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ABSTRACT

High Performance Ceramics materials (HPC’s) have been of great interest in the industrial sector
due to their superlative qualities such as lightweight, high mechanical and ablation properties,
corrosion resistance, wear, and thermal resistances in harsh environments. The current aerospace,
automotive, and maritime sectors require complex ceramic structures in applications related to
propulsion engines, re-entry vehicles, heat engines, turbine components, high pressure injection
systems, bearings, clutches, and actuators among many others. Despite their exceptional qualities,
advanced ceramic structures require laborious work and expenses for their fabrication via
conventional methods such as pressing and extrusion. Additionally, actual structural requirements
are based on intricate configurations. The use of Additive Manufacturing has become a promising
technology that could satisfy these requirements by producing complex structural components with
tailored performance.

This present work has studied the 3D printing process of HPCs, as well as their mechanical,
thermal, and physical properties. Here, a Vat Polymerization (VPP), Binder Jet Printing (BJP) and
Material Jetting (MJ) additive manufacturing technologies were used to produce HPCs. The
structure-property-processing relationship of silica, zirconia and aluminosilicates was investigated.
A detailed study of the individual post-processing conditions and effects was incorporated in this
research program to produce mechanically robust structures. The present work aims to provide a
scientific and engineering platform to optimize the 3D printing and post-processing stages of
ceramic materials.

The diffusion kinetics mechanism of post-processed ceramics printed via VPP at near fusion
temperature were optically and theoretically investigated. An optical analysis of the manufactured
samples assisted the understanding of the fusion process of the ceramic particles before and after
sintering to produce near dense parts. Lastly, this program presents the conclusions observed in this

work.
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Glossary

Layer thickness (um): The thickness the hopper/powder source is laid on the build
platform.

Recoat Speed (mm/sec): Speed with which the material source moves on to the build
platform.

Binder set time (sec): The time allowed for the binder to settle in the powder particles
after the printhead moves on the powder bed.

Drying time (sec): The time that the IR light passes on the print for the binder to cure in
the printed samples.

Roller speed (rpm): The rotational speed at which the roller moves on the powder bed to
even the powder layer dropped by the hopper.

Roller-traverse speed (mm/sec): The speed with which the roller moves on the powder
bed to settle in the particles for avoiding large voids.

Emitter Output (%): The intensity of the IR light which is used for curing the samples
on the print bed.

Binder Saturation (%): The amount of binder filled in the voids created in the powder
layers. It can be defined as the ratio of the binder volume to the volume of voids.

Drop Volume (pL): The volume of the binder droplet from each jetting unit in the print
head.

Print Bed Temperature (°C): The temperature at which the print bed is maintained at.
Oscillator speed (rpm): The speed at which the hopper vibrates on the powder bed to
drop the powder.

Jet spacing (um): The space that is plugged in to maintain the distance between the jets
for the binder droplets to purge in the powder bed.

Unimodal printing: Printing using a single sized powder particle.

Bimodal printing: Printing using two different sized powder particles.

Multimodal printing: Printing using different sized powder particles varying from

coarse to ultra-fine.
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1. Research Motivation and Problem Statement

1.1: Introduction

Ceramics have played an integral role in our daily life for centuries in the form of common
products such as porcelain, glass and bricks. The history of ceramics dates back to 5000 BC
where large structures like pyramids, giant monuments and cutting armories were made of
ceramics. Figure 1.1 shows a range of ceramic structures from historic ages. For instance, the
world’s largest pyramid structure, Great Pyramid of Giza is a 2.3 million block limestone

structure created by man with 8,000 tons of granite and 500,000 tons of mortar [1].

Figure 1.1: (a) The Great Pyramid of Giza [2] (b) Great wall of China [3] (c) Flouroscent
mineral collection at Youngstown State University [4] (d) Mesolithic age tool collection [5] (e)

Early Bronze age pottery [6].

The name ceramic derives from the Greek word kepapoc (keramikos) which means “of
pottery” [7]. Ceramics are commonly made of two or three elements, found mostly as

compounds of oxygen, carbon, boron, and nitrogen. These ceramics are mostly found in



crystalline or amorphous forms. Chemically, most ceramics are bonded by either covalent or
ionic bonds [8]. Hence, these compounds are intrinsically hard and brittle. However, ceramics
offer high resistance and good energy bearing in structural applications after firing them at
high temperatures of at least 1000°C. Ceramics are generally characterized by properties like
strong and hard, inert to electrical conductivity and resistant to temperature, chemically
inactive, and non-magnetic. Ceramics are used in a wide range of applications including
refractory industries, machining and advanced applications in the automotive, medical and
aerospace industries [9]. Figure 1.2 shows a bar chart of Young’s modulus of different
materials where it is observed that the stiffness of ceramics is comparable to that shown in

metals.
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Figure 1.2: Bar-chart of stiffness (Young’s modulus) of various materials [10].

Ceramics are classified into five different categories based on the type of chemical

compounds present in them. They are described as [10]:



1. Glasses based on silica. Typically used as Pyrex, borosilicates in cooking,

chemical glassware, and window glasses.

2. Vitreous Ceramics based on clay. These traditional ceramics are used as cutlery,

piping fixtures, bricks and tiles.

3. High Performance Ceramics, based on oxides, nitrides, borides and carbides.
These are employed in applications where high fracture toughness and wear

resistance are required.

4. Cement and concrete based on a complex ceramic mixture of lime (CaO), silica

(Si0») and alumina (AL,O3). These are used in most of the civil constructions.
5. Natural ceramics that occur in nature as rocks and minerals.

The use of ceramics for technical applications in industrial and biomedical industries was
addressed after the industrial revolution [11-13]. Ceramics served with longer sustainability,
superior mechanical and thermal performance while being chemically inert were under high
importance [14]. Alternatively, High Performance Ceramics (HPC’s) appeared to be promising
materials in terms of mechanical performance and chemical resistance applications under harsh
environmental conditions. These advanced engineering ceramics are capable of surviving at

extreme temperatures (1400°C and above) while offering high mechanical strength [15].

1.2: High Performance Ceramics (HPC’s)

High Performance Ceramics (HPC’s) are a class of ceramics which are also termed as
‘engineering ceramics’, ‘technical ceramics’ and ‘structural ceramics’. The distinction between
traditional ceramics and structural ceramics lies in their high resistance towards wear, thermal
conduction, and mechanical performance at high temperatures. Hence, they are used in applications

where high strength and wear resistance at severe temperatures is required. The high weight-to-



strength ratio is the most important characteristic shown by these technical ceramics (see

Figurel.3).
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Figure 1.3: Ashby diagram describing the characteristics of materials, where the technical

ceramics stand top in terms of strength [16].

As the mechanical performance and sustainability at higher temperatures has grown in the ceramic
field, a paramount interest in developing structures out of HPC’s has taken place in recent years.
Several techniques in producing and processing these ceramics have been investigated and used in
industrial applications. Some of the important parameters considered were the microstructure and
post-processing due to their high influence in the final performance of material. With respect to all
the characteristics, HPCs are employed in various industries for long sustainability and light weight

features. Table 1.1 shows different applications where high-performance ceramics are used.



Table 1.1: Applications of High-Performance Ceramics in different industries.

Transducers and insulators
Semi-conductors

Industry Applications Purpose

Aerospace Re-entry vehicle nozzle High temperature and high
Air frames stress
Engines Light-weight structures
Ceramic tiles

Electronics Resistors Good dielectric capacitance
Antenna Stability from porosity
Capacitors Resistance for conductivity

Wear resistance

Bio-medical

Artificial bone scaffolds

Chemical inertness

Implants Capacity for strong bearing
Dentistry Wear resistance
Corrosion resistance
Automotive Rotating shafts High shear stress and
Brake-rotor systems fracture strengths
Heat engines Sustainability at  high
temperatures
Refractory Metal extrusion and die molds | High strength at even high
temperatures
Tooling Tooling tips High hardness

According to a survey in 2015 on the market size of global technical ceramics, it was expected that

the market size would soar to approximately $134.58 Billion by 2024 [17, 18]. Alumina among the

different ceramics occupies the largest share, where the end products lie in machinery, automotive,

electrical and electronics industries capturing 39.6% share among all the ceramics. Similarly,

Zirconates, which are used as piezo electronics, dental and biomedical applications occupy a 11.4%

growth in the ceramics global market. Figure 1.4 shows the expected significant growth in the

ceramic market by at least 10.2% in the next five years. Titanates are expected to show a significant

growth by over a 11.5% due to their usage in electronics and biomedical applications.




U.S. technical ceramics market size, by material, 2013 - 2024 (USD Billion)
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Figure 1.4: Global technical ceramics market size of ceramic material [18].

The survey also addressed the use of technical ceramics in the medical fields for their usage
as dental implants, tissue, join and hip replacements. It was found that a market of about 8
billion during the year 2015 and it might increase tremendously in the coming years

accounting the next 8-10 years.

With all the markets concentrating on newer technologies to utilize technical ceramics, it
is expected that the North American Ceramic market might grow over 9.5% annually in terms
of revenue. The survey reveals that the traditional ceramic market is mostly concentrated in
manufacturing parts for automobile and electronic industries. This traditional manufacturing
sector can be classified into different industries based on their production and R&D capacities
i.e., “high”, “medium-high”, “medium-low” and “low-tech” industries [19]. The companies
were built long back and have been a source of employment for labor intensive jobs in
production. These industries majorly work on repetitive, low-skilled and manual based part

production.

Present conventional fabrication techniques like pressing, ceramic injection, and
ceramic extrusion are used to plastically deform ceramics to manufacture industrial structures

[20]. A schematic of the manufacturing process of a ceramic part is shown in Figure 1.5. This
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procedure is employed in most industries and repeated according to the requirement. Here,
permanent dies to make the parts are installed in the industries which can be seen in high

production industries [21-23].

‘ Powder selection ]

‘ Grinding and granulation |

Mixing and shaping with binders or
additives

Sintering l

Figure 1.5: Schematic diagram of the ceramic part fabrication.

Although the market for this has been beneficial in terms of production, it lacks the innovation and
customization of parts without material wastage. In the long-term, this might lead to a flattened
business where the research lacks novelty. Indeed, these methods are limited for manufacturing
simple geometries. These in fact require manual labor with a skill set on powder processing, and
product molding and are accompanied by material wastage and high production costs. Furthermore,

the industrial applications often require customization.

The solution to this issue is the alternative production technique for the production of customized

ceramics structure known as additive manufacturing.

In Additive Manufacturing (AM), a layer of base material from a feedstock in the form of powder
or resin suspension (or paste) is laid on the build plate/box and a source of binding agent is used

for “gluing” the layers as well as the particles together. A Computer Aided Design (CAD) is sliced



into layers in each of these techniques to build a structure (see Figure 1.6). These additive
manufacturing techniques have been recognized by ASTM F2792-12 for part building [24]. Some
of the important advantages in adapting AM include precise fabrication, easy production of intrinsic
structure of dense monolithic structures, and no material wastage. Different forms such as direct
powder, slurry-based 3D printing, fused filament, and energy depositions are some of the industrial

techniques used for producing complex parts [25, 26].

Energy Source «——

Green part builtine————— —* Feed stock
layers

Build box <——

Figure 1.6: Schematic diagram of additive manufacturing process of a sample being printed in a

layer-by-layer fashion.

With both advantages and challenges included in AM, research efforts to industrialize the used of
AM is being in progress. Amir et al [27] in their review on Binder Jetting Additive Manufacturing
reported a gradual increase in the research and publications using the technique. It was stated that
around 31,000 publications were mapped by the end of 2019 where most were reported from the
year 2014. A concentration on both metals and ceramics to study process parameters for building,
optimization, post processing techniques, mechanical behavior and microstructure evaluation were
some of the main topics considered in most papers. Along with the research, many companies have
adopted 3D systems for producing parts. Presently six AM techniques are being used for the

printing of ceramics and are described in Table 1.2.



Table 1.2: Additive Manufacturing techniques adapted for Ceramics in industrial development.

(EBF3)

Additive . Source of Technologies Co.m panies Technical
Manufacturing s . building 3D . .
. Building included Ceramics built
Technique systems
Selective Laser
Laser Energy Melting (SLM) EOS, 3D
Powder Bed which . S.elect}ve Laser Systems, Zirconia,
Fusion melts/sinters the | Sintering (SLS) Fuse 1 by Alumina
powder layer. Electron Beam Formlabs, Red
Melting (EBM) Rock, HP
Powder based
binder s led ExOne, Tethon
Binder Jetting i1 the powder ) 3D, 3D No limit on
Printing (BJP) layer \f)oi ds and systems, Z- materials
cured by a UV Corp, Voxeljet
light.
StereoLithography
Resin based (SLA), Digital Light
. Processing (DLP), Formlabs, .
Vvat building Continuous Liquid Lithoz Silica,
Polymerization technique cured qu ’ Zirconia,
(VAP) by an UV/Laser Interface Production Admatec, 3D Alumina
y ) (CLIP), CERAM Sinto
SPO Daylight Polymer
Printing (DPP)
Zirconia,
Ceramic extruded Fused Filament Zirconia
Material Extrusion | continuous N Nano-e, Xerion | toughened
Fabrication (FFF) .
filament Alumina,
Alumina
Ink based Drop on Demand
Material Jetting technique cured ;DOIC})] ]J)e)t’ Xjet, Object, Zirconia,
MJ) ‘:glua;rcleUV light Nano Particle Jetting Stratasys Alumina.
(NPJ)
Electron beam
An electron beam | Welding (EBW) .
.. Alumina,
Direct Energy or a laser source | Laser metal deposition Zirconia
Deposition (DED) on a selectively (LMD) AMBIT Hydrox ’a atite
P deposited Electron beam free- [Z}é] yap
material form fabrication




Because customization of structural parts is enabled by 3D printing techniques, this process has
gained great industrial interest with an emphasis on improving the mechanical properties and
performance of ceramics as well as exploring their limitations [20]. An example of different

applications in the medical, electronic, mold casting, dental, antennae and semi-conductor

industries is shown in Figure 1.7.

Figure 1.7: Examples of 3D printed structures (a) A compressor component infiltrated from
ceramics for air brakes in jet engines printed via BJP, (b) A component in passenger flights, (c)
insulation part created for refractory application made from Vat polymerization, (d) Alumina lattice
component created via SLA technique, (e) Calcium carbonate bone scaffold fabricated via SLA,

() Sinusoidal antennae for dielectric applications created via NPJ [29-31].

A survey on the ceramic market size built either traditionally or by advanced techniques

forecasted the market size would soar to USD 407.72 billion by 2025 [32]. Jiang and team used
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the Delphi approach, a multi-stage forecasting model to identify the future of additive
manufacturing as a product by 2030 [33]. The model presented additive manufacturing in four
different scenarios: 1) market explorer, 2) content provider, 3) service provider and 4) mass
consumer. Each scenario indicated a growth in intellectual property, in creation of new business

opportunities, and as a form of inexpensive mass production for customized products.

A report on 3D printing ceramics discussed the geographical market regions, the different types of
ceramics using AM, and the industrial pros and cons along with variables like COVID-19, sales,
material market and shipment losses. The report has predicted the AM adoption and market value
of ceramic 3D printing by the year 2025 with all the ceramic AM techniques [34]. It is expected
that the market might grow to $4.8 billion by the end of 2030 (see Figure 1.8). Hence, ceramic

additive manufacturing can be considered as an opportunity for market growth.

Total Revenue ($USM) Opportunity Associated with Ceramics Additive
Manufacturing

Revenues =High-end HW Revenues = Technical Materials wTraditional Materials

= Traditional Applications mTechnical Applications

Figure 1.8: Global technical ceramics market size of 3D printed ceramic materials [35].

1.3: Research Motivation and Problem Statement:
Despite the advantages of these techniques, there are some limitations in the concentration
of ceramics in AM techniques. Inherently, ceramic parts mostly require the unavoidable step of

post processing. Additionally, 3D-printed parts are known to have inferior mechanical properties
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than the parts manufactured using traditional processes. To overcome this disadvantage, the
development of appropriate printing process parameters and post-processing treatments need to be
investigated to obtain densified fracture-free parts in a single print. To date, there are limited studies
addressing the mechanical and thermal performance of 3D printed HPCs. This work will provide
an opportunity to establish the scientific and engineering foundations in studying HPCs using

additive manufacturing.

In this research, three different additive manufacturing techniques: Stereolithography
(SLA), Binder Jetting Printing (BJP) and Material Jetting (MJ) were investigated for fabricating
specimens with high build density and dimensional accuracy. Printed structures with intricate
geometries and high mechanical performance can provide a trust source to adapt AM in the
industrial field. Indeed, this work could be used as a scientific and engineering platform for

understanding the structural processing — property relationship of 3D printed HPCs.

1.3.1: Objectives:

The objective of this work is to utilize different additive manufacturing techniques and post
processing techniques to understand the mechanical and thermal performance of fabricated HPC
samples. This work provides an emphasis on: 1) Binder Jetting Printing -BJP; 2) Stereo
Lithography -SLA, a process under the Vat Photopolymerization technology; and 3) Nano Particle
Jetting -NPJ, a process under Material Jetting for printing near dense parts. The HPCs investigated
in this work are: Fused Silica, Zirconia, and alumina-based powders. Future studies include
transformation of oxides and carbides into co-continuous ceramic metal composites to obtain

beneficial properties of both metal and ceramic phases in a single structure.

The specific objectives are as follows:

e Production of HPC samples via StereoLithography, Binder Jetting Printing and

Material Jetting.
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e Study the effect of powder particle size in the Binder Jetting Printing using XRD

and microscopy as evaluating tools.

e Determine the printability of CAD model for building parts with or without support

system.

e Study the post-processing effects on the mechanical and thermal properties of the

printed parts.

¢ Study the microstructure of the samples before and after post-processing including

the crystalline changes in the powder particles using XRD.

e Develop a diffusion model for a SiO»- SiO; system.

1.4: Organization

The document is divided into 6 chapters.

Chapter 1 discusses the introduction and motivation of the present research work.

Chapter 2 discusses VPP polymerization and the results acquired on the silica-based
samples. The chapter also discusses the production of metal-ceramic composites using
SLA.

Chapter 3 focuses on Binder Jetting and the different powders used for printing. An
ANOVA analysis on printing parameters and post-processing were discussed. Along with
this printability of different materials and their mechanical properties.

Chapter 4 focuses on Nano Particle Jetted Zirconia and the effects of the post processing
on their mechanical performance.

Chapter 5 discusses a kinetic model developed to understand diffusion of a SiO.- SiO.
printed system via Stereolithography.
Chapter 6 presents the conclusions from the present work in each printing technique

along with future studies.
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2. Production of Metal Ceramic Structures using Vat Photo
Polymerization

Overview:

This chapter provides details on 3D printing technology, Stereolithography and ceramic printing
via this technique. Section 1 focuses on the introduction of stereolithography printing technique.
Section 2 discusses the literature review discussing the research on this printing technique since the
innovation. Section 3 presents the research methodology followed in the study and the instruments
used to characterize the printed materials and their transformation into IPC’s. Section 4 focuses on
the results observed and sub conclusions drawn from each testing method. Section 5, at the end

presents overall conclusions of the work.
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2.1: Introduction

VAT Photo Polymerization (VPP) is a polymer based additive manufacturing technique
recognized among the different ISO AM techniques [1]. In this process, a resin, mainly composed
of monomers in a vat, is hardened on a build plate through a layer-by-layer process. Each layer
when spread on the build plate is cured selectively by a light source or a low power laser until the
final part is built (followed by a post processing stage). The VPP printing technology includes:
Stereolithography (SLA), Digital Light Processing (DLP), Continuous Liquid Interface Production
(CLIP) and Daylight Polymer Printing (DPP) [2].

Stereolithography (SLA) is a subdivision of the Vat Photo Polymerization (VPP), in which a UV
or laser based light source cures the liquid photopolymer resin. After the printing process, the
manufactured parts are subjected to a curing stage, where the polymer cross-links to form a solid
network [3, 4]. The parts in this technique are built upside down using a support system as the build

plate is immersed into the vat for each layer (see Figure 2.1).

CAD model

Resin tank

Computer controlled light source

Figure 2.1: Schematic diagram of a typical stereolithography printing technology.

This technique was initially developed for rapid prototyping. Charles Hull at 3D systems in the
earliest 80’s developed a 3D printing (3DP) apparatus to convert the liquid polymer into solid
objects [5, 6]. Although not designed to print huge parts in the beginning, the technique improved

in terms of parameters used for printing layer thickness from 400 microns to 100 microns, with an
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increased resolution. Along with this, acrylate-based epoxy resins were commercially available
since the mid 90’s [7, 8]. This solid freeform fabrication technique was then extended for printing
different materials like ceramics, polymers and metals. This technique includes advantages like
easy printing with respect to time and effort, simplifying complex parts printability, and the
capability of printing in different colors. However, it has few limitations such as difficulties in
producing large parts, presence of porosity, as well as high surface roughness on the printed parts.
However, this technique is still industrially accepted for many rapid prototyping evaluations,
dental and medical part fabrications [9, 10]. Subsequent improvements resulted in the
incorporation of different materials such as acrylonitrile butadiene styrene (ABS), polypropylene
and dyes on printers created by companies like 3D systems, Lithoz, Voxel jet, Stratasys,
Formlabs, Admatec and Prodways [11-14]. VPP is currently used for the production of dies and

jigs, jewelry, dental crowns, and in robotics including prototyping (see Figure 2.2).

&

Figure 2.2: Industrial parts built via SLA. (a) Customized dental bridge [14]. (b) Jig for a

microelectronic device [15]. (¢) Prototype 3D component created on Formlabs [16].

Ceramic SLA first appeared in the late 90’s where UV transparent powder particles of at least 40
vol % were suspended in a polymer based resin with photo initiators [17-20]. This resin is printed
with a support system using the aforementioned printing process. These non-processed printed parts
(commonly known as green parts) are then subjected to a thermal cycle to remove the polymer and

finally to a sintering stage to consolidate the final part.
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Since the 90’s, there have been many studies where researchers have studied the behavior of
different ceramic resins in order to obtain full dense parts for a wide range of commercial

applications.

2.2: Literature Review

Traditionally, ceramics were fabricated through different techniques like Pressing, Ceramic
Injection Molding (CIM), Investment casting, and Ceramic Extrusion. These techniques are based
on pressure either with or without binder and with or without temperature. However, building
intricate parts via these traditional techniques is difficult since a mold must be designed specially
to fabricate the parts. Sometimes the parts have to be carved out of a block of ceramic pieces which
accounts for waste material and time. If the parts need mass production, then further optimization
and labor hours are required to design and fabricate them at lower production costs. However, the
introduction of additive manufacturing has allowed the creation of intricate parts based on complex
geometries. An additional advantage of additive manufacturing is the production of parts without
the need for mold preparation. In specific, the SLA technology enables the production of complex
parts suitable for medium batch production.

2.2.1. Printing Parameters

The SLA technique has been initially explored for polymer part building. The fundamental
arrangement in stereolithography is an UV light through an oxygen-permeable window acting as a
source of energy to form the covalent bonds between the molecules in a photopolymer resin to
build a structure in a layer-by-layer fashion. The initial photopolymer resins were based on high
molecular weight with low glass-transition temperatures, resulting in clear and rigid printed parts
[21]. The photopolymers are basically monomers or oligomers which form longer chains when
exposed to UV light or laser light. Photopolymerization can be optimized by parameters like light
wavelength, and time of exposure [22]. In the earliest 90°s, Griffith et al [17, 18] investigated the

printability of ceramic suspended photopolymers based on a Newtonian resin with fine particle
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loading (0.05 pm to 10 pm with 40-60 vol %) to print ceramic cores. These cores had a high burnout
cycle as they were made of high carbon-based substances with a high degree of shrinkage.

In SLA, the printing process either goes top-down or bottom-up which describes the printing
orientation. In the top-down approach, the CAD model is arranged and built upwards with the top
of the structure being built first. In the bottom-down approach, the print starts at the bottom layers
and the structure is inverted during the printing. In both orientations, the surface tension and the
wiper blade movement of the resin plays a key role in recoating and maintaining a low surface
roughness [23]. Additionally, since every layer is printed in quasi-static steps, a better surface
quality is achieved in this 3D printing technique. In this technology, it is always required that a
wiper blade moves along the print direction for each layer to maintain consistency in the recoating.
The laser employed in most of the SLA units uses a Gaussian model where the intensity is less in
the central portion of the beam and relatively higher at both ends to maintain symmetry in the prints
[24]. Griffith et al [19] investigated the powder characteristics and light source intensities that could
help in attaining better shape integrity properties using the Beer-Lambert’s law for the ceramic
resins; a work that was also extended to Alumina (Al:O:) and Silicon Nitride (Si:N,) [25, 26]. The
Beer-Lambert’s law is shown in Equation 2.1, where d is the particle size, is logarithm of exposed
light, EO,volume fraction of suspended ceramic, and Q is scattering ability obtained from refractive
index (RI). The study also reported that the printing parameters; cure depth (Cd), viscosity and
layer thickness could be modified according to Beer-Lambert law. They reported that the cure depth
is logarithmically proportional to the volume fraction of ceramic suspension and inversely
proportional to the square of the refractive index. Here, lower cure depths are employed when
printing ceramic resins in order to cure the ceramic parts [27]. It is recommended that the RI of the
resin for printability should typically be in the range of 1.56 to 2.6 with the majority of the studies
showing 1.5 when monomers are used [28, 29]. On the other hand, it is recommended that the
particles filled in the resin should be of a smaller particle size and with a layer thickness higher

than the particle size to see the particles randomly distributed along with the resin [27].
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A control system connected to the SLA unit establishes the movement of the vat tank and the build
platform. As mentioned before, the surface is recoated for each layer, and it is required that the
wiper, vat tank and build plate work in correlation to avoid print failure or damage to the SLA unit.
After the successful build, a post-processing step required specially for ceramics, the resin/binder
is burned out, causing the layers to shrink. This could induce delamination among the printed
layers. It is estimated that overcure may also occur which might be approximately 10 - 35% cause
for the failure of prints [29]. Several studies using different powders such as Zirconia, silica,
alumina are available for targeting specific industrial sectors such as the bio-medical, acrospace
and refractory [10, 30-33].
2.2.2. Materials

Research on different industrial ceramic powders such as Zirconia, Alumina, Silica, metal oxides
and borides has expanded its use in the Vat Polymerization technology in the production of complex
parts. Griffith et al [18] for the first time worked on an aqueous based photo-curable ceramic
suspension using a photo-initiator which bound the layers together. However, these aqueous
binders can induce cracking and a quick drying, which affects the recoating [34]. On the other hand,
non-aqueous resins, mainly composed of acrylates or epoxy resins, provide parts with higher
strength. Non-aqueous resins have been investigated for printing non-oxide powders and metal
powders, unlike aqueous ceramic suspensions which are only suitable for printing oxide powders.
Similarly, studies using acrylate monomers, polyethylene glycol (PEG) and epoxy-based monomer
resins have been investigated for loading ceramic powders to print via SLA.
The initial work from Griffith suggested the use of a minimum ceramic loading of 50 vol%.
However, Liao [34] indicated that a higher amount of ceramic suspension would improve the final

properties of the green and post-processed parts. Using also a higher ceramic loading content seems
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to result in parts with less porosity, lower shrinkage, and a homogenous sintering distribution [35—
38].

Chartier et al [39] demonstrated printing of alumina patterns with good resolution using
monomeric resins and a high volume suspension content of alumina powder (60 vol %). The
investigation included an optimization of curing depth and curing width in order to improve
dimensional accuracy. Chen et al [40] also investigated the effect of ceramic loading varying
between 78-89 wt% of Lead Zirconate Titanate (PZT) powder and evaluated the final parts for
piezoelectric applications. An improved voltage stimulus was seen in the samples with 89%
ceramic loading. However, the samples with high loading showed a non-homogenous distribution
in the PZT with a high refractive index and lower adhesion properties with lower shrinkage. An
interesting study by Johansson and team [41] have shown that non-reactive components in the
photopolymer resins also reduce the shrinkage since the residual particles resulted in less porosity.
A bimodal mixture containing micro and nano sized Al,O3 particles in a 1:1 ratio using acrylamide-
based resin was printed to test the density properties of the manufactured parts, which resulted in a
higher density than normal [42]. A comparison between the thermal and vacuum debinding was
also included in this study, and a higher density was reported when the samples were vacuum
debinded, which accounted for no exposure to oxygen. A study on the influence of drying and
debinding methodologies was investigated by Zhou et al [43] using Alumina powders in attaining
dimensional accuracy and a higher density. Zhou et al also used a liquid-based desiccant drying
and two step debinding process on printed alumina and showed it was an efficient way for obtaining
crack-free parts with improved densities (a relative density of 99.3% was obtained in these parts
when printed via Stereolithography. The team also compared the mechanical properties of these
printed samples to the samples fabricated via different techniques like gel-casting, injection
molding, tape casting, slip casting and uniaxially pressed samples, and the printed samples seemed

to have shown similar hardness values.
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Additionally, Bae et al [44] have worked on molds based on fused silica for the refractory industry,
and they have reported the presence of microcracks in the printed parts in green state, which
seemed to disappear during the sintering stage at a temperature of 1500°C. This high sintering
temperature resulted in an increased mechanical strength than that observed under lower sintering
temperatures. Bae et al [44] also worked on the kinetics of crack development and reported that
macrocracks occurred due to the presence of uncured resin in the ceramic samples. Esposito
Corcione et al [38] also worked on prototyping silica molds for aluminum casting using SLA. Their
results suggested that this technology could represent a non-expensive approach for the foundry
industry.

Wang and Dommati have also studied the printing process of zirconia using SLLA and have shown
that complex geometries with high density (5.99 g/cm?) can be fabricated. They reported a final
shrinkage of approximately 24% from the initial dimensions [45].

Melchels et al [27] have shown stereolithography as one of the most powerful and versatile
techniques to build implants and biodegradable tissue scaffolds as well as medical devices. The
review provides a brief detail on the materials used for developing biomedical devices that can be
used in medical imaging. Apart from that, SLA is majorly used in dental applications to create
dental crowns and masticatory scaffolds. Alumina and Zirconia occupy a major portion in these
frameworks for their polycrystalline behavior and mechanical toughness. A Weibull characteristic
study on flexural strength of SLA fabricated alumina samples was reported by Dehurtevent et al
[46]. They included a study on the viscosity of monomer resins with alumina particle suspension
in varied concentrations. They reported that the samples with a relatively medium particle size
(1.58 um) and high solid suspensions resulted in a good density (3.86 g/cc) with high flexural
strength (367.9 MPa). Additionally, from their studies they reported that SLA is suitable for
creating complex shape dense parts like dental crowns; although, anisotropic shrinkage was
observed. Zakery et al [47] has summarized the recent developments in the dental field using the
SLA technology.

25



2.2.3. Interpenetrating Phase Composites (IPC)

Interpenetrating Phase Composites (IPCs) are a class of Co-Continuous Ceramic Composites
(C4) which serve best for lightweight structures and long life applications [32]. Interpenetrating
phase composites (IPCs) are attractive materials, due to the benefits of high-strength and reduced
weight [39, 48-50]. IPCs are produced by reacting a molten metal with a sacrificial oxide structure
to form C4 composites [51]. Breslin et al [52] conducted experiments on the production of IPC
samples using silica templates and reported that the composites presented a phase distribution of
65% alumina and 35% aluminum with a modulus of rupture averaging about 470 MPa. Breslin has
reported the presence of porosity during the transformation process due to the oxides present in the
ceramic. Pavese et al [53] demonstrated the production of C4 composites from reactive metal
penetration method and discussed the reduction of mechanical properties due to the high amounts
of porosity present in the composites.

A mathematical model was investigated by Myers et al using a similar MATLAB code
developed by Andreassen and Andreasen [54, 55]. In this method, a gray scale image of the
transformed image is represented in numerical form using 0’s, and 1’s. The percentage of porosity,

Alumina and Aluminum were denoted by this numerical technique.

2.3: Methodology

2.3.1. Printing and Sintering

Commercially available amorphous fused silica (Si0O.) ceramic photopolymer resin from
Formlabs, Inc., (Somerville, MA, USA) was used in this research work to fabricate the
investigated parts. The resin was tested for viscosity and refractive index on a Fungilab
viscometer using a L3 spindle and an Abbe Mark II refractometer, respectively. The printing
process was carried out on a Formlabs Form 2 SLA unit equipped with a 405 nm laser source,

and a 50-micron layer thickness. Here, the resin was printed into different structures as shown in
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figure 2.3, using. stl (Standard Tessellation Language) files designed on SolidWorks (CAD

software) and sliced by the Formlabs Preform Software.

Figure 2.3: Experimental apparatus used in this work. (a) Form labs Form-2 SLA unit, (b) A

complex geometry printed on Form labs, in the picture is a ceramic gyroid structure.

The preform software slices the .stl files into layers depending on the resolution, layer
thickness, point density along with the type of resin indicated by the user. The support system on
samples was added by the software to build the CAD model upside down (see figure 2.4). The build
angle is also an important parameter as the liquid resin offers little surface tension and suction while
pulling out the part during the recoating step. An optimized angle of 45° was suggested by the
company, however the angles could be altered according to the part geometry. The samples have

shown warpage and shift in the layers due to the Z-scaling,.
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Figure 2.4: CAD .stl files in Preform software showing the support system. The blue section
displays the actual part that is sliced to be printed. The bottom white section displays the

support system generated for printing the part on Formlabs unit.

The models with support systems were arranged on a build platform of 14.5 cm x 14.5 cm
build area with a capacity of building parts of 17.5 cm high. The build platform moves in the
vertical direction according to the height of the 3D model whereas a resin tank filled with resin
from a resin cartridge moves according to the .stl model. Here, cylindrical, and rectangular
samples were printed in the flat XY plane with vertical Z orientations, in a top-down approach at
a temperature of 35°C (see Figure 2.5). The printing was carried out at 50um layer thickness with
a laser spot resolution of 140 microns at a 405 nm wavelength. The cylinders and rectangular bars
in this research were printed with a support system angled at 90-which is the optimized angle
observed for these flat parts. The printed samples were separated from the build plate and washed
in Isopropyl alcohol (IPA) for at least 15 minutes in order to remove the excess resin. The parts

were printed by bottom-up approach and thus they required a support system. These “green” parts
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were sintered using the profile shown in Figure 2.6, where the samples were subjected to a
maximum temperature of 1275°C in air at 1 atm

pressure.
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Figure 2.5: Schematic figure of the parts printed on Form labs unit for mechanical testing. The

figure shows the orientation that samples were printed on the SLA unit.
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Figure 2.6: Sintering profile actually used on the printed SLA ceramic parts in air at 1 atm to get

crack-free samples.

These sintered parts were then transformed into IPC’s by submerging them into molten
Aluminum (Al) through a proprietary process at Fireline, Inc. (Youngstown, OH) known as TCON
where the following reaction takes place, see Equation 2.2.

3Si0,+ 4A1 —2A1,0;+ 3[Si]Al (2.2)
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The specimens were submerged in the molten metal under a constant flow of argon at 1000°C to

prevent oxidation and then cooled down to room temperature.

2.3.2. Instrumentation

Green, sintered and transformed parts were initially analyzed for density through the Archimedes
principle in water. A TGA study in a TA 550 instrument was also performed on the resin to know
the weight % of ceramic suspension. The ceramic particle size of the suspended powder was
measured by a CILAS laser particle size analyzer that was capable of measuring the particle sizes
up to 10 nm using a laser light source. The porosity of the samples in the cured and the sintered
stages was measured using the MATLAB code, “graythresh” where the image was assigned with
0’s and 1’s for voids and particles, respectively [56]. The image after graythreshing contains the
binary codes, and the percentages of each code represents the percent of voids and particles present
in the image, respectively. At least 5 high-resolution images were used on each sample to calculate
the porosity in the present work. The samples were then tested for mechanical strength at room
temperature following ASTM standards on an Instron Universal Testing Machine. The compressive
strength of the samples was tested at a strain rate of 1 mm/min following the ASTM C1424.
Flexural strength was calculated using a 3-point bending set-up following ASTM C1161. Vickers
Hardness testing was performed on the sintered and transformed parts using a Nanovea Hardness
Testing equipment. A diamond tip (Barkovich, conical shape) indenter was used to indent the
samples with 50 mN force. Following the mechanical testing, the samples were also tested for the
linear coefficient of thermal expansion. The Coefficient of Thermal Expansion (CTE) of the
samples was measured on a TA Q-400EM system following the ASTM E831. Optical examination
to estimate porosity, microstructure and fracture mechanism was also included in this thesis. A
Keyence VHX-7000 optical microscope and a Keysight FE-SEM equipped with EDS were used to
evaluate the microstructural features of the samples. Green, sintered and transformed samples were

analyzed to assess the build quality of the samples and composition. A Bruker X-Ray
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Diffractometer equipped with a 40keV X-ray beam was used to observe the change in the
crystallography of the samples at different stages. The samples were scanned under X-rays with a
step rate of 0.02° for 30 seconds. Each scan was performed with a diffraction angle between 206 =0°

and 105° (see Appendix Al).

2.4: Results and Discussion

The as-received ceramic resin from Formlabs Inc., was tested for viscosity and refractive index
before printing any samples. The resin had a 61.8 vol% fused silica suspended that was
determined from the TGA analysis. This ceramic loading still stands on a higher suspended
particles ratio resulting in a higher viscosity and the requirement for a high cure depth to obtain
parts without delamination [57, 58]. A rotating spindle was used to measure the kinematic
viscosity. In this process, the shear stress created by the rotation of the L3 spindle at a speed of 6
rpm was measured to be 5260 mPa.s at room temperature (25°C). The obtained viscosity was
taken under laminar flow, where the viscosity represents a relative mechanical turbulence [59].
The resin showed a shear-thinning behavior; thus when the printing started at 35 °C, the viscosity
decreased enabling the recoating of the layers in the printing process [60]. The refractive index
(RI) of the resin was affected by the kind of powder suspensions and the type of resin used. For
the sake of photopolymerization, the cure depth, C.should be smaller than the layer thickness for
proper bonding and therefore, smaller Rls are always beneficial for the printing process [61]. A
RI value of 1.6 was determined on the evaluated ceramic resin.

The chemistry of the resin was analyzed from the NMR spectra (see Figure 2.7). The spectrum
shows R2-N groups, R-O-CH groups, RCH=CHR at ~ 2 ppm, 4 ppm and 6 ppm chemical shifts
respectively. The peaks shown in the figure 2.7 correspond to Cd;OD, NMR solvent used in this

experiment.
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Figure 2.7: NMR spectrum of Formlabs Ceramic Resin.

A light source hardens the C=C to C=C as well as replace the Van der Waals bonds from the
monomer groups into a cross-linked polymer. The oligomers, consisting of a few units of
monomers aid in forming the covalent bonds to induce polymerization under an UV-light source.
The polymerization took place by a cationic mechanism [62].

The particles suspended in the resin were determined to be fused silica particles of an average size

of 39.18 um with a standard deviation of 17.46 um (see Figure 2.8).
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Figure 2.8: Particle size distribution of silica, the suspended powder in Formlabs resin.

2.4.1. Curing:

The samples were air dried after washing them in IPA and debinded at 400°C in air. At this stage

the resin in the ceramic SLA samples evaporate leaving behind the ceramic samples in the built

geometry (see Figure 2.9). This study involved heating up the samples up to 400°C in air at normal

atmospheric pressure with different ramp rates: 1°C/min, 2°C/min and 5°C/min. Different ramp

rates were set to understand the curing process that could lead to crack-free parts. As seen from the

figure 2.10, the samples cured at lower ramp rates i.e., 1 °C/min have shown lower number of cracks

when compared to the samples cured at higher ramp rates (~2°C/min, 5°C/min). It was also

observed that the silica printed samples when cured at 5°C/min turned flaky with loose particles

and were easily destroyable. Studies by Kim et al [63] on sintered silicon carbide have resulted in

similar features (procurement of high density specimens) when cured at low ramp rates.
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Figure 2.9: Surface of the sample cured at 400°C. The SEM image shows the unbound silica

particles after the resin was burnt off.
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Figure 2.10: Microscope images of the samples cured at 400°C in air at 100X magnification. (a)

at 1°C/min. b) at 2°C/min. (c¢) at 5°C/min.

The cooling stage also seems to affect the presence of cracks on the cured ceramics. It was observed
that slowing the cooling ramp during the curing process resulted in fewer cracks than in those
samples subjected to relatively fast cooling ramps (see figure 2.11). From the results seen in this
work on cooling rates, it was understood that cooling rates play an important role in the sample

densification. Tang et al [63] have reported similar results, where cooling rates played an important
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role for the part densification. This mechanism was related by them to the thermal diffusivity of

the material.

Figure 2.11: Microscope images of the samples cured at 400°C and cooled with a controlled ramp
rate at 100X magnification. (a) at 1°C/min. (b) at 2°C/min. (c¢) at 5°C/min. The image also shows

the delamination seen in the samples at different cooling rates.

The shrinkage of the cured parts has also been investigated in this work. Table 2.1 shows the

average shrinkage measured in the samples after curing. It was here observed that the samples

shrunk less than 2%, suggesting a limited contraction during the curing stage.
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Table 2.1: Shrinkage presented by SLA printed parts after curing at 400°C.

Direction Shrinkage (%)
X 1.13
Y 1.71
Z 1.19

The porosity was also recorded after the curing process. It was calculated after processing high-
magnification images to a binary “graythresh” MATLAB code (see figure 2.12) [56]. The code
showed that the samples had approximately 29% porosity. Similar results have been reported by
Fu et al [64] when they tested the SLA printed samples for debinding and sintering analysis using
a laser sintering method at different powers on Zirconia samples. They have associated the porosity
with the debinding process and the printing parameters. Along with this, a reduction in weight and
decrease in density were observed at the debinding stage. A similar decrease was observed in this

work when the samples were debinded at 400°C (see figure 2.17).

Figure 2.12: Microscope images of a sample cured at 400°C at 2°C/min at 50X magnification. (a)
Actual image. (b) Graythresh image of the cured sample where the white speckles represent the
particle after curing (right).

2.4.2. Sintering:

After curing the samples, these were sintered at 1275°C in air at 1 atm pressure for 25 minutes. A

variability in the ramp rate was included during the sintering cycle where the ramp rates varied
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among 2°C/min, 5°C/min and 10°C/min while air cooled (see Figure 2.13). As seen from figure
2.13, unlike the curing results, samples sintered with lower ramp rates still had delamination in the
layers. However, the samples sintered in 5°C/min resulted in samples with relatively lower
delamination with only 15 microns width whereas samples in 2°C/min, 10°C/min exhibited a
delamination width of 78 microns and 95 microns respectively. Moghadam et al [65] showed
similar results when refractory based ceramics are sintered at different heating rates. A higher
mechanical strength and low porosity, shrinkage was reported in the samples when sintered at lower

strength when the samples were sintered with high heating rates.
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Figure 2.13: Microscope images of the samples sintered at 1275°C in air at 100X magnification.

(a) at 2°C/min. (b) at 5°C/min. (c) at 10°C/min.

After the samples were sintered, shrinkage in all the directions was observed (see Table 2.2). Unlike
the curing stage, the samples showed a higher degree shrinkage. Here, the Z direction showed the

largest shrinkage, a mechanism associated with the printing parameters and layer arrangement,
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adhesion [64]. Similar results have been recorded by Liravi et al [66] after performing the sintering
studies.
Table 2.2: Shrinkage presented by SLA printed parts based on silica after sintering at 1275°C

for 25 minutes at 10°C/min 1 atm pressure.

Direction Shrinkage (%)
X 12.41 £1.59
Y 18.45 +3.06
V4 19.65+2.14

The sintered samples were also evaluated with the binary graythresh code in MATLAB, and it was
found that they displayed about 30% of porosity even after subjecting the silica samples to near
fusion temperatures (see figure 2.14). The image shows the graythresh picture along with the

sintered surface on which the binary encoding was made.

Figure 2.14: Microscope image of a sintered silica sample at 50X magnification. (a) Actual
image. (b) Graythresh image of the sintered sample where the white spots refer to the pores

present in the sintered sample (right).

As the samples were sintered at different ramp rates the change in crack length was recorded in this

work, as it is in Figure 2.15. Nevertheless, the number of cracks and the crack size reduced from
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the curing stage to sintering stage. High magnification images show a reduction in the crack length
by 30% and number of cracks that appeared after the sintering stage, (see Figure 2.15). This crack
reduction seems to be associated with the diffusion mechanism of the silica particles at high

temperatures [67]. Figure 2.16 shows the SEM images of the surface of printed samples in green

and sintered stages.

Figure 2.15: Microscope image of samples at 100X magnification showing a reduction in cracks
from cured to sintered stage. (a) Surface of the samples after curing at 400°C at a curing rate of
2°C/min and cooling rate of 2°C/min. (b) Surface of the sample after sintering with a heating rate

of 5°C/min and air cooled.

Figure 2.16: Surface of the samples sintered at 1275°C. (a) SEM image of the sintered sample. (b)

The image shows a crack that shrinked during sintering.
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The samples in the green state showed a density of 1.6 g/cc when tested using Archimedes principle.
The density slightly lowered when all the resin is burnt when cured at 400°C and the unbound silica
particles when sintered at 1275°C, diffused. The diffusion eventually led to an increase in the
density (see figure 2.17). From this it can be suggested that a two-step process of curing and
sintering can result in strong samples with lower number of defects. Besides, a low ramp rate in the
curing stage and relatively high ramp rates in the sintering stage would work best for parts with

resin.
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Figure 2.17: Relative density of the printed samples at different temperatures.

2.4.3. Transformation to IPCs:
After the samples were sintered, these were transformed into IPCs at Fireline Inc., by submerging

them in molten metal by a TCON process in the flow of Argon gas. During this process, the samples
underwent a chemical wetting process where the ceramic oxide acts as a backbone for the metal-
ceramic composite. The transformed printed ceramic samples are shown in figure 2.18, where it
can be observed that a near-shape conformation was obtained A closer examination displayed the
presence of the continuous aluminum phase, indicated by the light grey zones, and the alumina
phase, shown in dark gray color (see Figure 2.19). The samples also displayed a strong particle
coalescence in the transformed stage and a strong network between Alumina and Silica (see figure
2.19). The figure also shows porosity in the system; however, the degree of porosity was

considerably lower than those IPCs reported from binder jetted ceramic templates [50], suggesting
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that the contact angle for wetting was greater than 90° [68]. Here, the density of the transformed
samples was 3.30 g/cm?, a value 0.66 g/cm?® larger than that reported by Kyle et al [SO0]which were
of the same composition printed via Binder Jetting. The SEM pictures of the transformed samples

show the porosity and the Silica particles that were left behind after the transformation process

figure 2.20 and 2.21 (b).

Figure 2.18: Transformed printed ceramic samples into interpenetrated phase composites (IPCs).
a) cylindrical and rectangular samples used for the mechanical and thermal analysis. b) Low

magnification of a transformed cylinder.

I mm

Figure 2.19: Optical micrographs of the transformed 3D printed ceramic samples into
interpenetrated phase composites. (a) A micrograph of the infiltrated flexural sample at 30X. (b) A
higher magnified image of the infiltrated sample showing a network of Aluminum and Alumina

along with porosity.
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Unbinded Silica
particles

Porosity

Figure 2.20: Surface of the transformed samples. (a) A low magnification SEM image of the
transformed sample showing a contrast between the Alumina and Aluminum. (b) A high
magnification SEM image showing unreacted silica resulting in porosity and a weak point leading

to fracture.

An XRD analysis performed on the transformed ceramic parts revealed that the samples were
composed of 42.1% of monoclinic alumina (Al,O3), 37.3% cubic aluminum (Al), 14.3% tetragonal
silicon (Si), and 6.2% cubic silica (Si0,), (see Figure 2.21). Included in figure 2.19, is the XRD of
the sintered printed silica, which shows cristobalite and quartz phases. An EDS analysis was also
performed on the transformed parts (see Figure 2.21); and it was observed that the parts were
constituted by 51.77% Al, 47.21% O and 1.02% Si, a structural composition that appears to support

the finding provided by the XRD.
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Element Weight % Std. Dev. Atomic %
O 66.66 4.18 77.14

Al 32.77 3.33 22.48

Si 0.57 0.54 0.37
Total 100.00

Figure 2.21: Analytical test results of the sintered and transformed samples from this work. (a)
XRD patterns of sintered and transformed samples. The image also shows the different elements
present in the sintered stage and their transformation after the infiltration process. (b) EDS spectrum
of the transformed sample at a fractured location. The spectrum shows the presence of Al, O and

Si and below is the table describes the atomic weight % of the elements.

Here, a Thermo-Calc software, which used the composition weight % obtained from the EDS, was
used to predict the phase diagrams of the transformed samples. These results were validated with
the XRD. From figure 2.22(a) the samples had a negative Gibbs energy along the high temperatures
throughout the reaction. The samples had the cristobalite phase of Silica and monoclinic alumina.
This negative Gibbs energy (-320 KJ) was responsible for the red-ox reaction (Equation 2.2) to take
place to produce Al,O; and Al. During this reaction, the Silica particles act as reducing agent for
the molten metal (aluminum). The infiltration takes place by capillary forces, which infiltrates the
porous ceramic material [69]. In addition, figure 2.22(c) shows the amount of Al in all the phases
of Silica as a function of the temperature. In this work, the silica presented a cristobalite phase

around 1200°C to 1500°C, with an aluminum content of about 0.26-0.28.
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Figure 2.22: Phase diagrams shown for Al,03-SiO; system from Thermo-Calc. (a) Gibbs free
energy vs Temperature. (b) Phase diagram displaying mass % of Si vs Temperature. (c) Amount of

Al present in each phase in the composite with respect to temperature.
Following the XRD and microscopic analysis of the samples, in all three categories; green, sintered,

and transformed parts were evaluated under compressive and flexural conditions. It was observed

here that the samples displayed a linear profile in the compressive stress-strain testing (see figure
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2.23). The ceramic samples both in green and cured phases displayed a brittle failure while the
transformed samples showed a shear fracture when tested in the vertical direction (Z).

120

----- Green part
100 — — sintered
IPC transformed
art

20 P
©
o
=
= 60
@A
-
in
=
z 40 -
a
£ A
E
g 20

0

0 0.05 0.1 0.15 0.2 0.25

Nominal Strain (mm)

Figure 2.23: Stress-strain graphs shown by green, sintered and transformed samples [29].

The sintered ceramic samples showed an average compressive strength of 22 MPa, while the
transformed samples yielded an average value more than four times higher than the sintered
specimens (97MPa).

3-point flexural testing showed similar failure profiles than those observed under compression. A
flexural strength of 21, and 92MPa was recorded for the sintered and transformed samples,
respectively. It was here recorded that the strength of the transformed samples was more than two
times higher than the strength obtained in the green and sintered samples printed in this research
(see, figure 2.24). Optical microscopy showed that the flexural samples failed with a diagonal
profile-fracture showing no traces of ductility. This fracture mechanism was observed in both the

sintered and transformed specimens printed in the Y direction (see figure 2.25).
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Figure 2.24: A comparison chart of mechanical strength of samples printed via SLA in green and
sintered stages along with the sample strength after the infiltration process. (a) Compressive

Strength. (b) Flexural Strength.
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Figure 2.25: The fractured surface of the transformed sample. The sample shows a diagonal brittle

failure. The magnified image shows some non-transformed silica particles.
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From literature, the present samples have shown a higher strength than the transformed samples
printed via Binder Jetting. It was recorded that the strength was higher by 2.6 times than similar
composites printed via Binder Jetting [50].

Vickers Hardness testing was also performed on the sintered and transformed specimen, and the
results were shown in Figure 2.26. From the figure, it was observed that the metal-ceramic
composite resulted in a hardness greater than the observed on the sintered ceramic parts; a feature
associated with the formation of continuum on the transformed parts. Here, any porosity from the
sintering stage was filled out by the aluminum. The hardness of the composites appears to fall

between the variability range reported on 3D printed ceramics such as alumina [67].
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Figure 2.26: Hardness results of the sintered and transformed ceramics.

The Coefficient of Thermal Expansion (CTE) of the sintered and transformed 3D printed ceramics
was evaluated in this research work (see figure 2.27). It was found that the CTE of the sintered

parts yielded a value of about 24 x10K"!, which is considerably higher than the reported CTE
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values of silica samples built via conventional methods [70]. These results could be associated with
the presence of cracks in the sintered samples, which could have interfered with the thermal
conduction. In contrast, the CTE of the transformed parts resulted in an average value of 11.02 x
10 K, which was two times lower than the aluminum alloy used on current composite tooling
molds [71]. This is an attractive thermal performance for the composite tooling production field,

since these materials can support high operational temperatures.
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Figure 2.27: Averaged CTE results of sintered and transformed samples tested between 25°C and

500°C.

2.5: Conclusions
The transformation of the SLA printed ceramic samples to produce Interpenetrating Phase

Composites (IPC’s) seems to be a novel method which resulted in composite structures with good
mechanical properties. The manufactured composites resulted in a compositional conformation of
42.1% alumina (Al>O3), 37.3% aluminum (Al), 14.3% silicon (Si), and 6.2% silica (SiO2). The
mechanical testing showed that the compression and flexural strength of the metal-ceramic
composites were more than 2.6 higher than the recorded on the printed ceramics on their sintered
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state. It has been shown that the mechanical performance of these interpenetrated composites is
superior to that observed-on 3D printed transformed composites manufactured via binder jetting.
The hardness testing also showed that the composites offer a superior hardness performance than
shown by the sintered ceramics. It has also been shown that the coefficient of thermal expansion of
the transformed ceramics is at least two times lower than the current composite tooling molds based
on an aluminum alloy. A feature of interest in the production of carbon fiber reinforced epoxy
systems. The current work suggests that these new composites could represent a promising
structure for applications in transportation where complex configurations based on low volume
production are required.

The future work includes testing these samples for high and low impact velocities and the
performance when lattice structures are created in this method. This work reveals that the technique

can be promising to build structural components.
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3. Binder Jetting Printing of High-Performance Ceramics

Overview

This chapter presents the research involved in printing high-performance ceramics via Binder
Jetting Printing (BJP). Section 1 focuses on the introduction of the printing technique, the printing
parameters, and the pros and cons of this technology. Section 2 elucidates the equipment and the
materials used in this research program to print ceramic samples. Section 3 discusses three different
ceramic powders printed in this work and their mechanical and thermal analysis. Each sub-section
also presents the conclusions drawn on each material after printing. Finally, section 4 discusses
overall conclusions and future work that discusses the benefits that can be drawn out from this 3D

printing technology.
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3.1: Introduction

Binder Jetting Printing (BJP) is one of the new age state-of- the art 3D printing technologies. It is
a powder based additive manufacturing technique, where a binder is selectively dropped on the
powder surface to bind the powder particles together. This AM method uses a CAD model to build
a part glued by the binder by forming internal bonds and cured by a heating source (see Figure 3.1).
Here the unbounded powder surrounding the part acts a support system to hold the component

allowing the powder for reusing.

/—— Hopper

Light source
Roller Print head
— Binder Inkjets
Powder platform
2 Build part Build box
Y
X

Figure 3.1: Schematic diagram of Binder Jetting printing. The figure also shows the major

components in the 3D printer.

The binder jet technology was essentially built for rapid prototyping in late 1980’s at Massachusetts
Institute of Technology (MIT) by Sachs et al [1]. They investigated this technique for 3D printing
detailed geometries and shells with alumina powder using colloidal silica binder for castings at
high temperatures [1, 2]. Eventually, the technique due to the unique benefits of lower cost at higher
build speed and printability with variety of powders made it suitable for several studies [3]. An
illustration on the number of papers published since 2014 to 2019 with respect to advancement in

Binder Jetting was shown by Mostafaei et al [4]. They reported that there were at least 170 papers
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concentrated on BJ-AM while other 6500 papers published on the overall additive manufacturing
field in the year 2019 [4]. The technique is also commercially explored by companies like Ex-One,
Voxel-jet and 3D Systems [5—7]. A colored, multi-material, and hybrid structure BJP is an attractive
feature that has been explored by commercial companies like Z-Corp and also by researchers such

as Lehmus et al, Gibson et al [8, 9].

3.1.1: Process parameters
Printing a powder to form complex parts via BinderJetting Printing is a combination of several
parameters. Some of the important printing parameters have been investigated for optimization and

reliable part building.

Beginning from the powder, which is the base to start a print, its flow characteristics, geometry,
and ambient conditions play a critical role in obtaining parts with less porosity [10][11]. Low
porosity with good spread density leads to green parts with good density that impact the final
mechanical properties of the printed part. This basic principle made researchers work with good
flow-ability, and packing nature powders [12]. Spherical powder particles are supposedly used for
better packing accounting to their geometry and theoretical density of 60% when distributed. A
super ellipsoid simulation on different sized particles have shown particles with low aspect ratio
difference displaying good distribution in horizontal planes [13]. Additionally, the interparticle
forces in spherical powders result in an even distribution layering setup on the build plate when
dropped from the automatic hopper feeding unit as such as those manufactured by ExOne [14].
Typically a particle size of 0.2 to 200 pm is used in BJP [3, 15, 16]. Generally, the powders are
dropped on the build platform by gravity and acoustic source in a hopper feeder, and then
distributed by a roller. Hence, the printing parameters such as roller-traverse speed, vibrator
frequency, roller rotational speeds are also to be determined for each powder. A double smoothing
method after powder laying was recommended by Shu et al [18]. An increase in the green density

of 0.7 times was observed in alumina green parts when the powder was smoothened twice instead
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once as seen in conventional binder jetting units. One more way to attain high dense parts was to
increase the packing fraction of the powder particles by varying their sizes from coarse powders to
ultrafine powders. Different sized and shaped particles are combined to result in greater
densities[17, 18]. Bai et al [19] investigated the printability of copper, reviewing the advantages of
unimodal and bimodal powder distributions in increasing density. A similar research by Liu et al
[20] on copper powders has shown a 0.3 times increase in the tapped green density by adding 31%
fine copper powder to coarse bronze powder. Multimodal prints also provided a good surface finish
[21]. However the downside of using multimodal powders is the need for higher pressure during
rolling for even distribution, fine powders reduce spread-ability, and it is hard for the binders to
perforate in the multimodal system [22, 23].

The binder used in the printing process also plays a key role in the manufactured parts. Generally,
low viscous printable binders are chosen. The essential requirement for selecting a binder is that it
should act as a gluing agent. Two different mechanisms, in-bed and in-liquid are used in the BJP
process. In the in-bed binding mechanism, a simple liquid is used as a hydrating initiator while a
gluing agent (solid state) is already mixed in the powder whereas in the in-liquid mechanism the
binding is totally dependent on the binder fluid [22, 24-27]. Some of the binders used in the in-
bed process are dextrin, colloidal silicon agents, maldextrins, and starch [28, 29]. The in-bed
printing process produces good parts, although no high density structures are obtained because of
the addition of the gluing powders [24, 28]. Also, different variations such as wet and dry
premixing are used. The wet premixing is similar to the slurry-based 3D printing, and it is reported
to be advantageous over dry premixing as there is a less possibility for inkjet nozzle clogging [3].
However, these wet premixing were suitable for producing porous structures without inorganic
contamination.

The in-liquid mechanism is a suitable technique where the binder is evaporated during the thermal
debinding leaving behind a carbon residue. Some of the examples of in-liquid binders are
polyvinyls, polysiloxanes, acrylic acids, and organic liquid binders [30—33]. Although the parts
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printed via this mechanism have higher powder purity when compared to the parts in the in-bed
mechanism. However, there was a high failure rate reported during the thermal debinding [34, 35].
Furthermore, inclusion of nanoparticles in the binders resulted in an increased density and

strength[36, 37].

The inkjets equipped in the print head eject the binder (simple and high viscous) by either
continuous jet (CJ) or drop-on-demand (DoD) techniques. These both jetting processes differ in the
way of energy dispersion and frequency of the jetted binder [38, 39]. Between these two techniques,
droplets generated by DoD techniques percolate easily into the powder layers due to the high
pressures and geometry of the jets using conical shapes [12]. These ink jets are based on
technologies such as liquid spark jetting, piezoelectric transducers, and fluid jetting tools. A
downside of these high-pressure inkjet nozzles is that they create porosity and disturb the powder
particle distribution when the droplets create satellite droplets. Liravi et al [40] reported that use of
a medium viscous fluid can reduce the displacement of particles due to the density of the fluid.
Following the binder ejection, the geometry of binder droplets from the printhead onto the powder
layers also makes an impact in lowering the porosity and even the distribution of the powder
particles. The binder droplets are propelled out by pressure difference, gravity and surface tension
between the powder and liquid. It generally penetrates by a capillary action [41, 42]. Miyanaji et al
[41] have proposed a physics model for binder droplets for maintaining geometry and homogenous
porosity of the prints from stainless steel and Ti-6Al-4V. Bai et al [43] investigated the contact
angles made by binder droplets on the powder layers. They created an experimental set up to
measure the dynamic contact angle and wettability using a sessile drop method.

Besides the factors like binder and powder selection, process parameters like binder saturation,
layer thickness, printing orientation and traverse speed have also influenced the mechanical

strength and thermal behavior of the final printed part.
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The layer thickness can be defined as the thickness of the powder particles laid during the printing
process. It is always suggested to maintain a layer thickness that is higher than the particle size.
Sachs [44] from his study reports that a layer thickness three times larger than the average particle
size is suitable for ceramic powders. Additional studies suggest that layer thickness should be
selected in accordance with the binder saturation since the kinetics of the binder dropping changes
[15, 45].

Binder Saturation can be defined as the ratio of the binder volume to the pore volume for each layer
[46]. This is dependent on the powder packing nature which is usually around 50-70% when
dropped from a hopper. Melcher et al reported an increase in density of Alumina/Copper oxide
composites from 0.14 g/cc to 0.35 g/cc when the binder saturation was increased from 56% to 67%.
A study on green part density and flexural strength as function of g the layer thickness was made
by Suwanprateeb [15]. They suggested that the unoptimized layer thickness and binder saturation
could lead to either unpenetrated loose powder particles or disintegrated parts with excessive
binder.

Printing Orientation is the direction of the fabricating design. The general tendency of printing in
Binder Jetting is the Z direction. However, Castilho [47] reported that there is a significant change
in mechanical properties when printing in other directions, along with the geometrical accuracy of
the specimen. The highest value of compressive strength has been in samples printed in the Y-
direction, while the minimum in the X-direction. Furthermore, Li et al [45] studied the printing
orientation effects on the print quality. A lower specific surface roughness was observed in the
parts printed parallel to the X-Y plane, which seems to increase the mechanical strength.

Along with the printing parameters, one of the important steps in the BJP, is the post-processing
state. The post-processing in BJP includes de-powdering, thermal debinding (curing) and sintering.
Since, the BJP uses the unbound powder as support, after the print is completed, the unbound
powder is separated from the printed green parts. In general, either manual brushing or a vacuum

system is used to remove the loose powder, which is recycled. However, few studies have reported
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additional techniques for removing the unbound powder such as: use of compressed air, and
leaching and dissolving by a heat treatment [48—50]. In fact, Sachs [51], used a boiling fluid to
clear the internal cavities in the printed samples.

Thermal debinding is the next post-processing step to de-powder the parts by subjecting them to a
temperature where the liquid binder is evaporated. This step results in shrinkage and a reduction in
the packing density. The next step is the final sintering stage, where the samples are subjected to
the powder’s near fusion temperatures where they undergo fusion. A solid-state sintering is
observed during this step where surface energy and surface area are reduced. This step also includes
larger shrinkage, low porosity (in comparison to green and debinded states), and high densities [3,
52, 53]. Specially with ceramics, sintering leads to strengthening and then to final structures.
Sometimes, additives are added to the powders to improve sintering [54]. Further the samples are
post processed to attain near-net densities using HIP, chemical vapor deposition techniques,
polymer infiltration and metal infiltrations [55-58].

Many studies have used BJP for building structural composites in the medical, aerospace,
automobile, electronic and tooling industries [36, 59-64]. Myers et al [65] have inspected printing
silica of different particle sizes and transformed them into ceramic-metal composites (CMC’s).
Following the evaluation of the structure-mechanical performance of these Al-SiO; as functionally
graded materials.

Although a considerable porosity and reduction in mechanical strength is commonly observed from
the parts printed via BJP, it is still considered as a viable technology industrially for its ready-to-
go build of complex geometries. In fact, the porous structures can be employed in bio-medical and
dielectric applications [58, 66—68]. High Performance Ceramics (HPCs) have also been studied
directly and indirectly by coating them with other binding or metal agents [69—71].

In this research, BJP has been used to study the following concepts:
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1. Effect of the printing direction on the mechanical and thermal properties of alumina-silicate
hollow microspheres.

2. Effect of the variability of the printing parameters on the mechanical properties for fused
silica. The printing parameters here investigated were binder saturation, and roller-traverse
speed.

3. Effect of a secondary binder addition on the mechanical properties for fused silica

3.2: Equipment:

This research was carried out on an ExOne Innovent + Binder Jetting Printer (see Figure 3.2). This
unit uses furan (#7100037CL, BAOOS, ExOne, PA) as the in-liquid binding agent with a surface
tension of 26.87 mN/m at room temperature in air, which has resulted in the production of robust
green state ceramic-based parts (the chemical composition of the binder is included in Figure 3.2).
The printer is equipped with a hopper of powder holding capacity of 1.107 kg, a roller, an IR light
curing lamp, a build box of 65 x 160 x 65 mm (width x depth x length), and a printhead with 256
nozzles as observed in Figure 3.3. The printer uses three different fluid tanks for the binder, cleaner
and waste that work with peristaltic pumps. The print head is capable of dropping tiny beads of
binder measuring up to 10 pL. A print resolution of 30 microns is possible on this system. The built
box moves by a pneumatic system and is controlled by a computer attached to the printer. A user
application is used to plug-in different parameters such as recoat speed, roller speed, roller-traverse

speed, binder saturation and job-process settings before starting the prints.
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Figure 3.2: ExOne Innovent + Binder Jetting Printer Unit used in this research effort (left).

Structure of the furan binder, used in this research work (right).
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Figure 3.3: A test pattern created by the printhead where the 256 inkjets have dropped binder

droplets to form lines.

3.3: Materials

3.3.1: Alumina-Silicate hollow microspheres

3.3.1.1: Objectives
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The main objectives of printing hollow microspheres are described as follows:

e Study the printing process of lightweight hollow microspheres particles.

e Investigate the mechanical and thermal properties of samples printed in the X, Y
and Z direction.

e Study the wear performance of the printed and post-processed hollow

microspheres.

3.3.1.2: Printing Methodology
Lightweight ceramic hollow micro spherical particles synthetically made at SphereOne, Inc.

(Chattanooga, TN) were used in this research. The microspheres had an average particle size of 75
microns with a bulk density of 0.40 g/cm? with a specific gravity 0.75 g/cm®. The as-received
powder was analyzed for XRF and it consisted of Al203 (~32%), SiO2(~ 42.5%) and traces of
metal oxides (Fe, Ca, Ti). The powder was described to provide flame retardancy, refractory
behavior, corrosion and abrasion resistance.

Samples using the microspheres were printed in the X, Y, Z directions on the ExOne Innovent +
printer following the ASTM 52921. The samples were printed using the furan based aqueous binder
with printing parameters of 60% binder saturation, 5 mm/sec roller traverse speed, and 150 um
layer thickness with a UV drying time of 20 seconds. As explained earlier, commonly 60% binder
saturation with a low traverse speed and layer thickness that is double the particle size aids in
attaining full dense specimens [2]. The printed samples were thermally debinded in a Yamato
DX402A curing oven for six hours at 180°C for obtaining green state samples (Appendix A). After
the binder evaporation, the samples were sintered in air at 1275°C at an initial heating ramp rate of
2 °C/min for 30 minutes, followed by an increased heating ramp rate of 10°C/min and a dwelling
time of 30 minutes to obtain the sintered samples. The samples were then air cooled with a cooling

rate of 10°C/min to room temperature.
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3.3.1.3: Results and Discussion
The particle size analysis of the as-received material was performed in a CILAS 1190 particle

analyzer system. The results showed that the material had an average diameter of 34.2pm with
spherical morphology as seen in Figure 3.4. The spherical shape along with low specific gravity
aids in enhancing the flowability and packing during the printing process [72]. Besides XRF
analysis, XRD analysis on the microspheres showed the presence of 40.34% Alumina, 42.5%

Silica, 6.2% Titanium Dioxide and traces of other metal oxides of K, Ca, and Fe with 9.7% with

crystallinity in the as-received powder.
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Figure 3.4: Micrograph of the as-received microspheres and their particle size distribution.

After the samples were printed and sintered, a shrinkage analysis was performed (see Table 3.1).
The highest shrinkage was seen in the Z-direction (32.48%) (see Figure 3.5). This can be due to:
(1) powder-binder interaction on the powder bed, (2) spacing that is created between the layers, (3)
viscous flow during sintering involving damage to hollow spherical morphology. A ballistic effect
was observed during the binder jetting process, where the powder particles are dislocated creating
voids [73, 74]. A similar pattern was observed in 3D printed SiO, samples manufactured by Myers
[65] and Parab et al [40, 75]. Myers reported a shrinkage of 13% in the Z direction and a minimum

shrinkage of 10% in the X and Y directions when printed with silica powder of particle size 48 um
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[65]. The present paper displayed a lower shrinkage in the sintered samples, in comparison to Myers

et al, however the microspheres due to the hollow particles resulted in higher degree of shrinkage.

Figure 3.5: Shrinkage seen in the printed specimen after post processing. The image shows green

part (left) and the sintered part (right).

Table 3.1: Shrinkage analysis observed in the printed hollow microspheres after sintering.

Direction Shrinkage (%)
X 28.80 +1.99
Y 26.72 +3.73
Z 32.48 £2.65

The printed green samples had a density of 0.34 g/cm® and after sintering the samples yielded a
density of 1.002 g/cm?; which is almost 3 times higher than that observed in the green parts. The
samples showed some degree of porosity in both green and sintered states (see Figure 3.6).
Nevertheless, the sintered samples displayed a porosity lower by 9.6% in comparison to green state
samples. Liravi et al [40] observed that shrinkage and porosity are mostly dependent on the roller-
traverse speed and the viscosity of the binder. Along with this, the smaller the drop size and lighter

the binder, the lower the porosity. A MATLAB analysis was performed on SEM images of the
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microsphere samples. Here the samples were transformed from RGB to grayscale using the
“graythresh” and “im2bw” command. The final image is assigned with binary digits, ‘0’ and ‘1’
which is used to calculate the percentage of porosity and solid substance [76]. This resulted in a
porosity of 32% in the sintered samples. This analysis was also used by Kyle et al [77], with a
modeling error of 10% when predicting the 3D printed silica samples. It was also seen that the
addition of metal oxides to printed ceramics can decrease their porosity as well as to elevate their
strength properties [78]. Additives like metal-oxides can help in forming melt pools and coalescing
the microspheres for higher density. Simultaneously, necking among the particles is seen, Figure
3.6. Itis noteworthy, that the average particle size from green to sintered stages changed from 47.5

to 67.9 um due to fusion of smaller particles to form larger particles (measured via Image J).

Figure 3.6: Micrographs of the printed ceramic spheres. a) Green state. b) Sintered state. c)

Magnified picture of the sintered state showing a necking between large particles [79].
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The sintered and green state samples were analysed using XRD (see Figure 3.7). From the XRD
details, the sintered samples displayed a higher degree of crystallinity in comparison to green
samples by 15.1%. The XRD analysis also showed the presence of 63.4% Alumina, 27.5% Silica
with carbon, titanium and potassium oxides forming the remaining 9%. The silica present in the
microspheres underwent an annealing process and thus transforming from sillimanite to mullite

phase, maintaining an orthorhombic crystalline structure [80].
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Figure 3.7: XRD graph of the green and the sintered samples revealing increase in crystallinity on
the sintered parts (XRD peaks in the sintered state show higher intensity than in the green state ~

25°) [79].

Samples printed in the X, Y and Z directions were also evaluated for mechanical properties. Right
angled cylinders of 12.5 x 12.5 mm (height x diameter) for compressive characterization and
rectangular bars of 40 x 6 x 5 mm (length x breadth x height) for flexural characterization and 30
x 5 x 4 mm (length x breadth x height) for fracture toughness measurements were here

manufactured. The sintered samples had a compressive strength 88% higher than the green state
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samples, with an averaged value of 29.7 MPa across the three different printing directions.
Although an overlap in the error bars was recorded among the X, Y and Z printing orientation,
suggesting a limited statistical difference. The samples printed in the Y direction showed the
highest compressive strength that can be associated with a larger diffusion among the particles in
the columnar direction [81] (see Figure 3.8(a)).

An average flexural strength of 9.9 MPa was also recorded in the samples printed among the
different printing directions (see Figure 3.8(b)). Although the flexural strength observed is 3 times
lower than the compressive strength recorded in this work, the value is similar to that reported on
mullite samples fabricated through conventional methods [63, 82]. Another reason contributing to
the lower flexural strength might be due to the tensile and compressive loads acting on the same
sample. The tensile loading mechanism in the bottom layers leads into a weakening and failure
process at an early stage of loading. Castilho et al [47] have observed that a higher mechanical
strength was seen in the Y direction. One of the contributing factors that affects the testing
directionality is the formation of voids and contact surface while printing. Although the samples
undergo homogenous sintering, voids formed during sintering are moved to the corners to round

the fused particles leading to the formation of porosity [83, 84].
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Figure 3.8: Mechanical properties of the printed and sintered hollow sphere samples. a)

Compressive Strength. b) Flexural strength.
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The fractured samples were optically analyzed under an SEM. The images displayed the absence
of plasticity since a brittle fracture was seen. Also, the fracture initiated at the larger spheres and

extended towards the fused zones (see Figure 3.9). A similar fracture mode was observed in both

the compressive and flexural samples printed in the X, Y and Z directions.

Figure 3.9: SEM micrographs of fractured samples showing fracture along the sintered spherical

particles. (a) The fracture along the necking region. (b) A hollow sphere cracked after sintering.

Fracture toughness of the samples was performed by using a 3-point bending test using ASTM
1421 standard. Figure 3.10 shows a schematic build of the fracture toughness samples with a single
edge notch. Here the samples printed in the X and Y directions showed the highest specific fracture
toughness in comparison to the samples printed in the Z direction. It is also to be noted that the
notch (0.05 mm thick) was machined after the sintering, which seemed to result in microcracks on
the sample (see Figure 3.10 (¢), (d), (¢)). The area around the notch is the weakest point which can
make the fracture propagate along the layers especially if the sample is printed in the z direction.
The fracture toughness values obtained in this work were 30% lower than those reported on
coupons fabricated via conventional methods [85]. The results obtained in this study suggest that
slightest variation in the particle sizes (as seen in Figure 3.4) could improve the packing density
and reduce the porosity with a probable chance to increase the fracture toughness.
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Figure 3.10: Specific fracture toughness of the sintered parts printed in different directions along
with the schematic diagrams of the printing directions. (a) Schematic diagram of the parts built in
different directions. (b) Fracture toughness results. (¢), (d), (¢) Fracture observed in the samples
printed in the X, Y and Z directions respectively after machining in the notch (Indicated by the

highlighted white lines).

The Coefficient of Thermal Expansion (CTE) of the sintered samples printed in different directions
(6 x 5 x 6 mm -length x breadth x height) was performed using a quasi-static thermal profile.
Although the samples printed in the Z direction showed a slightly higher CTE, the average CTE of
the three different printing directions was about 4.8 x 10° C™! (see Figure 3.11 (a)). Harrison et al
[86] studied 3D printed Invar-36 and observed similar results with no significant changes across

different printing directions. Bulk anisotropy instead of the hollow spheres could be one of the
reasons contributing to the very low change in the thermal expansion. The values obtained in this

work suggest that the materials are suitable structures for composite tooling application [87].
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Included in figure 3.11, are the hardness results. Hardness testing performed in this study was
performed on the X-Y polished plane on the sintered samples (10 x 8 mm (diameter x height)), and
it was observed that these structures yielded a HV10 between 600 and 800 (see figure 3.11). This
hardness value is 38.3% lower than that reported values in bulk mullite parts fabricated via slip
casting [88]. Figure 3.10 shows that standard deviation error bars overlap across the different
printing orientations, suggesting that the HV 10 difference is not statistically significant. The lower
averaged hardness of the part printed in the Y and Z -directions is probably due to measurements
next to a pit or a layering interface. Also, the large standard deviation in the X -direction could be

influenced by the variations of porosity across the surface.
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Figure 3.11: CTE and hardness values of the microsphere 3D printed, and sintered samples
manufactured in different directions. (a) CTE values seen along different directions. (b) Hardness
values seen in different directions. The figure also shows the porous structures in the samples after

hardness testing.

The samples printed in the Z direction were tested for wear analysis using abrasion testing to record
the height and volume loss. The wear was recorded at 5-, 15-, 30-, and 60-minutes intervals with
an initial sample height recorded as 12.6 mm (see Figure 3.12). The largest degree of erosion was
seen in the sintered samples in the first 5 minutes. The initial abrasion material lost can be

associated with the loosely packed particles that are in and around the surface after the sintering
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step. After the 60-minute period, the samples attained a plateau with a height loss of 1 mm and 8%
volume loss. A wear factor of 0.0022 mg/mN was calculated using the following equation: K =W
/ (LF), where W is the wear mass loss in mg, L is the sliding distance in m (which was 5666 m for
this study), and F, the applied load in N [89]. These 3D printed and sintered microsphere systems
displayed an abrasion value 3 to 10 times lower than the reported on similar bulk mullite coated
samples [89]. The results from the present work seem to suggest that these lightweight spheres
represent an attractive material for brake rotors and surface coating applications, where features

such as lightweight, hardness, and good abrasion performance is required.
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Figure 3.12: Abrasive wear observed on parts printed in Z-direction after subjecting to wear at different

times.

3.3.1.4: Conclusions

The mechanical and thermal properties of the printed hollow micro spherical particles printed via

Binder Jetting have been investigated in this study. An average shrinkage of 27.2% was observed

78



after the post processing stage The samples printed in this work reported an average compressive

strength of 29.7MPa, a flexural strength of 9.9MPa and a fracture toughness of about 0.237 MPa

m'2. Apart from the test results, some of the important characteristics observed in this study were:

The printed samples also showed high resistance towards corrosion, temperature, and high
stresses. Along with these performances, their light-weight feature adds the advantage of
using this material for applications such as armor strike face, coatings on re-entry vehicles
and machining tools.

The low coefficient of thermal expansion reported in different directions showed that it can
be a durable material for tooling applications. The abrasive performance observed here,
also suggests that the investigated material is a good candidate for the applications where

low wear and thermal expansion are required.

3.3.2: Fused Silica

3.3.2.1: Objectives

Fused Silica was investigated in this work addressing the following goals:

Investigate the manufactured parameters of unimodal printing.

Study the statistical significance and interaction effect of the following print parameters:
binder saturation, and roller-traverse speed.

Analyze the effects of incorporating secondary binders on the mechanical properties of

fused silica.

3.3.2.2: Printing Methodology

Fused Silica (Si0O;) of 75um average particle size powder was printed in an Ex-One Innovent + in

the Z direction using a furan-based aqueous binder. Six sets of experiments varying the roller-

traverse speed (2.5 mm/s, 5 mm/s) and binder Saturation (40%, 60%, 80%) were investigated. The

roller speed (600 rpm), binder setting time (10s), and binder drying time (25s) were kept constant.
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A persistent drop volume of 36.6 pL from each nozzle was used in this experiment. The printed
parts were cured in the build box at 180°C for 6 hours to obtain the green parts. The samples were
sintered at 1400°C for 6 hours at an average heating ramp rate of 6°C/min in air. The parts were
allowed to air cool after the sintering cycle at a cooling rate of 10°C/min (control). The sintered
parts were tested for compressive strength which were used to tabulate a factorial tree (design =
2x3, n=6 levels). A two-way factorial ANOV A method with no replications was used to understand
the significance of each parameter used in this research (see Equation 3.1).
yik= L+ Tit+ B+ (Bt ek ,i=1,..,a,j=1,...,b,k=1,...,n (3.1)

Where p is the overall mean

T; is the effect of i th level of a factor A

Bjis the effect of j th level of a factor B

()i is the effect of interaction.

T , PBj, (tf)ij, &k are independent and identical random variables with normal
distribution &~N (0, 6%), where o is the variance.
Parallelepiped shaped parts were printed to measure the contact angle made by secondary binders:
Water, Glycerol, Acetic acid, Dextrin, and Polysiloxane resin by capillary action on a Kruss Surface
Tension measurement drop analyzer equipment using a syringe. A constant drop volume of 4 pL.
was dropped from a syringe needle on the silica green part surface in order to measure the contact
hysteresis. At least 4 samples of the geometry were used to measure the contact angles made by
selected binders in different angles (parallel, perpendicular, and 45°) with respect to the layering
during the printing process. A fixed volume of liquid was dropped on the green parts to determine
the contact angle made on the powder surface using the sessile drop method. Acetic Acid and
Dextrin were selected as the secondary binders due to the lower contact angle made on fused silica
samples [42, 90]. Water, and glycerol were not considered for the higher contact angles and
polysiloxane resin for complexities in fabricating and relatively higher contact angles in

comparison to dextrin and acetic acid. The parts with different concentrations of secondary binder
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were then cured at 180°C, followed by the aforementioned sintering process. The sintered samples
were mechanically tested to analyze the compressive stress-strain effect of the secondary binders.
The compression test was carried out on a Instron Universal Testing Machine following ASTM
C1421 standard using a 0.5 mm/min crosshead strain speed. Here, Equation 3.2 was used to
determine the compressive stresses. The sintered specimens were optically characterized to
investigate the microstructure and porosity features of the printed silica parts on a Keyence VHX-
7000 optical microscope. The crystallographic changes in the samples were investigated via XRD
analysis using a X8 Bruker Prospector XRD unit with 40kV X-Ray source (20 = 0° to 108°). A
Keysight benchtop FE-SEM with an electron beam source of 1keV was used in this work to observe
the samples at a micro level (Refer Appendix A).
o =F/A (3.2)
Where ¢ = Stress (MPa)
F = Applied Force (N)

A = Area

3.3.2.3: Results and Discussion
The fused silica used in this work was analyzed in a CILAS Laser particle analyzer and it was found

that the average particle size was about 51um (see Table 3.2). The microscopic study displayed
that the fused silica exhibited an irregular morphology as observed in Figure 3.13. The layer
thickness for printing this powder was adjusted to be 150 microns. Here, the thickness layer was
selected to be three times larger than the particle size d to ensure a good printing spread-ability and
a better particle distribution A density of 0.82 g/cc was observed in the green parts, and it increased
to 1.12 g/cc after the post-processing stage. An average shrinkage of 12.28 % and 16.65 % were
recorded along the diameter and height of the cylindrical samples after the post-processing stage,
respectively. Kyle [65, 79] showed similar shrinkage values when fused silica was printed via BJP

process.
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Figure 3.14 shows the averaged volumetric shrinkage of the samples after the sintering process. It
was observed that increasing the binder saturation results in an increase in shrinkage. It was seen
that printing the parts at a traverse speed of 2.5 mm/s resulted in a higher shrinkage (40%) than that
observed on the parts printed at Smm/s due to the enhanced inertia forces from high packing
densities [91, 92].

Similar shrinkage results have been reported by Miyanaji on 3D printed porcelain dental ceramics
[93].

Table 3.2: Particle size distribution of Fused Silica powder used in this research.

dio (um) dso (um) doo (um) Mean particle size (um)

10.31 50.42 91.27 50.95

Figure 3.13: Optical analysis showing particle morphology of the Fused Silica powder as received.

The sintered samples from all the batches were tested for compressive strength and summarized as
shown in Figure 3.14 (b). An average compressive strength of 12.4 MPa was obtained when the
used traverse speed was 2.5 mm/sec and 5.21 MPa when the traverse speed was 5 mm/sec.

Suggesting that a lower traverse speed induces a higher packing density in the samples, which
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results in a higher compressive strength. This phenomenon was observed in both traverse speed
testing. Similar results by Jimenezi et al [94] have shown that lowering the traverse speed (~ 6
mm/sec) produces higher density printed parts. A particle-based simulation has also revealed that
green samples printed with a higher roller traverse speed resulted in prints with a high surface
roughness [95, 96].

The figure also shows that increasing the binder saturation from 40% to 80% results in an increase
of the sintering compressive strength. This was a phenomenon observed due to good
polymerization without any ballistic effect in the samples [97, 98]. This is also due to the dominated

behavior of the polymer bridges formed in the particles with less voids [99].

/s 5 V!
a) fraverse 25 mmis mms b) traverse 2.5 mm/s 5 mm/s

20

201

o

Shrinkage (%)
>
Compressive Strength (MPa)

40% 60% 80% 40% 60% 80%
saturation saturation

Figure 3.14: Distribution graphs of Compressive Strength and shrinkage with respect to Binder

Saturation and Traverse speed. (a) Shrinkage. (b) Compressive Strength.

It is interesting to note, that although the samples printed with 2.5 mm/sec and 80% binder
saturation exhibited the highest compressive strength, the samples presented a radial expansion as
results of the high level of binder of saturation (see Figure 3.15). Hence, 60% binder saturation

with 2.5mm/sec was selected to test the effect of the secondary binders.
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Figure 3.15: Sintered samples with 60% (left), 80% (right) binder saturation printed under a
transverse speed of 2.5 mm/s. The samples on right shows a radial expansion after the post-
processing stage.

The results of the two-way analysis of variance (ANOVA) are shown in table 3.3. This analysis
evaluated the main effects of the binder saturation and traverse speed along with their interaction
on the mechanical strength of the printed samples. Table 3.3 shows the statistical report with
degrees of freedom, f-value and p-value. The f-value indicates that each testing parameter (binder
saturation, traverse speed) is independent and different from each other, while p-value indicates
that they were significant for the confidence interval (< 0.05) [100]. From the p-values, it seems
that each analyzed parameter as well as their interactions have a significant impact on the
compression stress of the samples, although the interaction appears to be more insignificant than
the individual variables. Similar conclusions have been observed by Jimenez et al [94], when a
broader statistical analysis was made on Alumina binder jetting printing. The large f- value of the
transverse speed suggests a wide variance on the data. A Q-Q plot was used to understand the
correlation and the presence of outliers in the results of printing parameters. The Q-Q plot shows
that distributions have shown a straight line indicating the residuals follow a normal distribution.

This also indicates that a low standard deviation among the results was found while varying the
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print parameters [100, 101]. Additionally, there is no presence of extreme outliers and a positive

correlation suggesting the data to be normally distributed.

Table 3.3: Results of the Two-way ANOVA table for Binder Jetting Printing.

Theoretical Quantiles

Figure 3.16: Q-Q graph of the strength distribution.
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Parameter Degrees of | Sum of | Mean F P-value
Freedom (df) Squares (SS) | Squares Value

(MS)
Traverse speed | 1 241.11 241.11 65.250 | 3.4e-06
(mm/sec)
Binder Saturation | 2 99.57 49.78 13.473 | 0.000856
(%)
Traverse speed: | 2 41.75 20.88 5.649 10.018667
Binder Saturation
Residuals 12 44.34 3.70

Normal Q-Q
130
10
&
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Parallelepiped shaped parts were chosen to investigate the surface tension of the studied binders
(see Figure 3.17). An assumption was made that the binder makes a low contact angle (0) with the
powder surface would result in high wetting. This is accounted by the surface tension, external
forces and the environment [102, 103]. The angles made between the solid surface and the liquid
drop were measured for each binder. The contact angle here, was measured before there is a
spontaneous penetration to avoid errors and the dispersion angle is measured from the sessile drop
and ellipsoid cap formed by the binder on the surface (see Figure 3.17(b), (c)). Additionally, a
pseudo line for maintaining symmetry in the drop was optically made [104]. Voids created at this
stage when dropping micro-sized sessile drop were assumed to be absent as there is no presence of
loose powder particles in the green parts.

The binders on the Fused Silica surface have experienced a spontaneous absorption resulting in
different contact angles, Figure 3.18. However, they differ slightly from the liquid contact angles
in air due to the surface and external factors like the porosity induced by the printing process [90].
Among all the binders, Acetic acid, polysiloxane resin and dextrin (dextrin + water in the ratio of
2:1) have yielded low contact angles relatively due to the viscosity changes [43, 105]. The figure
shows that the contact angle seems to be independent of the printing orientation, suggesting that
the wettability is rather governed by the pore-liquid diffusion interacting mechanism. It is
interesting to note that parts infiltrated with Polysiloxane resin as a secondary parts do not need the
post-processing stage due to the level of hardening achieved on the parts [105]. However, given its

high viscosity and fast hardening, it was not further considered as a secondary binder.
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Figure 3.17: (a) Parallelopipe shaped part used for measuring surface contact angles. (b) Sessile
drop forming due to the gravity and capillary effects at the syringe. (c) Sessile drop (ellipsoidal

cap) formed from the binder (Glycerol) over the sample surface.
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Figure 3.18: Contact Angle measurements of the secondary binders on green silica samples.

Due to the lower contact angle of the acetic acid and dextrin, these binders were decided to be
further explored under different loading percentages. It is noteworthy that the samples reached a
saturation point at 60% secondary binder loading where the absorption of the secondary binder

reached equilibrium. Figure 3.19 shows the density of the printed samples subjected to different
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secondary binder loading percentages at two different sintering times. The figure shows that after
400 minutes of sintering, the density slightly decreases due the binder evaporation. Indeed, at this
time, the particles have not fused and the initiation of density enhancement begins after this stage
[106, 107]. In contrast, increasing the sintering time more than 1000 minutes, allows for a particle
diffusion mechanism that results in an increase in the density. From the figure, it seems that the
incorporation of dextrin results in a higher density than the acetic acid system. It has been reported
by Kuticheva [108], that acetic acid reacts with the furan producing an acetylation process, which
results in the production of unbound carbon residue. This makes the samples lose internal binding,
resulting in a lower density and therefore in a lower strength. In contrast, the dextrin does not react
with furan and fills the porosity of the printed parts adding weight to the sample and enhancing the
internal binding [43].

The figure also shows that increasing the vol% of dextrin yielded the highest densities in the
impregnated materials. Here, the 60% vol of dextrin appeared to have yielded a lower density than
the 30 vol %, an effect probably related to a large presence of secondary binder at the surface of
the sintered parts. The highest density of 1.43 g/cc was measured in the samples 30% dextrin
loading by Archimedes principle, while the control samples without any seconding binder loading
had a density of 1.12 g/cc. However, the samples theoretically have a 33% higher density with
density as a binder [109].Unlike the expectations, the samples with dextrin have also shown an

initial decrease in density when debinded but further improvement in density is seen after sintering.
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Figure 3.19: Average density of the sintered Silica samples with secondary binders at different

concentrations.

The sintered samples were analyzed for crystallinity with and without the secondary binders (see
Figure 3.20). It revealed that the samples had 85.2%, 72.2%, 91.1% crystallinity after sintering at
1400°C without secondary binder, and with acetic acid, and dextrin respectively. The highest peak
displayed in all the XRD curves at 26= 23° is the cristobalite which intensified with the addition of
dextrin [110]. The cristobalite in the silica structure is responsible for higher crystallinity and so
higher strength [101]. The samples with dextrin loading inspite of the secondary powder particles
accelerated the crystallization and there by strength [109, 111].The lower crystallization in the
samples with acetic acid was because of the acylation as discussed earlier. Here the acetylation
reaction breaks down the bonds/polymer bridges formed between the silica particles [99, 108]. This
is in the following step leaves the samples with loose amorphous particles. The samples with

dextrin have shown a higher crystallinity when 30% and 60% binder was included.
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Figure 3.20: XRD of the sintered Silica samples with and without secondary binders.

The post-processed samples with secondary binders were tested for compressive strength (see
figure 3.21). The results show that those samples containing dextrin exhibited a higher strength
than those with acetic acid. The higher mechanical strength in the samples with dextrin loading was

contributed by the higher crystallization and density as discussed earlier. It is interesting to note

that increasing the concentration of acetic acid on the printed samples resulted in a decrease of

compression strength on the parts. This could be associated with the reaction between furan and

acetic acid, which could have weakened the system. In contrast, the inclusion of higher

concentrations of dextrin on the printed parts resulted in an increase in the compression
strength. One of the reasons for the higher compressive strength on the parts containing dextrin as

secondary binder, is that it fills the voids in the silica specimen built via BJP (see Figure 3.22¢).
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Figure 3.21: Compressive Strength of the samples after addition of secondary binder. (a) Acetic

Acid. (b) Dextrin.

Figure 3.22: SEM images of the samples after curing at 600°C. (a) SiO- (b) SiO, with Acetic Acid

(c) SiO; with Dextrin particles.
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3.3.2.4: Conclusions

The process parameters for binder jetting of fused silica were analyzed using a statistical analysis,
and it was observed that the traverse speed has a more significant effect on the compressive strength
of the printed parts in comparison to the binder saturation variable. Here, samples with 60% binder
saturation and 2.5 mm/sec traverse speed displayed the highest compressive strengths among the
set of experiments investigated here.

The inclusion of secondary binders was also investigated, and it was found that such incorporation
enhances the mechanical strength of the printed samples. The strength seems to be related by the
liquid-particle contact angle which is a measure of the surface tension and wettability. Among the
five binders here investigated, dextrin and acetic acid were selected for testing the compressive
strength. However, due to an acetylation reaction between the furan binder and the acetic acid, the
samples containing acetic acid resulted in a low strength. In contrast, the inclusion of dextrin
resulted in an increase of the compression strength. The sessile drop model used in this work only
presents details from the drop propulsion from a syringe in microliters whereas the actual printing
has a jetting system that has pico-sized ink droplets and real-time print parameters like binder drop
spacing, droplet frequency, and pass speed also affect the printing. The results from the present
study could assist in manufacturing stronger complex parts and guide in the use of additional binder

systems for new materials in the BJP process.

3.4: Conclusions
A successful study on the effects of different parameters on mechanical properties of high-

performance ceramic powders was made in this research. Hollow microspheres of low particle
density yielded high density (~ 294%) and mechanical properties after sintering the printed
coupons. The samples here printed were varied in print directions in the X, Y and Z. The results
showed that the samples printed in Y directed yielded higher mechanical strength. Thermal

properties were not very much affected by change in the print direction.
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A statistical analysis performed in this research showed that slower traverse speeds result in parts
with good geometric definition. Additionally, it was also observed that both binder saturation and
roller-traverse speed are two important parameters that are needed to be watched when printing
ceramic powders. A study on the effect of secondary binder addition showed that the ceramic
samples (made of fused silica) were able to absorb up to 30% extra binder loading despite the voids.
However, it was observed that a secondary binder with nano particles (dextrin, in this research)
would help in attaining higher strength (~ 80%). It can be concluded from this study that a post-
processing with an additional binder addition could help in improving mechanical strength. One of
the reasons contributing to the increase in density is the particles of different particle size filling up
the voids and thus less porosity.
Future studies on the Binder Jetting Printing include the following.

e A statistical analysis of all the different print parameters used while printing.

e The interaction effect of these parameters is also to be made as they can provide details on

printing samples with geometric definition.
e A transformation of the fused silica samples printed via BJP can also help in industrial

applications where complex geometries are required.
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4: Material Jetting

Overview
This chapter discusses the research work performed in printed Zirconia via Material Jetting

technology. Section 1 introduces the technology and the general procedure used to 3D print the
samples via Material Jetting. An excerpt of different materials from literature and the printing
parameters is presented in this section. Section 2 discusses the methodology and materials used in
this research work. Section 3 presents and discusses the results obtained on the printed samples in

terms of their mechanical and thermal performance. Section 4 presents the conclusion of this work.
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4.1: Introduction

Material Jetting (MJ) is a 3D printing technology developed from well-known 2D-ink-printing
methods. In this method, inks based on powder particles immersed in a liquid binder are jetted from
nozzles to fabricate parts by a drop on demand mode [1, 2]. MJ initially started with wax printing
in 1994 and was further developed into a multiple jets technology by 1996, followed by polymer
printing from proprietary inks in 1998 [3]. From the early 2000s, further advancement concentrated
on printing ceramic and metal inks, including production of parts using a heated print head. The
technology commonly uses high viscous inks filled with ceramic powders (approximately 50% -
60%) based on nanoparticles to produce layers with high resolution and precision. Here, a UV
exposure is applied to each layer to cure the ink. During the building process, a support material is
jetted along the ceramic layers, which assist the production of parts with intricate geometries. A
schematic representation of the MJ process is shown in figure 4.1. In general, the support material
is constituted by salts which can be washed away by water. The green parts printed are post-
processed according to the material specifications in order to obtain a final either ceramic or metal
part. This printing technology includes advantages like high printing speeds, superior quality,
accuracy and inclusion of different materials (polymers, ceramics, metals). This technique was

commercialized by companies such as Objet from Stratasys, XJet, Xerox, and HP [4-7].

Ink jetting nozzles

UV curing light —

Roller ——

Build plate

Figure 4.1: Schematic diagram of Material Jetting process.
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Material jetting provides several advantages such as high accuracy in building specimens, low
surface roughness, high dimensionality, low wastage, and wide printability with several materials.
However, it also comes with few disadvantages such as long post-processing methods specially on
ceramics, expensive units and inks, and slow printing process [2, 8].

Many times, this technique is classified based on the type of ink dropping, ink suspension. Material
Jetting tends to be grouped under the ink-dropping and ink-suspension brand, and is typically
classified into the following three categories:

(i) Drop-On Demand (DOD):

In this method, droplets of ink in the form of tiny beads are dropped on the build
platform according to the CAD model. In general, DOD units consist of a cutter head
either pneumatic or electronically operated with thermal actuators which cuts off the
output of ink and support material. Viscosity is one of the major parameters that
determines the flow in this method. This approach is used in waxes and polymers in

general and avidly used in the field of electronics to print transistors, capacitors,

inductors and wearables, OLEDS and energy storage systems (see Figure 4.2) [9-13].

Figure 4.2: (a) A paper circuit board build via silver epoxy [14]. (b) A FET on textile

showing the bending features [12]. (c) A 3D printed signal conditioning circuit [13].
(ii) Polyjet Printing:

Polyjet Printing was introduced by Object, a Stratasys base company [15]. In this

technique, the photopolymer ink dropped from ink jets is cured into layers to form the
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(iii)

build part. A gel-like support material is used while printing complex parts [16]. A UV
curing light is used to cure the ink beads formed from the liquid photocurable resin.
This method has a capability for using wide variety of materials. Presently this
technique is used to print microfluidic devices, biomedical based applications, mould
preparations for castings and electronics for the features like surface finish, printing

accuracy, and faster prints (see Figure 4.3) [17-19].

Figure 4.3: Samples printed using Polyjet printing with a glossy fisnish. (a) A printed
propeller. (b) Human ear [18].

NanoParticle Jetting (NPJ):

Nano Particle Jetting is the 3D printing material jetting technique developed by Xjet.

This technique uses a liquid ink containing nanoparticles of metal or ceramic powders
that are expelled on a heated bed on a layer-by-layer process. During this process the
ink is evaporated leaving the particles bound together in the shape of the CAD model.
A post-processing is always required when using this technique as the particles need
fusing to produce the final part. Presently, XJet produces stainless steel, zirconia and
alumina inks that are printable using their Carmel unit, see Figure 4.4. The printing
methodology is acclaimed to be used for dental crowns, hearing aids, surgical tools,

and tool materials.
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Figure 4.4: Samples printed using Nano-Particle Jetting (NPJ) technology. (a)
Stainless Steel gears printed on XJet [20]. (b) Lattice part printed for antennae

applications. (¢) Refractory parts fabricated for aerospace applications.

4.1.1: Literature Review

Although material jetting was commercially introduced by Stratasys, it was Xiang et al [21] who
developed the inkjet method for printing ceramics. From the initial efforts on printing solid oxide
fuel cells using a piezoelectric drop on demand method, several improvements such as reliable
dropping systems, repetition of printing, and post-treatments have been studied and incorporated

to deliver reliable parts.

Ceramic Ink drop-generation and printing:

Previous research work on suspended ceramics inks use rheology as the main criterion for printing
accurate and reliable parts. Derby et al [1] worked on ceramic inks and measured the feasibility of
ink jet printing. These studies have included CFD measurements using drop velocity (p), density
(p), and surface tension (y). Further rheological works have compared the droplet formation and
detachment that is required for the ink jetting [22—24]. It has been concluded that a 40% volume
suspension of ceramic powders with Newtonian behavior are the most suitable inks for an optimal

3D MJ printing [25]. As a part of these measurements, the Ohnesorge number (Oh) (Equation 4.1)
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was identified as the appropriate characterization number for inkjet printing, where is the dynamic
viscosity, v, p, a are the surface tension, density, and characteristic length, respectively [26]. Fluid
systems with 0.1< Oh < 1 indicates a suitable number for inkjet printing without errors like

formations of no-drop and satellite drops (unwanted drops) [1, 27].

—__n
Oh=7o  (41)

Along with the Ohnesorge number, an acoustic resonance from the nozzle or print head also plays
an important role in the drop stabilization and printing. Generally, the nozzle in the printhead
dampens the frequency of the droplet generation.

Presently, three different techniques classify the droplet generation from the printheads: (a)
Continuous ink jet printing (CIJ), (b) Drop-on-Demand inkjet printing (DOD), and (c) Electro-
static inkjet printing (ELJ) [28]. ClJ technique uses small sized drops which are deposited on the
built platform by using two differently charged plates. The disadvantages using this method include
generation of steam and satellite droplets, ink wastage and contamination along with droplet
imprecision. DOD printing uses mechanical or electrical actuation to drop the liquid using surface
tension/capillary forces as the driving process to deposit the ink. E1J printing operates on the surface
potential driving force and drops the ink droplets in the form of electro-sprays. The spraying
threshold defines the droplet size to form individual drops. Martin et al [29] concluded that a proper
understanding can only be obtained from physical observation of the droplet formation under the
influence of shear rates, acoustic modes of print heads, drop formation, aerodynamics and
electrostatic interaction of the drop. However, most of the systems use drop-on-demand printers

for possible 3D inkjet printing.

The analysis of the formed drops and the interaction with solids, is commonly performed through
the sessile drop method; where the liquid-solid interaction is function of the contact angles, gravity,

time allowed for stability, velocity of drop arrival, direction of travel, and capillary forces

[26, 27, 30, 31].
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Drop-on-Demand printing methodology uses capillary forces to form a drop. Here, the evaporation
of the binder is the most common technique that is used for the next subsequent layer/drop to
coalesce with the previous layers. Indeed, following the drop stabilization, the coalescence of
adjacent drops is the next important concept in ink jetting. Davis [32, 33] proposed some limiting
conditions for stabilizing the formation of an ink line. He worked on stabilizing the narrow liquid
stream on the solid surface was formulated using fixed contact angles. Overlapping of drops to
build a continuous line were to maintain a smaller drop diameter, drop spacing. A parallel line with
irregular spherical caps is maintained by the width of bead and contact angle equilibrium without
any hysteresis [34, 35]. It has been reported that a low deposition rate is required in order to reduce
the drop curvature and to improve consistency [34]. Along with this, the dynamic viscosity created
by the printing nozzles and high material density aids in rapid building rates [36].

Independently of the droplet generation process, these are evaporated by UV curing light. This
process can produce a defect called “coffee staining”, which is caused by a receding drop with the
next forming drop [37]. This creates a void between the drops without coalescence. The main
reason for this condition, is the temperature and density difference along the drop, where the drop
has a higher density and temperature at its center while decreasing along the edge. Deegan et al
[37] developed a numerical model to compare the solute and dried solution. They observed a
phenomenon where evaporation was seen on the edges of the drops resulting in the formation of a
ring or a missing contact pinning base for the successive drop [38]. A solution that was provided
to avoid the coffee staining was positioning a hole above the nozzle to leak out the high pressure
formed due to the temperature. Apart from the ink viscosity and operational temperatures which
define the production of reliable parts, the geometry and post-processing consideration also allow

the production og samples with good geometry tolerance and definition.

A better understanding of all these parameters in the ink formation can be employed for layer-by-

layer printing of CAD files.
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Materials:

Although ink jetting method on introduction is most suitable for polymer printing, eventually solid
suspensions were included using ceramics and metals [26-28, 30]. Noguera et al [39] studied the
Newtonian flow of ink with at least 10% PZT micron sized powder and observed the viscosity
effects the green part formation with printing layers of approximately 90um. Additional studies
have investigated temperature while printing that affected the line morphology during ink jetting
[34, 40]. An optimal delay in the drop disposal and spacing combined with high temperatures (room
temperature < T < 60) eliminated the coffee ring effect in the printing. It is also to be noted that the
heating the substrate might bring back this coffee ring defect. Biswas et al [41] used a piezoelectric
ink jetting method to print high-protein lysozymes using glycerol-water mixture. They did not
observe any temperature effect on the ink despite any substrate change was seen at room
temperature. Organic printable inks have also been developed to fabricate high-performance semi-
conductors substrates [42]. Sekitani et al [43] used the inkjet technology to print metal contacts in
organic semiconductors to improve performance and lower power consumption.

Ceramic components using Zirconia for intestinal capsule in imaging applications were printed
using a polymer ink with 10 vol% solid loading [39]. Paraffin wax is one other binder used to print
solid loadings using ink jet printing technology. This method allows higher solid loading and
successfully print finite bodies [36, 44]. Mott et al [45] worked on producing alumina and zirconia
inks using piezoelectric DOD ink jetting method. Functionally graded alumina-zirconia composite
with 70% alumina and few restrained zirconia parts due to its high density. Seerden et al [36]
printed 30-40 vol% alumina filled samples with high spatial resolution. The team used a hot-melt
ink jet printing method using DOD printer.

Biomaterials is one of the other major applications using solid oxide loadings using collagen,
hyaluronic acid, polymer hydrogels, PEG, gelatin, alginates, fibrin, and PMMA [23, 24, 46—49].

However, the bio-ink printing is made in controlled temperatures.
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Although this technique was industrially used to print polymers by HP [50], this still needs to be

developed for other materials.

4.2: Printing Technique and Testing

In this present research, a NanoParticle Jetting (NPJ) technique was used to fabricate fully dense
bulk and lattice ceramics structures. A series of post-thermal treatments were investigated and

related to the mechanical performance of the printed parts.

4.2.1: Printing Unit
An XJet Carmel 1400 unit was used in this research work (see Figure 4.5). This system uses a liquid

dispersion method to drop both liquid suspensions, the nano-ceramic particle ink and the supporting
material. The unit is capable of jetting ultra-thin layers (~10pm) with high spatial resolution (~20
um). After the samples are built, the supporting material is generally disintegrated under flow of
water without affecting the built part. The printed green samples are subsequently post-processed
through a sintering cycle where the solid suspensions fused, and the liquid ink is evaporated to

deliver the final dense samples.

Hot Air

Mask Block

Printing

Solution Heating

Energy
Source

Heated
Chuck

Build Plate ;

The XJet Printing Process
Figure 4.5: Ceramic Printing Unit used in this research (a) XJet Carmel 1400, based on Nano-

Particle Jetting technique. (b) Schematic of the NPJ working [51].
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This unit has a biggest build tray (500 X 280 cm?) with a build height capability of 200 cm. The
printing unit is equipped with 512 ink jetting nozzles that selectively disperse ink and twelve ink
jets for dropping support material. The built plate is has the ability to heat up from 160°C to 230°C

with a hot air dryer.

4.2.2: Materials
Zirconia suspended liquid inks were used in this research (Xjet Part# 7250001) along with support

material (Xjet Part# 7250004), both provided by XJet©. A 40.9 weight% solid zirconia suspension
(from TGA analysis) was used in the ink with 96% zirconia stabilized with 4% yittria (Y»03) with
an average particle size of 10 microns (see Figure 4.6). Although Silica was evaluated for printing
via AM techniques, Zirconia was selected for MJ process since NPJ is a proprietary technique. In
fact, a first unit in the USA with only zirconia as a printable resin. However, in future silica inks

can be worked for printing via MJ.
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Figure 4.6: Resin and powder properties of the Zirconia ink. (a) A SEM image of the Zirconia

particles used in the resin. The image also shows the diameter of the largest particle (~150 pum). (b)
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A particle-size distribution histogram of the Zirconia powder. The powder was collected by

evaporating the binder from the XJet ink. (c) XRD of the Zirconia printed sample [51].

From the literature, zirconia occurs in 3 different phases: monoclinic, tetragonal and cubic
transforming according to the temperatures 1173°C and 2730°C while melts at 2690°C [52].
However, only tetragonal and cubic phases of Zirconia are suitable for engineering and bio-medical
applications due their high toughness, thermal, and chemical resistance under extreme conditions

[53, 54].

4.2.3: Characterization
The printed specimens were sintered in a Mitutoyo atmospheric furnace (model CD-6” CSX/KJ-

1700A). The particle size was analyzed on a CILAS 1190 laser particle size analyzer. The density
of the samples was measured by the Archimedes principle. The ink used in this research was also
tested using a TGA analysis to determine the weight % of solute present in the ink. Sintered samples
were then evaluated to study their mechanical, optical, analytical and thermal properties. A Bruker
Prospector X8 Diffractometer with 40kV X ray source was used to analyze the crystallographic
details along with their phases. The phase quantification was performed on TOPAS 3.0 software
using the XRD results. Optical and SEM analysis was made on a Keyence VHX-7000 optical
microscope and on a Keysight FE-SEM, respectively. TEM analysis of the sample was performed
on a JEOL 2100 Scanning/Transmission Electron Microscope. The TEM samples were prepared
on a JEOL JIB-4500 SEM accompanied with Focused lon Beam (FIB), Gas Injection Systems

(GIS) allowing C and W depositions, and the Omniprobe nano manipulator.

Mechanical evaluation of the bulk and lattice structured parts was made on an Instron Universal
Testing machine under quasi-static conditions (0.5 mm/sec) at room temperature. Here, the testing
of the compressive and flexural strength of the bulk samples was based on the ASTM C1424 and
ASTM Cl1161 standards, while the testing of the lattice samples followed the ASTM C364 and
ASTM C1674 standards, respectively. In contrast, the fracture toughness testing was performed
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following the ASTM C1421. A “a/w” ratio of 0.52 and a g(a/w) of 0.8875 were calculated for the
fracture toughness samples with a single edge notch configuration.

Surface area measurements were made on a Micromeritics AutoChem 2920 system employing
Brunauer-Emmett-Teller analysis (BET) using liquid nitrogen as medium with 30% N»/He to
measure the absorption of gas molecules by zirconia samples using the ASTM C1274 standard.
The Coefficient of Thermal Expansion (CTE) measurements were carried out on a TA-Q400 EM
unit. The samples were heated from room temperature (~25°C) to 550 °C in a quasi-static approach
with a load of 0.5 N with a ramp rate of 2 °C /min, following the ASTM E831-06.

A Gibson-Ashby model for the open cellular structures was used to estimate the compressive
strength of the lattice samples [55]. Equation (4.2) was used to calculate the compressive strength

of the samples. Here oy is the crushing strength of the cellular material (MPa), o is the strength of

the cell-wall material (MPa), which in this case are the values from the solid compressive strength
of zirconia, p refers to the density of the cellular structure (kg/m?), ps is the density of the cell-wall

material (kg/m®), and C, is a dimensionless constant (~0.65 for brittle crushing of ceramics).

3/2

o
F=C0C"0 (4.2)

4.3: Results and Discussion

Samples printed in three different orientations (0°, 45° and 90°) were sintered in different
conditions, with a similar maximum sintering temperature of 1450°C (see Figure 4.7). Different
sintering conditions were established by the company according to the geometry of the samples.
The custom sintering profile was defined for this research using literature and experiments from
samples printed via other AM techniques [56]. Analytical, optical and mechanical characterization
of the samples in each orientation was also performed here. Across the diverse sintering profiles
explored, it was found that an average shrinkage of 17.6% in the X and Y directions and 8.9% in

the Z direction was observed on all after post-processed samples.

119



a) 1600 T b) 1600 +
1400 + 3 1400 +

1200 + 1200 +

rc)

21000 +

800 T

Temperature
Temperature (°C)

400 + 400 1

st

0 1000

2000 3000 4000 0 500 1000 1500 2000 2500 3000 3500 4000

0 1000 2000 3000 4000
Time (min) T i) Time (min)
1600 +
d)mou T e)
1400
i G 1200
5 5
21000 o 1000
¢
H 2 800
§ [
g & 600
5 £
= ]
@ a00

200

0 1000 2000 3000 4000

0 1000 2000 3000 4000
Time (min)

Time (min)
Figure 4.7: Post-processing profiles used to sinter the printed green specimens. The profiles were

named and designed according to the part geometry by Xjet. (a) Default, (b) Short, (c) Long, (d)

Bulky, (e) Custom.

After the post processing step, the samples were investigated for density with at least three samples
under each sintering profile. An average density of 5.86 g/cc was found in the sintered samples
whereas the green samples had a density of 4.36 g/cc (see Figure 4.8). This value is 1.34% lower

than the theoretical value of conventionally manufactured zirconia.
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Figure 4.8: Density of the samples sintered in different profiles [57]. The figure also shows the

standard deviation observed across the different densities from different sintering profiles.
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The sintered samples were tested to evaluate the crystallinity and phases occurred during the
different sintering conditions. The XRD showed that the sintered bulky samples had higher

crystallinity in comparison to other sintering profiles (see Figure 4.9).
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Figure 4.9: XRD results of the printed samples sintered in different conditions. The samples
sintered in the default and bulky profiles show highest peaks indicating higher crystallinity in

comparison to samples printed in other conditions.

A phase analysis on the sintered samples revealed that the zirconia material based on 75%
crystalline and 25% amorphous phases with a monoclinic and tetragonal crystalline constitution as
shown in Figure 4.10. A Rietveld analysis was performed on the samples sintered, and it was
revealed that the samples following the custom sintered profile had a high amount of monoclinic

crystalline phase. A factor that might be due to the long sintering cycle [58].
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Figure 4.10: XRD results of the printed samples sintered in different conditions. (a) Crystalline Vs

Amorphous % in the samples. (b) Phase measurements observed in the sintered samples analyzed

on TOPAS 3.0 using Reitveld analysis.

TEM analysis was also performed on the sample sintered in the custom profile to understand the

phase distribution in addition to the grain distribution (see figure 4.11). The TEM analysis shows

the presence of strong crystalline phase supported by a Laue pattern. The crystalline phase shows

the distribution of aligned grains which resulted in an adequate mechanical strength [59, 60].
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Grain alignment in
crystalline phase.

Figure 4.11: TEM image of the sample sintered in custom profile. (a) TEM image of the sample
showing crystalline phase. (b) A high magnified image of the crystalline phase showing the
distribution of the grains in the samples. (c) Laue pattern of the sample indicating the crystalline

pattern.

BET analysis was carried out on the samples for determining the surface area of the investigated
systems. It was observed that the samples had a surface area of 8.69, 5.73, and 0.72 m*/g regarding
the powder, green and sintered samples, respectively. From the BET analysis, the samples showed
a reduction in the surface area from powder to green to sintered samples indicating the shrinkage
and interdiffusion among the particles [60, 61].

A detailed discussion of the mechanical, thermal and morphological properties of the samples
produced under the different sintering processes is presented in the following section.

The CTE analysis of the samples sintered in all the profiles showed an average value of 11.44

um/m. K-! across the different post-thermal profiles (Figure 4.12). Here, the variation among the
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different print orientations did not account for the CTE variations [62]. It is expected that there
would be slight low or no variation in the CTE among all the directions. Figure 4.12 shows that the
samples sintered under the custom profile displayed a higher CTE than the other sintering
environments. This might be due to the higher temperatures and longer sintering times in the
custom process. Paula et al [63] have reported that CTE values are highly dependent on the sintering
process and temperatures, along with the addition of stabilizing elements or elemental oxides. Such
conditions influence the phases formed in the sintered system. Daou [64] reported that one of the
reasons for high CTEs could be also due to the presence of monoclinic phase, which could also

induce an increase in the flexural and fracture toughness of the samples [65].
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Figure 4.12: CTE analysis of the samples sintered in different sintering profiles.

An average compressive strength of 1565 MPa was seen in the samples sintered across the different
profiles, with a higher strength on those systems printed in the O°orientation (see Figure 4.13).
Osman et al [66] have also seen similar features and have related such mechanism to the layer
adhesion in each orientation during the printing process. when samples were printed in different

directions. The figure shows that the printed samples showed a 21% higher strength than the
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samples fabricated via conventional methods [67]. The SEM analysis of the sintered samples
under the long profile showed presence of pinholes, which could have led to a premature failure of
the samples. The presence of pinholes might be due to the resin gasification in the samples during
the sintering process. A similar pattern was observed by Aboushelib [68]. The reason behind this
might be due to the fast-heating ramp which resulted in a binder evaporation. Such degasification
appeared to have continued during the dwelling time. Figure 4.14 shows a microscopy analysis of
the surface of the sintered samples describing the features of the investigated zirconia. The results
show that the heating ramp during the sintering profile plays a key role in their mechanical

performance.
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Figure 4.13: Compressive Strength of the samples sintered in different post-processing profiles

[57].
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pinholes ——~

i

Figure 4.14: SEM pictures of the surface of the compression samples taken at 210x magnification.
(a) Surface of sample sintered under default profile where a homogenous layering was observed.
(b) Surface of the samples sintered under the long profile, where defects such as pinholes were

observed [57].

An average flexural strength of 430 MPa was seen across all the sintered samples (see figure 4.15).
The highest strength was observed in samples printed in the O°orientation as seen in the
compression samples which can also be related to the reason reported by Osman et al [68]. In
contrast to the compression results (where the highest strength was observed in custom sintering
profile), the long sintering profile seems to have resulted in an adequate flexural strength. Optical
analysis of the flexural parts did not exhibit any pinhole features as displayed in the samples printed
during the compression testing (see figure 4.16). A difference in the surface finish of the samples
was observed, and it is associated with the manufacturing process. It also seems that the samples
printed in the XJet system had a high degree of variability during the washing stage, where the
support system is removed by a salt solvent. A phenomenon where the samples either swell or erode
due to the variabilities in the washing process. It is worth mentioning, that the samples printed in
90° orientation and subjected to custom sintering profile did not show a homogenous mechanical

performance as expected. It was seen that their flexural strength reduced to almost half of the value
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recorded in O° orientation. This can also be associated with the printing and post-processing
variability. In fact, the variability was very peculiar in the samples printed in O-orientation and
sintered in the short thermal profile, where the strength in all the printing orientations was similar.
This was different to the results seen in the compression testing where 0- orientation samples had a
higher strength than the samples printed in the 45°, 90° orientations. Additionally, relatively high
standard deviations were observed in the flexural results of the 0° orientation samples sintered
under the short thermal profile, highlighting the irregularities in the printing process. In overall this
study shows a lower flexural strength with high variability than the recorded-on samples
manufactured using conventional processing methods. This could be associated with the printing

and washing process variability. However, the samples are still seem suitable for secondary loading

applications.
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Figure 4.15: Flexural Strength of the samples sintered in different post-processing profiles [57].
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Figure 4.16: A representative SEM plcturesf he surfac of he flexural sample sintered in long

thermal profile, taken at 330x magnification.

The fracture toughness of the printed and sintered samples was analyzed using a single-edge
notch testing method. An average fracture toughness of 1.71 MPaVm was seen in the samples
printed and sintered across all the thermal profiles (see figure 4.17). The samples displayed a
shear fracture that propagated along the notch. Fracture toughness of the samples seen in this
research was relatively lower by at least 2.4 times when compared to the samples fabricated using
conventionally pressing methods [69]. From the figure 4.17, it was also observed that the fracture
toughness does not depend on the printing orientation. Although, it was expected that the samples
printed in 0° orientation would yield higher toughness than the samples in the 45°, 90°
orientations. This mechanism was also observed previously in the additive manufactured samples
that were fabricated via BJP and extrusion based techniques [62, 70]. However, from the
toughness values seen in the figure 4.17 it is assumed the presence of a high degree of inter-
diffusion is achieved in the particles during the sintering process. This resulted in an even
toughness value in all the printing orientations [62, 69]. The long and the bulky thermal profiles

resulted in the samples with lower fracture toughness probably due to the higher crystallinity
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based on a tetragonal phase as seen in the XRD. On the other hand, the average difference in the
toughness between these two profiles and the rest of the sintering conditions was about IMPaVm,
a value that can be associated within the experimental testing. The highest fracture toughness was
observed in the samples sintered in custom sintering profile, a mechanism related to the high
presence of monoclinic crystal phase also seen by Ruiz and Readey [71].
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Figure 4.17: Fracture Toughness of the samples sintered in different post-processing profiles [57].

Along with this testing of bulk-solid samples, a mechanical characterization on lattice structures
(in the 0° orientation) based on 0.6- and 0.8-mm unit cells was also performed (see Figure 4.18).
Here, the lattice structures were sintered under the bulk and custom profile. These lattices showed
a density of 4.92 and 5.71 g/cc for 0.6- and 0.8-mm unit cell lattice samples, respectively (when
sintered in the bulk profile). The density increased to 5.87 and 6.03 g/cc when sintered under the
custom sintering profile. However, a nominal density decrease was seen in the lattice samples in
comparison to the sintered bulk samples. The samples with a unit cell size 0.6 mm had a nominal
density of 69.2% while the samples with 0.8 mm had a density of 83.9%. An average
129



compressive strength of 175MPa and 225.99MPa were observed for the 0.6mm and 0.8mm unit
cell lattice structures, respectively -when also sintered under bulk sintering profile (see figure
4.18 a, and b). A 0.8 mm unit cell sample was tested for the compressive test while sintering
under the custom profile, and a strength of 382.8 MPa was observed (see figure 4.18c). It was
observed that the samples displayed a brittle crushing mechanism, after testing them under
compressive and flexural conditions (see Figure 4.19). The values observed in the lattice
structures were about 5 times lower than that was recorded in the printed solid samples.

A 3-point bending was performed on these intricate geometry specimens and a flexural strength
value of 60.6 MPa and 91.68 MPa were seen for 0.6- and 0.8-mm unit cell lattices when they
were sintered in bulk sintering profile, similarly the 0.8mm unit cell samples had a flexural
strength of 99.62 MPa when post-processed in the custom sintering profile. No data was recorded

for the 0.6 mm unit cell due to technical issues with the machine.
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Figure 4.18: Mechanical properties of the lattice samples sintered in bulky and custom sintering
profiles [57]. (a) Compressive Strength of 0.6- and 0.8-mm unit cell lattice structures sintered in

bulky profile. (b) Flexural Strength of 0.6- and 0.8-mm unit cell lattice structures sintered in bulky
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profile. (¢) Compressive and Flexural strength of 0.8-mm unit cell lattice structures sintered in

custom profile.

The results seen in the sintered samples under the custom profile were higher than the samples
sintered in bulk profile which might be a result of the relatively longer sintering profile (about 57
hours). However, the flexural strength was similar in both profiles which can be accounted for the
printing variability, and the effect of the open areas in the lattice structures that promotes the defects

in the tensilemode during the flexural testing.

Delamination along -

the struts \

Figure 4.19: Lattice samples before and after compression testing. (a) A 0.8 mm unit cell lattice
structure before testing. (b) A 0.8 mm unit cell lattice structure after compressive testing. A fracture

was observed which extended along the struts along the unit cells.

Optical analysis of the samples showed that the failure initiates at the struts between the unit cells
(see Figure 4.20). An estimation of the compressive strength was made using the Gibson-Ashby
model for open cellular ceramics which indicated that their compressive strength varied by 10% in
both bulky and custom profiles. The fluctuation might be due to the inter-diffusion variations across

the sintering profiles [55]
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Figure 4.20: SEM image of the surface of the lattice structure after compressive testing. The crack

initiated along the struts, causing the failure of the lattice samples [57].

The samples were also investigated for post-processing improvements using a Hot Isostatic
Pressing (HIP) method. Here, the internal cracks in the samples printed in the 0. orientation and
sintered in bulk sintering profile were investigated. The samples were subjected to 160 MPa
pressure at 1350.C in an Argon atmosphere followed by a rapid cooling process. A CT scanning
was used to observe the samples before and after the HIPing process using at least 3 samples (see
figure 4.21). The 2-D images show a removal of the internal cracks of about 30 microns. This
technique can be utilized to eliminate cracks, defects and delaminations, and to improve the

structural density.
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Figure 4.21: CT-Scan of zirconia parts before (left) and after a HIPing cycle (right). The HIPping
process seems to close the observed internal crack on the printed specimens. The indentions on the
outer edges are the embossed text describing the plane of each external surface and match as

expected for the before and after images in each slice [57].

4.3.1: Applications
This state-of-art technology is presently used in the fields of orthodontics, dentistry, electronics and

semiconductor industries. Dominant applications lie in digital printing of electronics, computer
generated patterns using high frequency, graphic designs and high resolution jetting [42, 71, 72].
Unlike subtractive manufacturing where material is wasted, material jetting is used for low-cost
productions and rapid production in thin-film devices, MEMs, sensors, energy-harvesting devices
and low-temperature co-fired structures [73-75].

The samples printed in the present research were intended to be used in antenna applications.

Measurements of microwave dielectric constants in electro-magnetic fields were measured and they
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were suitable for antenna applications at room and high temperature conditions [51, 76—78].
Zirconia parts especially printed via NPJ can be employed in dental and high temperature

applications due to their enhanced density and lower porosity based on intricate geometries.

4.4: Conclusions
Zirconia samples using NPJ were successfully printed and investigated for mechanical and thermal

properties using different post-processing profiles. The samples were printed with a layer thickness
as low as 10 microns and showed an average shrinkage of 17% after the sintering process.

All the sintered samples under the different profiles have shown a higher compressive and flexural
strength in O-orientation while toughness samples exhibited high variability among the three printed
directions. It was also shown that the samples sintered with slower ramp rates displayed higher
strength and crystallinity than the samples sintered using higher ramp rates. It can also be concluded
here that the samples had a high degree of diffusion among the particles where the orientation had
affinity and high contact angle. The post-processing of the samples in each profile seemed to be
dependent on the cleaning process where salts are removed. Leaving the salts behind, might be
responsible for higher crystallinity. The residual stresses left in the samples after the thermal
debinding and thermal prost-processing can also contribute to the failure in the sintered samples
across the different profiles investigated.

The lattices printed here show that the technology can be used for accurately building intricate
structures. The mechanical strength results displayed by the lattice structures were lower in
comparison to the solid samples which might be due to the in-built hollow units. However, they
appear to be mechanically robust enough to be used for electromagnetic applications.

HIPing was investigated on the sintered solid samples and it was observed that this post-processing
technique can remove the internal cracks which were discovered via CT-Scan. It is also expected
that this process can be applied to other AM printed ceramic samples to remove porosity and cracks
in structural components and thereby improving the mechanical strength.

Future studies that need to consider in this research are as follows:
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e Study the separation of support materials from the samples and their influence on the
crystallinity of the samples.
e Analysis of the ink using DSC and DMTA which could provide details on the
crystallization leading to higher strengths.
e Characterization of the samples under dynamic conditions as zirconia is a high-
performance ceramic.
¢ Extend the use of the NPJ printed samples in different applications given its low degree of
porosity, and the capability of producing intricate geometries.
e Fabrication of inks using different ceramic suspensions and characterization of their
mechanical properties.
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5: Sintering and Diffusion Kinetics in Silica and IPCs printed via
Vat Polymerization

Overview

This chapter discusses the mechanisms responsible for the diffusion process of ceramic systems
based on silica during the sintering state and the transformation process of silica samples into
interpenetrated composites (IPCs). Section 1 discusses the background of ceramics diffusion
models and reviews previous models reported in the literature. Section 2 focuses on the theory
behind particle fusion in silica and silica-aluminum samples. The theoretical and mathematical
approach to define the kinetics of the sintering process are discussed in this section. Optical analysis
of the samples was provided for more details on the sintering process. Section 3 concludes this

chapter with the most important regarding the modeling of sintered ceramics.
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5.1: Introduction

The production of 3D printed ceramics needs a mandatory post-processing step where samples are
subjected to a thermal cycle, commonly called “sintering” (see Figure 5.1). Sintering consists of
“subjecting the material to higher temperatures, where it behaves as fluid aiding in forming
coherent bonds between particles and so forming a strong solid structure” [1]. This process
predominantly occurs at the atomic/grain level leading to advantages like higher density,

mechanical strength, and thermal resistance.

Green sample Cured sample Sintering Final sample

Figure 5.1: Schematic diagram of the sintering process.

There have been several studies from 1918 to illustrate the mechanisms of sintering and the
transport mechanisms for densification of materials under the influence of different process
parameters. Key controlling parameters like temperature, time, particle size, and sintering
environment have been investigated for several kinetic models [2—6]. Some of the common
changes observed in the sintered parts in comparison to green samples are (a) change in the
dimensions of particle size with smaller grains, (b) higher density, (c) lower porosity. These
features are responsible for enhancing the material properties like young’s modulus, ductility,

crystallinity, and resistance towards high temperatures. The structural retention in the sample is
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also a result for maintaining equilibrium among the particles due to the chemical potential gradient

that arises as a result of temperature step-up.

The densification mechanism in ceramics occurs in three different stages: initial, intermediate, and
final [3, 4, 7-9]. In the initial stage, a minimal coarsening with small fusion between the particles
takes place. This fusion process is called “neck growth”. In the intermediate stage, the fused
samples move together to eliminate porosity and to yield an increase in the grain size. In the final
stage, a saturation or an equilibrium in the particle movement has been achieved, where the pores
are closed, and the sample is permanently densified. Figure 5.2 shows a schematic diagram of the

densification process.

OO a) b)

@,

Figure 5.2: Schematic densification mechanism presented in the sintering process of ceramics
[9]. (a) Ceramic powder constituted by loose particles. (b) Initial stage of sintering showing the
particle adhesion. (c) Intermediate stage where samples pack together eliminating porosity. (d)

Final stage where the sample is completely fused and sintered.
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The surface energy developed between the particles moves them closer to develop curvature in the
system. The surface energy is developed in different systems due to different reasons. In crystalline
structures, it is due to the grain boundary motion, while in inorganic powders it is due to the viscous
flow, plastic flow, and vapor transport. Similarly, in polymers and glasses the reason for grain
transport is because of the viscous flow [10, 11]. Most of the time, it is also a combination of
different mechanisms being responsible for the development of surface energy. The transport in the
grains is defined by the Arrhenius relation, as shown in Equation 5.1. Here, N and N, refer to the
number of activated sites, Q is the activation energy, R is the gas constant, and T is the absolute

temperature.

N _Q
I e RT (51)

o
Different mechanisms of the sintering were classified into two different groups according to the
densification patterns: Solid State sintering (SSS), and Liquid Phase Sintering (LPS) (see Figure
5.3) [11]. Although all the methods aim in getting solid cohesive bonded final part, the
densification pattern in each method is different.

Tma liquid phase sintering

viscous flow sintering

E Tm,B
2

T T g transientliquid4

Q hase sintering

o I P

g N

I

solid state sintering

A X, B
Composition

Figure 5.3: Schematic illustration of different sintering mechanisms depending on

temperature[12].
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Solid State Sintering is the bonding process where the particles are fused and densified below the
melting temperature of the material. While in liquid phase sintering, the particles are bonded in a
liquid phase above the melting point. In both phases the driving force is the reduction in the internal
energy that leads to the movement/transport of the particles [10, 11, 13]. The transport mechanism
takes place either by surface transport or bulk transport of the particles. Indeed, this driving force
leads to either movement at an atomic level or a particle level leading to vacancies and grains, and
grain boundaries that dislocate to form bonds. It is also to be noted that in surface transport no

significant shrinkage has been observed since the mass flow occurs at the particle surface level.

Surface transport mechanism is generally observed at low temperatures, typically in metals,
and metal oxides; this mechanism is further classified into: Evaporation-condensation,
Surface diffusion, Volume diffusion.

a) Evaporation- condensation: Vapor transport is the mechanism observed when the
particle surface evaporates causing the pore space to move or condense. Since the pores
are reduced or dislocated, the particles move closer over time [9, 14]. This is a very slow
process and usually dominated by some other transport mechanism. It was observed in the
past in materials that are typically post-processed in the presence of H>O, HCI, and halides
[15-17].

b) Surface Diffusion: This mechanism involves the motion of the atoms between the
defects present or created such as vacancies, kinks, ledges, and additional atoms. This
transport involves orientation of atoms in favor of sintering in the presence of temperature.
Following the orientation, remaining atoms go along with them making the surface of the
particles move. This is generally an initiating mechanism observed in many materials and

responsible for smoothing of the materials [9].
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¢) Volume Diffusion: This mechanism involves transport of vacancies at crystal level or

interparticle grain boundaries to enhance equilibrium [18]. This can be observed in samples

that are generally compacted using force/pressure. This mechanism is mostly effected by

the presence of external conditions including the usage of gas, pressure assistance.

Bulk transport mechanism is a mass transport mechanism that are active densification

mechanisms seen in many common systems. This mechanism is highly influenced by the

temperatures and responsible for stress development, pore movement, concave neck growth

[9]. Bulk transport mechanisms can also be classified into three different mechanisms: Plastic

flow, Grain boundary diffusion, Viscous flow.

a)

b)

Plastic flow: In this mechanism, vacancies under stress are moved causing a plastic
deformation in the samples. A theoretical assumption in this mechanism is that the
dislocations are climbed along the vacancies creating a new slip plane requiring no
vacancy sink. Eventually the slip plane moves into the boundaries accounting for
shrinkage [19, 20]. Along with the vacancy movement, necking between particles has
also been observed with the exceeding stress around the necking zone. As the necking
reaches maximum, a drop in the flow stress is equated with the shear stresses stopping

the particle movement further and hence stopping the sintering mechanism [20—-22].

Grain Boundary Diffusion: Grain boundary diffusion is a relatively dominant
sintering mechanism in different materials. Here, the misoriented crystals or particles
form a grain boundary which is removed mass-wise and replaced as a bond between
the particles leading to new grain growth [8]. The main driving force for this process

is the high energy developed along the grain boundaries.
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¢) Viscous Flow: Viscous flow is seen in the materials when they are subjected to high
temperatures reaching their near-fusion temperatures [23]. This is generally seen in

materials such as glasses, polymers, and amorphous materials.

In general terms, the sintering process includes a mixture of phases while temperature rises due to
system variables like external pressure, surroundings and additives. Some of the effects of the
variables are explained as below.

Pressure: Unlike the general pressure-less sintering, external pressure is used for post-
consolidation of samples for netshaping and densification by eliminating porosity. This technique
is generally used for coarse powders with only solid-state sintering where powder packing is low.
During the pressure application, stress developed on the contact areas, or the necking areas leads
to rounding of the particles thus leading to shrinkage, deformation of particles, and pore reduction.
Some of the general pressure assisted sintering techniques are forging, powder/pellet extrusion,
pressing, shockwave consolidation, hot isostatic pressing, and reactive processing [24-29].
However, the process includes few problems like easy contamination, expensive equipment,
anisotropic shrinkage with stress areas [30-33].

External Atmosphere: An effect on stoichiometry by changing the purging gas was seen by
Geach [34]. An off-stoichiometry in the ionic compounds to neutralize charge varied according to
the change in the gas when sintering Urania. It was seen that when metal-oxides were sintered in
oxygen, a slow sintering was observed while the usage of nitrogen as a purging gas sintering of the
particles was seen at reduced temperatures. This is a phenomenon observed due to volume diffusion
where dislocation in vacancies is seen [35, 36].

Additives: Addition of extra powders activates sintering leading a shift in the phase
transformations of composites. This process is also termed as “activaterd sintering”. It is a process
where the diffusion rates of the powder is altered by forming large solubility bases. Although

inhomogeneity in the final samples is observed, additive reduces the requirement of higher
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temperatures. Dominant additives seen in ceramics are Cr, Y,03;, MgO, C, Nb, Al,03, CaO, Ni,
TiO,. Important features that were observed in the samples after adding additives were reduction
in surface energy, grain boundary mobility, stabilization in crystal structures, and control over grain
growth [37-42].

Since sintering is an irreversible process, techniques like infiltration sintering, reactive sintering,
induction heating, microwave heating, plasma/laser sintering, and electric discharge heating are
used to densify the samples while enhancing the mechanical properties [43—49]. Despite the high
sintering temperatures used in industry, the process commonly uses additives to enhance the

sintering state.

A generic drive for sintering is considered to be the surface energy developed to reduce the pore
size causing the particles to move. In each stage of the sintering process, the particles geometrically
shrink in terms of the pore size and redefine the shape of the particle to reduce the curvature at any
given interval until they reach an equilibrium. This is result of the internal energy difference caused
by the high temperature [50]. Equation 5.2 describes the change of internal energy (U) in a system
that can be used in the sintering state, where S is entropy, dW is work performed, N, is the number
of particles of the i» component, N. is total number of components, and . is the chemical potential
of the i» component. It is worth noticing that dW is considered when external pressure or stress is
applied on the system. The chemical potential change during this phase change occurs by Fick’s
laws of diffusion [50, 51]. The chemical potential which is given by Equation 5.3, where i is the
chemical potential in the standard state, k is Boltzmann constant (1.38 x 10-* J/K), T is the absolute

temperature, y; is the activity coefficient and X is the mole fraction of the composite.

N
AU =TdS —dW + X, 5 p; dN; (5.2)
Wi = i + kT In(yX;) (5.3)

Fick’s law is used to measure the vacancy concentration gradient that is responsible for measuring

the sintering rate and diffusion rate. Fick’s first law can be used to explain the flux with respect to
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the concentration gradient (see equation 5.4), where J represents the vacancies per unit time over
the volume, D. is diffusivity, and dC is the vacancy concentration over distance dx. This equation

can be used for designing a sintering system with controlled movement rates in the system.

J=-D,5  (54)
In other words, the movement of particles/vacancies per volume in terms of flux can be defined
with respect to the normalized molecular volume and area of the sample as shown in equation 5.5.
Here, V is the volume of the sample, J is the flux, A is the area of the grain, and V.. is the molecular

volume of the particle.

av
= =JAVy  (55)

5.1.1: Sintering in Ceramics.

Ceramics can be a complex system for quantitatively predicting the behavior and movement of
atoms at different diffusion rates. The procedure for eliminating pores and attaining thermal
equilibrium has been observed in the ceramic particles after subjecting them to the irreversible post-
processing steps. These critical steps assist the densification and properties in ceramics [52].
However, improper sintering might also result in bad effects like destroying the advantageous
properties in ceramics [53, 54]. A Two-Step Sintering (TSS) process has been suggested by Chen
and Wang [55] to keep a control on the microstructure in order to attain high dense specimens. A
ramp and hold step play a critical role in the sintering stage and allow the grains to rearrange within
the sample while gaining density with time and temperature.

At a deeper level, the migration of the particles, grain boundaries and pores is due to the kinetics
and temperature rise. The changes in surface energy, internal stresses and chemical potential act as
driving forces behind this movement [56]. The predominant mechanism in the amorphous systems

is by viscous flow phenomenon [4, 57].
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Most of the time the grain boundary movement with respect to sintering temperatures is observed
via quantitative microscopy techniques SEM/TEM. Additional experimental techniques such as X-
ray absorption, mercury porosimetry, dilatometry, gas permeability, TGA, positron annihilation,
differential thermal analysis and small angle neutron scattering are also used for evaluating the
grain boundary movement [58]. Samples are commonly investigated for changes like defect
growth, and dimensional changes.

Of particular interest is the sintering process of Alumina (Al,O3) since it is one of the most common
ceramics used in the industry, although it is sensitive to oxygen inclusion. The sintering of alumina
is a rate-controlled mechanism, which is sometimes achieved by the inclusion of additives for
retarding grain growth [59, 60]. Galusek et al [61] observed that surface diffusion and grain-
boundary diffusion played a crucial role in the grain migration in alumina sintering via small angle
neutron scattering when yittria and zinc oxides were added.

Additional ceramics of great interest to the industry are cemented Carbides like tungsten carbide
(WCQ), Titanium Carbides (TiC), FeC, and TaC which are hard to sinter. These ceramics utilize a
liquid phase sintering process for densification [62, 63]. To control the microstructural changes in
these ceramics, longer times in graphite crucibles is used depending upon the composition. It is
also to be noted that densification in cemented carbides occurs before the initiation of liquid phase
[64].

Silicon Carbide (SiC) is another important ceramic used in the industry, which is relatively difficult
to sinter. During its sintering, the SiC is combined with additives like Al, Al,Os, Be, TiO2, Y203 to
reduce its sintering temperature [65]. A liquid phase sintering is observed with a low oxygen
atmosphere to preserve carbon [65—67]. Most of the time, a solid-state sintering is seen in the
carbides [63]. Silicon Nitride (Si3Ny) is also an attractive ceramic, which has shown a glassy-
viscous phase for densification at a processing temperature of 1600°C [68]. The SizN4samples are
sintered in boron nitride crucibles to avoid the loss of composition. However, SizN4 includes

sintering with a post-processing steps such as HIP, pressure sintering to eliminate porosity [69-71].
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Zirconia can be considered as a special case in presenting a sintering phenomenon for the three
different crystallographic phases. Although sintering is an irreversible process, after sintering and
cooling zirconia, it can result in monoclinic, cubic and tetragonal phases [72, 73]. Kingery [4]
reported a necking process in the particles at 2200°C along with a linear shrinkage. He also reported
the diffusion kinetics in zirconia spherical particles which underwent viscous flow diffusion
mechanism for adherence.

Similar sintering process is adapted for ceramics like silica, barium titanate, boron carbides and
nitrides as well as metal powders [4, 52].

Some of the challenges and offsetting concerns to deal with these post-processing include loss of
microstructural control, warpage, microstructure coarsening, and distortion [74]. Hence a balance
and control while sintering ceramics is an important step before examining and assessing any
sintering cycle. This dissertation has established different sintering cycles used for different powder
materials suitable for the AM techniques to obtain defect free specimens.

Given the aforementioned background on sintering, this research work seeks to establish a
modelling sintering platform for structures manufactured via 3D printing. Here, the grain size, time
and temperature were selected as the key parameters in the kinetics of the sintering process. A
detailed analysis of the ceramic-metal infiltration process for fabricating IPCs is also presented in

this chapter.

5.2: Methods (Diffusion model) & Discussion

The samples here considered were printed via a Vat polymerization technique. The silica samples
printed were sintered and then infiltrated in molten aluminum to obtain Interpenetrating Phase

Composites (IPCs) for further densification.

5.2.1: Theory

Silica powder suspended in a photo-polymer resin was 3D printed into bulk samples. The printed

samples were cured to evaporate the binder leaving behind the fused silica particles. The silica
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particles used in this work were of a mean diameter 39.18um. The particles are then subjected to
near-fusion temperatures for sintering (where solid bonds were formed). A shrinkage of 16.8 %
was observed in the samples after sintering. Along with this, the porosity was reduced from 30%
to 29% with near-full density of 79%. Parameters like surface energy, viscosity, temperature,
pressure and volume played a key role in the homologous sintering [75]. Here, temperature and
particle size were selected to be critical parameters to estimate the sintering kinetics. Additionally,
the neck diameter, formed after fusion of the particles was taken into consideration for
understanding the extent of diffusion and sintering.

In this work, a bulk transportation mechanism took place in the amorphous silica samples in green
state when subjected to the near-fusion temperatures. Indeed, most of the amorphous powders
follow a viscous flow diffusion mechanism for densification into final parts [4, 11]. It is worth
noticing that no surface diffusion mechanisms were considered for convenience. The sintering
model that is typically used on amorphous powders initiates by filling-in the material between the
particles and approaching the centers, which results in a change in the curvature of the particles

(Figure 5.4) [4].

Grain-boundary
diffusion

7

Viscous flow

Figure 5.4: A schematic of mass -transport sintering mechanism seen in amorphous powders using

a two-sphere model [76].
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In the viscous flow, the pore size highly affects the final products. During the viscous flow, the
sintering process can be divided into three steps as usual. (i) the green body is cured, (ii) After
subjecting to a curing temperature, a liquid phase is formed and reaches a pyroplastic range where
internal stresses develop, (iii) In the final stage, the particles along with temperature fuse together
and cool down below the glass transition stage making the samples strong [77, 78]. These steps are
also the fundations to optimize a firing profile. As mentioned before, one of the driving mechanisms
in the sintering process is the chemical potential difference. This mechanism gives rise to a stress
gradient that is associated with the epitaxial growth in the ceramics [79]. The rate of particle
cohesion is directly proportional to the temperature until it reaches a minimum necking ratio (x/r)

where it stabilizes any further grain growth [4].
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Figure 5.5: SEM images showing the micrographs of the silica samples at different temperatures

during the sintering process. (a) At 400°C. (b) At 800°C. (c) At 1050°C. (d) At 1225°C.

In this work, the silica samples were observed for changes in particle size, density, and shrinkage
after the sintering process. These changes were related to the sintering temperature. SEM images
at nearly 2000x magnification were captured on an Keysight FE-SEM to observe the
microstructural changes (see figure 5.5). At least 12 images were observed, and an average of the
results was reported in this study. At 400°C, the photopolymer acting as binder in the samples starts

evaporating, adhering the powder particles together. From figure 5.5a, it can be seen that the
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samples still have a spherical morphology as in the resin. The x/r ratio presented in this stage is a
0.12 with larger particle radius (32.65 microns). At 800°C, the particles come together trying to
eliminate porosity (see figure 5.5 b). At this stage, all the smaller pores congregate bringing the
silica particles to one site. This results in larger pores that eventually migrate to the surface and
produce a shrinkage in the sample. Although no significant fusion among the particles was seen,
this can be described as the initial stage of sintering with a necking ratio of about ~ 0.11-12. At
1050°C, the particles in the samples fuse together (see Figure 5.5¢). The density of the samples
increases at this stage and almost reaches the near fusion temperature. At 1275°C, the samples
reached their higher fusing stage with the necking ratio stabilizing at 0.09. Here, the density of the
samples has increased eliminating most of the porosity and reached the highest shrinkage (see
figure 5.5d). This temperature was assumed to be where the sintering process stops since the
gradient in the necking ratio was zero and the samples reached the highest relative density of 79%
of commercial silica. Figure 5.6 shows the necking ratio (0.09) making the particle size slightly
higher than the size seen at 800°C. As mentioned before, along with the particle size change, the
porosity in the samples is eliminated by driving them to the corner in order to make the fusing

particles rounded [10, 76].

Particle necking +——;

Figure 5.6: Particle Fusion observed at 1050°C.
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From figure 5.7, it can be observed that the density and particle size increased along with the
temperature. This is also proportional to the exposure time. A similar pattern was observed in many
other ceramic systems [3, 11, 76]. The main reason for the increase in the particle size is the
migration of pores to the ends while the grains in the ceramics fuse together to form a bigger grain.

This step also is responsible for the increase in density and shrinkage.
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Figure 5.7: Density and Particle size graph with respect to temperature.

The solid silica samples after sintering underwent an infiltration process to increase their density
and to produce a ceramic composite. They were submerged into molten aluminum between 1000°C
and 1250°C in an Argon atmosphere [80, 81]. This is a two-step process where a material with high
melting point is initially sintered, and then submerged into a relatively low melting point liquid
phase material. Here, the fused silica sintered into solid and then submerged into a molten phase of
aluminum (see Figure 5.8). The process initiates when the molten phase fills-in the open pores of
the solid material followed by a chemical red-ox reaction taking place, which converts the silica

into a composite. In this infiltration stage, the SiO. is chemically reacted with Al to form ALO:. (see
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Equation 5.6). The two main conditions for this chemical reaction to take place are (a) the solid
structure needs to be open, and (b) The particle distribution needs to be interconnected and
continuous. The solid silica samples require to have a porosity of at least 10% throughout the

sample.

3Si0, + 4A1 »2A1L,0; + 3[Si]Al  (5.6)

Figure 5.8: SEM images showing the micrographs of the infiltration sintered samples. (a) Sintered

fused silica sample before the infiltration process. (b) The transformed sample after infiltration.

The infiltration process relies on the liquid wetting angle and uses the liquid-vapor surface energy
as the driving force. Here, the liquid metal flows into the open pore by capillary forces [82, 83].
The depth of infiltration (h) is given in terms of surface energy and wetting angle along with the
liquid viscosity, and governed by equation 5.7, where dP is the pore size, t is the time for infiltration,

v. is the liquid-vapor surface energy, 0 is the wetting angle, 1 is the viscosity of molten metal [84].

h = —\’dl’”;g’cose (5.7)

Low wetting angles with external pressure are commonly maintained in order for the reaction to
take place. Here, the argon atmosphere assists the infiltration of aluminum in silica. Dimensional

growth is commonly observed during the transformation process along with the density (see figure
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5.9a). The grain size and density increased by 1.7 and 2.06 times, respectively, after the infiltration
process. A necking ratio of 0.14 was recorded in the samples after the infiltration process (see

Figure 5.9b).
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Figure 5.9: Evidence of the infiltration process. (a) Grain size radius versus density graph

seen after infiltration sintering. (b) Grain distribution in the sample.

It is worth to be noted, that although the process helped in increasing density, the transformation
of the samples is not complete. The final transformed samples still show the presence of silica
(Figure 5.10). The XRD shows the presence of at least 6.2% silica in the transformed samples [44].
This might be due to the high contact angle during wetting and insufficient external pressure [84].
Gupta et al [85] have observed a similar mechanism in the SiC-Al system. The wetting system was
here hindered by adhesion at the solid-liquid phase with vy, greater than vy,. This is termed as the
work done by adhesion because of the non-wetting behavior of the solid and gas interfaces.
Delannay et al [83] also explained the phenomenon of wetting non-metallic solids by liquid metals
as the result of surface energies. In order to avoid any hindrances in the formation of composite,
the wetting liquid should be greater than the bonding energy in the solid. The lack of full

transformation can also be explained by physical adsorption governed by the Vander Waal forces.
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Figure 5.10: Evidence showing the presence of silica and aluminum in the transformed samples.
XRD of the transformed samples with peaks representing silica and aluminum. The figure also

includes an SEM image of the transformed sample showing the unreacted silica particles.

Adequate mechanical properties in the infiltrated samples have been recorded when the volume of
the infiltrant is significantly less than the pore volume [49, 86]. However, the pore volumes were
not measured here. But an increase in the mechanical properties were seen. In fact, the compressive

strength of the silica samples increased from 21MPa to 92MPa after infiltration [44].

5.2.2: Mathematical model
A geometrical model using analytical calculations was considered to obtain the values for volume
flow between particles, as well as the diffusion flux and kinetic diffusion constant.
Few assumptions that were considered for the model [87, 88]:
o The sintering process takes place under quasi-static conditions, and hence the diffusion
gradient is steady.
e All the atoms are in equilibrium with only capillary stresses responsible for their
movement.

e The stress at the grain boundaries is uniform.
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e The heat source and sink for the internal energy is the grain boundaries, and vacancies

present in the sample.

Here, monosized circular geometry particles were considered for an easier practical understanding
following all the aforementioned assumptions. A hyperboloid model using two particles for the
material cohesion and mass flow was selected for all the solid-state sintering of the fused silica
particles (see Figure 5.11). The model only considered bulk material flow where shrinkage is
observed directly but not the surface diffusion processes for easy calculations. It was considered
that the viscous flow and the diffusion process, which induces fusion, took place at the grain
boundaries of the particles. The viscous flow was based on a hyperboloid model, which can be used
to measure the volume flow at any instance. Equation 5.8 describes the volume flow using the

hyperboloid model.

Figure 5.11: Schematic illustration of material flow using hyperboloid model.

V= f_h}{fzcc ma?(u? + 1)(c)du (5.8)

Where the surface generated for material flow is given as

2 2 2
L X Lo (5.9)

a? b2 2
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While a, b, and ¢ are semi-principle axis with x=av1 + u? cos v.

Using the equation 5.4, and 5.5 the sintering process carried out in air was measured for volume
(and therefore for the flux). The material particle size of the powder (as seen in laser particle
analyzer, -refer to Chapter 2) was considered for the sintering modeling. The volume flow,
diffusion flux, and diffusion coefficient were calculated at 400°C, 800°C, 1050°C and 1275°C.
Figure 5.12 shows the detail of the diffusion flux and diffusion coefficients calculated in the
material with respect to time along the sintering process (as described in Figure 2.6).
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Figure 5.12: Graphical representation of diffusion flux and diffusion coefficient observed during

sintering of silica samples.

From the calculations made in this research, the material diffusion constant for silica self-diffusion
was determined to be 1.01+ 0.01 x 107 cm?s (at 1050°C). This was comparable to the
measurements made by Yokoyama [89] using a through-diffusion experiment for silica in rhyolite

phase. However, this value is 2 times higher when the Wilke-Chang correlation is used [90]. The
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lower value seen here might be due to the sintering taking place in air, whereas the experiments
carried by through -diffusion were in a saline atmosphere with pH 5.5 [89, 91-93]. This can also
be noted by the flux values seen in the experiments made by Yokohama and Brady, Walther [89,
94, 95] in pH environments. The flux values in the absence of low pH environments were at least
10 times lower than in the presence of the acidic environments. The sintered samples had a Gibb’s

energy of about -320 kJ, which was obtained from Thermocalc (refer to Figure 2.22) [96].

Hence, the analytical measurements taken here with respect to time, temperature, and
particle size were comparable to other studies, and can be validated by the values taken from

the experimental methods.

5.3: Conclusions
A successful sintering process was observed in a solid-state sintering process. Similarly, an

infiltration process of the sintered silica parts resulted in a consolidated metal-ceramic composite.
A viscous flow in a bulk transportation phenomenon was responsible for the diffusion kinetics
during the sintering. The necking ratio during this sintering process was stabilized at 0.09 at 1225°C
with an average shrinkage of 16.3% in all directions. The diffusion flux and diffusion coefficient
at temperatures 400°C, 800°C, 1050°C, and 1225°C were determined. A diffusion flux constant for
silica when sintering in air was found out to be 1.01+0.01 x 10712 cm?/s in the case of self-diffusion
in Si0O.. It was observed that not a full reaction took place during the transformation process, a
mechanism associated with the high contact angle during metal wetting process and/or insufficient
external pressure. However, a density increase by 2.6 times was observed in the transformed parts.

The analytical study obtained in this work was comparable to the experimental work from other
researchers. However, additional work is required to include the bulk transport mechanism present

in the sintering process coupled with the metal-infiltration process.

166



5.4: References

L.

10.

11.

Bordia RK, Kang SJL, Olevsky EA (2017) Current understanding and future research
directions at the onset of the next century of sintering science and technology. J] Am

Ceram Soc 100:2314-2352. https://doi.org/10.1111/jace.14919

Kingery WD (1992) Sintering from Prehistoric Times to the Present. Solid State Phenom

25-26:1-10. https://doi.org/10.4028/www.scientific.net/ssp.25-26.1

Kingery WD (1959) Densification during sintering in the presence of a liquid phase. 1.

Theory. J Appl Phys 30:301-306. https://doi.org/10.1063/1.1735155

Kingery WD, Berg M (1955) Study of the Initial Stages of Sintering by Viscous Flow,

Evaporation-Condensation, and Self-Diffusion*. J Appl Phys 26:1205-1217

Morris DG (1980) Compaction and mechanical properties of metallic glass. Met Sci

14:215-220. https://doi.org/10.1179/030634580790426436

Clyens S, Johnson W (1977) The dynamic compaction of powdered materials. Mater Sci

Eng 30:121-139. https:/doi.org/10.1016/0025-5416(77)90219-1

Kolar D, Kuczynski GC, Chiang SK (1984) On the Mechanism of Pore Coarsening. In:

Materials Science Research. Springer US, Boston, MA, pp 81-88

Coble RL (1961) Sintering crystalline solids. I. intermediate and final state diffusion

models. J Appl Phys 32:787-792. https://doi.org/10.1063/1.1736107

Kuczynski GC (1990) Self-Diffusion in Sintering of Metallic Particles. In: Sintering Key

Papers. Springer Netherlands, pp 509-527

Randall M. German (1996) Sintering Theory and Practice | General &amp; Introductory

Materials Science | Subjects | Wiley

Bordia RK, Kang S-JL, Olevsky EA (2017) Current understanding and future research

167



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

directions at the onset of the next century of sintering science and technology.

https://doi.org/10.1111/jace.14919/full

Kang SJ (2005) Sintering. Elsevier Ltd

JOHNSON DL (1968) SOLID-STATE SINTERING. Elsevier, pp 173-183

Rockland JGR (1967) The determination of the mechanism of sintering. Acta Metall

15:277-286. https://doi.org/10.1016/0001-6160(67)90203-9

Readey DW, Quadir T, Lee J (1987) Effects of Vapor Transport on Microstructure

Development. In: Ceramic Microstructures *86. Springer US, pp 485-496

READEY MJ, READEY DW (1986) Sintering of ZrO2 in HCI Atmospheres. J Am

Ceram Soc 69:580-582. https://doi.org/10.1111/j.1151-2916.1986.tb04797 .x

MclIntyre RD (1968) The Effect of HCI-H2 Sintering on the Properties of Compacted Iron

Powder. In: Iron Powder Metallurgy. Springer US, pp 249-254

Friedrich E, Schatt W (1980) Sintering of one-component model systems: Nucleation and
movement of dislocations in necks. Powder Metall 23:193—-197.

https://doi.org/10.1179/pom.1980.23.4.193

Schatt W, Friedrich E (1987) Dislocation-Activated Sintering Processes. In: Sintering’85.

Springer US, Boston, MA, pp 133-141

Morgan CS, Yust CS (1963) Material transport during sintering of materials with the
fluorite structure. J Nucl Mater 10:182—-190. https://doi.org/10.1016/0022-3115(63)90053-

9

Brett J, Seigle L (1963) Shrinkage of voids in copper. Acta Metall 11:467-474.

https://doi.org/10.1016/0001-6160(63)90173-1

168



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Ogbuji LUJT (1990) Sintering Stress in Alumina: Finite Element Analysis

Kuczynski GC (1949) Study of the sintering of glass. J Appl Phys 20:1160—-1163.

https://doi.org/10.1063/1.1698291

KOCZAK MJ, KUHN HA (1974) Metal Powder Processing. Elsevier, pp 261-319

Fogagnolo JB, Robert MH, Ruiz-Navas EM, Torralba JM (2002) Extrusion of
mechanically milled composite powders. J Mater Sci 37:4603-4607.

https://doi.org/10.1023/A:1020648316319

Rabin BH, Korth GE, Williamson RL (1990) Fabrication of Titanium Carbide-Alumina
Composites by Combustion Synthesis and Subsequent Dynamic Consolidation. J Am

Ceram Soc 73:2156-2157. https://doi.org/10.1111/1.1151-2916.1990.tb05294 .x

Chelluri B (1994) Dynamic magnetic consolidation (dmc) process for powder
consolidation of advanced materials. Mater Manuf Process 9:1127-1142.

https://doi.org/10.1080/10426919408934980

Misiolek W, German RM (1991) Reactive sintering and reactive hot isostatic compaction
of aluminide matrix composites. Mater Sci Eng A 144:1-10. https://doi.org/10.1016/0921-

5093(91)90204-Z

Atkinson H V., Davies S (2000) Fundamental aspects of hot isostatic pressing: An
overview. Metall Mater Trans A Phys Metall Mater Sci 31:2981-3000.

https://doi.org/10.1007/s11661-000-0078-2

Kwon O -H, Messing GL (1989) Gas Diffusion During Containerless Hot Isostatic
Pressing of Liquid-Phase Sintered Ceramics. J Am Ceram Soc 72:1011-1015.

https://doi.org/10.1111/5.1151-2916.1989.tb06260.x

Xu J, McMeeking RM (1992) An analysis of the can effect in an isostatic pressing of

169



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

copper powder. Int J] Mech Sci 34:167—174. https://doi.org/10.1016/0020-7403(92)90081-

Q

Lee D-H, Kim H-E, Cho S-J Microstructure and Fracture Toughness of Hot-Pressed

Silicon Carbide Reinforced with Silicon Carbide Whisker

Lis J, Pampuch R (1994) SINTERABLE CERAMIC POWDERS PREPARED BY SHS,
THEIR DENSIFICATIONS AND FINAL PRODUCTS. In: Advanced Materials *93.

Elsevier, pp 603—608

Geach GA (1959) Recent british developments in the theory of sintering. Powder Metall

2:104-114. https://doi.org/10.1179/pom.1959.2.3.007

Schatt W, Friedrich E (1985) Dislocation activated sintering processes. Powder Metall

28:140-144. https://doi.org/10.1179/pom.1985.28.3.140

DeHoftf RT (1989) Stereological Theory of Sintering. In: Science of Sintering. Springer

US, pp 55-71

Madan DS, German RM (1990) Quantitative assessment of enhanced sintering concepts.

Powder Metall 33:45-52. https://doi.org/10.1179/pom.1990.33.1.45

German RM, Rabin BH (1985) Enhanced sintering through second phase additions.

Powder Metall 28:7—12. https://doi.org/10.1179/pom.1985.28.1.7

Aldinger F (1974) Controlled porosity by an extreme kirkendall effect. Acta Metall

22:923-928. https://doi.org/10.1016/0001-6160(74)90059-5

Savitskii A (1999) Liquid-Phase Sintering of the Systems With Interacting Components.

In: Advanced Science and Technology of Sintering. Springer US, pp 19-28

Masteller MS, Heckel RW, Sekerka RF (1975) A mathematical model study of the

170



42.

43.

44,

45.

46.

47.

48.

49.

influence of degree of mixing and powder particle size variation on the homogenization
kinetics of compacted blends of powders. Metall Trans A 6:869—-876.

https://doi.org/10.1007/BF02672310

Mummareddy B, Negro D, Bharambe VT, et al (2021) Mechanical properties of material
jetted zirconia complex geometries with hot isostatic pressing. Adv Ind Manuf Eng

100052. https://doi.org/10.1016/j.aime.2021.100052

Bertrand P, Bayle F, Combe C, et al (2007) Ceramic components manufacturing by
selective laser sintering. Appl Surf Sci 254:989-992.

https://doi.org/10.1016/j.apsusc.2007.08.085

Mummareddy B, Maravola M, MacDonald E, et al (2020) The fracture properties of
metal-ceramic composites manufactured via stereolithography. Int J Appl Ceram Technol

17:413-423. https://doi.org/10.1111/ijac.13432

Prochazka S (1975) Sintering of Silicon Carbide. In: Mass Transport Phenomena in

Ceramics. Springer US, Boston, MA, pp 421431

Liu G, Li J (2013) High-gravity combustion synthesis: A fast and furnace-free way for

preparing bulk ceramic materials. J. Asian Ceram. Soc. 1:134—142

Katz JD (1992) Microwave sintering of ceramics. Annu Rev Mater Sci 22:153-170.

https://doi.org/10.1146/annurev.ms.22.080192.001101

Kang S-JL (2010) Liquid phase sintering. In: Sintering of Advanced Materials. Elsevier,

pp 110-129

Li SJ, Queyroux F, Boch P (1994) Particulate composites in the A1203-Si02-TiO2 system
by infiltration processing. J Eur Ceram Soc 13:3-9. https://doi.org/10.1016/0955-

2219(94)90052-3

171



50.

51.

52.

53.

54.

55.

56.

57.

S8.

59.

Balluffi RW, Allen SM, Carter WC (2005) Irreversible Thermodynamics: Coupled Forces

and Fluxes. In: Kinetics of Materials. John Wiley & Sons, Inc., pp 23-39

Tyrrell HIV (1964) The origin and present status of fick’s diffusion law. J. Chem. Educ.

41:397-400

Sutharsini U, Thanihaichelvan M, RameshSingh (2017) Two-Step Sintering of Ceramics.

Sinter Funct Mater. https://doi.org/10.5772/68083

Pang X, Qiu J, Zhu K, Du J (2012) (K, Na)NbO3-based lead-free piezoelectric ceramics
manufactured by two-step sintering. Ceram Int 38:2521-2527.

https://doi.org/10.1016/J.CERAMINT.2011.11.022

Mancuso E, Alharbi N, Bretcanu OA, et al (2017) Three-dimensional printing of porous
load-bearing bioceramic scaffolds. Proc Inst Mech Eng Part H J Eng Med 231:575-585.

https://doi.org/10.1177/0954411916682984

Chen I-W, Wang X-H (2000) Sintering dense nanocrystalline ceramics without final-stage

grain growth. Nat 2000 4046774 404:168—171. https://doi.org/10.1038/35004548

Gatea HA (2020) The Effect of Sintering Temperature on the Electrical Properties and
Particle Size of the Compound Ferroelectric PZT Prepared by Wet Chemical Methods.
IOP Conf Ser Mater Sci Eng 928:072007. https://doi.org/10.1088/1757-

899X/928/7/072007

Burke JE (1963) Progress in Ceramic Science.

German RM (1996) Sintering Measurement Techniques. In: Sintering Theory and

Practice. Wiley, pp 23-66

Bennison SJ, Harmer MP (1990) Effect of Magnesia Solute on Surface Diffusion in

Sapphire and the Role-of Magnesia in the Sintering of Alumina. J Am Ceram Soc 73:833—

172



60.

61.

62.

63.

64.

65.

66.

837. https://doi.org/10.1111/J.1151-2916.1990.TB05122.X

HEUER AH (1979) The Role of MgO in the Sintering of Alumina. J Am Ceram Soc

62:317-318. https://doi.org/10.1111/J.1151-2916.1979.TB09496.X

Galusek D, Ghillanyova K, Sedlacek J, et al (2012) The influence of additives on
microstrucutre of sub-micron alumina ceramics prepared by two-stage sintering. J Eur

Ceram Soc 32:1965-1970. https://doi.org/10.1016/J.JEURCERAMSOC.2011.11.038

Nelson RJ, Milner DR (2014) DENSIFICATION PROCESSES IN THE TUNGSTEN
CARBIDE-COBALT SYSTEM. http://dx.doi.org/101179/pom19721530014 15:346-363.

https://doi.org/10.1179/POM.1972.15.30.014

Potschke J, Gestrich T, Richter V (2018) Grain growth inhibition of hardmetals during
initial heat-up. Int J Refract Met Hard Mater 72:117-125.

https://doi.org/10.1016/J.IJRMHM.2017.12.016

Schreiner M, Schmitt T, Lux B, Lassner E (1984) Origins of discontinuous grain growth
during liquid phase sintering of WC-Co cemented carbides. Powder Met Int; (Germany,

Fed Repub of) 16:4:

Raju K, Yoon DH (2016) Sintering additives for SiC based on the reactivity: A review.

Ceram. Int. 42:17947-17962

Kim T-E, Youn CHO K, Khishigbayar K-E Effect of heating rate on the properties of
silicon carbide fiber Effect of heating rate on the properties of silicon carbide fiber with
chemical-vapor-cured polycarbosilane fiber with chemical-vapor-cured polycarbosilane
fiber Effect of heating rate on the properties of silicon carbide fiber with chemical-vapor-
cured polycarbosilane fiber. ] Adv Ceram 6:59—-66. https://doi.org/10.1007/s40145-017-

0218-4

173



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

PROCHAZKA S, SCANLAN RM (1975) Effect of Boron and Carbon on Sintering of

SIC. J Am Ceram Soc 58:72—72. https://doi.org/10.1111/j.1151-2916.1975.tb18990.x

Hirosaki N, Okada A (1992) Gas-Pressure Sintering Map for Silicon Nitride-Based
Materials. Hot Isostatic Press Theory Appl 143—148. https://doi.org/10.1007/978-94-011-

2900-8_23

Podobeda LG (1979) Effect of impurities on the properties of silicon nitride materials. Sov

Powder Metall Met Ceram 1979 181 18:59-63. https://doi.org/10.1007/BF00791895

Kang S-JL, Greil P, Mitomo M, Moon J-H (1989) Elimination of large Pores During Gas-
Pressure Sintering of f'-Sialon. ] Am Ceram Soc 72:1166—1169.

https://doi.org/10.1111/J.1151-2916.1989.TB09702.X

Crosbie GM, Nicholson JM, Stiles ED (1989) Sintering factors for a dry-milled silicon

nitride-yttria-alumina composition. undefined

Daou EE (2014) The Zirconia Ceramic: Strengths and Weaknesses. Open Dent J 8:33—42.

https://doi.org/10.2174/1874210601408010033

Scott HG (1975) Phase relationships in the zirconia-yttria system. J Mater Sci 10:1527—

1535. https://doi.org/10.1007/BF01031853

German RM (1996) Sintering Practice. In: Sintering Theory and Practice. Wiley, pp 450—

506

Bron VA (1964) Some crystal-chemical relationships in the activated sintering of highly
refractory oxides in the solid phase. Sov Powder Metall Met Ceram 1964 15 1:339-344.

https://doi.org/10.1007/BF00774114

German RM, M. R (1996) Solid-state Sintering Fundamentals. In: Sintering Theory and

Practice. pp 67-141

174



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Salem S, Salem A (2013) Mechanisms of Momentum Transport in Viscous Flow

Sintering. Sinter Appl. https://doi.org/10.5772/53259

FUNK J (1982) DESIGNING THE OPTIMUM FIRING CURVE FOR PORCELAINS.

Des Optim FIRING CURVE Porc

Clarke D (1985) GRAIN BOUNDARIES IN POLYPHASE CERAMICS. J Phys Colloq

46:C4-51-C4-59. https://doi.org/10.1051/JPHYSCOL:1985404

Denmeade J (2013) Investigation of novel precursor routes for incorporation of oxynitride

spinel phases into ceramic-metallic composites formed via the TCON process

Peters K-M, Cravens RM, Hemrick JG ADVANCED CERAMIC COMPOSITES FOR
IMPROVED THERMAL MANAGEMENT IN MOLTEN ALUMINUM

APPLICATIONS

Snoeijer JH, Andreotti B (2008) A microscopic view on contact angle selection. Phys

Fluids 20:057101. https://doi.org/10.1063/1.2913675

Delannay F, Froyen L, Deruyttere A (1987) The wetting of solids by molten metals and its
relation to the preparation of metal-matrix composites composites. J Mater Sci 1987 221

22:1-16. https://doi.org/10.1007/BF01160545

Randall M. German (1996) Novel Sintering Techniques. In: Sintering Theory and Practice

. Wiley, pp 373-420

Gupta M, Ibrahim IA, Mohamed FA, Lavernia EJ (1991) Wetting and interfacial reactions
in Al-Li-SiC p metal matrix composites processed by spray atomization and deposition. J

Mater Sci 1991 2624 26:6673—6684. https://doi.org/10.1007/BF00553692

Mortensen A, Cornie JA (1987) On the infiltration of metal matrix composites. Metall

Mater Trans A 1991 186 18:1160-1163. https://doi.org/10.1007/BF02668570

175



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Geguzin YE, Boiko YI (1982) Self-diffusion coefficients obtained in model sintering
experiments. Sov Powder Metall Met Ceram 1982 214 21:271-273.

https://doi.org/10.1007/BF00806758

German RM (1979) Some sources of activation energy errors in sintering experiments.

Powder Metall 22:29-30. https://doi.org/10.1179/POM.1979.22.1.29

Yokoyama T (2013) Diffusivity of dissolved silica in rock pore water at 25°C as
characterized by through-diffusion experiments. Water Resour Res 49:8299-8309.

https://doi.org/10.1002/2013WR013794

Wilke CR, Chang P (1955) Correlation of diffusion coefficients in dilute solutions. AIChE

J 1:264-270. https://doi.org/10.1002/AIC.690010222

Applin KR (1987) The diffusion of dissolved silica in dilute aqueous solution. Geochim

Cosmochim Acta 51:2147-2151. https://doi.org/10.1016/0016-7037(87)90263-8

Rebreanu L, Vanderborght JP, Chou L (2008) The diffusion coefficient of dissolved silica

revisited. Mar Chem 112:230-233. https://doi.org/10.1016/J. MARCHEM.2008.08.004

Tén BY (2004) Calculation of SiO 2 Diffusion Coefficients Based on Kinetic Curves of
Silica Grain Dissolution. Glas Ceram 2004 613 61:111-113.

https://doi.org/10.1023/B:GLAC.0000034061.78803.A4

Yokoyama T (2013) Characterization of the reaction and transport properties of porous
rhyolite and its application to the quantitative understanding of the chemical weathering

rate. Geochim Cosmochim Acta 118:295-311. https://doi.org/10.1016/J.GCA.2013.05.011

Brady P V., Walther J V. (1990) Kinetics of quartz dissolution at low temperatures. Chem

Geol 82:253-264. https://doi.org/10.1016/0009-2541(90)90084-K

Breslin M (1994) Transformation Kinetics of A1203/Al Co-Continuous Ceramic/Metal

176



Composite Materials (C4) Produced by a Displacement Reaction Between Liquid Al and

Fused SiO2. The Ohio State University

177



6: Conclusions

Different Additive Manufacturing (AM) technologies were here investigated to print high-
performance ceramic coupons (aluminosilicates, silica and zirconia). The samples were printed via
Vat Photo-Polymerization (VPP), Binder Jet Printing (BJP), and Material Jetting (MJ); and the
powder particle size and crystalline nature before and after printing was investigated.

Near dense final parts were obtained (79% in VPP, 68% in BJP, 97% in MJ) across the different
AM processes investigated. In addition to standard samples, intricate geometries with unit cell
structures were analyzed for printability. It was observed that process parameters such as printing
direction, particle size, and post-processing techniques strongly affected the mechanical
performance of the printed samples. It was also observed that the particle-binder interaction plays
a critical role on the structural performance and conformation of the manufactured systems. Several
post-processing conditions were studied in this work, and the optimal sintering parameters and
environment for the individual material in terms of porosity and defects was established. It was
observed that for a successful sample manufacturing in all the investigated techniques a slow
heating and cooling ramp was required to achieve dense parts. In fact, it was shown that a two-step
sintering process (ramp and hold with cooling cycles) results in denser structures.

The mechanical and thermal properties of ceramic samples printed via each AM technique seem to
provide a comparable performance to those parts fabricated using conventional manufacturing
methods. A full densification process with limited porosity remains a challenge when producing
printed parts via VPP and BJP. SEM micrographs of the ceramic samples showed a certain degree
of porosity after the post-processing stage. The densification of these printed parts was achieved
by subjecting the parts into a transformation process to yield Interpenetrated Phase composites
(IPCs).

The purpose of this work is to contribute to the scientific and engineering field by providing a

robust study of the printing parameters and post-processing conditions to yield 3D printed ceramic
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structures. This work could be of great benefit to the aerospace, automotive, defense, electronic

and maritime field where lightweight high performance ceramics are currently required.
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Appendix A: Instrumentation

This document discusses the characterization techniques used in this work. Analytical and
mechanical characterization of the samples which include before and after analysis, which provide
a roadmap in understanding the printability and pos-thermal processes. In this work, several
instruments were used to know the fundamental features such as particle size and crystallographic
arrangement, as well as to provide an understanding of the effects of the post-processing stage into

the mechanical and thermal performance of the parts.

A1l. Post Processing

Ceramics always require an unavoidable step of subjecting them to high temperatures/ near-fusion
temperatures for the particles to adhere and densify. Concurrently, the powders show increase in
crystallinity and phase formation during the temperature variations. In this work two high
temperature sintering ovens were used to sinter the printed samples.

Al.1. Yamato DX402A

A curing oven operated in atmospheric conditions that has the capability of reaching a
maximum of 300°C. A glass wool insulation is used in this oven with a PID controller and K-type
thermocouple. This oven is used in this research to cure samples printed via Binder Jetting Printing

(BIP).
A1.2. Blazir Zirconia

This is a dental furnace that has a maximum temperature capability of 1530°C. The

equipment has the capacity for including innumerable ramp and dwell steps (figure 1).
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Figure Al: Blazir Zirconia Dental Furnace [1].

A1.3. Kejia Furnace, KJ -1700 A

This is an atmospheric furnace with Molybdenum Disilicate (MoSi2) heating elements with
a maximum temperature that can go up to 1600°C. The equipment is capable of upto 30 programs
for ramp and dwell steps. And the chamber is made of Alumina Fiber, that is capable to withstand

the higher temperatures.

Figure A2: High Temperature Atmospheric Furnace used in this work to sinter Silica,
Zirconia specimen.

Al.4. Grinding and Polishing
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Grinding and Polishing are the initial steps used to prepare a sample for mechanical and
optical analysis. This involves the mechanical grinding/polishing stage of the samples to achieve a
smooth finish so the microstructure of the grains and the phases in the sample are clearly visible.
In this research a Struers Planopol polishing machine equipped with different sets of SiC grained
polishing sheets were used (see Figure 3). The polishing sheets had a grain of size with 180, 240,
400, 800, 1200, 1400 microns using water as medium. A mirror finish is always desired when it is
the case with metals, but ceramics are polished so that a smoother surface is observed. The final
step of the polishing is made using a diamond suspension with particle size from 0.1pm - 3um on

a cloth to attain mirror/glazed finish.

Figure A3: Polishing machine at YSU.
In this research, the sample were also grinded to get an even surface for various mechanical testing.
Finely polished samples (where the grinding and polishing took place up to diamond suspension)

were characterized optically under optical and electron microscope.

A2. Analytical Characterization
A2.1. Laser Diffraction Analyzer

This spectroscopy method is used to determine the size distribution in loose powder particles. It is

a replacement to the traditional techniques like sieve analysis. The technique works based on the
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Fraunhofer principle of light scattering (see Figure 4), measuring the angular variation and intensity

of the laser beam source on the dispersed particle to determine the volumetric size of the particles.
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Figure A4: Fraunhofer principle of light scattering that is used in Laser Particle size
Analyzer set up [2].
The instrument used in this research was CILAS 1190 capable to measure 0.4 microns to 2.5 mm
particle sized particles supported with a Size expert software. It consists of a laser beam, a pump
that enables titration of the powder particles in a liquid medium (which is water), and a computer
that collects all the data based on the intensity of the light source on the particles (see Figure 5).
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Figure AS5: Schematic diagram of CILAS 1180 laser particle analyzer [3].
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A2.2. Viscometer
Viscometer is a specialized instrument to measure the dynamic viscosity (1, units: cP or mPa.s) of
any liquid. The technique involves a quantitative measure of shear stress of the thesing fluid. In

this research, a dynamic shear rheometer, Fungilab, Viscolead Advance was used (see Figure 6). It
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consists of various stainless-steel spindles (L, R, H models) shaped in cylinders with different
diameters. The rotational cylinders drag the liquid in various speeds to introduce torque to
determine the shear rate. Spindle L3 was used in this work to measure the viscosity of the ceramic

resin used in StereoLithography.

Figure A6: Fungilab, Viscolead Viscometer used in this research [4].

A2.3. Refractometer

Refractive index of any mixture is the measure of the light refraction of the substance through any
transparent medium where refraction refers to the deflection of light between two substances due
to density difference. The material index is measured at a constant temperature. It consists of a
LED light source that is focused on a prism surface, which passes through the material. The critical
angle of reflection is then determined by a high-resolution sensor. Figure 7 shows the schematic of
a refractometer that works based on Snell’s law, Equation 1. Here, n is the refractive index, 1 refers
to the incident angle, and 2 refers to the refracted angle. The refractometer used in this research
was a Reichert Abbemark II unit.

n, sinf; = n, sind, )]
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Figure A7: (a) AbbeMark Refractometer [5] (b) Schematic diagram of Snell’s law
showing refraction of a light ray in two different mediums.

A2.4. Thermo Gravimetric Analysis

Thermo Gravimetric analysis simply is a method to know the mass change of any sample along
time and temperature. It is used to know the phase transition in solutions as well as the oxidation
and reduction in materials. The results serve as a basis for selection and formulation of new
materials. The instrument has a ultra-high sensitive precision pan made either of
Aluminum/Alumina to hold the sample and a computer to program the temperature. A TA -TGA
2950 measurement device was used in this research to calculate the weight loss % of the resin used

in StereoLithography and Material Jetting, as shown in Figure 8.

Figure A8: TA-TGA 2950 analytical instrument used in this research.
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A2.5. X-Ray Diffraction

X-Ray Diffraction is an analytical method used to learn the crystalline structure and composition
along with unit cell dimensions of any material. X-Rays are irradiated onto the sample and the array
of atoms are scattered in order to constructively and destructively form elastic waves that are seen
as the diffraction pattern reflection. The interference observed here is determined by the Bragg’s
law, Equation 2, where X is the incident angle, d is the distance between diffracting planes, is the
beam wavelength and n is an integer. The equipment consists of an X-ray tube, a goniometer and
an X-ray detector. The X-rays are generated in a cathode-ray tube where electrons are bombarded
on to the target material to produce X-ray spectrum. The spectrum consists of K., K,, L. wavelengths
that are filtered and detected by a rotating detector. Generally, the target materials used are Cu, Fe,
Mo, Cr. The X-rays generated are collimated onto the specimen and the spectrum after absorption
is converted into signals that are detected as peak intensity, Figure 9. XRD is used to measure the
material purity and percentage of amorphous and crystalline phases.

Normal to Surface

A\ Detector
Diffracted
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Figure A9: Schematic diagram of working of X-Ray Diffraction [6].

2d sinf =na 2)
In the present research, Bruker Prospector CCD Diffractometer using 40kV source is used, as
shown in Figure 10. A rotation angle of 0- to 110-is used with a scanning step of 0.02- for a period
of 30 seconds. The spectrum detected is matched to the peaks and d-spacing from the data available

in the American Mineralogist Crystal Structure Database to identify the material of interest. Here,
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the data used to interpret the crystalline structures was from Powder Diffraction Files (PDF) made

by the International Centre for Diffraction Data (ICDD).

Figure A10: Bruker Prospector X8 XRD unit used in this research.

A2.5.1. Phase Analysis (Reitveld Fitting Analysis)

Phase analysis in this research was performed by the Reitveld method. The Rietveld method is a
technique where the XRD spectrum calculated is fitted to the experimental data. Unit cell
dimensions of the crystal structure is used to quantify the phases. The experimental data is refined
to fit the analytical data and simulated to give different phases present. The present research used
the TOPAS 3.0 software to simulate the data to analyze the phase percentages.

A2.6. X-Ray fluorescence Study (XRF)

XRF analysis is a similar analysis like XRD where the difference lies in the extent of chemical
composition determination. XRF determines the chemical composition by the X-ray beam
irradiated on the sample. The characteristic X-ray energy emitted after the absorption of the
incident X-rays is used to characterize the elements present in the sample. K and L energy levels
in the electron energies play a key role in the whole process, however samples under Z<12 (lighter
elements) cannot be determined in this technique. This is because of the usage of a scintillating

detector generally made up of Rh requires a higher intensity of X-ray reflection that is not seen in
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lighter elements. The XRF instrument used in this research was a S2 Ranger with a capacity of 28
sample holding (see figure 11). XRF in combination with the XRD reveals the elemental analysis,

and phase analysis.
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Figure A11: XRF unit used in this research [7].

A2.7. NMR Spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is used to qualitatively analyze materials and
to characterize the molecular structure of organic composites. The sample was exposed to a
magnetic field so the nuclei in the sample are electrically charged in order to detect the energy
transfer in the external magnetic field. The energy transfer is observed as a spectrum where the
values are plotted between the resonance intensity and chemical shift. Then, each chemical shift is
matched with its corresponding chemical groups. This system also provides the stoichiometry of
the material. In this research, a 400 MHz multinuclear NMR, Bruker Advance with an inverse probe
was used.

A2.8. Brunauer-Emmett- Teller (BET) Analysis

BET is a method to analyze the surface area (m¥/g) of a material with respect to partial pressures.

The instrument uses liquid nitrogen to dry the samples at elevated temperatures and measure the
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volume of gas adsorbed by the sample surface. However, only monolayers are considered for
dynamic gas adsorption.

In this research, a Micromeritics AutoChem 2920 BET testing system was used, and it employed a
30%N./He gas mixture as the adsorbent material. A schematic BET unit is shown in Figure 12.
ASTM C1274 standards were used to determine the partial pressures as well as the specific surface

area in this work.
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Figure A12: Schematic Figure of BET working.

A2.9. Microscopy

Microscopy is a common technique used to analyze objects. In general, the microstructure, micro-
sized powder particles and fracture profiles are observed in a microscope. Most of the time, grinded
and finely polished samples are observed to understand the features in the system.

A2.9.1. Light Microscopy

An optical microscope is a system with an eye piece, objective lens, illumination system, and a
specimen stage. Light rays are focused through a condenser lens to attain maximum illumination
and then the advantage of light is used to magnify the image through the objective and lens, and

the eyepiece (see figure 13). A magnified image is seen at this point. Different techniques of
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microscopy like polarized, reflected and transmitted light microscopes were used depending on the

type of light used and the movement of the light.

Eyepiece
Objective H

A

Primary imageN -..f

Figure A13: Schematic figure showing working principle of light microscope.

In this research, a reflected light microscope was used to observe the opaque ceramic samples. A
Keyence VHX-7000 series microscope was used in this work to analyze microscopic features in
the ceramics (see figure 14). The microscope is capable of magnifying samples from 20x -2000x

magnification along with bright and dark features.

Figure A14: Keyence VHX-7000 microscope representation used in this research [8].
A2.9.2. Scanning Electron Microscopy
A Scanning Electron Microscope (SEM) is a sophisticated electron microscope which uses an

electron beam to generate the image. Kinetic energy created by the electrons is scattered on the
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surface of the sample and diffracted electrons produce signals according to the energy. Secondary
and backscattered electrons are used to observe the morphology and topography of the samples.
The major parts in the SEM include an electron source, lenses, scanning coil, detector, power
supply, a vacuum system, and a display unit (see Figure 15). An electron source is the major
component which uses thermal heat/voltage to generate electrons for forming a beam in low
vacuum conditions to focus on the sample. Generally, three types of electron sources: Tungsten
filament, LaB, crystal, and field emission gun are used for electron generation. A condenser lens is
used to focus the beam of electrons through a column where a narrow beam is formed into a spot.
The spot is then deflected onto the surface of the sample which is later detected by a detector. The
detector differentiates the secondary electrons, back scattered electrons and characteristic X-rays

depending upon the voltage speed and density of the specimen.
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Figure A1S5: A schematic showing the working of the SEM [9].
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A Keysight FE-SEM using a field emission gun, and a JEOL JIB-4500 multi-beam SEM using

LaB, crystal electron source were used in this work to analyze the samples (see Figure 16).

Figure A16: Scanning Electron Microscope. (a) Keysight FE-SEM. (b) JEOL JIB-4500 multi beam
SEM [7].

A2.9.2.1. Focused Ion Beam (FIB)

Focused lon beam is a technique similar to SEM with the only difference that it uses an ion beam
instead of an electron beam. The ion beam is used to obtain images as well as for micromachining.
Typically, secondary electrons generated from Ga are used in this system with a gas unit for
activating the beam. A two-lens unit consisting of a condenser and an objective lens is used to
define the beam so that a precise rastaring area with high intensity ion spot is generated. In practice,
spot size and aberration are the two problems that users face to focus the beam without noise. This
technique is used for several purposes like sample heating, sample imaging and sample
micromachining [10, 11]. In this research, a JEOL JIB-4500 SEM equipped with FIB was used to
prepare TEM samples out of Material jetting printed ZrO, samples. The unit is equipped with Ga
ion generation activated by W and C gas injection systems. This unit was also used to micromachine
and weld the samples to the TEM sample holder. A refined needle, Omniprobe nano manipulator

was used to pick the tiny samples (ranging from Inm to 10 nm).
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A2.9.3. Transmission Electron Microscopy

Transmission Electron Microscope (TEM) is a powerful microscope used to analyze thin samples.
The working principle of the TEM is similar to that described by the light microscope except that
it uses electrons instead of light. The interaction of electrons on the sample surface creates the
image showing the finest details like crystal structures, and grain morphology. The main
components in the TEM are an electron gun, condenser lens, objective lens, a fluorescent screen
and an image display unit (see figure 17a). The electron beam generated is focused on the condenser
lens and then angled so that the beam is transmitted through the sample to reflect the image on the
fluorescent screen. Hence, it is necessary that the sample is electron thin. The objective lens and
apertures can be adjusted to enhance and contrast the features of the sample by deflecting the
electron beam angles to obtain high-resolution images.

A TEM can also be used for obtaining a diffraction pattern of the samples since the electron beam
is transmitted and an electrostatic potential is created in the sample. A focal point is created from
the electron beam spot and the electrons are scattered from one point to another in the image plane
creating a diffraction pattern.

In this research a JEOL 2100 Scanning/Transmission Electron Microscope was used to analyze the

samples prepared on the SEM-FIB unit (see figure 17b).
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Figure A17: Transmission Electron Microscope. (a) Working principle of TEM [12]. (b) JEOL
2100 Scanning/ Transmission Electron Microscope [7].

A2.10. Energy Dispersive Spectroscopy

Energy Dispersive Spectroscopy (EDS) is an analytical technique used for the elemental or
chemical analysis of a sample. In this technique, characteristic X-rays interact with the sample,
which produce an excitation of electrons resulting in an unique emission spectrum related to each
element. The main components in an EDS unit are the X-ray beam source, X-ray detector, pulse
processor and an analyzer. Si (Li) detector and silicon drift detectors are the most commonly used
detectors operating in controlled atmospheric conditions. This method is used for elemental
mapping, elemental detection and quantitative analysis in the sample. This research used a Keysight
FE-SEM equipped with and EDS gun.

A2.11. Contact Angle Measurement

A Kruss Drop Shape Analyzer, DSA 100E was used to understand the contact angles and drop
shapes of the binder systems in this research (see Figure 18 a). The unit expels a particular liquid

from a controlled syringe head on a flatbed which is then used for analyzing the stream of ink
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droplets in terms of drop formation, volume, speed and behavior. An automated image generated
by the ADVANCE software is used to make the measurements. The drop wetting the bed is
reflected on an in-built camera, and it provides video-images of the nozzle and the drop formation.
This image helps in measuring the contact angle and length of the drop with the aid of a reference

frame. A sessile drop technique was used in this research to determine contact angle (see Figure 18

b).

Figure A18: Surface measurements taken in this research. (a) KRUSS Drop Shape Analyzer [13].

(b) A sessile drop formed from the syringe.

A3. Mechanical Characterization
A3.1 Universal Testing Machine (UTM)

A Universal Testing Machine (UTM) is a unit used to determine the material's mechanical
properties like compressive, tensile, and flexural strength. An UTM is mainly composed of a load
frame, load cell, cross head, extensometer, and a computer to program the conditions for testing.
The cross head is operated either electromechanically or by hydraulic systems to adjust traverse
velocities for the mechanical testing. The frame is equipped with a load cell and an extensometer
which is essentially a gauge to measure the length changes (see figure 19). In this research an
Instron Universal Testing Machine with 10 kN and 150 kN load cells was used (see Figure 20). A

quasi-static testing with a cross head speed of 0.5mm/min or Imm/min was used. The force and

195



displacements of corresponding testing were recorded by a Bluehill 3 software that has been

developed by Instron. A force vs displacement curve was plotted to further calculate the stress-

strain diagram for the tested material.

Figure A20: UTMs used in this research. (a) Instron with a load cell capacity of 10kN (Model :
Instron 5967). (b) Instron UTM with a load cell capacity of 150kN (Model: Instron 5500R).

A3.1.1. Compressive Testing

Compressive Strength is the resistance of a material to fracture under compression. Compressive
strength of any material can be performed in a uni-axial compression where two flat plate fixtures
move in the opposite direction applying force on the sample (see figure 21). The materials are

exposed to force until they are squished or crushed and a force- displacement diagram is plotted.
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The compressive strength is calculated by using Equation 3, where ¢ is the compressive strength
(MPa), F is the force (N) and A refers to the surface area under force application (m:). This research
used the ASTM 1424 and ASTM C364 to test the solid ceramic and lattice structures, respectively.
The stress-strain curve plotted from the force vs displacement curves are used to calculate the yield

stress, ultimate compressive stress, and fracture points.

o=" 3)

Figure A21: A compression testing set up.

A3.1.2. Flexural Testing

Flexural strength of a material can be defined as the ability to withstand the bending
deformation before failure. Flexural test is used to determine flexural strength and flexural modulus
of the material. This test can be performed either by 3-point bending or 4-point bending methods
(see figure 22). As in the compressive testing, the force vs displacement along with stress vs strain

graphs were used to determine the strength and modulus of the tested system.
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Figure A22: A 3-point bending test set-up with the fixtures.

In this research, 3-point bending under quasi-static testing was used and the stress and strain were
calculated using Equation 4,5, where G1ex is flexural strength (MPa), F is force (N), L is the length
of support span (mm), b is width (mm), d is thickness of the sample (mm) and D is maximum

deflection in the force direction (mm).
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In this research, ASTM C1161, C 1674 testing standards were used for testing the bulk and lattice
flexural samples.

A3.1.3. Fracture Toughness

Fracture toughness is the ability of a material to resist the propagation of fracture. A built-in or
artificially introduced notch is included in the samples to use as a fracture initiator in the test. A 3-
point bending, or 4-point bending set-up is used here to investigate the toughness of the samples.
The fracture toughness, K, is calculated from the force applied, specimen size and the pre-crack
size (see Equation 6). A normalized crack ratio and function of this ratio play a critical role in
obtaining fracture toughness as the introduced notch is associated with the indentation. In this
research, a single edge notch is used for all the ceramics following the ASTM C1421. The function
of crack ratio was calculated individually depending upon the crack size (see Equation 7).
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Where K = fracture toughness (MPa Vm)
g (%) = function of ratio (%)
P = force (N)
S, = outer span (m)
B = width of the specimen
W = thickness of the sample without notch
a = crack length (m)
Ao, A1, Az, Az, As, As = coefficients of polynomial for 3-point flexural testing
In this research, a single edge notch was artificially introduced in the samples for testing.

A3.2. Hardness Measurement

Hardness is the resistance of material towards plastic deformation. Hardness measurements were
made by introducing an indentation by a sharp tool. The force used to indent, and the shape of
indentation are critical in calculating hardness of the material. A plane surface of the solids is
chosen for testing hardness. In this research, Vickers hardness test was used following the ASTM
C1327. A Nanovea nano-hardness machine with a diamond (Berkovich) tip and United Hardness
testing equipment with a diamond tip with a 10 kg weight were used in this research. The units of

hardness were determined by the indenter shape and applied force.
A4. Thermal Characterization

A4.1. Coefficient of Thermal Expansion (CTE)

Coefficient of Thermal Expansion (CTE, ) is a material property that depends on the material

composition. This determines the expansion of materials along the temperature change. The
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principle behind the determination of CTE is that the material has a natural tendency to expand
due to the kinetic energy developed in the material. Such energy is quantified as CTE. The CTE

determined for all the ceramics in this research was governed by Equation 8, where a is the
CTE (um/m)/°C) and 1 is the initial length (m) of the sample and % is the change in length

along the temperature change.

«=—a (®)

T
In this research, a TA- Q400 EM thermochemical analyzer (see Figure 23) was used to measure
the CTE and thermo-mechanical (visco-elastic) properties of materials. The ASTM E831-06

standard was used in this research work.

Figure A23: TA Q400 EM thermo-mechanical analyzer used in this research.
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Appendix B: Silicon Carbide

A preliminary study on 3D printed silicon carbide was carried out in this work. The following

section shows the preliminary results of this effort.

B1: Objectives

Silicon Carbide was printed via BJ-AM in order to investigate the effect of the bimodal and

trimodal printing variations in the density of the manufactured materials.

B2: Printing Methodology
Amorphous Silicon Carbide (SiC) powder from Washington Mills (New York, USA) with

different particle sizes (60 um, 40 um, 12 pm) and an irregular morphology was used in this
research work. The powder particles were mixed in various proportions to produce bimodal and
trimodal printing (see Table B1). All the powders were mixed with 5% alumina before printing
and sieved before printing. The printing parameters for the bimodal and trimodal process were:
70% of binder saturation, a roller- traverse speed of 2 mm/s, 8s for the binder set time, and 30s
for the binder drying time. Cylindrical parts according to ASTM C1462 were printed to measure
shrinkage, density and compressive strength. All the samples were printed in Z direction.

Table B1: Powder proportions used for printing.

Printing style Particle size Ratio of mixing
Bimodal 60 um, 40 um 3:2
Trimodal 60 pm, 40 um, 12 pm 5:3:2

The printed samples were cured at 180°C for 6 hours to obtain the green parts. The samples were
cured upto 400°C in the Argon atmosphere to measure the densities at various ramp rates

(2°C/min, 3°C/min and 5°C/min). The obtained samples were referenced as “brown parts”. At
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least three samples were cured at each ramp rate. The green and brown parts were measured for

densities using Archimedes principle with water as medium
B3: Results and Discussion

Particle size and morphology of powder particles printed in BJP play a major role in the final
property acquisition. As previously mentioned, irregular shaped SiC particles were printed in
bimodal and trimodal variations using a binder saturation of 70%, and a roller traverse speed of 2
mm/sec. These two printing parameters were chosen from the previous research work on fused
silica where the binder saturation values between 60% and 80% provided relatively good
mechanical properties, and the slower roller-traverse speeds resulted in adequate prints [1]. A 5
wt% of alumina powder was added to the silicon carbide powder to assist the consolidation of
parts during the heating stage to produce the “brown” samples. Previous works have shown that
alumina powder aids sintering at lower temperatures (~ 1000°C to 1300°C) to avoid high
sintering temperatures commonly used to obtain final parts from Silicon carbide [2, 3]. Alumina
particles generally start fusion at around 1200°C, helping to keep the SiC particles together during
liquid phase sintering [4, 5]]. A weight loss in samples has been observed in some cases when the
samples were sintered at higher temperatures with oxide additives [4, 6]. This can be avoided
when samples are sintered along with pressure [7]. Some other additives that assist on liquid
phase sintering of SiC as reported from literature were Y,03, Dy>03, Yb,O3, MgO [7][4].

The shrinkage and density of the produced green and the brown specimen was here evaluated.
Figure B1 shows the shrinkage in X and Z directions after cooking the samples to 400°C at
different ramping rates. Similar shrinkages were observed in the SiC preforms when the binders
were burnt out from the printed samples [8]. It was observed that the shrinkage was higher in the
case of bimodal printed parts when compared to the parts with three different particle sizes aka
trimodal prints. From the figure, it is observed that the smaller sized particles in the trimodal print

(~12 pum) settled in the voids created by the other two particle sized powders. This aided in

203



reduction of the shrinkage of the samples when subjected to higher temperatures. Additionally, a
reduction in the shrinkage can be observed when the ramp rates were slower. The green samples
had exhibited a porosity of 33% and 31% when a graythresh MATLAB program was used on the

optical images where the voids were indicated as 0’s and the particles as 1’s [9-11].

a) T b)

m 5C/min m5C/min

™ 3C/min ®3C/min

Shrinkage (%)
Shrinkage (%)

2C/min 1 2C/min

Direction Direction

Figure B1: Shrinkage observed in the brown parts when subjected to higher temperatures at
different ramp rates. (a) Shrinkage in bimodal samples. (b) Shrinkage in trimodal samples.

The samples were then tested for density and were compared to the green parts density. From
figure B2, it was observed that the density of green specimens in bimodal and trimodal prints
were relatively similar (1.51 g/cc and 1.55 g/cc, respectively). The densities of the printed
samples were comparable to the SiC samples printed using other additive manufacturing
technologies such as Stereolithography, and fused filament deposition (FDM), robocasting, and
direct ink writing (DIW) where post-processing is required [12—14]. It is worth to be noted that
in many AM techniques, the powder particle size plays a critical role in the density of the built
parts [12, 15-17]. A similar density value for the green parts was seen when bimodal samples
were printed via BJAM by Du et al [18]. A further reduction of density was observed when
cooking the samples at 400°C in an Argon atmosphere. At 400°C, it is believed that the furan
binder is evaporated leaving behind spaces between the particles. A similar pattern in the

reduction of density was observed by Hulan et al [19, 20] when fly ash particles were sintered.
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However, it can be observed that the samples cooked at slower ramp rates attained higher
densities in both the cases. The figure also shows that the samples in the trimodal constitution
resulted in a higher density rather than bimodal prints. It is expected that an additional sintering
process will result in an increase in density due to the consolidated process governed by the self-
diffusing mechanism. Table B2 shows the increase of density in SiC parts after being subjected to

different post-processing conditions.

bimodal (60-40 microns) trimodal(60-40-12 microns)
50 50
< 45 < 45
o~ o~
= =
e e
g 40 | g 40 1
Q Q
2 >
8 0 %
L 35 L 35
5°C/min —— 5°C/mMin ——
3°C/min —e—o0 3 °C/min —e—
2 °C/min 2 °C/min
30 T T T T T T 30 T T T T T
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Curing temperature (°C) Curing temperature (°C)

Figure B2: Density Vs Sintering temperature in the bimodal and trimodal printed green and brown
specimens.

Table B2: Summary of some of the studies made on SiC using different post-processing

techniques.
Manufacturing Powder Green Post-processing Final Reference
method Morphology, | Density method Density
Particle size (g/ce) (g/ce)
(um)
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Binder Jetting Irregular, 1.2 Polymer 233+ [25]
Printing 15.92 impregnation (PIP) 0.08

in vaccum
Binder Jetting Irregular, - Carbon Vapor 2.95 [27]
Printing ~23 Infiltration (CVI)
Binder Jetting Irregular, 1.34 SiC fibers with SiC | 2.52 [28]
Printing 38.3 powder and SMP-10
Binder Jetting Spherical, 0.72 SiC fibers with SiC | 2.21 [28]
Printing 49.5 powder and SMP-10
Binder Jetting Irregular, - SMP-10 2.15 [29]
printing ~31.15
Binder Jetting 16.2 1.1 Pressureless Si 2.54 [30]
Printing (3DP) infiltration
Uniaxial 75 - Additives Al203, 3.24 [31-33]
Pressing Y203 sintered at

~1850°C
Dry pressing 0.5 1.99 Multiple PIP cycles | 2.13 [34]
PIP preforms 13.3 2.42 Pyrolysis 2.34 [35]
Perforation of 11 - CVI with 2.48 [36]
Graphite methyltrichlorosilane
C/C-SiC - 1.3 Reactive Melt 2.33 [37]
preforms Infiltration
Preforms from | 0.7 - Capillary infiltration | 2.52 [38]
Chemical Vapor
infiltration

An SEM image of the bimodal and trimodal specimens is shown in Figure B3. As expected, at

these post-processed temperatures, the loss of binder results in unbound particles.
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20pm,520x

Figure B3: SEM images of the cured samples. (a) Bimodal sample. (b) Trimodal sample.

Some of the other techniques used to increase the density in the final structures is by adding fiber-
reinforcements, or using precursors for infiltration, using either CVD, or LPS, or HIP, PIP, or
polymer pyrolysis [8, 21-25] . Krenkel et al [26] demonstrated building SiC-C structures for
launch vehicles that displayed good abrasive and tribological properties when the samples were

melt infiltrated with liquid Silica.

B4: Conclusions
A tri-modal and bimodal printing of SiC was successfully completed using binder jetting. The

printed samples displayed relative green densities of 37% and 39% in the bimodal and trimodal
prints, respectively. A study on ramp rates was also performed on the investigated samples, and
it was shown that a slower ramping rate resulted in denser parts. A decrease in the densities was
observed at the brown stage than at the green stage, due to the gasification of the binder.
Additionally, a higher shrinkage in the Z- direction was observed in the printed samples. A future
study in this research, is the inclusion of additives in order to sinter 3D printed SiC at low

temperatures achieving high densities. The infiltration process of the SiC to yield high
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temperature cermets will be of interest to the aerospace sector where high-performance materials

based on complex and unique geometries are required.
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