higher acceleration rates increase mechanical stress on machine components. To address
this, ASML is exploring technical ceramics as potential replacements for some metal parts.
Ceramics offer high specific stiffness, stable thermal properties such as good conductivity, low
expansion and chemical resistance. This makes ceramics suitable for specific application areas
in ASML machines.
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1-3 Problem statement and research objective 3

One critical requirement for the ASML application are the internal cooling channels to main-
tain a constant temperature. These channels are designed with small tolerances. For example,
the walls of these internal cooling channels are <1 mm. These channels must be leak-proof,
handling fluids without failure. Leak tightness is determined by the viscosity of the fluid, the
pressure of the fluid, the pore size, and the pore connectivity. Since the ASML application
is located in a critical environment, it is critical to avoid any leakage at all costs. Therefore,
it is assumed that the ASML application must have a very low level of porosity to guarantee
safety, below 1%. This value is an assumption and further calculations are required to deter-
mine the exact threshold. Achieving such a low level of porosity poses a significant challenge
for PBBJ [9].

1-3 Problem statement and research objective

Problem statement

There is a demand for technical ceramics with complex geometries and low porosity (<1%).
Standard manufacturing methods are unable to meet these requirements due to their limita-
tions in producing complex shapes. While PBBJ is capable of fabricating complex shapes,
achieving ceramics with low porosity remains a significant challenge.

Research objective

Investigate the effect of infiltration on density and properties of porous ceramic structures
produced by PBBJ.

Master of Science Thesis Olaf Verbunt



Chapter 2

Theoretical Background

The theoretical background explains the main concepts needed to carry out the research. It
begins with an explanation of powder bed binder jetting, starting from the powder and ending
with the sintering process.

Next, the materials used in this research are introduced, namely alumina and copper ox-
ide. Their mechanical and chemical interactions are further detailed in the section about
composite.

Finally, the principle of pressureless infiltration is explained. Knowing this theory is important
for successfully infiltrating the porous structures.

2-1 Powder bed binder jetting

powder bed binder jetting (PBBJ) is a additive manufacturing technique that is used in this
study for creating 3D objects. With this technique, a liquid binder is selectively deposited
onto layers of powder to form a solid structure. Compared to other additive manufacturing
methods, PBBJ offers two key advantages. It can produce faster and can handle larger build
volumes [9]. These advantages are beneficial for creating complex geometries on a larger
scale. A wide range of materials can be printed with PBBJ, including ceramics, metals,
and composites. However, achieving low porosity and high mechanical strength remains a
challenge for working with ceramics [9]. Careful optimization of process parameters and
post-processing techniques is required.

The PBBJ process begins with the preparation of fine powder. This powder is spread in thin
layers over a build plate. A print head deposits the liquid binder according to a pre-defined 3D
model. The binder adheres the powder particles to form the green part. This layer-by-layer
process continues until the entire object is printed. Post-processing steps, such as curing,
depowdering, and sintering, are then applied. These steps are needed in order to create a
solid 3D-object. A schematic of the process is shown in Figure 2-1.
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2-1 Powder bed binder jetting 5

Feedstock Debinding
Preparation
e~
*Cured part +Final part
| —

Figure 2-1: Major steps in powder bed binder jetting [9]

A typical PBBJ system consists of several key components, as shown in Figure 2-2. The
build plate provides the foundation for layer-by-layer construction. The recoater and roller
ensure even distribution and compaction of the powder layers. The print head and binder
cartridge precisely deposit the liquid binder onto the powder bed. A heater assists in binder
evaporation after each layer. This improves layer adhesion and prepares the surface for the
next layer.

PRINTHEAD

Prints polymer binder
OSCILLATOR RECOATER ROLLER onto powder
Dispenses by vibrating Smooths out powder
powder out of the hopper after dispensing

HEATER

Cures the current layer

to the layer below ‘\-—_*‘_b

PRINTED POWDER
Top part bonded by
binder

UNPRINTED POWDER

Acts as support material Z-AXIS and BUILD PLATE
for printed part Lowers the build plate

after each layer BUILD BOX

Contains a movable
build plate

Figure 2-2: Major components in powder bed binder jetting [12]

After printing, the green part undergoes post-processing. Curing solidifies the binder, en-
hancing structural integrity needed for depowdering. Depowdering removes unbound powder,
which can be recycled for future use. The binder is then removed through thermal decom-
position, also known as debinding. This leaves the brown part. Finally, sintering densifies
the brown part by promoting particle bonding through heat. This process improves the
mechanical integrity of the 3D-printed part and reduces porosity.
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6 Theoretical Background

The quality of parts produced by PBBJ depends on several key process parameters. Binder
properties, such as viscosity and droplet size, are crucial for effective particle bonding [63].
Layer thickness plays an important role in surface finish and resolution. The optimal layer
thickness is typically based on particle size [9]. Binder saturation represents the volume of
binder relative to the air space in the powder bed. Proper control of saturation ensures
structural integrity and dimensional accuracy [9].

Although PBBJ has significant advantages in producing complex geometries, it faces chal-
lenges in achieving low porosity working with ceramics. Different densification techniques
could be used in order to improve the relative density of the as printed and sintered objects.
These densification techniques include the use of nanoparticles in the binder, powder gran-
ulation, sintering additives, liquid slurry infiltration and liquid phase infiltration [9]. In this
research, liquid phase infiltration will be used as the post-processing method to improve the
relative density.

Density and porosity

In PBBJ various terminologies are used to define different types of densities. These include
densities associated with the packing state of the powder, densities of the part at various
stages of the process and densities that account for the presence or absence of pores. Similarly,
different terms are used to describe porosity. Table 2-1 provides a summary of these density
and porosity terminologies, based on the literature review by W. Du et al. [9].

The terminology of open and closed pores are mentioned in Table 2-1. Open pores are
permeable from the surface, while closed pores are totally included into the bulk. In Figure 2-
3, a schematic cross view can be seen that shows the difference between open and closed pores.

Table 2-1: Density and porosity terminology [9]

Terminology \ Definition
Powder density in different packing states
Apparent density Density of freely settled powder
Tap density Density of powder after standard tapping process
Powder bed density Density of powder that is spread on the build platform
Part density after different process stages
Green density Density after printing and curing
Brown density Density after debinding
Sintered density Density after sintering

Part density and porosity when different pores are included
Apparent solid density | Mass per unit apparent solid volume (total volume of solid material
and closed pores)

Bulk density Mass per unit bulk volume (total volume including open and closed
pores)

Apparent porosity Volume percentage of open pores in the bulk material

Closed porosity Volume percentage of closed pores in the bulk material

Bulk porosity The sum of apparent and closed porosity
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2-2 Materials 7
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Figure 2-3: Schematic view open and closed pores in a cross section view [9]

2-2 Materials

This research focuses on two main materials: alumina and copper oxide. Alumina is the
material used to create the porous structure with the use of PBBJ. Copper oxide is the
infiltrated material that goes inside the porous structure. This section begins by focusing on
the properties of alumina. Next, the properties of copper oxide are examined, with special at-
tention given to how it behaves during oxidation and reduction under different oxygen partial
pressures. Lastly, the composite section is divided into two parts: mechanical and chemi-
cal. The mechanical part examines how the mechanical properties of the composite changes
with varying concentrations of alumina and copper oxide. The chemical part investigates the
interactions between alumina and copper oxide at different temperatures and environments.

2-2-1 Alumina

Alumina (Al303) is a ceramic material, that has multiple useful material properties. These
material properties include mechanical, chemical, thermal and electrical properties. It has a
high melting point of 2,054°C and is very stable [53]. Alumina exists in multiple phases, with
the a-phase being the most commonly used for mechanical applications due to its superior
hardness and strength [38]. Therefore, this section will focus exclusively on a-alumina.

Mechanical properties

Alumina is renowned for its hardness, stiffness, strength and relatively low density [38]. This
results in a high specific stiffness and high specific strength, which could be useful material
properties for material selection. However, there are also some downsides of using alumina
relating to the mechanical properties. An example of this, is the relatively low fracture
toughness.

Table 2-2 presents the mechanical properties of 99.5% purity a-alumina with a density greater
than 99.9%, derived from Granta EduPack 2021 [54]. From a PBBJ perspective, these ma-
terial properties are on the higher end, as achieving near-zero porosity with binder jetting is
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Theoretical Background

Table 2-2: Material properties 99.5% pu-

rity a-alumina [54]

Table 2-3: Porosity vs. strength of a-

alumina [53]

Material property Value [Unit] Porosity (%) | Flexural strength (MPa)
Young’s modulus 363 - 381 GPa 0 269

Tensile strength 252 - 265 MPa 10 172

Elongation 0.07 % strain 20 110
Compressive strength | 2.52 - 2.63 GPa 30 76

Flexural strength 302 - 318 MPa 40 55

Poisson’s ratio 0.21 - 0.27 - 50 47

Hardness Vickers 1480 - 1720 HvV

Fracture toughness 3.8-4.2 | MPay/m

very challenging [9]. Therefore, a study that correlates flexural strength with porosity pro-
vides more relevant insights, as shown in Table 2-3 [53]. The values in Table 2-3 align with
the findings of A. K. Mohan, a predecessor of this study, where a flexural strength of 59.5
MPa was achieved with a porosity of 33.1% [34]. For an optimal strength, it can be derived
from the table that a as low as possible porosity is to be desired.

The Young’s modulus is also heavily dependent on the porosity. In Figure 2-4, the relation of
alumina can be seen between the Young’s modulus and the relative density [18]. In the graph
there are two lines seen for two different models that describe the relation between relative
density and Young’s modulus (namely model C, n = 1.2 & n=2.5). The highest Young’s
modulus can be achieved with the highest relative density i.e. lowest porosity. The values of
the figure corrospond again with the studies of A. K. Mohan, where they achieved a Young’s
modulus of 77.3 GPa with a relative density of 66.9% [34].

o A /
4 A AHEO o 6
m AH9O %
x  pp=0.62 ’,0 g O exp. data (Deng et al.)
T 300 + pp=0.50 7 i — quadratic fit
[C) - - E*({modelC,n=1.2) b S
F --= E*(model C, n=2.5) Q"""’ — 4
E: L% E
3 200 . &
© + . s o
£ oD X a 3
" P =
o s 9
3 100 amTg X X 2
> i —"0 ol
] A i
o [-m---s-ET
0
04 05 06 07 08 09 1 0 10 20 30 40 50

relative density porosity P [%]

Figure 2-4: Relation between Young's
modulus and relative density for alumina
[18]

Figure 2-5: Relation between fracture
toughness and porosity for alumina [18]

The fracture toughness increases with a decreasing porosity i.e. increasing relative density.
This can be seen in Figure 2-5 [18]. In order to construct the diagram, an extrapolation has
been made to determine the fracture toughness for a porosity of 0%.
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2-2 Materials 9

Structure of a-alumina

Alumina can have multiple phases, namely stable phases and metastable phases. However the
only stable phase of AloO3 under room temperature and atmospheric pressure is corundum
(a-phase). The corundum structure is shown in Figure 2-6. It consists of oxygen ions in
a slightly distorted close-packed hexagonal (rhombohedral) lattice, space group R3c. The
aluminum ions occupy two-thirds of the octahedral sites in the oxygen lattice. The lattice
parameters for corundum are a = 4.758 A and ¢ = 12.991 A [49].

O

o c

Q Al (o

O\IQ/‘O . —ag a7
Q

Q Q

Figure 2-6: The structure of a-alumina, also known as corundum [49]

2-2-2 Copper oxide

This section offers a brief overview of the oxidation states of copper oxide, its stability under
different oxygen partial pressures, its mechanical properties, surface tension, viscosity and
contact angle on alumina. The surface tension, viscosity and contact angle are key factors
required for further calculations related to the wettability of copper oxide on alumina.

Oxidation states

The copper-oxygen (Cu-O) system is known for the existence of two main oxides: cuprous
oxide (Cuz0) and cupric oxide (CuQO). The phases exist at the different oxygen pressures
and different temperatures. This can be seen in Figure 2-7. Cuy0O tends to remain stable in
reducing conditions, while CuO is more commonly formed in oxidizing environments [13].

The oxidation of CusO to CuO in an oxygen rich environment takes place in the temperature
domain of 300 - 700 °C. The oxidation reaction is described by equation 2-1 [3, 15].

1
CuyO + 502 — 2Cu0O (2—1)

This reaction occurs as CusO, in which copper is in the +1 oxidation state, is converted into
CuO, where copper is in the +2 oxidation state [3].
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10 Theoretical Background

In air, CuO (cupric) transforms back to CusO (cuprous) at temperatures above 1020 °C
[56, 21], though some sources indicate that this transformation occurs around 1000 °C [3].
This redox process for copper, when going from CuO to CusO, involves the reduction of
copper from the 4+2 to the +1 oxidation state. This can be seen in equation 2-2 and in
equation 2-3.

Cu*t +e¢~ — Cu™ (2-2)

2 Cu0O — Cu0 + %OQ (2-3)

The oxidation of CusO to CuO is an exothermic process, releasing heat as CuzO is oxidized.
Conversely, the reduction of CuO to CusO is endothermic, requiring an input of energy [3].

T

102}

(Torr)

102
™~

B

104 ¢ Cu

600 800 1000 1200 1400

T (*C)

Figure 2-7: Phase diagram of the copper—oxygen system, showing oxygen partial pressure as a
function of temperature [2]

Mechanical properties

In this study, copper oxide is used as an infiltrated phase in the porous alumina structure
made by PBBJ. Alumina is the main load-bearing part of the composite, so the mechanical
properties of copper oxide are less important but not completely irrelevant. They still play
a role in the final mechanical performance of the composite. In Table 2-4, the density and
Young’s modulus of the copper oxides are shown. It is clear that, in terms of specific stiffness

(£), copper oxide does not perform as well as alumina.

P
Surface tension

The surface tension of copper oxide plays a key role in determining its wetting behavior. The
infiltration of copper oxide into alumina in this research occurs at temperatures ranging from
1230°C to 1300°C (see section 4). Direct measurements of surface tension for copper oxide at
these temperatures are not readily available in the literature.
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2-2 Materials 11

Research by C. Nexhip et al. provided a formula to calculate the surface tension of Cu-O
systems at 1130°C under varying oxygen partial pressures (pOs) (see equation 2-4) [35]. As
detailed earlier, CuO decomposes to CusO above 1020°C, therefore this formula specifically
calculates the surface tension of CusO.

= 1251 = 775+ In (14 (279 x 10° - /p0y) ) [mN/m] (2-4)

This formula provides the surface tension at 1130°C. To estimate the surface tension at the
infiltration temperature of 1250°C, extrapolation of the data is necessary. The method for
extrapolation is outlined in equation 2-5 [35].

Y(T) = ~yo — k(T — Tp) (2-5)

Here, k represents the temperature coefficient, which was defined by C. Nexhip et al. to
range from 0.2t00.3mN/(m - K) [35]. Next, the surface tension is calculated at 1250°C and
at pOy = 0.2 (see equation 2-6 and 2-7).

y=1251 - 775 In (1+ (279 x 10° - V0.2) ) (2-6)

v = 1251 — 909.4 = 341.6 mN/m (2-7)

Thus, the surface tension v at pO2 = 0.2 atm is approximately 341.6 mN/m at 1130°C.

The surface tension 1250°C can be calculated with the temperature coefficient. For the
following calculation, the average value of k, which is 0.25 mN/(m - K) defined by C. Nexhip
et al. [35], will be used. Using this value, the surface tension can be determined through the
following extrapolation (see equation 2-8).

v(1523 K) = 341.6 — 0.25 x (1523 — 1400) = 311 mN/m (2-8)
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12 Theoretical Background

Viscosity

In the research by M. Chen et al., the viscosity of a CuyO system was studied within the
temperature range of 1230 to 1330 °C [5]. This aligns with the conditions of the process that
is interesting for this research (1250 to 1300 °C). Their study applied the Modified Urbain
model to calculate the viscosity, and the results were compared with experimental data. The
data showed a strong correlation with the model’s predictions. This can be seen in Figure 2-8.

0.016
B Experimental data of Cu O
Maodified Urbain model calculation
[ ]

0.014 - -
“
]
£
ES
~ 0012

-
L}
0.010 L 1 L L
1500 1520 1540 1560 1580 1600

Temperature/K

Figure 2-8: Comparison of experimental data (symbols) and calculated viscosities (line) for the
Cuy0 system in the temperature range of 1240 to 1315 °C [5]

The tests by M. Chen et al. were done in an argon atmosphere, which could affect the
viscosity values compared to other gases [5]. The exact impact on the viscosity of a different
environment is unknown. In this research, it is assumed that the results in argon are close
enough to the environment of this research where different concentrations of oxygen and
nitrogen are combined.
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Contact angle

To calculate the contact angle 8 of CuzO on alumina, the Young’s equation can be used in
equation 2-9 [25]:
cosf) — 18V~ IsL (2-9)
YLV

where:

o 7gv is the surface tension of the solid (alumina) in a vacuum.
e gL is the surface tension at the solid-liquid interface (between alumina and CugO).

o 7y is the surface tension of the liquid (Cug0O) in contact with its vapor.

Determining the contact angle between copper oxide and alumina at 1250 - 1300°C presents
several challenges. One reason is the lack of data on the three surface tensions at various
oxygen partial pressures at 1250 - 1300°C. Additionally, reactions occur at the phase boundary
at this temperature, with ternary oxides beginning to form at temperatures above 750°C [3],
which further complicates the analysis.

As stated before, the specific contact angle of liquid copper oxide on alumina at 1250-1300°C
has not been widely documented in the literature. Therefore, an assumption is necessary.
Metallic copper has a poor wetting angle on alumina, with contact angles greater than 90°
[57]. Adding oxygen to the copper melt significantly reduces its contact angle with alumina.
N.A. Travitzky et al. measured wetting angles of 72°, 57°, 44° and 32° for copper-oxygen
alloys with 0.8, 1.6, 2.4, and 3.2 wt.% oxygen at 1300°C [57]. In this master thesis, CusO
is used, which contains 11.2 wt.% oxygen. Considering that the wetting angle decreases as
oxygen content increases, it is assumed that the contact angle for 100% CusO would be around
32° (or might be even lower). This assumption is verified by Figure 2-9, where in a broken
alumina crucible containing solidified CusO, the contact angle was indicated and determined
to be around 25°.

Figure 2-9: Broken alumina crucible with wetted and solidified CuyO. The contact angle, marked
by red lines, is approximately 25°
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2-2-3 Composite

In this section, the interaction between copper oxide and alumina in the composite will
be elaborated. The section starts with the chemical perspective. This is followed by the
mechanical analysis. The chemical analysis will focus on the reactions that occur between
copper oxide and alumina at elevated temperatures. The mechanical analysis examines how
the Young’s modulus varies with different concentrations of copper oxide.

Chemical

Alumina and copper oxide react at elevated temperatures. This can be seen in the phase
diagram of AlyO3 and CuaO with varying concentrations (see Figure 2-10). The phase diagram
was derived from experiments conducted in an argon atmosphere [6]. The diagram highlights
the formation of various phases, including metallic copper and the ternary oxide CuAlO9
(delafossite). From the diagram, it is can be derived that these phases begin to form from
approximately 900 °C [6].

Additionally, the same phase diagram has been reconstructed for experiments carried out in an
air environment, as depicted in Figure 2-11 [17]. In this scenario, two ternary oxides, namely
CuAlO2 (delafossite) and CuAlyOy (spinel), can be observed. The spinel phase emerges
at temperatures around 600 °C. With increasing temperature it transitions into CuAlOq
(delafossite). On the right side of the phase diagram, an eutectic point is noticeable near
1130 °C, marking the temperature where liquid CuAlO5 and CusO solidify into a solid phase
[17]. Tt is unlikely that a spinel phase will be present in the infiltrated bending bar samples,
as copper oxide is infiltrated at a temperature of 1230 °C. At this temperature, delafossite
(CuAlO3) forms instead of the spinel phase (CuAlyOy4). Although the delafossite can oxidize
during the cooling process.
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Figure 2-10: The phase diagram of the Cuy0-Al;Oj3 Figure 2-11: The projected
system in equilibrium with metallic copper in argon [6] isobaric phase diagram for

the CuO-Cuy0-Al;03 sys-
tem at pOy = 0.21 atm [17]
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A.P. Amrute et al. conducted an in situ X-ray diffraction (XRD) analysis using an equimolar
powder mixture of AloO3 and CuyO at various temperatures (see Figure 2-12 for air and
Figure 2-13 for Ng) [3]. This analysis reveals that ternary oxide formation begins at higher
temperatures in nitrogen (1000°C) compared to oxygen (750°C), as shown in the figures. The
results are not fully comparable, as the study utilized y-alumina, whereas this study employs
a-alumina. Since y-alumina transitions to a-alumina around 850°C, the data is more relevant
above this temperature [3].
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Figure 2-12: Evolution of the crystalline Figure 2-13: Evolution of the crystalline
phases during the synthesis of CuAlO; in phases during the synthesis of CuAlO; in
air as determined from the in situ XRD N2 as determined from the in situ XRD
analysis based on equimolar Cu;O + Al;O3 analysis based on equimolar Cu;O 4+ Al;O3
mixtures [3] mixtures [3]

Formation of the spinel CuAly Oy

The spinel (CuAlpyOy4) is created by a reaction between cupric oxide (CuO) and alumina
(Al203). This reaction takes place after CuyO is oxidized to CuO, as shown in reaction 2-1.
Once CuO is formed, it reacts with alumina between the temperatures of 700 °C and 1000 °C,
leading to the formation of CuAlyOy, as described in equation 2-10 [3]. In Figure 2-11, it can
be seen that the reaction might take place at even lower temperatures (600 °C) [17]. The
reaction is exothermic, as indicated by its negative formation enthalpy [4].

CuO + Al,O3 — CuAl;04. (2—10)

The oxidation of CusO to CuO does not occur in an inert environment, due to the absence
of oxygen. Without this oxidation step, CusO remains stable in its +1 oxidation state,
preventing the formation of CuO. As a result, the subsequent reaction between CuO and
Aly03 cannot take place. Therefore, oxygen is needed in order to let the formation of the
spinel happen [3].

A spinel (CuAlyO4) can also form when a delafossite (CuAlOg) oxidizes. This oxidation
reaction is shown in reaction 2-11 [15] (with an excess amount of Al;Og3). The equilibrium
for this reaction is reached when the partial pressure of Oz (Po,) is 0.014 bar at 900°C.
If an excess amount of CuQO is present, the oxidation reaction follows reaction 2-12. The
equilibrium for this reaction is reached when Pg, is 0.048 bar at 900°C [15].

4CuAlOs(s) + 2A1503(s) + O2(g) = 4CuAly04(s) (2-11)
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Figure 2-14: Alumina and copper oxide interface after 408 hours at 1100 °C in an oxygen rich
environment [56]

4CuAlO2(s) + O2(g) = 2CuAlyO4(s) + 2CuO(s) (2-12)

Research by David W. Susnitzky et al. suggest that the spinel phase could be produced
within the delafossite layer (CuAlO2), with evidence shown by dark spots in micrographs, as
can be seen in Figure 2-14 [56]. The appearance of small CuAlyO4 particles, along with CuyO
particles and visible pores within the CuAlQO, layer, suggests that the delafossite CuAlOq
oxidizes to form CuAl,O4 and CuzO during the cooling process through a chemical reaction,
as shown in the equation 2-13 [56].

8 CuAlOg + Oy — 4 CuAl; 04 + 2 CuyO (2—13)

The pores in the material might help oxygen (O2) move to the CuAlOq layer [56].
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Formation of the delafossite CuAlOy

Delafossite (CuAlO2) forms between 1000°C and 1100°C in oxygen rich environments [15].
The delafossite can already be forming at around 900 °C, in an inert environment [6]. One
of the main pathways for its formation is through a reaction between a-alumina (Al,O3) and
cuprous oxide (Cug0O), which results in the production of delafossite. This process can be
described by the chemical reaction shown in equation 2-14 [15]. The formation enthalpy of
delafossite CuAlO9 was estimated by J.M. Ok et al. using the DFT-based Fitted Elemental-
Phase Reference Energies (FERE) method [37]. The enthalpy was calculated as -2.7 eV /atom,
indicating an exothermic reaction.

Cus0 + Al,O3 — 2 CuAlOg (2—14)

Delafossite can also be produced through the reduction of spinel (CuAlaO4). This route in-
volves reduction of the spinel where CuAl,Qy is gradually converted into CuAlOs, as outlined
in reactions 2-11, 2-12, and 2-13 [15, 56]. In environments without oxygen, the reduction of
CuAl;04 to CuAlOg occurs very slowly [15].

Mechanical

The mechanical properties of the composite changes as the composition of the composite
changes. This section focuses on how the Young’s modulus is influenced by the composition
and microstructure of the composite. It is should be noted, that this research started with
the user case of ASML, which aimed to achieve the highest possible E/p. Table 2-4 presents
the density and stiffness values of the phases studied that were seen in the alumina copper
oxide composite. In the following section, the relationship between stiffness, composition, and
microstructure will be derived.

The stiffness of a composite material can be estimated using the rule of mixtures. One
of the models that is used in the rule of mixtures theory is the Voigt model. This model
calculates Young’s modulus for a composite in which the reinforcement is continuous and load-
bearing throughout the sample [29]. In this model, the alumina particles act as reinforcements
and form an interconnected, load-bearing network. The Voigt model, which considers the
two materials in the composite to act as parallel springs, is depicted in Figure 2-15 and is
mathematically represented by Equation 2-15 [29].

E=FE.f.+ Eofa (2-15)
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Where:

o [E represents the overall Young’s modulus of the composite.

e E. is the Young’s modulus of the copper-phase material.

fc is the volume fraction of the copper-phase material.

FE, is the Young’s modulus of alumina.

fa is the volume fraction of alumina.

1

Figure 2-15: The Young's Modulus of composites as a function of volume fraction, based on
equations 2-15 and 2-16 [29]

The Voigt model assumes that strain is uniform across the composite, while stress differs
between the two phases.

Using the values from Table 2-4 and Formula 2-15, it becomes clear that a higher alumina
content increases the Young’s modulus of the material. Increasing the alumina fraction im-
proves also the density characteristics. When ternary oxide forms, it decreases the alumina
content in the composite. This decrease is explained by the reactions in equations 2-10 and
2-14, where alumina is consumed to form CuAl,O4 and CuAlOs.

Too much ternary oxide can cause the alumina phases in the porous structure to become
disconnected. This is assumed to be visible in Figure 2-16, where the non-connected alumina
regions are marked with the letter A. When the alumina phases are not interconnected, they
cannot transfer loads effectively, meaning the alumina is no longer load-bearing. In this case,
the composite behaves like a series of springs. The Young’s modulus of the composite can
then be determined by the Reuss model, which assumes that the two materials act like springs
in series. The formula for this can be found in equation 2-16 [29].
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E = (1{;—1 41 ;Cf“)_l (2-16)

In the Reuss model, the stress is uniform across the composite, while strain differs between
the two phases.

As seen in Figure 2-15, the Reuss model predicts a lower stiffness compared to the Voigt
model. This shows why disconnected alumina phases are undesirable. Thus, reducing the
formation of ternary oxides is crucial to keep the alumina phases connected and maintain the
load-bearing capacity of the composite.

6A Aug 23, 2024

Figure 2-16: scanning electron microscope (SEM) scan of alumina infiltrated with copper oxide;
A marks the alumina phase

In conclusion, achieving a composite with a high F/p requires maximizing the alumina con-
tent. This is due to alumina’s combination of the highest Young’s modulus and lowest density,
as shown in Table 2-4, in accordance with the rule of mixtures.

Material Density (g/cm®) [ Stiffness (Young’s Modulus, GPa) | Source
Alumina (Al,O3) 3.96 370 [54]
Cuprous Oxide (Cuz0) 6.0 ~110 [40]
Cupric Oxide (CuO) 5.94 ~140 [41]
CuAl,04 Not widely reported* Not widely reported*

CuAlO; 49 ~180 3, 39]

Table 2-4: Density and Stiffness of Different Materials. *Data not widely available, but likely
significantly lower than alumina
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2-3 Pressureless infiltration

In this section the pressureless infiltration process of a liquid phase is elaborated, where a
liquid phase is infiltrated into the porous component without any external pressure component
used as a driving force. The liquid phase is later on solidified to create one dense solid
structure. This technique can be used to densify a porous structure, that is created by PBBJ.
This theoretical background explores key principles, such as wettability and Jurin’s law. It
also evaluates the advantages and disadvantages of pressureless infiltration in combination
with PBBJ.

Working Principle

Infiltrating the porous structure object with a liquid phase is a technique used for reducing
its porosity. The process involves absorbing the liquid phase in a porous structure, like a
sponge absorbing water. The liquid phase is transferred to the pores in the porous structure.
Subsequently, the liquid phase solidifies and reinforces the overall structure. The effectiveness
of this process is largely depended on the capillary action, which is influenced by the principles
of wettability and Jurin’s law [7].

Wettability measures how easily a liquid spreads across a solid surface, quantified by the con-
tact angle between the liquid and the solid. A lower contact angle indicates better wettability,
meaning the liquid can more easily penetrate the porous structure [10]. The contact angle
for pressureless infiltration must be low enough to ensure effective capillary action. The rule
of thumb is, that for spontaneous infiltration the contact angle must be at least lower than
90 degrees (the lower the better) (0 < 90°) [7]. In Figure 2-17, an schematic drawing can be
seen of the working principle of the contact angle and wetting and non-wetting behaviour.

The contact angle 0 is calculated with equation 2-9. This equation highlights the parameters
influencing the contact angle and thereby the infiltration of the alumina porous structure by
the liquid phase. The contact angle is reduced by increasing sy and decreasing vsr. Lowering
vy while maintaining constant gy and ~ygy will reduce the wetting angle in systems that
are already wetting, but it cannot convert a non-wetting system (6 > 90°) into a wetting one
(6 < 90°).

The wettability is also sensitive to more factors than only the contact angle. Wettability
depends on factors like reactivity, solubility, interface reactions, surface roughness, impurities,
melt oxidation, processing conditions, matrix composition and even the atmosphere. The
wettability can be adjusted by introducing extra alloying elements in the to be infiltrated
liquid phase [10].

Jurin’s law describes the capillary rise of a liquid in a narrow tube. An schematic view of
capillary rise can be seen in Figure 2-18. According to Jurin’s law, the height h to which a
liquid will rise in a capillary tube in an axisymmetric case is given by 2-17 [27].

_ 4ycost

h
pgd

(2-17)
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0>90° 08 <90°

Non-Wetting Wetting

Figure 2-17: Surface forces acting at the point of intersection of a liquid resting on a solid; (a)
Non-wetting system. (b) Wetting system in function of the contact angle [7]

where:

e~ is the surface tension of the liquid,

0 is the contact angle (related to wettability),

p is the density of the liquid,

g is the acceleration due to gravity,

d is the diameter of the capillary tube (or pore size).

In porous structures, smaller pore sizes, liquids with higher surface tension and a lower contact
angle enhance infiltration effectiveness. Smaller pores can also increase the likelihood of
clogging, leading to closed porosity, which can obstruct further infiltration. Therefore it is
needed to optimize the porosity and pore size, to achieve the highest densification.
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Figure 2-18: Schematic of the capillary rise [27]

Advantages

In this section the advantages of pressureless infiltration combined with PBBJ are elaborated.

e Enhanced mechanical properties: Infiltration can significantly increase the mechanical
strength, hardness, and wear resistance of alumina by filling the pores and creating a
denser structure. In Figure 2-19, the strength of the liquid infiltrated PBBJ samples are
compared to samples without liquid infiltration for alumina PBBJ structures. It can
be seen that the liquid infiltration samples have a significant higher flexureral strength.
The highest flexural strength so far with alumina is 317.5 MPa, where a PBBJ structure
is infiltrated with liquid copper in a oxygen rich environment [42].

.
Y

Flexural strength (MPa)

Figure 2-19: Comparison of the flexural strengths of alumina-based specimens fabricated by
PBBJ, followed by sintering. The red arrow indicate the infiltrated samples with a liquid phase
metal or ceramic [42]
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o Reduced porosity: The pressureless infiltration of a liquid phase significantly reduces the
porosity in the porous alumina. In the research of Q). Porter, an open porosity of 0.6 4
0.2% was measured for alumina infiltrated with copper in an oxygen rich environment
[42].

Customized properties: By selecting the right infiltrating materials, the properties of
the composite can be selected to specific applications.

Reduced anisotropy: Binder jetting often results in anisotropic properties due to the
layer-by-layer nature of the printing process. Infiltration helps to reduce this anisotropy
by uniformly filling the pores and creating a more homogeneous material structure,
thereby enhancing the isotropic mechanical properties. In Table 2-5 the mechanical
properties regarding different orientations of the sample are displayed of the uninfil-
trated and the infiltrated sample. The testing orientations that were used can be seen
in Figure 2-20 [31]. This shows that the isotropic properties are improved due to infil-
tration.

Dimensional accuracy: Since the green body requires minimal shrinkage during sinter-
ing to achieve high density liquid melt infiltration, the risk of shrinkage defects can be
significantly reduced. This method can enhance dimensional accuracy and help mini-
mize shrinkage cracks [28].

Figure 2-20: Sample loading modes according to the layer-by-layer build process of PBBJ. The
flexural strength results with the different loading modes can be found in Table 2-5 [31]

Table 2-5: Mechanical properties of AlyO3 (without infiltration) and AloO3/Cu—-O composites
(with infiltration). The loading modes are based on Figure 2-20 [31]

‘ Mode A ‘ Mode B ‘ Mode C
Al,O3 (without infiltration)
4-Point bending strength (MPa) 56 £ 3 53 £ 3 19 £+ 2
Young’s modulus (GPa) 113 £5 93 +4 | 92+13
Fracture toughness K. (MPay/m) | 1.6 £ 0.1 | 1.8 £ 0.1 | 0.5 £ 0.1
Al,03/Cu—O Composite (with infiltration)
4-Point bending strength (MPa) | 236 + 32 | 245 + 43 | 222 £ 15
Young’s modulus (GPa) 204 +£8 | 198+9 | 194+ 9
Fracture toughness Kj. 1/m) 55+0.3|56=£08]50%1.0
Vickers’ hardness HVg (GPa) 25+01|24+£03|24+0.5
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Disadvantages

o Complex processing: The infiltration process adds extra steps too the process, which
needs a precise control of temperature, pressure, and atmosphere to ensure successful
infiltration without defects. This will all add up to the complexity.

o Material compatibility: Not all metals or ceramics in liquid phase are compatible with
alumina. The melting temperature of the liquid phase must be lower than the temper-
ature where the porous structure is mechanically stable. The liquid phase must have a
low contact angle on the solid state, in order to make pressureless infiltration happen.

e (ost: The additional steps and materials involved in infiltration can increase the overall
cost of producing the composite material. For example an extra heating cycle is needed,
which is increasing the energy usage.

e Thermal stress: Differences in thermal expansion coefficients between the solid state
and the liquid phase can induce thermal stresses during cooling, potentially leading to
cracks or other defects [7].

o Incomplete infiltration: Incomplete infiltration occurs when the liquid phase cannot fully
penetrate the porous alumina, due to closed porosity or too limited capillary driving
force. Closed pores are isolated cavities that are not in connection with the external
surface. This can be seen in Figure 2-3. To minimize this issue, the infiltration process
must be optimized.

o Multi phase material: Introducing a liquid phase into a porous base material will result
in the formation of multiple phases. Some of these phases may not be suitable for the
given application area. This can present potential issues for compatibility.
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Infiltration time

It is important to determine how long the system should be maintained at the infiltration
temperature in order to fully infiltrate the porous body. This infiltration time can be cal-
culated. The Lucas-Washburn equation is a useful tool to estimate how fast this infiltration
occurs [11]. The standard Lucas-Washburn equation does not include the effect of gravity,
which is important for vertical infiltration.

Therefore the Lucas-Washburn equation was modified to account for gravity as this was a
factor that couldn’t be ruled out [11, 62]. The modified formula can be found in equation
2-18.

h «a bh
t=————_In(1-— 21
b b2 n( a) (2-18)
Where:
ocRcosf
= — 2-1
a I (2-19)
and
2 .
p— PR SNy (2-20)
8

o a represents the capillary force driving the infiltration (without gravity)

b accounts for the effect of gravity on the infiltration process

o is the surface tension of the liquid

R is the pore radius

0 is the contact angle between the liquid and the surface

4 is the dynamic viscosity of the liquid

p is the density of the liquid

g is the acceleration due to gravity

1 is the infiltration angle

This modified formula allows to calculate the infiltration time. It can ensure that the sample
remains at the infiltration temperature long enough for the liquid phase to infiltrate the
porous structure. In figure 2-21, the infiltration set-up is displayed and the relating units g,
h(t) and v are displayed.

Master of Science Thesis Olaf Verbunt



26 Theoretical Background

Figure 2-21: Schematic representation of infiltration in a porous medium [11]

2-4 Research questions

e What impact does the infiltration of copper oxide into porous alumina have on the
chemical, mechanical and microstructural properties of the resulting composite?

e What phase transformations occur during the thermal cycle of infiltration in nitrogen?

e Can the infiltrated composite be applied in ASML technologies?
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Chapter 3

Methodology

The methodology for this project is summarized in Figure 3-1, which provides a block diagram
detailing each step. It starts with the fabrication of alumina porous samples with powder
bed binder jetting (PBBJ). These 3D-printed samples are then cured and sintered. The
sintered samples undergo microstructural characterization. This characterization is used for
the infiltration process that follows. In the infiltration process the samples are infiltrated
in an oxygen-rich environment. The microstructure and mechanical properties (particularly
flexural strength) of the infiltrated samples are evaluated. Next, the potential of infiltrating in
a nitrogen environment is assesed. This is done by a simulation experiment of the infiltration
process in a nitrogen atmosphere. This simulation aims to identify phase transitions and
serves as a preparatory step for future nitrogen infiltration experiments.

Each step in the figure is explained further in Section 3-1 till Section 3-3.

Legenda ]
— Microstructural Mechanical
Fabrication steps characterization characterization
Characterization steps T T
F========= bl r= == —‘— _———_ r-—— - -----=-=-=- al
I I I — I I I
I I Curing + I | Infiltrationin | I Powder infiltration 1
— | 3Dprinting R . > > . S
I sintering I I oxygen [ I simulation in nitrogen | !
I I I | 1 I
L —- - — _l_ _—— T o4 L e - = = = l ______ B
Microstructural Thermal
characterization characterization

Figure 3-1: Graphical representation of the project methodology: black lines are indicating the
fabrication process, while red lines indicate the characterization process

Master of Science Thesis Olaf Verbunt



28 Methodology

3-1 Powder bed binder jetting

In this section, it is described which materials and process parameters were used for PBBJ.
Materials

The powder used for the PBBJ process is a-alumina, with a purity of 99.9%. Two sizes of
powder were selected for this study: 10 um (BAK-10, xtra GmbH, Germany) and 20 pm
(BAK-20, xtra GmbH, Germany). It is important to note that no multimodal mixtures of
powders were used in this research. Before the printing process, each batch of powder was
dried in an oven (Yamato DX412C, Japan) at 200°C for a minimum of 12 hours. This step
was essential to reduce moisture content, as excess moisture can significantly impact the
flowability, packing density and printing quality. After drying, the powder was sieved using a
106 pm (140 mesh) sieve to ensure a uniform distribution before deposition onto the powder
bed.

Printing

The alumina parts were fabricated using a binder jet printer (BJP), ExOne - Innovent Plus
(Huntington, PA, USA). The ExOne BJP features a build envelope of 65 x 65 x 160 mm,
with a printhead consisting of 256 nozzles. The binder used in this study was an aqueous-
based liquid binder with a density of 1.06 g/cm3, supplied by ExOne (Huntington, PA, USA).
Figure 3-2 shows the BJP used for printing the alumina samples. The process parameters
employed during PBBJ are summarized in Table 3-1. These values are based on prior research
conducted by A.K. Mohan, which determined the ideal printing conditions for avoiding defects
in the green body [34].

During the printing process, adjustments to the binder set time and drying time were occa-
sionally necessary. An ideal combination of parameters could not be consistently identified.
This variability might be influenced by the environmental conditions surrounding the printer.

The target powder bed temperature of 65°C was not achieved during the printing process.
Instead, the bed temperature stabilized at 55°C. Achieving the target temperature would
have required additional heating time, but this led to overdrying symptoms. Despite this,
the printed parts were of satisfactory quality at 55°C. Therefore, it was assumed that the
deviation from the target temperature did not significantly impact the printing results.

After the printing process is finished, the whole set-up of the powder bed including the printed
samples within the powder bed is put inside an open air oven (Yamato DX412C, Japan). The
conditions are 200°C for 6 hours to fully cure the binder. These curing settings were provided
by the binder manufacturer (ExOne). The green bodies that are cured, but still in the powder
bed, can be seen in Figure 3-3. The green bodies that are cured and depowdered can be seen
in Figure 3-4.
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Figure 3-2: BJP by ExOne

Table 3-1: Process Parameters

Parameter

Value

Binder set time
Heating time
Emitter output

Target Bed Temperature

Recoat speed

Roller speed

Roller traverse speed
Roughing roller speed
Saturation

Ultrasonic intensity
Delay on dispenser
Layer thickness

5-10 seconds
20-25 seconds
90%

65°C

200 mm/second
200 rpm

10 mm/second
400 rpm

90%

50%

1 second

Twice the powder size

Sintering

The cured alumina bodies are placed inside a furnace (LHTG 200-300/22-2G, Carbolite Gero
GmbH & Co. KG, Germany) on an high density alumina flate plate (see Figure 3-4). The
furnace operates in an argon atmosphere, where the debinding and sintering processes take

place.

The whole debinding and sintering thermal cycle can be seen in Figure 3-5. The debinding
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i

Figure 3-3: Cured alumina bending bar Figure 3-4: Cured alumina bending bar
samples produced by PBBJ embedded samples produced by PBBJ depowdered
within the powder bed and put onto a alumina flat plate

thermal cycle is advised by the manufacturer of the binder (ExOne). After debinding, the
samples are sintered at 1550°C, with a holding time of 24 hours.
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Figure 3-5: Thermal cycle of debinding and sintering used in this research
The sintering process, provided by the manufacturer of BJP (ExOne) resulted in more warpage

of the alumina samples, what is unwanted. This sintering process was executed at 1650°C for
6 hours in vacuum.
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3-2 Infiltration setup

Materials

Two materials were used for infiltration in this research. Metallic copper powder with a
particle size of 149 pm (100 mesh) and a purity of 99%. This material was supplied by
Thermo Scientific Chemicals. CupO powder with a particle size of 74 pm (200 mesh) and a
purity of 99%. This material was also supplied by Thermo Scientific Chemicals.

Infiltration set-up

Two infiltration setups have been developed and utilized in this research.

o Infiltration setup A was designed as a fast method for infiltration. This setup does
not need a porous infiltration structure, making the process easier. It is not possible
to recover a complete sample with this setup; only about 50% of the sample can be
retrieved. This happens because the bottom side of the bending bar sample gets stuck
in the meltpool of the solidified infiltrated material. The microstructure and chemical
composition can still be analyzed using this setup. In this setup, the bending bar is
placed vertically inside an alumina thimble crucible. The powder that will be infiltrated
in liquid phase, is placed next to the bending bar sample, as shown in Figure 3-6.
Figure 3-7 shows the prepared setup A before it is placed in the oven to start the
infiltration process.

Porous
~ < alumina
Alumina bending
crucible bar

Powder
infiltrant
l |

2cm
W
Figure 3-6: Schematic view of Figure 3-7: Infiltration setup A
cross section of infiltration setup before the pressureless infiltration

A for pressureless infiltration
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o Infiltration setup B was developed for infiltrating bending bars. Unlike setup A, it
allows for the extraction of a complete and intact sample. This is necessary for strength
and density measurements. Infiltration setup B consists of a base plate and infiltration
pillars, as shown in Figure 3-8. The dimensions of infiltration setup B can be found
in Figure 3-9. Four different columns of pillars are included in the infiltration setup to
study how the diameter and number of the pillars affect the densification of the bending
bars. The columns are marked with red letters for identification. In section 4-2, the
results of the differences in infiltration pillars on the density will be given.

The entire setup is placed inside an alumina crucible for infiltration. The powder that
will be infiltrated is placed next to the pillars, as shown in Figure 3-8. The bending bars
to be infiltrated are positioned on top of the infiltration pillars, as shown in Figure 3-9.

., . 600
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; ¢ I 52,0009 3,5
infiltration = 220009350 f
= Q
ol 8 o
= (@) O |2 o =
L | wn
o~ 0
= o O
!
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Figure 3-8: Schematic view of infiltration Figure 3-9: Schematic view of the dimen-
setup B sions of the infiltration setup B. With red
letters are the 4 different columns of pillars
indicated
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Figure 3-10: |Infiltration setup B, with Figure 3-11: Infiltration setup B, with the
powder along the infiltration pillars bending bar samples on top of the infiltra-
tion pillars

Infiltration temperature cycle

The infiltration temperature cycle involves heating, an optional isothermal hold, and cooling.
The parameters are the infiltration temperature, the infiltration time (the isothermal hold)
and the heating rates. During this study, the heating cycle was initially reproduced based
on existing literature. This thermal cycle included a heating rate of 7.5 K/min, a 90-minute
isothermal hold, and an infiltration temperature of 1300°C [42, 31]. After this, more optimal
thermal cycles were used in the infiltration simulation, based on the optimization of the
parameters of the thermal cycles. These are elaborated below.

o Infiltration temperature

The infiltration temperature must at least equal the melting point of the infiltrated
material, which in this research is copper oxide. Pressureless infiltration relies on the
wetting of the alumina porous structure by the liquid copper oxide. Without achieving
a liquid state, the copper oxide cannot wet the pores and infiltration will not occur [10].
To identify this minimum wetting temperature, a differential thermal analysis (DTA)
test was conducted. The process of the DTA is detailed section 3-3. The minimal
wetting temperature is represented by the peak temperature of Peak 2 in Section 4-3-2.
This temperature is measured as 1235°C.

o Infiltration time

The infiltration time of a porous body can be determined using Equation (2-18). In
this section, the infiltration time for a porous body at 1250°C and pOs = 0.2 will be
calculated for infiltration setup A. The formula uses several variables that have been
explained previously, as summarized in Table 3-2. These conditions, including the
temperature of 1250°C, will also be used later in the study to obtain the results. The
infiltration time remain within a safety margin since, in practice, the infiltration angle
is less than 90°. This shortens the infiltration time. This is due to the vertical samples
resting against the edge of the alumina crucible in infiltration set-up A (see Figure 3-7).
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Table 3-2: List of variables *The infiltration is going vertically upwards

Variable | Value Source

o 311 mN/m | Section 2-2-2
0 32 deg Section 2-2-2
R 9.1 pm Section 4-1
W 0.013 Pa - s | Figure 2-8

P 6 g/cm? Table 2-4

g 9.81 m/s?

1\ 90 deg *

h 4 cm Figure 3-6

First a can be calculated with equation 2-19. The calculation can be found in equation
3-1.

ocRcosf 311 x 1073 x 9.1 x 107° x cos(32°)

_ =5 _
I 150,003 =4.62x 107 m/s (3-1)

Then b can be calculated according to equation 2-20. The calculation of b can be found
in equation 3-2.

_ pgR%*sin¥ 6 x 10% x 9.81 x (9.1 x 107%)? x sin(90°)

b
8 8 % 0.013

=4.69 x 10°m/s (3-2)

With both variables a and b known, the infiltration time can be calculated with formula
2-18. The calculation can be found in equation 3-3.

t= —% - % In <1 - b:) = 18seconds (3-3)

Heating rates

The heating rates ranged from 1 to 10 K/min per minute. The slow heatrate was
determined to be 1K/min per minute, while the fast heatrate was determined to be
10K /min. This upper limit was chosen to minimize the risk of damaging the delicate
alumina crucibles, which may not withstand rapid temperature changes. For the infil-
tration experiments in oxygen, 7.5 K/min per minute was selected as a balanced option,
aligning with commonly reported values in related studies [42, 31].

Infiltration oven

For infiltration a Lenton tube furnace was used, with an alumina crucible tube. An image of
the tube oven can be seen in Figure 3-12.

The environment was controlled with gasflows of Oz and No. For a test in oxygen (pOg of
0.2 atm), a gasflow of 50 mL/min O3 and 200 mL/min Ny was used. For a test in a nitrogen
environment, the oven was prior to the heating cycle flushed for an hour with 250 mL/min
No. Hereafter the experiment was conducted with an gasflow of 250 mL/min No.
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Figure 3-12: Lenton tube furnace, used for infiltration

3-3 Characterization techniques

In the following section the characterization techniques are elaborated.
Density analysis

In order to perform density measurements, first the dimensional measurements must be made
to calculate the volume of the sample. This measurement is done by measuring three times.
Two times on the outer sides and one time in the middle. The average of these three mea-
surements was taken for the final value. The dimensions are measured using a Horex digital
caliper (150 mm), which provides a precision of two decimals. For determining the sample’s
weight, the Precisa Series 321 LX 120 A weight scale is used, offering an accuracy of 0.1 mg.
The sides of the sample are not grinded. With the volume determined from the averaged
dimensional measurements, the relative density (bulk density, see Table 2-1) is calculated by
dividing the sample’s weight by its calculated volume.

The density of the infiltrated samples is calculated as follows: the initial relative density and
mass of the sample that has to be infiltrated are known. After infiltration, the weight gain
is measured. This weight gain is then divided by the density of the infiltrated material to
calculate the volume of the infiltrated product. This calculated volume is then divided by
the volume of the sample bending bar, resulting in the relative density increase. Adding this
increase to the initial relative density provides an estimate of the infiltrated sample’s overall
density. The equation for calculate the density after infiltration is given by equation 3-4.

When infiltrating copper oxide, it is not always clear whether CusO or CuO has been infil-
trated. Their densities are very similar (within a 1% range) , as shown in Table 2-4. Therefore,
the density of the infiltrated material is assumed to be 6 g/cm3.
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Am

Pinfiltrated * Vvsarnple

Pfinal = Pinitial + (3-4)

where:

e pfinal is the final relative density of the infiltrated sample (dimensionless, as a ratio).
* pinitial 1S the initial relative density of the sample (dimensionless, as a ratio).

o Am is the weight gain after infiltration (measured in g).

e Dinfiltrated 18 the density of the infiltrated material (measured in g/cm?).

o Viample is the volume of the sample bending bar (measured in cm3).

Mechanical testing

The flexural strength of the samples was measured in accordance with ASTM C1161-16,
utilizing a three-point bending test performed on a Zwick Z010 testing machine. The test
employed a span of 40 mm (configuration B in the ASTM C1161-16). The bending bar sample
dimensions included a width of 4.21 mm with a standard deviation of 0.05 mm and a height
of 3.24 mm with a standard deviation of 0.01 mm. Prior to testing, the samples were grinded
to a surface finish of P800. A loading rate of 1 MPa/s was applied during the bending test. In
total, 10 samples were tested to obtain an average value for the flexural strength, as specified
by ASTM C1161-16.

Microstructural analysis

For the microstructural analysis, scanning electron microscope (SEM), Energy-dispersive X-
ray spectroscopy (EDS), and optical microscopy were used. The SEM and EDS analyses were
performed using the JSM-IT100 (Jeol, Japan), and the optical microscopy was done with the
Keyence VHX-7100.

Samples were prepared by cutting them with a cutting machine (Struers, Discotim-6). After
cutting, the samples were hot-pressed in epoxy resin using a Struers CitoPress-5 (using con-
ductive resin for SEM and EDS analysis). Non-infiltrated samples, due to their high porosity
and therefore high brittleness, were cold-mounted in conductive resin instead of hot-pressing.

The embedded samples were then ground using SiC abrasive paper with various grit sizes:
P80, P180, P320, P800, P1200, and P2000. Polishing was performed with diamond paste in
two steps: first using 3 pm paste and then 1 pm paste. After polishing, the samples were
immersed in isopropanol and cleaned using an ultrasonic cleaner.

For SEM and EDS analysis, the samples were made conductive by applying a thin carbon
coating via sputter deposition using an automatic carbon sputter coater (JEC-530, Jeol,
Japan). For optical analysis, no carbon coating was applied.

The cross sections analyzed during the microstructural study is shown in Figure 3-13. Dif-
ferent orientations were analyzed according to the printing directions. In each figure of the
microstructure, it is indicated which orientation has been used.
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Figure 3-13: Indication of the cross section views

TGA and DTA

thermogravimetric analysis (TGA) and DTA were used to simulate infiltration in nitrogen.
Powders of alumina and copper oxide were mixed and placed in the TGA + DTA equipment,
where a thermal infiltration cycle was simulated. Data from the TGA and DTA were used
to identify of phase transitions occurring during infiltration. Two powder mixtures were
analyzed: an equimolar 1:1 AlyO3-CugO mixture (referred to as the equimolar mixture) and
a CugO-only powder (referred to as CuaO-only). This was done to make sure to differentiate
the processes happening from CusO and from the reactions between AloO3 and CuzO. An
equimolar ratio was selected so the two powders could fully react and produce ternary oxides.
By applying different heating cycles, different weight percentages of ternary oxides form,
providing insight into the process’s reaction kinetics.

At the start of the heating cycle, the temperature was held at 200°C for 30 minutes to ensure
complete moisture evaporation. Small alumina crucibles, weighing 190 mg, were used to
accommodate the powders, and sample powders weighed 160 mg with an error margin of
+1%.

The peaks quantified in the results tables were normalized for the CusO-only mixture. Since
the CugyO-only mixture contains more CuaO than the equimolar mixture, normalization en-
sures that the theoretical amount of Cus0O is equivalent in both tests.

The TGA and DTA was conducted using a Setaram SETSYS Evolution machine. TGA tracks
weight changes while heating, showing the reactions or phase transformations [52]. Differential
thermal analysis (DTA) measures heat flow during phase changes. Tracking these thermal
changes at certain temperatures identifies the reactions happening [60]. A comprehensive
understanding of the phase changes in the system can be achieved by combining the TGA
and DTA. The gas flow in the machine was set to 50 mL/min of Ns.

Differential Scanning Calorimetry (DSC) was not used in this study. Extra specific calibration
was needed in order to use this technique. Although the machine is also capable of DSC. In
this study, DTA was primarily used for qualitative analysis, with some semi-quantitative
evaluations conducted.
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X-ray diffraction (XRD)

XRD phase identification and quantification were performed using powders prepared by pul-
verizing samples with a ball mill (Fritsch Analysette 3 Spartan) for 3 minutes. The powders
were deposited on a Si 510 zero-background wafer. Measurements were carried out using a
Bruker D8 Advance diffractometer with Bragg-Brentano geometry, equipped with a graphite
monochromator and a Vantec position-sensitive detector. Co Ko radiation was used, with the
instrument settings including a divergence slit varl12, scatter screen height of 8 mm, and oper-
ating conditions of 40 kV and 40 mA. A locked coupled 6-260 scan was performed over a range
of 10° to 135° 20, with a step size of 0.03° 26 and a measurement time of 2 seconds per step.
The Rietveld analysis of the obtained data was conducted using Bruker DiffracSuite. EVA
version 7.2 and Profex/BGMN version 5.2.

The crucibles used in the TGA and DTA analyses were also utilized to measure the phase
composition. However, due to the small size of the crucibles, it was not possible to extract
the melted and subsequently solidified contents directly. Therefore, the crucibles and their
contents were ball-milled into powder. The crucible weight was known to be 190 mg, while
the content of the crucible weighed 160 mg.

In the Rietveld analysis, the weight of the alumina from the crucibles was accounted for by
subtracting its proportion (190/(190 + 160) = 54%). The results were then rescaled to 100%
for clarity. The scaled phase composition data are presented in Table 4-6.
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Chapter 4

Results

In this chapter the results are elaborated. First, the outcome of powder bed binder jet-
ting (PBBJ) are discussed in Section 4-1. The focus in this section lies on examining the
density and porosity characteristics of the alumina porous body produced using PBBJ. In
the next section (Section 4-2) the results of the copper oxide infiltration process conducted in
an oxygen environment is displayed. The section focuses on the density increase, the infiltra-
tion setup, the resulting microstructure and the phase composition. Lastly, Section 4-3 covers
the infiltration simulations experiments, highlighting the peaks observed in thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) analyses, along with the phase com-
position details. In the discussion (Section 5), reactions are assigned to the peaks observed
in the DTA.

4-1 Powder bed binder jetting

The PBBJ samples turned light gray after sintering (see Figure 4-1). The mean relative
bulk density for samples made with BAK20 powder after sintering is 58.3% with a standard
deviation of 1.0% (see Table A-1). The PBBJ samples made and sintered with BAK10 powder
achieved a mean relative bulk density of 59.1% with a standard deviation of 0.7%. The X-ray
diffraction (XRD) analysis confirmed the presence of only a-alumina (see Figure A-1).

In Figure 4-2, two sintered infiltration setups are shown. The 3D-printed alumina bodies were
cured and debinded together. After debinding, one sample was placed in a closed alumina
crucible, while the other remained in an open environment within the sintering oven. The
sample in the closed crucible appeared lighter but was still slightly gray (see Figure 4-2).
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Figure 4-1: Sintered samples of Figure 4-2: Left: sample sintered in the oven with-
alumina bending bars out an enclosure. Right: sample sintered in the oven
with an enclosure

Microstructure

The microstructure of the sintered porous alumina was characterized using an scanning elec-
tron microscope (SEM) and an optical microscope. The SEM image, shown in Figure 4-3,
highlights the presence of porosity, though the pores are difficult to distinct. The optical
microscope image (Figure 4-4) provides additional clarity on the visibility of the pores. In
Figure 4-4, the lightning was adjusted and image editing was done to display the pores in
black. This allowed for automated area measurements using the VHX Keyence software,
which calculated both maximum and minimum pore diameters.

Using the software, the mean maximum pore diameter was found to be 9.1 pm, with a standard
deviation of 9.8 pm. The modal maximum pore diameter was 2 pm. A histogram showing
the pore size distribution is presented in Figure 4-5.

- { 7
SED 15.0kV WD11mmP.C.60 HV  x1,100 10pm
Sample
Figure 4-3: SEM image of cross section Figure 4-4: SEM image of cross section
of sintered alumina created by PBBJ in the of sintered alumina created by PBBJ in the
perpendicular cross section (see Figure 3- perpendicular cross section (see Figure 3-
13) 13)
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Figure 4-5: Histogram of pore maximum diameters determined using VHX Keyence software,
with bin width set to 1 pm. The x-axis is limited to 50 pm for clarity.

4-2 Infiltration in oxygen

Pressureless infiltration was achieved for infiltrating in an oxygen environment. The samples
were infiltrated in pOy of 0.2 atm, 1300°C isotherm for 90 min and 7.5K/min heating rate.
The infiltrated bars using infiltration setup B, can be seen in Figure 4-6. To retrieve the
samples from the setup, it was possible to push the bars manually by hand of the infiltration
pillars. The broken joint left a mark (that can be seen in Figure 4-7). No extra structural
damage was observed, other than the mark of the broken joint.

The average density rose after infiltration from 2.3 g/ cm® to 3.9 g/ cm® (for data see Table A-
3 and Table A-4). Two different infiltration materials were used, namely Cu and CuzO.
No significant difference between using Cu powder and CusO powder was found in the final
relative density (<0.5% difference). Infiltration setup B had 4 different columns of infiltration
pillars (see Figure 3-9). Each column had 2 or 3 infiltration pillars and each column had a
different diameter of the infiltration pillar. No significant difference have been seen in between
the relative density achieved after infiltration in between the different columns of infiltration
pillars (see Table A-3 and Table A-4). The average relative density after infiltration, calculated
with equation 3-4, is 85%. The mean flexural strength was determined to be 53.6 MPa, with
a standard deviation of 6.9 MPa.
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Figure 4-6: infiltrated sample bending Figure 4-7: Image of a detached bending
bars still attached to infiltration setup, in- bar sample that was previously attached to
filtrated in an oxygen rich environment the infiltration setup B. The broken joints

are visible in the figure

Microstructure

A perpendicular cross section was analyzed using an optical microscope. Figure 4-8 shows
the perpendicular cross section, where the analyzed surface is located close to the infiltration
pillars. As illustrated in Figure 4-8, increased porosity is observed at the location where the
infiltration pillar was attached to the sample.

Infiltration pillar

Figure 4-8: Optical microscope image of the perpendicular cross section including the location
of the infiltration pillar
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SEM images of the bulk material from the short parallel cross section cut are shown in Fig-
ure 4-9. Porosity is observed throughout the sample, with pores appearing evenly distributed
across the cross section. Pore sizes range from 10 to 50 micrometers, with some exceeding
this range. Figure 4-10 shows the edge of the sample from the short parallel cross-section.

SED 20.0kVWD19mm S500pm —

SED 20.0kVWD10mm 100pm e ——
6A Aug 23, 2024 6A Aug 23, 2024

Figure 4-9: SEM images of the short parallel cross section bulk of infiltrated porous alumina in
an oxygen rich environment
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SED 20.0kVWD10mm x250 100um  —
6A Aug 23, 2024

Figure 4-10: SEM image of edge of the short parallel cross section of the infiltrated sample
alumina porous sample in an oxygen rich environment

An Energy-dispersive X-ray spectroscopy (EDS) map scan was conducted to identify the
distribution of elements across different phases. The results of the map scan are shown in
Figure 4-11. Four distinct phases, each with a unique visual contrast, were observed: the dark
gray phase (labeled A), the medium gray phase (labeled B), the light gray phase (labeled C),
and the pores (labeled D). The following items connects the phases to the XRD analysis
results, which are presented in Table 4-1.

o The dark gray phase (A) corresponds to alumina (Al;O3). The presence of aluminum
and oxygen was detected, but no copper was present.

o The medium gray phase (B) corresponds to a ternary oxide, either CuAlOg or AICuOs.
The presence of aluminum, copper, and oxygen was detected.

o The light gray phase (C) corresponds to copper oxide (either CuzO or CuO). It contains
copper and oxygen, but no aluminum.

o The pores are indicated with the letter (D). They contain no signal, except for the
copper signal.
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C—————01mm Al K —————01mm '  CukK

Figure 4-11: EDS map scan of porous alumina infiltrated with copper oxide in an oxygen rich
environment, analyzed using the short parallel cross section

Phase composition

An XRD analysis was performed on the powders of two samples infiltrated in an oxygen-rich
environment. One sample was infiltrated with Cu starting powder and the other with CusO
starting powder. The XRD analysis graph for the Cu powder is shown in Figure A-2 and
the graph for the CusO powder is shown in Figure A-3. For the infiltrated samples, five
distinct phases were identified: corundum (AlyO3), cuprite (Cuz0), tenorite (CuO), copper
aluminum oxide (CuAlOz), and delafossite (AlCuOg2). A Rietveld analysis was conducted to
determine the weight percentages of these phases, and the results are presented in Table 4-1.
The difference in phase composition between the Cu and CuO starting powders is within a
2% margin.

The amount of alumina decreases significantly during infiltration. Initially, the bending bar
sample contained 1.4 grams of alumina (Table A-1). After infiltration, the amount of alumina
in the bending bar sample decreases to 0.7 grams. This 0.7 grams corresponds to 25 wt.% of
the total weight of 3.9 grams (combining Table A-3 and Table 4-1). This represents a 50%
loss of alumina in the bending bar sample.
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Table 4-1: Rietveld analysis of XRD data for samples infiltrated with different starting powders:
one with Cu and the other with Cuy0, both in an oxygen-rich environment

Sample Compound Wt%
Corundum (AlzO3) 25
Cuprite (Cug0) 2

Infiltration with Cu powder Tenorite (CuO) 3
Copper Aluminum Oxide (CuAlOg9) | 67
Delafossite (AICuO2) 2
Corundum (Al;Os3) 23
Cuprite (Cu0) 2

Infiltration with CusO powder | Tenorite (CuO) 3
Copper Aluminum Oxide (CuAlOz2) | 69
Delafossite (AICuOs) 3

4-3 Infiltration simulation

In this section, the results of the simulation of infiltration in nitrogen is elaborated. The
simulation is done with powder mixtures in an DTA and TGA. These simulations were used
to identify the reactions and phase transitions that occur during infiltration. The findings are
further discussed in the discussion (chapter 5).

4-3-1 Thermogravimetric analysis (TGA)

A TGA test was conducted to examine any potential mass changes during the heating cycle.
In Figure 4-12, the TGA curve of the equimolar mixture (light blue) is shown along with the
thermal cycle. A small negative mass change of 1.5 mg is observed, which is less than 1% of
the original mass of the equimolar powder mixture (160 mg).

A reference test was also performed using an empty crucible without any powder (see dark
blue line in Figure 4-12). This allows a comparison between the data from the crucible
containing the equimolar powder mixture and the empty crucible, helping to filter out any
instrumental effects. The two curves show a somewhat similar pattern.

To investigate further, the difference between the TGA results of the equimolar mixture and
the empty crucible was calculated and plotted (see purple line in Figure 4-13). To highlight
the pattern more clearly, the first derivative of the TGA difference was also calculated and
plotted (see green line in Figure 4-13). This shows a clear peak in the difference at around
1.25 hours, which corresponds to approximately 330°C.

In Figure 4-14, the TGA and DTA data combined are shown at the moment of weight loss
(330°C and 1.25 hours). It can be observed that there is a positive heat flow at this point,
indicating exothermic behavior.
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Figure 4-12: TGA of the equimolar mixture of Al,O3 and CU5O (light blue) and the TGA of an
empty crucible (dark blue) during the thermal cycle of infiltration in an N2 environment. Both

with an heating rate of 5K/min

TG Difference
First derivative of TG difference

4
Time (h)

Figure 4-13: TG Difference showing the weight change in the TGA during the same thermal
cycle, comparing the empty crucible to the crucible with the equimolar powder mixture. The first
derivative of the weight difference is plotted aswell to highlight the points where the differences
between the two TG tests are most significant
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Figure 4-14: DTA and TGA of the equimolar mixture of Al;O3 and CusO during the weight loss
phenomenon in an Ny environment

4-3-2 Differential thermal analysis (DTA)

DTA results are presented of the equimolar powder mixture in Figure 4-15. The displayed
temperature range is limited to 250-1250°C, as the lower temperature zone is assumed to
be irrelevant and may be significantly affected by moisture evaporation from the powder
mixture. In this figure, multiple peaks are visible, corresponding to various processes occurring
throughout the heating cycle. Each peak is marked with a specific peak reference, and the
associated peaks are further detailed in this section. In Annex B, the reactions of the peaks
are identified based on literature and aligned with the current analysis. This provide an
explanation of the processes occurring at each peak.
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Figure 4-15: DTA of equimolar mix of Al;O3 and CusO in an Ny environment with a heating
rate of 5K/min

Peak 1

Peak 1, observed in the DTA analysis, is identified as an endothermic peak (AH > 0). It is
present in both the DTA graph of the equimolar (AlO3 and CuO) powder mixture and the
DTA graph for CupO-only (see Figure 4-16). The values for different thermal cycles and for
Cug0 are summarized in Table 4-2. The heat values of the equimolar sample at 5 K/min and
the CugO-only sample at 5 K/min differ by less than 5%.

— Sample Temp AI203 + Cu20 — Heatflow A1203 + Cu20
— HeatFlow Cu20 4

800

b
DTA / HeatFlow (V)

Sample Temperature (°C)

1
L

Time (h)

Figure 4-16: Close-up view of Peak 1 in the DTA of an equimolar mixture of Al;O3 and CusO
and Cuy0-only, conducted in a Ny environment with a heating rate of 5K/min
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Table 4-2: Peak 1 *normalised with factor 1.7

Tpeak (°C) | Heat (uV -s/mg) | Intensity (uV)
Equimolar 5K/min 1069 2.0 -6.2
Equimolar 1K/min 1069 1.7 -2.3
Equimolar 10K/min 1068 1.6 -7.1
Cu20 only 5K/min * 1069 1.9 -4.9

Peak 2

Peak 2 is identified as an endothermic peak (AH > 0). When comparing the equimolar
Al>O3-Cuy0 mixture with the CuyO-only sample, the heat of the peak is significantly larger
in the CusO-only sample. The heat of the CusO-only sample is 2.4 times greater than that
of the equimolar mixture under the same heating cycle (based on data Table 4-3). It can be
seen in Figure 4-17, that the peaks are shifted.

— Sample Temp AI203 + Cu20

— Heatflow AI203 + Cuz0
—
HeatFlow Cu20

Sample Temperature (*C)
DTA / HeatFlow (V)

400

-100

-120

33 33 40 41 42 43 44 45
Time (h)

Figure 4-17: Close-up view of Peak 2 in the DTA of an equimolar mixture of Al;O3 and CusO
and a mixture of CusO-only, conducted in a Ny environment with a heating rate of 5K/min

Table 4-3: Peak 2 *normalised with factor 1.7

Tpeak (°C) | Heat (uV -s/mg) | Intensity (1V)
Equimolar 5K/min 1230 19.2 -35.4
Equimolar 1K/min 1227 16.8 -12.2
Equimolar 10K/min 1231 18.6 -47.2
Cu20 only 5K/min * 1236 46.2 -62.1
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Peak 3

In the DTA that includes the equimolar mixture, an exothermic peak is observed (at peak 3
location). In the mixture of CugO-only, the exothermic peak is not observed. In Figure 4-18

and Figure 4-19, the position of Peak 3 is marked by a green arrow. In Table 4-4, the data
from the DTA can be seen.
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Figure 4-18: DTA of equimolar mixture
of Al;O3 and CusO in an Ny environment
with a heating rate of 5K/min

Figure 4-19: DTA of equimolar mixture
of Al;O3 and Cu30 in an Ny environment
with a heating rate of 5K/min

Table 4-4: Peak 3 *normalized with factor 1.7

Tpeak (°C) | Heat (uV -s/mg) | Intensity (uV)
Equimolar 5K/min 1237 -2.6 8.3
Equimolar 1K/min 1232 -1.8 2.3
Equimolar 10K /min 1242 -1.9 7.7
Cuz0 only* ** N/A N/A N/A
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Peak 4

Peak 4 is an exothermic peak. Comparing the equimolar mixture and the CusO-only mixture
(see Figure 4-20), the peak in the CuzO sample is significantly stronger. As shown in Table 4-
5, the heat released by CusO is 4.8 times greater than that of the equimolar mixture. The

peaks are also slightly shifted.
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Figure 4-20: Close-up view of Peak 5 in the DTA of an equimolar mixture of Al;O3 and CuyO
and a mixture of CusO-only, conducted in a Ny environment with a heating rate of 5K/min

Table 4-5: Peak 4 *normalized with factor 1.7

Tpeak (°C) | Heat (¢V -s/mg) | Intensity (uV)
Equimolar 5K/min 1174 -10.9 109
Equimolar 1K/min 1166 -6.3 65
Equimolar 10K/min 1179 -11.8 117
Cuz0 only* 1180 -52.1 237
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Peak 5

In Figure 4-21, the DTA curves of both the CuyO-only sample and the equimolar mixture are
displayed, revealing distinct peaks at different temperatures with varying shapes. This obser-
vation indicates that peak 5 consists of two separate peaks. Further analysis in Figure 4-22,
which shows the DTA curve of the equimolar mixture with a slow heating rate (1 K/min),
verifies that Peak 5 consists of two distinct peaks, labeled as peaks 5.1 and 5.2. The tempera-
tures and shapes of these peaks in Figure 4-22 correspond to those in Figure 4-21, confirming
the identification of peaks 5.1 and 5.2. The peak temperature of Peak 5.1 is around 1060°C
and the peak temperature of Peak 5.2 is around 1030°C.

These two peaks (5.1 and 5.2) are also present in the DTA of the equimolar mixture where an
isotherm of 30 minutes at 1250°C was maintained (see Figure A-5). Additionally, they were
observed in the equimolar mixture with a faster heating rate (see Figure A-6). However, only
Peak 5.2 was identified in the DTA analysis of the CuyO-only sample (see Figure A-8 and
Figure A-9).

—— Temperature (°C) —— Heat Flow (uV)
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Figure 4-21: Peak 5 indication in both

Figure 4-22: Peak 5 indication in the DTA
the DTA of the CuyO and the CuyO and

of the equimolar mixture CusO and Al;O3

Al>O3 equimolar powder mixtures in an Ny
environment
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Peak x

Peak x is a negative heat flow shift observed in both the DTA tests for the equimolar mixture
and the CupO-only powder (see Figure 4-15). The peak intensity is similar for both the
equimolar mixture and the CusO-only powder under the same heating rate.

The peak occurs precisely at 1250°C, corresponding with the transition point of the thermal
cycle from heating to cooling. In Figure 4-23, the vertical dashed line indicates the point
where the heating rate changes from heating to cooling. In the DTA, when the equimolar
mixture was heated to 1400°C, the negative heat flow shift was observed at the transition
point of 1400°C (see Figure A-10).

In the test with the equimolar mixture where an isotherm is maintained, the negative heat
flow shift is divided into two sections. The first shift occurs when the temperature transitions
from heating to the isotherm, while the second shift occurs when the temperature transitions
from the isotherm to cooling. The results of this test, with dashed lines indicating the heating
rate changes, are shown in Figure 4-24.

When a higher heating rate difference occurs, the negative heat flow shift at Peak x becomes
more pronounced. This is evident in Figure A-6, which shows the results of the DTA con-
ducted with a heating rate of 10 K/min. Conversely, a lower heating rate difference leads to
a smaller negative heat flow shift. This can be observed in Figure A-7, where the same DTA
was performed with a heating rate of 1 K/min. All experiments referenced in this section
were conducted using the same equimolar mixture.

/ \
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Time (h)

HeatFlow (V)

HeatFlow (V)

30 35 20 a5 50 55

me Figure 4-24: DTA of an equimolar mix-
ture of Al;O3 and CuyO, conducted in
a Ns environment with a heating rate of
5 K/min. An isotherm is reached for 30
minutes at 1250°C. The vertical dashed
lines indicate the switch from heating to
isothermal and from isothermal to cooling

Figure 4-23: DTA of an equimolar mix-
ture of Al;O3 and CuyO, conducted in
a Ng environment with a heating rate of
5 K/min. The vertical dashed line indicate
the switch from heating to cooling
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4-3-3 X-ray diffraction (XRD)

An XRD analysis was performed on the crushed crucibles used during the DTA tests. The
results of the XRD-Rietveld analysis were scaled (for scaling see Section 3-3). The scaled
values, which provide clarity about the contents of the crucibles, are presented in Table 4-6.

For the test with CusO-only, all the alumina phase was subtracted, and the remaining values
were similarly scaled back to 100%. The original results from the XRD-Rietveld analysis are
provided in Table A-5. In every XRD analysis, some percentages silicon was detected. This
was also subtracted, as it was not part of the equimolar mixture or the CusO-only mixture.

Table 4-6: Scaled XRD Rietveld analyse results of the crushed alumina crucibles of the DTA

tests
Sample Compound Wit%
Equimolar, 5K /min, 1250 °C, 30 min isotherm | Copper Aluminum Oxide (CuAlOs) | 87
Copper (Cu) 3
Cuprite (Cuz0) 3
Corundum (Aly03) 8
Equimolar, 1K /min, 1250 °C, 30 min isotherm | Copper Aluminum Oxide (CuAlOs) | 88
Copper (Cu) 2
Cuprite (Cuz0) 1
Corundum (Aly03) 9
Equimolar, 10K/min, 1250 °C, 30 min isotherm | Copper Aluminum Oxide (CuAlOg) | 82
Copper (Cu) 2
Cuprite (Cuy0) 4
Corundum (AlyO3) 11
Equimolar, 10K /min, 1250 °C, no isotherm Copper Aluminum Oxide (CuAlOs) | 73
Copper (Cu) 2
Cuprite (Cuz0) 5
Corundum (Al;O3) 20
Cuy0-only, 5K /min, 1250 °C, 30 min isotherm | Copper Aluminum Oxide (CuAlO2) | 33
Copper (Cu) 17
Cuprite (Cuz0) 50
Equimolar, 5K /min, 1400 °C, 30 min isotherm | Copper Aluminum Oxide (CuAlOs) | 57
Copper (Cu) 5
Cuprite (Cuy0) 7
Corundum (Al;O3) 31
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Chapter 5

Discussion

The discussion elaborates on the following aspects: the effects of powder bed binder jet-
ting (PBBJ) and sintering conditions, the effects of infiltration on densification and material
properties, the effects of the infiltration environment and compliance with ASML standards.

5-1 Effects of powder bed binder jetting and sintering conditions

The results show that the bulk density of PBBJ alumina was 58.3% for BAK20 and 59.1% for
BAK10. These values are comparable to findings from other studies that utilized a unimodal
alumina powder in combination with PBBJ. A comparison with the literature is displayed in
Figure 5-1.

No strength measurements were performed on the porous alumina structures, as it was deemed
irrelevant due to the high level of porosity in the samples. From Table 2-3, it can be observed
that alumina with a porosity of around 40%, the flexural strength is approximately 55 MPa.
This alligns with the study by A.K. Mohan, a flexural strength of 59.5 MPa was achieved with
a porosity of 33.1% [34]. Based on these findings, the flexural strength of alumina produced
by PBBJ in this study is assumed to be less than 60 MPa.

The maximum pore size distribution has similarities with a Poisson distribution. The calcu-
lated infiltration time (equation 3-3) may lack accuracy due to the wide pore size distribution.
For the calculations the mean of the maximum pore size as used. The modal pore size is 2 pm,
while the mean value used in calculations, is 9 pm. Using the modal pore size, the infiltration
time would be around 80 seconds. This difference is considered insignificant.

The sintered samples were expected to be white, but instead they were light gray. This
discoloration is suspected to be caused by environment of the sintering oven. To investigate
the oven’s influence on the color change, an experiment was performed where one sample was
sintered inside an enclosure while another was left exposed to the sintering ovens environment
(see Figure 4-2). The sample inside the enclosure had a lighter gray color in comparison with
the sample that was without enclosure. This indicates that the sintering oven environment
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E.M. Jimenez et al.

P. Kunchala et al.

A K. Mohan BAKZ0D
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Figure 5-1: Bulk density comparison of porous alumina bodies created by PBBJ. The data
includes results from various studies, highlighting this study in red. [32, 24, 42, 34, 30]

likely contributes to the discoloration. However, the enclosed sample still has a color change,
as the final sintered product was not as white as the original alumina powder used for PBBJ.
No carbon contamination is assumed to be present, as heating the samples in the presence
of Oy, did not give any color change. X-ray diffraction (XRD) analysis identified only a-
alumina in the samples. This implies that, if contaminants are responsible for the gray color,
their concentration is minimal. It is assumed that this contamination has little impact on
wetting. As shown in the EDS map scan (see Figure 5-4), alumina still bonds well with the
other phases. Note: other characterization methods are more suitable for detecting elemental
contamination in trace amounts (like XRF') [43]. However, they were not used in this study.
The change in color of alumina could be caused by contamination with metal oxides [44].
This may originate from the sintering oven, which is also used for sintering stainless steel
316L. Metal oxides from these previous processes might have contaminated the oven. This
contamination could have ended up in the alumina in trace amounts. This issue remains open
due to the lack of further investigation and the absence of elements other than alumina in
the XRD analysis

5-2 Effects of infiltration on densification and material properties

Pressureless infiltration was successfully applied to porous alumina samples produced using
PBBJ, resulting in an increase in relative bulk density from 58% to 85%. The flexural strength
after infiltration was 53.6 MPa. Compared to existing literature on PBBJ alumina, including
studies that incorporate optional post-processing steps, the performance achieved in this
research is relatively modest. This comparison is illustrated in Figure 5-2. The suboptimal
strength is likely due to the reaction between copper oxide and alumina. Since alumina is the
main load-bearing structure, the consumption of alumina during the infiltration cycle lowers
the composite’s mechanical properties. This theory is substantiated by the rule of mixtures.

Infiltration set-up B was succesfull in retrieving intact infiltrated bending bar samples. Post-
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Figure 5-2: Comparison of the flexural strengths of alumina-based specimens fabricated by PBBJ,
followed by sintering and optional post-processing. The red bar indicates the flexural strength of
porous alumina created by PBBJ and subsequently infiltrated with copper (oxide) in an oxygen
rich environment [42]

infiltration, the bending bar samples could be easily removed manually. It is presumed that
bonding occurred solely through a mechanical inferior copper oxide joint, as there was no
initial mechanical connection between the alumina parts. This is because the porous alumina
samples were simply placed on top of the infiltration pillars. This allowed for easy detachment
from the pillars, with no observable structural damage to the bending bar samples.

There was no difference in density among the four columns of infiltration pillars. Therefore,
infiltration column (A) (see Figure 3-9) is regarded as the best. This column has only two
pillars with the smallest diameter (2 mm). As a result, the bending bar was the easiest to
remove, with minimal surface damage at the broken joint (see Figure 4-7).

Two different powders were used as infiltration materials: copper and copper oxide (Cuz0).
Copper was chosen because it was used in the study by Q. Porter et al. [42], where a fully
ceramic composite with favorable mechanical properties was made. Copper oxide (Cuz0O) was
included to investigate whether differences in infiltration characteristics, such as density and
phase composition, could be observed. A potential difference in infiltration characteristics
could have arised, because copper must first absorb oxygen before it can effectively wet the
alumina (see section 2-2-2). However, no significant differences in relative density or phase
composition were observed between the samples infiltrated with copper powder and those
infiltrated with copper oxide (Cu0O), as shown in Table 4-1. Therefore, it is assumed that
the copper had enough time to fully oxidize prior to infiltration.

In the scanning electron microscope (SEM) images, it was observed that the pores are dis-
tributed throughout the entire cross section, except at the edge of the sample (see Figure 4-9
and Figure 4-11). At the edge of the sample, the light gray phase was identified in the Energy-
dispersive X-ray spectroscopy (EDS) scan. This light phase corresponds to copper oxide. In
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Figure 4-6, the samples appear dark gray in reality. Since cuprous (Cuz0) has a brown-red
color and tenorite (CuO) has a dark gray/black color, it is presumed that the sample is cov-
ered with CuO after infiltration. The volume increase after infiltration ranges from 0 to 3
vol.%, which can be attributed to the added copper oxide layer. However, measurement errors
also contribute to this variation.

The EDS analysis (Figure 4-11) shows that the pores share boundaries with both the alumina
phase and the ternary oxide phase. From Figure A-10 could be derived that the melting
point of the ternary oxide was determined to be approximately 1280°C. This indicates that
the ternary oxide was in a liquid phase at the infiltration temperature of 1300°C. Since the
liquid phase is connected to pores, it suggests that the pores are not closed pores. If it were
closed pores, it would be entirely surrounded by the alumina phase. This indicates potential
for further densification. A plausible explanation why no further infiltration occurred is the
significant reduction in the alumina structure. This reduction increased the distance between
the alumina phases. Additionally, the formation of a thick ternary oxide reaction layer could
have hindered wetting by the copper oxide. Resulting in the pores not being fully filled by
a liquid phase. This hypothesis is based on observation and is not currently supported by
literature or scientific data.

In Section 4-2, it was shown that copper oxide reacts with alumina at high rates. The amount
of alumina in the bending bar decreases by 50 wt.% during infiltration. This conversion could
be explained by section 2-2-3. In this section in the chemical analysis, it can be observed
that copper oxide and alumina begin reacting with each other in an oxygen rich environment
at temperatures as low as 600 to 700°C. It is now clear that the reaction rates are too
high to produce a composite with good mechanical properties. This can be explained by, as
discussed in Section 2-2-3 in the mechanical analysis, the rule of mixture. The rule of mixture
suggests that as much alumina as possible must be preserved to get the highest mechanical
performing material. However, in this study, a substantial 50% reduction in alumina content
was observed, which severely reduced the composite’s mechanical performance.

When comparing the results with other research where copper (oxide) was infiltrated into
an alumina porous structure, the flexural strength of 53.6 MPa observed in this study is
significantly lower than the 317.5 MPa reported by Q. Porter et al. [42]. In their study more
alumina was preserved (see Figure 5-3) and a higher density was reached. No aluminum
elements can be detected in the copper rich phases. This contrasts with the EDS map in this
study (Figure 5-4), where aluminum in copper-rich phases indicates ternary oxide formation,
unlike the minimal ternary oxides reported by Q. Porter et al.

A key difference may be the oxygen availability in the oven used. They started with copper
powder, which consumed oxygen as it oxidized. The hypothesis is that the oxygen content
reduced in their oven to a minimal level where not further copper oxidized. As detailed in
Section 2-2-2, copper can already wet alumina with an oxygen content of 0.8 wt.%. The lower
oxygen content in their infiltrated phase minimized the reactions between copper oxide and
alumina, thereby preserving the alumina. This preservation of alumina likely contributed to
the superior strength observed in their study. Further evidence suggests that the infiltrated
copper in Q. Porter’s samples was primarily metallic, as indicated by oxygen-free copper
areas in Figure 5-3. This aligns with findings from R. Melcher et al., who reported a flexural
strength of 245 MPa when infiltrating porous alumina with a copper melt containing 3.2 wt.%
oxygen. Their strength value is closer to that of Q. Porter et al. than this study [31].
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C— 101 mm Al K C——01mm 7 ) CuK

Figure 5-4: EDS map scan of porous alumina infiltrated with copper oxide in an oxygen rich
environment, analyzed using the short parallel cross section
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5-3 Effects of infiltration environment

Infiltration in an oxygen environment results in significant reactions, leading to the consump-
tion of approximately half of the alumina. As shown in Figure 2-13, the phase transition
between alumina and copper oxide in nitrogen occurs at a onset higher temperature, with
slower reaction kinetics. This suggests that infiltrating in a nitrogen environment could be
more favorable. Before proceeding with infiltration in a nitrogen environment, it is essential
to understand the reactions occurring during a thermal infiltration cycle. A review of the
literature did not reveal this information. Therefore, this section examines the phase tran-
sitions in a nitrogen environment to provide this understanding using differential thermal
analysis (DTA), thermogravimetric analysis (TGA) and XRD. The peaks and their proposed
reactions are presented in Figure 5-5. These reactions were determined through a combina-
tion of peak comparisons between DTA, TGA, and XRD data, observations and information
available in the literature. The detailed derivation process of determining the reactions is
provided in Annex B.

Peak 1 1 T=1069°C

0.39 wt.% Cu,0 (s) + 99.61 wt.% Cu (s) >
0.39 wt.% Cu,O (l) + 99.61 wt.% Cu (l)

Peak 2 l T=1230°C
Cu,0 (s) > Cu,0 (1)
Peak 3 l T=1235°C

Cu,0 (1) + ALO, (s) > CUALO, (s)

Peak 4 l T=1175°C
CuAlO, (1) (minor phase) + Cu,0 (l) (major
phase) > CuAlO, (s) (minor phase) + Cu,O

(s) (major phase)

Peak 5 l T=1060°C

0.39 wt.% Cu,O (1) + 99.61 wt.% Cu (1) »
0.39 wt.% Cu,0 (s) +99.61 wt.% Cu (s

Figure 5-5: Phase transitions during the thermal cycle of the equimolar mixture of Al;O3 and
Cu20 in nitrogen
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In order to create a high-performance mechanical composite the challenge is to minimize
the formation of ternary oxides and thereby reduce the consumption of alumina (the load
bearing structure). In Figure 5-5, it can be seen that the ternary oxide (CuAlOa, delafossite)
forms at peak 3 at 1235°C. In contrast, section 2-2-3 notes that delafossite can already starts
forming in solid-state at around 900 — 1100°C [3]. But why do we see this significant peak at
1235°C and not earlier 7 The hypothesis is that the delay arises from the limited contact area
between CuoO and Al,Os powders prior to melting. Before CusO melts, contact between
the CusO and Al;O3 powders is minimal, restricting reaction kinetics to limited points of
contact. However, once CusO melts, it wets the alumina, encircling the AlsOj3 particles
and significantly increasing the surface area available for reaction. This enhanced contact
area promotes more extensive delafossite formation, explaining the increased intensity of the
exothermic peak observed. This process is schematically illustrated in Figure 5-6.

T=20-900C T=900-1230C T=1230-1250C T=1250- 900C

-&-H-1

@A203 @Cu20 @ CuAlo2

Figure 5-6: Schematic overview on the formation of delafossite in a powder analysis

Can we detect the solid-state reactions of the formation of the delafossite in the DTA analysis?
First it is important to know when the system is in liquid-solid state or in solid-state. This is
displayed in Figure 5-7, where the DTA graphs of the equimolar mixture and the CusO-only
mixture are plotted together. Once CuoO has melted, the reactions occur in a liquid-solid
state. The difference between the equimolar mixture and the CuyO-only mixture becomes
larger, indicated by the pink arrow arrow (see Figure 5-7). This increase in reaction intensity
is matching the previous section’s explanation of melting and wetting, where more surface
area is available for reactions.

I .

HeatFlow (V)

350 375 400 425 450 475 500 525
Time (h)

Solid-state Liquid-Solid Solid-state

Figure 5-7: Graph comparing the DTA of an equimolar mixture and a CusO-only mixture,
highlighting three distinct regions: solid-state, liquid-solid and a again solid-state. The purple
arrow indicates the difference between the equimolar mixture and the CusO-only mixture
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It’s important to remember that the formation reaction of the delafossite is exothermic.
The reaction kinetics in solid-state appear to increase with temperature, marking the the
exothermic trend by the yellow arrow in Figure 5-8. The peak intensity is less than 10%
compared to that of peak 3, suggesting that solid-state reactions play a minimal role.

5

Sample Temperature (°C)
DTA (uV)

38
Time (h)

Figure 5-8: DTA of an equimolar mixture of Al;O3 and CusO. The yellow arrow indicated the
hypothesized exothermic behaviour of the formation of delafossite in solid-state

To minimize the formation of the ternary oxide, it is crucial to reduce or prevent the occurrence
of peak 3. This can be achieved by limiting the reaction kinetics between alumina and copper
oxide. A solution could be lowering the infiltration temperature, potentially to a point below
where alumina and copper oxide react. However, in order to make this work, the copper oxide
should be doped with other elements to reduce this melting temperature. Another solution
could be reducing the duration spent in the liquid-solid state, where peak 3 takes place. This
could reduce the amount of ternary oxide being formed during infiltration.

The latest hypothesis, where the time stayed in the liquid-solid state is minimized, is dis-
cussed in this section. In Figure A-6, the DTA results are shown for an experiment designed
to minimize the formation of ternary oxide using the knowledge gained so far. The peak
temperature of 1250°C was chosen close to the melting temperature of copper oxide (1230°C,
identified in Peak 2). The heating and cooling rates were set to the maximum allowed by
the equipment (10 K/min) and no isotherm was maintained. This was done to minimize the
time spent in the liquid-solid state. The phase composition of the mixture is presented in
Table 4-6.

The results indicate that less ternary oxide was formed under these conditions, with approx-
imately (87 — 73)/87 x 100 = 16% less ternary oxide compared to the 5 K/min heating cycle
with a 30-minute isotherm. However, a significant amount of ternary oxide (72%) still formed,
leading to the consumption of alumina. This suggests that infiltration with this fast ther-
mal infiltration cycle must be further optimized to reduce the amount of ternary oxide being
formed. It should be noted that this is an equimolar mixture and during infiltration other
ratio’s could be used.

To understand how fast the process needs to be to avoid this, it is helpful to focus further
on peak 3. In Figure 5-9, the width of Peak 3 is observed to be approximately 6 minutes,
with a gradual decay continuing afterward. The intensity in the DTA correlates with the
reaction rate [60]. For Peak 3, the steep left side of the slope indicates that copper oxide

Master of Science Thesis Olaf Verbunt



64 Discussion

rapidly wets the alumina, utilizing a large surface area and resulting in a high reaction rate.
Consequently, a reaction layer forms. To continue reacting, the copper oxide must diffuse
through this layer, slowing the process and explaining the non-linear decay observed after
Peak 3 (see Figure 5-9). This non-linear decaay could be described by diffusion models [48].
Due to time constraints, modeling these kinetics was not feasible. However, an insight was
given that a lot of reactions are happening in the first minutes after the copper oxide wets
the alumina.

Heatflow (uV)

Time (h)

Figure 5-9: DTA of equimolar mix of Al;03 and Cu3O in an nitrogen environment with a heating
rate of 5K/min and a peak temperature of 1400°C

5-4 ASML compliance

As mentioned in the introduction, porosity is a key factor for the ASML application. The
ASML application has pressurized channels with thin walls and must not leak. In the intro-
duction, the assumption has been made that porosity (>1%) is not desired. Since the ASML
application is located in a critical environment, preventing leaks is even more critical. Based
on the assumptions above, a bulk porosity of 15% is unlikely to be sufficient for leak-tight
applications in a vacuum environment at ASML. The mechanical properties of the copper
oxide infiltration in its current state, with a flexural strength of 53.6 MPa, are insufficient
for ASML applications. It is important to note that ASML employs a different method for
measuring mechanical properties, specifically a 4-point bending test with a representative
surface finish. Therefore, the flexural strength observed in this research might differ from
ASML standards. However, it is assumed that the deviation will not be significant for this
research.

A topic of interest is how strong this ceramic composite could be with the phase composition
that was found in this study (see section 4-2) with a porosity that is close to 0%. In order
to determine this theoretical flexural strength, an empirical relationship between flexural
strength and porosity of a ceramic can be utilized to estimate the flexural strength at 0%
porosity. This relationship can be found in equation 5-1 [23].

- (5-1)
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Where:

o9 is the estimated flexural strength at 0% porosity.

o is the flexural strength of the material at a known porosity

P is the fractional porosity (15% porosity means P = 0.15).

n is an empirical constant

For a ceramic material, n typically ranges from 4 to 7 [14].

The worst case and best case scenario for the ceramic composite in this research, will be
calculated (n =4 and n =7).

For n = 4:

53.6
(1-0.15)2
~ 103 MPa

oy —

For n=17:

53.6
(1—-0.15)7
~ 167 MPa

oy —

The estimated flexural strength at 0% porosity ranges between 103 MPa and 167 MPa. Com-
paring the lower bound of this estimate with 99.5% «a-alumina, which has a flexural strength
of approximately 310 MPa, reveals that the theoretical strength of the composite produced
in this study is only 33% of the strength of alumina [54]. Therefore, the mechanical suitabil-
ity of this composite is not promising for the ASML application. No additional mechanical
properties were tested. The significant deviation in strength from the desired value placed
further testing out of scope.

Characteristic feature sizes are important for the suitability of ASML applications. It was
not investigated whether these feature sizes could be achieved using PBBJ combined with
infiltration. Although it was initially planned, the significant degradation of mechanical
integrity caused by the formation of a ternary oxide made it no longer relevant. It is assumed
that achieving these characteristic feature sizes depends on the mechanical integrity of the
material. Since the material was mechanically inferior, further investigation into the feasibility
of producing these feature sizes with PBBJ and infiltration was deemed a waste of time.

There were additional requirements that were not tested, such as fatigue, thermal properties,
cleanliness, outgassing, and optical properties. However, as explained earlier, the priority was
to first address the mechanical integrity of the composite before attempting to characterize
these other properties.
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Chapter 6

Conclusions

This thesis explored the pressureless infiltration of powder bed binder jetting (PBBJ) alumina
with copper oxide. By combining PBBJ and pressureless infiltration, the research aimed to
create high-performance ceramic composites suitable for ASML application. It focuses on
understanding the relation between process parameters and the resulting composite charac-
teristics. The conclusion is based on giving answers to research questions stated in Section
2-4.

What impact does the infiltration of copper oxide into porous alumina have on the
chemical, mechanical, and microstructural properties of the resulting composite?

The relative bulk density increased from 59% to 85%, indicating a 44% increase in density.
This highlights the potential of liquid phase infiltration for increasing the density of porous
structures fabricated by PBBJ. Approximately 50 wt.% of the alumina was consumed, during
the infiltration process. This loss is a result of the reactions between between copper oxide
and alumina, where over 70 wt.% of the material transformed into ternary oxides. This
phenomenon is a significant consideration when planning the infiltration of a porous structure
with a liquid phase. It is assumed that these reactions have limited the further densification
of the porous structure. The consumption of alumina prevented as well any improvement
in flexural strength. Variations between the results of this research and previous studies are
likely due to differences in the oxygen content of the infiltrated liquid phase (copper-oxygen
melt). The oxygen level in the melt significantly impacts both the densification process and
the mechanical properties of the infiltrated alumina.

What phase transformations occur during the thermal cycle of infiltration in
nitrogen?

As observed during infiltration in oxygen, significant reactions occur between copper oxide
and alumina. To assess whether infiltration in nitrogen is a viable approach, the phase
transitions in nitrogen were analyzed. The differential thermal analysis (DTA) identified
five phase transformations. Among these, one critical phase transformation (peak 3) was
identified, corresponding to the formation of the ternary oxide, delafossite. This peak 3 took
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place in the liquid-solid state of the infiltration process and was a result of the increased
reaction surface area after the wetting of alumina by copper oxide.

A strategy was developed to optimize the thermal cycle, aiming to minimize the time spent in
the liquid-solid state to reduce ternary oxide formation. However, the most efficient thermal
cycle in this research was still suboptimal, resulting in over 70 wt.% ternary oxide formation
during the equimolar powder analysis. This 70 wt.% is still 16% less than the non-optimized
thermal cycle. Further refinement of the thermal cycle is necessary to effectively limit ternary
oxide formation. Other methods for reducing the formation of ternary oxides, like reducing
the melting temperature of the copper oxide could be a solution aswell.

ASML compliance

The results of this study demonstrate that the ceramic composite produced through copper
oxide infiltration with the current process parameters is not suitable for the ASML application.
Improvements in the infiltration process are necessary to meet ASML’s requirements.

At present, the material’s high porosity of 85% renders it incapable of satisfying the leak-tight
specifications. From a mechanical perspective, the composite’s flexural strength of 53.6 MPa
is significantly below the minimum required stress and is weaker than the current material
used as the benchmark. Adjustments to the composite composition and the composition
density have to be made, in order to achieve the desired requirements.

Despite these limitations, PBBJ has shown potential in fabricating medium to large-sized ad-
ditive manufactured components. Furthermore, significant densification of the porous struc-
tures produced by PBBJ was achieved with the infiltration process. This makes it an intrigu-
ing area for further investigation to identify potential ASML applications.
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Chapter 7

Recommendations

e Pressureless infiltration is a promising method for achieving high-density ceramic com-
posites. However, copper oxide and alumina do not form a suitable composite for
the current ASML application under the existing process parameters. Selecting an al-
ternative infiltration material with suitable properties could potentially meet ASML’s
requirements.

Possible options are: lanthanum-based silicate glasses are suitable for infiltration into
porous alumina [1, 61]. An alloy of aluminum and magnesium can be utilized for
infiltration in porous alumina [50]. Infiltrating with a copper-oxygen melt containing a
lower oxygen percentage could also be an interesting area of research [31].

Every new composite, having its own distinct material properties, that might suit certain
ASML application areas.

e The thermal infiltration cycle could be optimized to reduce the time the system remains
in the liquid-solid state. This adjustment would help prevent the formation of ternary
oxides.

e The reaction rate between alumina and copper oxide increases with temperature. There-
fore infiltrating copper oxide at a lower temperature could be a solution. The infiltration
temperature can be lowered by doping the copper oxide, while maintaining a low contact
angle on alumina [22].

e To better understand the behavior of the alumina porous structure infiltrated with
copper oxide, the diffusion-controlled reaction process can be modeled for copper oxide
infiltration in an alumina porous structure.
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Annex A

Annex data results

A-1 Powder bed binder jetting

Table A-1: Sample measurements of PBBJ and sintered alumina with BAK20 powder at 1550°C

for 24 hours

Sample 1 (mm) | w (mm) | h (mm) | volume (cm?®) | mass (g) | density (g/cm?®) | relative density (%)
240801 BAK20 nr 1 45.00 4.160 3.460 0.6476 1.421 2.194 55.55
240801 BAK20 nr 2 44.76 4.110 3.220 0.5924 1.341 2.264 57.31
240801 BAK20 nr 3 46.12 4.070 3.190 0.5988 1.386 2.315 58.60
240801 BAK20 nr 4 46.14 4.170 3.150 0.6061 1.412 2.330 58.98
240801 BAK20 nr 5 46.20 4.160 3.160 0.6073 1.420 2.338 59.19
240801 BAK20 nr 6 46.15 4.130 3.210 0.6118 1.409 2.303 58.30
240801 BAK20 nr 7 46.15 4.100 3.160 0.5979 1.391 2.326 58.90
240801 BAK20 nr 8 46.19 4.220 3.300 0.6432 1.456 2.264 57.30
240801 BAK20 nr 9 46.16 4.170 3.150 0.6063 1.415 2.334 59.08
240801 BAK20 nr 10 46.13 4.210 3.140 0.6098 1.432 2.348 59.45
240801 BAK20 nr 11 46.18 4.220 3.170 0.6178 1.424 2.305 58.36
Mean 45.94 4.150 3.199 0.6127 1.410 2.313 58.28
Standard Deviation 0.54 0.043 0.047 0.0171 0.033 0.047 0.99

Table A-2: Sample measurements of PBBJ and sintered alumina with BAK10 powder at 1550°C

for 24 hours

Sample 1 (mm) | w (mm) | h (mm) | Volume (cm?®) | Mass (g) | Density (g/cm?) | Relative Density (%)
241025 BAK10 nr 1 46.070 4.260 3.520 0.6908 1.5988 2.3143 58.5904
241025 BAKI10 nr 2 46.070 4.270 3.520 0.6925 1.5734 2.2722 57.5246
241025 BAK10 nr 3 46.060 4.270 3.320 0.6530 1.5213 2.3298 58.9831
241025 BAK10 nr 4 46.030 4.320 3.320 0.6602 1.5528 2.3521 59.5464
241025 BAK10 nr 5 46.080 4.240 3.430 0.6702 1.5704 2.3434 59.3254
241025 BAK10 nr 6 46.050 4.200 3.340 0.6460 1.5197 2.3525 59.5574
241025 BAK10 nr 7 46.090 4.350 3.370 0.6757 1.5810 2.3399 59.2392
241025 BAK10 nr 8 46.030 4.460 3.380 0.6939 1.6027 2.3097 58.4740
241025 BAK10 nr 9 46.050 4.360 3.410 0.6847 1.6269 2.3762 60.1580
241025 BAK10 nr 10 46.060 4.400 3.360 0.6810 1.5956 2.3432 59.3214
241025 BAK10 nr 11 46.040 4.280 3.370 0.6641 1.5521 2.3373 59.1716
Mean 46.056 4.304 3.400 0.6740 1.5740 2.3360 59.1480
Standard Deviation | 0.019 0.076 0.070 0.0160 0.0330 0.0280 0.7000
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Figure A-1: XRD analysis of an alumina bending bar sample fabricated by PBBJ and sintered
with BAK20 powder, pulverized into powder
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A-2

Infiltration in oxygen environment

Table A-3: Measurements of porous alumina samples fabricated using powder bed binder jetting
(PBBJ) with BAK10, followed by infiltration with Cu in an oxygen-rich environment

Sample 1 (mm) | w (mm) | h (mm) | volume (cm®) | mass (g) | density (g/cm3) | relative density (%)
240801 infiltratie Cu ambient @1300 1.5h #A | 46.75 4.390 3.500 0.7183 2.767 3.852 84.0
240801 infiltratie Cu ambient @1300 1.5h #B 46.62 4.380 3.350 0.6841 2.628 3.842 83.6
240801 infiltratie Cu ambient @1300 1.5h #C | 46.70 4.420 3.320 0.6853 2.685 3.918 85.3
240801 infiltratie Cu ambient @1300 1.5h #D 46.70 4.430 3.340 0.6910 2.702 3.910 85.1
Average 46.69 4.405 3.378 0.6947 2.695 3.881 84.5

Table A-4: Measurements of porous alumina samples fabricated using PBBJ with BAK10, fol-

lowed by infiltration with CuzO in an oxygen-rich environment

Sample 1 (mm) | w (mm) | h (mm) | volume (cm?®) | mass (g) | density (g/cm?®) | relative density (%)
240801 infiltratic Cu20 ambient @1300 1.5h #A | 46.60 4.250 3.350 0.6635 2.588 3.901 84.9
240801 infiltratie Cu20 ambient @1300 1.5h #B | 46.57 4.310 3.360 0.6744 2.632 3.903 85.0
240801 infiltratie Cu20 ambient @1300 1.5h #C | 46.53 4.360 3.330 0.6756 2.633 3.898 84.9
240801 infiltratie Cu20 ambient @1300 1.5h #D | 46.56 4.350 3.370 0.6825 2.648 3.880 84.6
Average 46.57 4.318 3.353 0.6740 2.625 3.896 84.9
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Figure A-3: Infiltrated sample with CusO powder in an oxygen rich environment

A-3 Infiltration in nitrogen environment
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Figure A-6: DTA of an equimolar mixture
of Al;O3 and CuyO, conducted in a N5 en-
vironment with a heating rate of 10 K/min.
An isotherm is reached for 30 minutes at

1250°C
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Figure A-8: DTA of Cuy0O-only mixture,
conducted in a N5 environment with a
heating rate of 5 K/min. An isotherm is
reached for 30 minutes at 1250°C
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Figure A-7: DTA of an equimolar mixture
of AlyO3 and CusO, conducted in a Ng en-
vironment with a heating rate of 1 K/min.
An isotherm is reached for 30 minutes at
1250°C
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Figure A-9: DTA of Cuy0-only mixture,
conducted in a N5 environment with a
heating rate of 5 K/min
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Figure A-10: DTA of an equimolar mixture of Al;O3 and Cus0O, conducted in a Ny environment
with a heating rate of 1 K/min. An isotherm is reached for 30 minutes at 1400°C
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Sample Compound Wt%
Equimolar, 5K /min, 1250 °C, 30 min isotherm | Copper Aluminum Oxide (CuAlO,) | 34
Copper (Cu) 1
Cuprite (Cuz0) 1
Corundum (Al;O3) 57
Silicon (si) 7
Equimolar, 1K /min, 1250 °C, 30 min isotherm | Copper Aluminum Oxide (CuAlO2) | 40
Copper (Cu) 1
Cuprite (Cuy0) <1
Corundum (AlyO3) 58
Silicon (si) <1
Equimolar, 10K/min, 1250 °C, 30 min isotherm | Copper Aluminum Oxide (CuAlOs) | 37
Copper (Cu) 1
Cuprite (Cuz0) 2
Corundum (Al;O3) 59
Silicon (si) <1
Equimolar, 5K /min, 1250 °C, no isotherm Copper Aluminum Oxide (CuAlOs) | 33
Copper (Cu) 1
Cuprite (Cuz0) 2
Corundum (Al;O3) 63
Silicon (si) 1
Cuz0-only, 5K /min, 1250 °C, 30 min isotherm | Copper Aluminum Oxide (CuAlOj) | 6
Copper (Cu) 3
Cuprite (Cuz0) 9
Corundum (Al;O3) 82
Silicon (si) 1
Equimolar, 5K /min, 1400 °C, 30 min isotherm | Copper Aluminum Oxide (CuAlOs) | 25
Copper (Cu) 2
Cuprite (Cuz0) 3
Corundum (Al;O3) 68
Silicon (si) 2

Table A-5: Original XRD Rietveld analyse results of the crushed alumina crucibles of the DTA
tests
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Annex peak analysis

In this section, all the relevant peaks in the thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) are examined. The peaks are compared with literature and with
references (like for example the CuyO-only crucible), to assign certain peaks to reaction. This
is done to get a better understanding of the phase transitions that are happening during the
thermal cycle in nitrogen. The peaks and the correlated associated reactions can be found in
Table B-1.

Peak Temperature (°C) | Reaction
Peak 1 1069 0.39 wt.% Cuz0 (s) + 99.61 wt.% Cu (s)
— 0.39 wt.% Cu0 (1) 4+ 99.61 wt.% Cu (1)
Peak 2 1230 Cuz0 (s) = Cu0 (1)
Peak 3 1235 CusO (1) + Al,O4 (b) — CuAlOy (S)
Peak 4 1175 CuAlO; (1) (minor phase) + CuzO (1) (major phase)
— CuAlOs (s) (minor phase) + Cuz0 (s) (major phase)
Peak 5.1 1060 0.39 wt.% Cuz0 (1) + 99.61 wt.% Cu (1)
— 0.39 wt.% Cug0 (s) + 99.61 wt.% Cu (s)
Peak x N/A Instrumental effect

Table B-1: Summary of the DTA peaks, including their corresponding peak temperatures and
associated reactions
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B-1 Thermogravimetric analysis (TGA)

A TGA test was conducted in a nitrogen environment to monitor mass changes during heating.
As expected, CusO does not oxidize in a nitrogen atmosphere. Consequently, the total mass
loss was less than 1% of the original equimolar powder mass and is considered negligible.

In Figure 4-12, it can be seen that the TGA of the equimolar mixture and the empty cru-
cible follow a similar pattern. Therefore, this likely indicates an instrumental effect. This
instrumental effect is assumed to be the buoyancy effect. The buoyancy effect arises from
changes in the density of the surrounding gas as the temperature varies. During heating, the
gas density decreases, leading to a reduction in buoyant force and an apparent increase in
sample mass. During cooling, the gas density increases, resulting in a greater buoyant force
and an apparent decrease in sample mass [46]. Therefore, in the TGA measurement the mass
increases during the heating phase and decreases during the cooling phase.

However, the behavior observed around 330°C remains uncertain, but several potential ex-
planations can be considered. One possibility is the reduction of CusO to Cu, which we have
observed in the DTA and X-ray diffraction (XRD) (see peak 1). However, this reduction
process results in an endothermic reaction [20]. No such endothermic behavior was detected
in the DTA. This can be seen in figure 4-14

Another explanation could involve the combustion of residual organics or carbon-product
impurities within the sample [46]. This impurities release heat as they decompose. However,
latex gloves were used during the set-up of the experiment. This makes this explanation more
unlikely.

Water evaporation is unlikely to be a contributing factor, as the temperature had already been
held at 200°C during the isothermal phase. Furthermore, the observed exothermic behavior
in the DTA does not align with the endothermic nature of evaporation [51].

This phenomenon remains unresolved but is not viewed as a critical factor in this study. The
mass loss is less than a percent and it occurs outside the key temperature range of 900-1250°C
and, where the formation of ternary oxides is the primary focus.
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Figure B-1: TG Difference showing the weight change in the TGA during the same thermal
cycle, comparing the empty crucible to the crucible with the equimolar powder mixture. The first
derivative of the weight difference is plotted aswell to highlight the points where the differences
between the two TG tests are most significant
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Figure B-2: DTA and TGA of the equimolar mixture of Al;O3 and CusO during the weight loss
phenomenon in an Ny environment

B-2 Differential thermal analysis (DTA)

In this section all the peaks are identified and connected with a certain phase transition.
Peak 1

Peak 1 shows a similar heat value (within a £10% range) for both the equimolar mixture
and the CupO-only mixture (see the normalized values in Table 4-2). This suggests that this
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phase transition is not related to the reaction between alumina and copper oxide, but instead
occurs solely due to the presence of CusO.

The peak temperature of Peak 1 in the DTA is approximately 1069°C, which corresponds to
the eutectic point of the Cu-O system. The eutectic point for a Cu-O system is at 1065°C with
a composition of 0.39 wt.% CuO and 99.61 wt.% Cu [26, 58]. Therefore, Peak 1 represents
the melting of copper in its metallic state with a small amount of oxygen. Initially, no metallic
copper was present in the mixture. This copper is likely formed via the partial reduction of
Cuz0 to copper during heating in a nitrogen atmosphere with a low oxygen partial pressure
(see Figure 2-7). The low oxygen partial pressure is a result of performing the DTA in an
Ny environment. The reduction of CuzO is confirmed by the XRD analysis (see Table 4-6),
which detected a small amount of metallic copper (<5%). However, the quantification of the
XRD results are assumed to be not as accurate as the mass change observed in the TGA.
This mass change in the TGA was <1%.

A slight shift in the peak position is observed, likely due to differences in the sample mass
of CugO between the equimolar and CusO-only mixtures within the DTA crucible. A larger
amount of copper oxide requires more time to fully melt. This detail, considered negligible,
can be seen more clearly in a close-up view of Peak 1 (Figure 4-16).

Based on the analysis above, the reaction of Peak 1 is given by equation B-1.

0.39 wt.% Cu20 (s) +99.61 wt.% Cu (s)

B-1
— 0.39 wt.% Cuz0 (1) +99.61 wt.% Cu (1) (B-1)

Peak 2

Peak 2 is difficult to identify and quantify because it overlaps with Peak 3 in the DTA analysis
of the equimolar mixture. However, since Peak 3 does not appear in the CuoO-only mixture,
Peak 2 is easier to distinguish in the DTA of the CusO-only. The peak temperature for the
CusO-only mixture is 1236°C, which matches the melting temperature of CusO at 1235°C
[33]. This temperature is also identified as the minimal wetting temperature for CugO.

The heat associated with Peak 2 in the CupO-only mixture is 2.4 times higher than that of
the equimolar mixture. Two possible explanations are:

¢ Solid-state reactions may have already occurred between AlsOsz and CugO, forming
CuAlO; (delafossite). This aligns with the literature, which suggests that CuAlOs can
start forming at temperatures as low as 900°C (see Section 2-2-3 [3, 56, 15]). During the
formation of CuAlOs, Cus0 is consumed and no longer contributes to the endothermic
Peak 2. Delafossite has a higher melting point of approximately 1300°C, so it does not
contribute to the endothermic peak [45]. In this research, the melting temperature of
delafossite was also determined empirically using DTA and found to be 1280°C (see
Figure A-10).

e Overlap between Peaks 2 and 3 in the equimolar DTA analysis complicates direct com-
parison. Peak 3 is exothermic, which partially cancels out the heat contribution of the
endothermic Peak 2. As a result, it is difficult to quantify Peak 2 for the equimolar
mixture. While peak deconvolution could have clarified this, it was not performed due
to time constraints.
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A peak shift is observed between the equimolar mixture and the CusO-only mixture, which
is likely caused by the overlapping peaks.

Based on the above analysis, the reaction represented by Peak 2 by equation B-2

Cuz0 (s) = Cug0 (1) (B-2)

Peak 3

Peak 3 is hard to quantify as it overlaps with peak 2. As stated in the results (section 4-
2), the exothermic peak 3 is detected in the equimolar mixture but not in the CuzO-only
mixture (See position of peak 3 marked with a green arrow Figure 4-18 and Figure 4-19).
This indicates that Peak 3 is related to the reaction between the alumina and copper oxide.
This hypthosis is reinforced by section 2-2-3, where it is elaborated that formation enthalpy
of delafossite CuAlQOs is negative, indicating that the reaction is exothermic. It is known from
Peak 2 that CusO is in liquid state, therefore Peak 3 relates to the liquid-solid reaction.

Based on the above analysis, the reaction represented by Peak 3 is given by equation B-3

CusO (1) + Al;O3 (S) — CuAlO9 (S) (B—3)

Peak 4

Peak 4 is an exothermic peak likely associated with a solidification process. The solidification
temperature, around 1180°C, is lower than the melting temperature of 1235°C (observed
in Peak 2 during the heating cycle). It is unlikely that this difference is due to thermal lag
caused by a temperature gradient between the oven and the sample, as the DTA with a slower
heating rate also displayed a peak temperature of 1166°C (see Table 4-5). Furthermore, it is
improbable that this represents the solidification temperature of delafossite (CuAlOs), as its
melting temperature occurs at approximately 1280°C (see Figure A-10).

The temperature of 1180°C could correspond to a eutectic point involving the liquid phases
of CuAlO5 and CusO. According to the research by T. Ishiguro et al., a CuAlO5 and CuyO
system forms a eutectic mixture [16]. However, their study states that the eutectic point is
1130°C. This eutectic point can also be seen in Figure 2-11. Several factors might explain
this difference:

e The system in this study may include some liquid copper, altering the eutectic point
and effectively transitioning it from a binary to a ternary system.

e Their measurements were conducted in an oxygen rich environment, while the environ-
ment in the DTA in this study is nitrogen.

e The measurement technique used presented in Ishiguro’s study might not have been

precise. Unfortunately, the details of their method could not be retrieved.

The concentrations of the presumed eutectic composition are unknown. However, it is spec-
ulated to be CusO-dominant. This hypothesis is supported by a comparison of the heat
associated with Peak 4 in different DTA, where the heat in the CuyO-only mixture was 4.8
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times higher than in the equimolar mixture. This theory is further reinforced by the XRD
results in Table 4-6, where the DTA test with the highest heat for Peak 4 correlates with the
observed weight percentages in the XRD analysis.

Despite this, the precise composition of the hypothesized eutectic point remains unknown.
This remains an open issue for further investigation.

Based on the above analysis, the reaction represented by Peak 4 is given by equation B-4

CuAlO; (1) (minor phase) + CuzO (1) (major phase)

B4
— CuAlOg (s) (minor phase) + CuzO (s) (major phase) (B-4)

Peak 5

Peak 5 actually consists of two distinct peaks. When viewed on a broader scale, they appear
to overlap, but closer inspection suggests the presence of two separate events. Peak 5.1, with
a peak temperature of 1060°C, is speculated to correspond to the solidification of the eutectic
mixture of copper and copper oxide, as previously discussed in relation to Peak 1.

In contrast, Peak 5.2 is less sharp than Peak 5.1 and has a distinct shape. Literature suggests
that during the cooling process, an exothermic crystallization of stoichiometric delafossite can
occur [55]. This hypothesis is supported by evidence from one of the initial experiments in
this study, where crystals were observed on the surface of the sample. This can be seen in
Figure B-3.

Figure B-3: Preliminary experiment of copper oxide infiltration in an alumina porous body,
showing crystal formation on the surface

Despite these findings, two open questions remain: why a crystallization curve was not ob-

served for the equimolar mixture in Figure 4-21, and why an exothermic solidification peak
was absent for the CugO-only copper-oxygen mixture in this particular equimolar mixture.
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Peak x

Peak x is assumed to result from an instrumental effect caused by changes in the thermal
cycle, such as switching from heating to cooling. In every DTA analysis (from Figure A-4
to Figure A-10), the heat flow shift occurs precisely at the thermal cycle transition. When
switching from heating to cooling, the heat flow in the oven adjusts to decrease the sam-
ple’s temperature. This change in heat flow is presumed to be recorded by the DTA. The
hypothesis is that the DTA measurement device does not filter out this signal.

This hypothesis is further supported by the observation that the heat flow shift at Peak x
increases with higher heating rates. When the heating rate is higher, the heat flow in the
oven must also increase to generate a larger temperature gradient (A7), which amplifies the
signal measured by the DTA. This can be seen in Figure A-6 and Figure A-7.
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XRD
PBBJ
SEM
EDS
TGA
DTA
EUV
BJP

X-ray diffraction

powder bed binder jetting

scanning electron microscope
Energy-dispersive X-ray spectroscopy
thermogravimetric analysis
differential thermal analysis

extreme ultraviolet

binder jet printer
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