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Ceramics are known for their wear resistance, hardness, strength, and biocompatibility
yet the industrial application of these materials in the orthopedic industry is limited due to the

difficulty and cost of manufacturing. Additive Manufacturing (AM) via ink-based powder bed
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3D printing provides an exciting opportunity to address these issues in the production of
implantable orthopedic components. However, the successful production of mechanically and
geometrically compatible bioceramic parts has not been achieved using this coveted technology
because the use of advanced sintering technologies together with AM has not been sufficiently
investigated. In this work, a multi-faceted comprehensive study was performed which includes
experimental testing, detailed characterization, analytical modeling, and finite element
simulation of net shape bioceramic manufacturing using Sintering Assisted Additive
Manufacturing (SAAM). By integrating the solvent jetting 3D printing method with advanced
sintering technologies, high density bioceramic components with tailored geometrical, physical
and mechanical properties were produced and provide a novel approach to current bone repair

solutions.
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1 INTRODUCTION

1.1 Background on bone repair grafts and scaffolds

Grafts used for the repair of bones can be subdivided into four categories: autografts,
allografts, xenografts and synthetic grafts. Each type of bone graft has its own advantages and
disadvantages, and the choice of graft depends on several factors, including the size and
location of the bone defect, the patient's age and overall health, and the surgeon's preference
and experience. It is important to understand each of these options for their advantages and
disadvantages to better provide a solution that addresses the most important aspects of current
bone repair approaches.

Autografts are bone grafts that are harvested from the patient's own body, usually from
the iliac crest (the top of the hip bone) [1]. Autografts are considered the gold standard for bone
grafting because they have the best chance of integrating well with the patient's existing bone
tissue, and they also avoid the risk of disease transmission associated with allografts. However,
harvesting an autograft can be painful and may lead to additional complications at the donor
site. One of the earliest examples of using bone grafts to support tissue growth dates back to the
16th century, when Ambroise Paré, a French surgeon, used a piece of bone to repair a skull
defect [2]. He implanted the bone fragment in the defect, where it acted as a scaffold for new
bone tissue to grow around.

Allografts are harvested from a donor, typically a deceased person. Allografts are
sterilized and stored in tissue banks before use. They are a good option for bone repair because
they do not require a second surgical site for harvest, and they can provide a large amount of
bone if needed. However, allografts may have a higher risk of infection or rejection, and they

may not integrate with the patient's own bone tissue as well as autografts [3]. In the late 19th



century, William Hunter, an English surgeon, developed a technique for repairing large bone
defects using a bone graft. He would take a piece of bone from a donor site and transplant it to
the site of the defect, where it would act as a scaffold for new bone tissue to grow [4].

Xenografts come from a different species, typically a cow or pig. Xenografts are
processed to remove all cellular material before use, leaving only the mineralized bone tissue.
They are a good option for bone repair because they are readily available and can be easily
stored. However, they have a higher risk of rejection and may not integrate as well with the
patient's own bone tissue as autografts or allografts [5]. As recent as June 2021, there was a
Tuberculosis outbreak linked to a contaminated bone graft in spinal surgery [6]. The first
record of a xenograft being used dates to the 1600s where Dr. Jacob van Meekeren performed
surgery on a soldier wounded in battle. Resources and knowledge of grafting materials were
very limited at the time, therefore, Meekeren decided to use a piece of dog bone as implant
material to heal the soldier’s fractured cranium. This surgery gave big insight into how bone
can heal itself and regenerate quickly.

Synthetic grafts, as the name suggests, are bone grafts made from synthetic materials,
such as calcium phosphate ceramics, metals or polymers. Synthetic grafts can be manufactured
to have specific properties, such as porosity or resorbability, and they do not carry the risk of
disease transmission associated with allografts. However, they may not integrate as well with
the patient's own bone tissue as autografts or allografts, and their long-term durability and
biocompatibility are still being studied [7]. In the 20th century, advances in materials science
and biotechnology led to the development of synthetic bone scaffolds [8]. Most common

material systems used are either metallic or ceramic.



The history of metals being used for bone repair and replacement can be traced back to
the early 19th century, when surgeons began using metal plates and screws to stabilize fractures
and correct bone deformities [9]. Metallic implants have been used for over 80 years, first
introduced for dental applications in the late 1940s [10]. Specifically, Titanium alloys have
become the preferred metals for implantation in load bearing areas of the body such as hips,
spine and large bones. This is due to a combination of outstanding mechanical properties,
biocompatibility, and corrosion resistance. However, issues with these metallic implants are
common [11], [12]. Retrieval studies have pointed out that these materials can be subjected to
localized or general corrosion [13], [14]. Stress shielding due to a higher stiffness compared to
bone compromises the native bone’s integrity [15]-[17]. Ultimately, metallic materials were
not designed to go in the body. Paraphrasing from the introduction section of J.J. Klawiter’s
paper on “Application of porous ceramics for the attachment of load bearing internal
orthopedic applications”, what are being called biomaterials are actually materials that were
designed for other applications but are being applied to orthopedic purposes [18].

Calcium phosphate-based ceramics are of great interest to address the above issues
based on similarities and ability to tune for structure and chemistry between these ceramics and
bone apatite, the mineral of bone tissue [19]. In fact, more than 10,000 articles were found in
the literature when the phrases "calcium,” "phosphate,” and "scaffolds" were combined. HA
and calcium phosphate-based ceramics in general have long been the subject of in-depth
research [20]-[23].When looking in literature, the main issue with synthetic ceramics is the
difficulty in manufacturing complex porous parts with these materials while maintaining the

biocompatibility and mechanical properties necessary for bone replacement [24].



Today, bone is the second most transplanted organ in the world [25]. In the United
States, 50% of people over the age of 18 are affected by musculoskeletal diseases including
accident-related trauma. According to the Center for Disease Control. in 2010 there were 5
million orthopedic surgical procedures performed in the US which included 2 million bone
grafts. After the first synthetic ceramic scaffold was approved in 1991, there is now a plethora
of materials available to be used as bone grafts and implants. However, despite the abundance
of synthetic materials available, autografts (grafts from a different bone in the patient’s body)
are still the golden standard for most bone repair procedures followed by allografts [26], [27].

Ideally, the synthetic scaffold will be used as a temporary structure to hold bone cells,
growth factors and vascularization. But it all starts at the harvesting of the stem cells from the
same patient. Figure 1.1.1 shows the complete process for bone repair. First, the cells should be
cultivated in a petri dish, then they can be implanted onto the synthetic scaffold along with any
growth factors or stimuli, then it is implanted in the injury site where the native bone can grow
if the scaffold provides the perfect environment for bone healing. Synthetic scaffolds are
designed to mimic the natural extracellular matrix (ECM) of bone tissue and provide a three-
dimensional structure to support cell attachment, proliferation, and differentiation.

The purpose of the scaffold illustrated in Figure 1.1.1 is provide a platform for cell
attachment, cell proliferation, growth factor delivery and mechanical support. Overall, synthetic
scaffolds are a promising tool for bone tissue engineering, offering a versatile platform for the
repair and regeneration of damaged or lost bone tissue [28], [29]. However, despite significant
efforts to address the issues with current bone repair solutions, the arduous challenge to
develop an effective way to produce an anatomically relevant, bioactive and mechanical

appropriate scaffold required for load bearing large bone defects remains.
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Figure 1.1.1: Overview of a bone repair process using a synthetic scaffold.

1.1.1 Bone graft and scaffold design requirements

The consensus is that replicating all of the native bone’s properties would help decrease
host rejections and increase the success of bone repair surgeries [30]-[33]. There are mixed
opinions in industry and research communities on what characteristic of bone is most important
to mimic in synthetic scaffolds. There are three main properties of a scaffold that should be
considered, illustrated in Figure 1.1.1.1: material, surface and architectural characteristics.
Current solutions available for clinical use often have some of these characteristics but fail to
perform in one or more. For example, metallic solutions perform well in their mechanical
properties but do not perform well in tissue integration tests [34]. Contrary to metallic
components, synthetic scaffolds made from calcium phosphates such as hydroxyapatite,
provide great osseoinduction and integration but lack compressive strength [35], [36]. Since the
goal is to replicate bone, it is important to understand how bone works and how it is structured.
Bone tissue is made up of distinctive extracellular matrix (ECM), several cell types and water.

The ECM is consists of inorganic minerals, mainly plate-like nano-crystalline hydroxyapatite



(HAP), and organic components, mainly triple helix collagen type I. Hydroxyapatite makes up
70 wt% of the inorganic constituents and the majority of the strength of bone originates from
this inorganic component [37]. The composition is not the only factor that determines the
characteristics of bone, the hierarchical structure with micro and macro porosity also plays an
important role. Bone is a mechanosensory organ, it is believed that the cyclic loading of the
bone and implant would decrease rejection and healing time. The compressive strength of
cortical bone (load bearing component) ranges from 100 to 230 MPa and for trabecular bone
(porous component) from 1 to 11MPa [38], [39]. Porous 3D scaffolds fabricated through a

variety of methods and including a range of biomaterials have been explored.

Material Characteristics Architectural Characteristics
* Composition/biocompatibility T —

* Crystal structure .

: Mechanical strength
* Elastic modulus .

Porosity
* Permeability

Surface Characteristics « Interconnectivity
* Roughness * Pore shape
* Surface charge ‘

Manufacturability

* Micro/Nano porosity

Figure 1.1.1.1: General scaffold requirements divided into 3 property types: material, surface
and scaffold characteristics. Scale bar is 1 cm (top images adapted from [40])



Material characteristics such as elastic modulus, stoichiometric composition and crystal
microstructure affect the bioactivity of a scaffold and should be considered. The elastic
modulus, for example, was discovered to be crucial in fabricating a successful scaffold because
it has been shown that mesenchymal stem cells (MSCs) can be directed to specific
differentiation paths by changing the elastic modulus of the material [41], [42]. lons released in
trace amounts from various materials were shown to create fluctuations in the pH of the
surrounding environment and cells. These fluctuations can deter or promote the activity of
osteoprogenitor cells, leading to successful or unsuccessful apposition of new bone to the
surface of the synthetic materials [43], [44].

The surface characteristics or roughness of synthetic bone scaffolds is also important.
Research done by Deligianni et al. revealed that higher levels of cell adhesion are produced by
rougher surfaces. Additionally, there is a strong correlation between surface roughness and
osseointegration; roughness can influence protein adsorption, cell adhesion, and osteoblast
activity [45]. In recently completed clinical trials, the benefits of implants having a rough
surface were noted. Roughened titanium implants in humans were discovered to require a
shorter healing time before loading, 6-8 weeks as opposed to 12 weeks [46]. As early as the
1990s, the importance of roughness in bone implants was being evaluated, all studies indicated
a surface roughness was not only ideal but necessary [47]. In the medical world, the time in
hospital care and reoperations is of upmost importance to reduce. In addition to the surface
roughness, nano and micro porosity influences cell attachment and growth. For example,
increasing the microporosity of scaffolds with the same surface roughness was shown to

increase bioactivity [48], [49].



Architectural characteristics of synthetic scaffolds should be considered when designing
a biomimetic scaffold. Pore connectivity and permeability influence nutrient flow and cell
migration [50]. Pore shape and size determine bone cell growth and adhesion. Bulk porosity
can affect the performance of scaffolds significantly, it is well understood that porosity in the
scaffold plays an important role in the bone formation and graft healing process, including
[51]-[53]:

e Helps bone cells grow and adhere by providing more surface area.

e Makes cellular migration to the scaffold possible.

e Supports cellular differentiation, proliferation and osseointegration inside
scaffold.

e Provides a pathway for new vascularization.

As reference, osteoblasts (bone cells) are typically 10-20 micron in size. In bone grafts
and scaffolds, if the pore size is either too small or too large, they restrict the above-mentioned
activities. Based on literature, a minimum of 100 micron porosity is required but pore sizes
larger than 300 micron is preferred[54]-[56]. Of course, there is an upper limit as well. Very
early studies from 1971 indicate 500 micron being the threshold [18]. The architecture of the
scaffold in a macro scale can affect the mechanical properties of the overall component.
Stiffness, the resistance to macroscopic deformation, will positively or negatively affect the
surrounding native bone tissue. If the scaffold is softer than the natural tissue, the scaffold
might deform significantly and lead to a failure yet if the scaffold is stiffer than native bone, the
skeletal tissue will experience stress shielding [57]. It is important to distinguish between the
micro effect of a material’s modulus and a scaffold’s modulus; one affects the cells, and the

other affects the overall deformation of the implant.



Lasty, the need for bone replacement for critical size bone defect scenarios is increasing
and the clinical need remains unmet [58]-[60]. Currently the critical size that has been
determined to need a bone scaffold with specific mechanical properties is 10mm [61]. Given
that this is a small length, the demand for scaffolds is extensive. There have also been extensive
studies on the preference of growth directions for bone cells in a synthetic scaffold. Where the
direction of channels leads to different levels of bone growth making customization an
important part of fabricating bone scaffolds [62]. The requirements are understood, ceramics

have obvious advantages and now the appropriate manufacturing method needs to be chosen.

1.1.2 Bioceramics used for bone grafts and scaffolds

Ceramic materials have high strength, stiffness and bioactivity offering temporary
framework by providing a suitable environment for cell adhesion, growth and overall bone
tissue regeneration while being a good candidate for load-bearing applications [63]. There are
three basic types of bioceramics: bioinert high-strength ceramics, bioactive ceramics that
directly chemically bond with bone or even soft tissue of a living organism, and various
bioresorbable ceramics that actively participate in an organism's metabolic process [64]. In
recent years, bioceramics have been heavily researched for the area of skeletal repair and
reconstruction.

Generally, under the umbrella of ceramics, bone substitutes are calcium based. It's interesting
to note that the chemical elements utilized to create bioceramics only make up a small portion
of the entire Periodic Table. In particular, alumina, zirconia, carbon, compounds containing
silica and calcium phosphates may be used to create bioceramics [24]. These material systems

are regarded as bioactive because they adhere to bone and promote the growth of bone tissue.



The resemblance between the surface structure and composition of bioactive materials and the
mineral phase of bone has been used to explain the bioactive property.

Inert ceramics are a type of bioceramic that are commonly used in bone implants[65].
Inert means that these materials will not react with surrounding tissues and will therefore not
reabsorb back into the body, they will be permanent implants. These ceramics have excellent
biocompatibility and are highly resistant to corrosion and wear, making them an ideal material
for use in the human body. The two most commonly used inert ceramics for bone implants are
alumina (Al203) and zirconia (ZrOz). Both of these materials have high strength and toughness,
which make them suitable for use in load-bearing applications such as hip and knee
replacements. Alumina has been used in orthopedic applications for over three decades and has
a long track record of success. It has excellent biocompatibility, is highly resistant to wear, and
has a low coefficient of friction, which makes it ideal for use in joint replacements. Alumina is
also highly resistant to chemical attack, which ensures its long-term stability in the body.
Zirconia is a newer material that has gained popularity in recent years. It has similar
mechanical properties to alumina, but its high toughness and fracture resistance make it more
suitable for use in dental implants and spinal fusion devices. Both alumina and zirconia can be
used in 3D printing of bone implants, which allows for the production of highly customized
implants with complex shapes and geometries. 3D printed ceramic bone implants made from
these materials can be designed to mimic the mechanical properties of natural bone and can
help improve patient outcomes.

Hydroxyapatite (HAP) and its amorphous phase Beta-Tricalcium Phosphate (B-TCP)
are the most bioactive ceramics used. Due to its osteoconductivity and osteoinductivity

characteristics as well as its superior in vivo degradation, beta-tricalcium phosphate (3-TCP)
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has emerged as a promising material for some bone regeneration applications [66]. However,
hydroxyapatite is preferred due to its direct biocompatibility (does not cause an adverse
reaction when implanted in the body) and slightly higher degradation resistance when
compared to B-TCP [60]. Stoichiometric HAP (Ca10(POa4)s(OH)2) has a structure very similar to
that of bone, for this reason, synthetic HAP is FDA-approved and is among the most
investigated materials for scaffold composition for over three decades[38]. HAP is also
osteoconductive, which means that it provides a surface that allows bone cells to attach and
grow, an essential property for bone scaffolds and implants because it helps promote bone
growth and integration with the surrounding tissue. Resorbability is a characteristic of implants
that should be considered for the next generation of bone repair and replacement solutions. The
ability to resorb is important for bone scaffolds, as it allows the scaffold to gradually degrade as
new bone tissue is formed, reducing the risk of inflammation and other complications. HAP is
slowly resorbable, which means that it can be gradually replaced by new bone tissue as it grows
[67]. HAP has good mechanical properties at a micron level which is important for the cells. It
can provide sufficient support to the surrounding tissue while also allowing for bone growth
and remodeling. This property is essential for bone scaffolds and implants, as they need to be
able to support the load of the surrounding tissue while also promoting bone growth. Overall,
the combination of biocompatibility, osteoconductivity, resorbability, and mechanical
properties make HA an ideal material for bone scaffolds and implants [68]. Its use in these
applications has already helped improve patient outcomes and reduce the risk of complications
associated with other implant materials.

Despite the successful integration of bioceramics in the orthopedic implant industry, the

perfect scaffold material with desirable properties, primarily due to the geometrical limitations,
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has yet to be encountered and clinical translation of 3D scaffolds has been limited as a result
[69]. Modifying or developing novel manufacturing processes offers the opportunity to produce
scaffolds with superior biomimetic properties.
1.2 Background on additive manufacturing

Additive manufacturing (AM), also known as 3D printing, is a process of creating
three-dimensional objects by building up layers of material [70], [71]. AM technologies can be
categorized into types based on the processes and technologies involved, as in ASTM F2792
[72]. Figure 1.2.1 shows different variants of AM technologies [73]. This technique has
revolutionized the manufacturing industry by allowing engineers to create complex designs

with fewer constraints than traditional manufacturing processes.
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Figure 1.2.1: Categories of additive manufacturing techniques

The history of additive manufacturing dates back to the 1980s when the first process
called stereolithography was invented by Charles W. Hull [74]. The process involved using a

UV laser to solidify a photopolymer material layer by layer, creating a 3D object. This process
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was initially used to create prototypes for industrial design and engineering applications. In the
following years, other additive manufacturing techniques were developed, including fused
deposition modeling (FDM), powder 3D printing (P-3DP), electron beam melting (EBM) and
selective laser sintering (SLS). As the technology improved, the applications of additive
manufacturing expanded beyond prototyping to include production parts, medical implants, and
even food. Today, additive manufacturing is an essential part of modern manufacturing, with a
wide range of applications across many industries.

Over the years, additive manufacturing has evolved in several ways, including the range
of materials that can be used, the speed of the process, and the size of the objects that can be
produced [75]. Initially, additive manufacturing was limited to polymers and plastics. However,
as the technology improved, it became possible to print with metals, ceramics, and even
biological materials like living cells. Early 3D printers were slow and could only produce small
objects. However, advances in technology have made it possible to print larger objects more
quickly. Some printers can now produce objects at a rate of several meters per hour. While
early 3D printers could only produce small objects, new techniques have made it possible to
print larger objects. For example, binder jetting can create sand molds for metal casting,
allowing for the creation of very large metal parts. There are several types of additive
manufacturing techniques (, each with its own strengths and weaknesses. Here are some of the
most common:

e Material Jetting: uses a printhead to deposit tiny droplets of material onto a build
platform, creating a part layer by layer.
e VAT Polymerization or Stereolithography (SLA): involves using a UV laser or light to

cure a liquid photopolymer resin, creating a solid part layer by layer.
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Binder or Solvent Jetting: involves depositing a liquid binding agent or solvent onto a
powder bed to create a solid part.

Fused Deposition Modeling (FDM) or Material Extrusion: one of the most popular 3D
printing techniques, in which a thermoplastic material is melted and extruded through a
nozzle to create layers that build up into a 3D object.

Directed Energy Deposition or Electron Beam Melting (EBM): Powder Bed Fusion:
Includes Selective Laser Sintering (SLS) and Selective Laser Melting (SLM)and
involves using a laser to fuse powdered material into a solid part.

Sheet Lamination: this technology stacks and laminates sheets of material to form three-
dimensional objects. After the object is constructed, the parts' undesirable areas are
gradually removed layer by layer.

Powder Bed Fusion: Includes Selective Laser Sintering (SLS) and Selective Laser

Melting (SLM)and involves using a laser to fuse powdered material into a solid part.
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Figure 1.2.2: Common additive manufacturing techniques

It should be noted that Indirect additive manufacturing also exists and has been used to
produce higher density components. Indirect additive manufacturing refers to a category of
additive manufacturing techniques where a pattern or mold is produced using additive
manufacturing, which is then used to create a final product using a traditional manufacturing
process such as casting, molding, or forging. Indirect manufacturing techniques are often used
for producing complex or intricate parts that are difficult or impossible to produce using
traditional manufacturing techniques alone [76]. Investment Casting involves creating a wax
pattern using an additive manufacturing technique such as stereolithography or binder jetting,
which is then coated in a ceramic material and heated to create a mold. The wax is then melted
and drained, and the resulting cavity is filled with molten metal to create the final product [77].
Sand Casting is a process where a pattern is created using an additive manufacturing technique,
and then a mold is created using a mixture of sand and a binder material. The mold is then used

to cast the final product using molten metal [78]. Powder Injection Molding involves creating a
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mold using an additive manufacturing technique, which is then filled with a metal or ceramic
powder. The powder is then heated and pressurized to create the final product [79]. Recently,
Lost Foam Casting has been of great interest. This process involves creating a foam pattern
using an additive manufacturing technique, which is then coated in a ceramic material and
heated to create a mold. The foam is then vaporized, and the resulting cavity is filled with
molten metal to create the final product [80]. Finally, Investment Compression Molding. This
process involves creating a pattern using an additive manufacturing technique, which is then
used to create a mold using compression molding techniques. The mold is then used to produce
the final product using a traditional manufacturing process such as injection molding [81].
These are just a few examples of the many different types of indirect additive manufacturing

techniques available today, each with its own unique advantages and applications.

1.2.1 Additive manufacturing of ceramics for bone repair applications

There are many traditional methods of creating porous ceramic prototypes. For bone
applications, not only is the level of porosity important but also the pore size and morphology.
Manufacturing of simple porous samples were traditionally made either by partial sintering,
impregnation of organic materials, foaming or etching [51], [82], [83]. These methods provide
repeatable results of highly porous and interconnected channels which allow bone to regrow,
rebuild and vascularization in the scaffold. However, given the inverse relationship between
porosity and strength, these scaffolds have a low mechanical strength [84], [85]. The
mechanical strength of the scaffold, although often not considered, is very important for the
success of a bone scaffold. Considerable effort has been made to improve the strength of the

porous materials to include novel methods such as freeze casting. Freeze casting provides the
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directionality of pores seen in real bone and achieved higher mechanical strength values than
the traditional methods mentioned above [86], [87]. Despite the improvements, an adequate
level of strength has not been achieved while maintaining a desirable level of interconnected
porosity.

To address the geometric limitations of traditional manufacturing methods, additive
manufacturing (AM) of ceramics is being widely explored for bone repair applications.
Scaffold-based bone tissue engineering (BTE) has rapidly increased the amount of research
dedicated to the printing of ceramic materials. In fact, the number of peer reviewed publication
on 3D printing and its potential application in the biomedical field grew from 8 in 2002 to over
2900 in 2018, largely due to tissue engineering [55], [88], [89]. Bone tissue engineering
focused on creating a reliable process to harness stem cells, place them on scaffolds with
biological factors that encourage bone formation. For BTE, the scaffold needs to be the right
environment to allow and direct the stem cells to form into osteoblasts and osteoclasts (bone
cells). As Cameron R.M. Black describes:

The scaffold provides the extracellular microenvironment for the support and

stimulation of stem/cell-driven tissue regeneration serving as a supportive

platform for transplanted cells or recruiting and retaining endogenous cells
together with appropriate mechanical cues and biological triggers. [90]

Due to the need to understand how best to support the stimulation of this stem cells,
many materials have been studied. One set of potential host materials are bioceramics such as
hydroxyapatite or calcium phosphates due to their biocompatibility and high level of
osseointegration. In addition to the biological properties of the material, the structural and
mechanical properties are also important. It has become evident that the fabrication technique,
the structure of the scaffolds are very important in dictating the final success of the tissue[91].

Many studies have been conducted on the 3D printing of of these scaffolds due to the ability to

17



tailor the geometry of the scaffolds. Zadpoor et al reviewed how geometrical features such as
surface curvature, pore shape and pore size affected the cellular response and tissue
regeneration process [92]. From a medical perspective, patient-specific scaffolds are important
in bone repair scaffolds and implants because they can be designed to fit the unique anatomical
features of an individual's bone defect, which can improve the chances of successful bone
regeneration and repair. Unlike traditional off-the-shelf implants, patient-specific scaffolds can
be customized to match the size, shape, and contours of the defect, which can improve implant
stability, minimize stress shielding, and enhance bone ingrowth [93]-[95]. Overall, patient-
specific scaffolds offer a promising approach for personalized bone tissue engineering, which
has the potential to improve the effectiveness and safety of bone repair scaffolds and implants.

AM can not only produce customized external geometries, but also internal architecture
to obtain truly customizable porous components[96]. The transition to AM is obvious since it
provides flexibility and customization is various ways. For example: geometry, internal
architecture, porosity, pore morphology and mechanical properties. [97]. A major advantage of
AM is the ability to utilize a patient’s anatomical information obtained from the patient through
imaging techniques such as computed tomography scan (CT-Scan) or magnetic resonance
imaging (MRI) in the design of the Computer Aided Design (CAD) model to be printed. This
increases the accuracy in replicating the injury site and accelerates the healing process.

Various methods to 3D print ceramic bone scaffolds specifically were explored to
include: selective laser sintering or melting (SLS/SLM), electron beam melting (EBM), fused
deposition modeling (FDM), stereolithography (SLA), direct ink writing (DIW), and powder
bed inkjet 3D printing (P-3DP) [63], [98]-[100]. These techniques can be divided in two

categories: low energy and high energy AM. One advantage of SLS/SLM and EBM,
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considered high energy AM methods, is that sintering is not required after printing. However,
one main risk is present when using high energy printing with bioceramics; the melting
temperature of ceramics is relatively high which means the energy output of the laser or beam
needs to be excessive, commonly leading to thermal shock [96], [101]. The low energy AM
techniques are seen as desirable due to the inherent low cost and energy required for printing.
FDM uses a polymer and ceramic composite filament as the feedstock, a heated nozzle to
extrude the required shape followed by sintering to remove the polymeric component and for
densification of the ceramic component. SLA uses a photo polymeric resin bath mixed with
ceramic as the “feedstock”, UV light to polymerize the resin followed by sintering for the same
purpose as before. For these two techniques, the debinding process is very time consuming and
sensitive. If debinded too quickly, the sample will experience cracking. The direct deposition of
ceramic slurries using DIW, is one of the most used AM technologies for the fabrication of
porous ceramic structures. In this method, viscous ceramic paste comprised of ceramic and a
polymeric binder, is extruded through a nozzle. The filament can be composed of submicron
ceramic powders and polymeric binder which, facilitates the generation of dense struts upon
sintering. However, the shape and resolution of 3D printed parts are limited by the large nozzle
size required (~ > 500 um) and cylindrical filament shape[102], [103].

Conversely, powder-bed inkjet 3D printing (P-3DP) offers several advantages over
DIW and other methods for making bone scaffolds to include low cost, high processing speed,
smaller resolution (~100 um), support free process, intrinsic porous structure and rough surface
on printed samples [104]. P-3DP was chosen as the main method of printing for this work and
will therefore be described in more detail. This technique forms a solid, generated from a

computer model, by the deposition of layers of a flowable powder and spraying of ink (water-
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or polymer-based). A layer of powdered material is first spread and flattened followed by the
corresponding layer of ink that is selectively placed; these steps are iteratively replicated until
the part is completed. A main advantage of P-3DP for the fabrication of synthetic scaffolds is
the intrinsic porosity that results through the control of printing parameters, particle size and
particle size distribution. A surface roughness is also intrinsic to the process thus no surface
treatment is necessary for bone grafting applications. These two factors can save in processing
time and manufacturing cost making the fabrication of bone scaffolds with this cost and time
effective P-3DP technology attractive to not only the scientific research community but also the
industrial market.

There have been many advancements and research is rampant for 3D printing of
ceramics for bone applications as seen in Figure 1.1. The images show three common printing
systems: 3DP: a) TCP [105] Copyright2009, Wiley-VCH. b) a-TCP.[106] Copyright 2012,
Elsevier. ¢) f-TCP. [107]Copyright 2008, Wiley-VCH. SLS: d) Ca-P)/poly(hydroxybutyrate-
co-hydroxyvalerate) (PHBV). [108] Copyright 2010, The Royal Society. e) HA/PCL. [109]
Copyright 2017, Elsevier. f) Carbonated hydroxyapatite (CHAp); [110] Copyright2010,
Elsevier. EB: g) pastes-TCP. [111] Copyright 2015, The Royal Society of Chemistry. h) -
TCP/HA. [112] Copyright 2014, Wiley-VCH. i) CPC. [113] Copyright 2012, Wiley-VCH.
However, there is a clear gap in the printing of load bearing bioceramics particularly due to the
low densities of printed components [105]-[111]. The maximum compressive strength of a
porous cylindrical scaffold produced via direct and indirect 3D printing in the cited literature is
3 MPa and 30 MPa, respectively, which are not sufficient to mimic the load bearing portion of

bone. Furthermore, the maximum porosity of the samples cited are 70% and can be as low as
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50 percent [62], [114]-[116]. The lowest compressive strengths belong to powder-based 3D

printing.

Figure 1.2.1.1: Porous Calcium Phosphate-based scaffolds fabricated by commonly used
printing systems (full description in text)
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Figure 1.2.1.2: Compressive strength comparison for conventional and 3D printing
manufacturing of bioceramics and bioactive glasses. Image was adapted from [117].

This porosity can be used for a wide range of bone replacement applications except for

load bearing areas of the body such as the lower limbs or lower lumbar spine. It was observed

that the sintering step is often an afterthought in AM studies or simply utilized as a debinding

step. There is a gap in the understanding of the sintering behavior of printed samples, specially

of bioceramics. Furthermore, the importance of sintering in the resulting physical and

mechanical properties of the final scaffold is often ignored.

1.3 Background on sintering

Sintering is a process of compacting and forming a solid mass from a powdered

material by heating it below its melting point. The sinterability of powders has been greatly

studied in the past 80 years [118]. It has been a key technology in the manufacturing of

materials for many centuries. The process involves the application of heat to a powdered
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material, causing the particles to bond together and form a solid mass. The history of sintering
can be traced back to the ancient Egyptians, who used sintering to produce ceramic vessels.
The process was also used in China during the Han Dynasty (202 BC - 220 AD) to produce
iron tools and weapons. The process was further developed during the Industrial Revolution,
when new technologies were developed to make it more efficient and cost-effective. Today,
sintering is used in a wide range of applications, from the manufacturing of ceramics and
metals to the production of advanced materials for use in electronics, aerospace, and
biomedical industries.

Sintering technologies have evolved significantly over the years [119]. In the early
days, sintering was carried out in simple furnaces using wood or charcoal as the heating source.
As technology improved, new heating sources such as gas and electric were developed,
allowing for more precise control of the sintering process. Common sintering techniques
include [118], [120]-[122]:

e Conventional sintering: it involves heating a powder material in a furnace at a high
temperature for an extended period of time. The process is carried out in air or a
protective gas atmosphere, depending on the type of material being sintered. This
technique is widely used in the production of ceramics, metals, and composite
materials.

e Hot isostatic pressing: a high-pressure sintering technique that involves applying high
pressure to a powdered material at high temperature. The pressure is applied using an
inert gas such as argon or helium, which is used to compress the material uniformly in
all directions. HIP is commonly used in the production of high-performance materials

such as superalloys, titanium alloys, and ceramics.
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e Microwave sintering: uses microwave heating to sinter the material. The microwave
energy absorbed by the material is converted into the kinetic and potential energy that
allows heating. Ceramics are most often sintering using microwaves.

e Spark plasma sintering: relatively new sintering technique that uses a combination of
pressure and electrical current to sinter a powdered material. The process involves
applying a pulsed electrical current to the material, which causes it to heat up rapidly
due to the Joule heating effect. The high temperature and pressure generated by the
electrical current promote rapid densification of the material, resulting in a highly
compacted and uniform product. SPS is used in the production of advanced materials

such as nanocrystalline metals, ceramics, and composites.

The discrete character of particulate media was the first foundation for theoretical
concepts of sintering. However, in addition to the characteristics of the particles and the nature
of their local interactions with one another, macroscopic factors also affect the actual sintering
kinetics. One of the main factors impeding the application of sintering theory was the
inadequate consideration of macroscopic effects. In 1998, Olevsky’s continuum theory of
sintering was published to unveil a model that describes the densification of a powder compact
under high temperature and pressure [123]. This theory considers the powder compact as a
continuum and assumes that the densification process is driven by diffusion and the reduction
of surface area of the powder particles. According to the continuum theory, sintering occurs in
three stages: particle rearrangement, viscous flow, and grain growth. In the first stage, particles
rearrange themselves to achieve a denser packing configuration. In the second stage, particles

begin to fuse together due to the formation of necks between adjacent particles. This process
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occurs by viscous flow of the material at the contact points and leads to a reduction in porosity.
Finally, in the third stage, the grains grow by absorbing smaller grains, and the pores between
grains disappear. The continuum theory also takes into account the effects of temperature and
pressure on the sintering process. Higher temperatures and pressures accelerate the diffusion of
atoms and the reduction of surface area, leading to faster densification. The theory also
considers the effect of grain boundary diffusion, which can significantly influence the
densification rate. This theory has been widely used to predict the densification behavior of
various materials, including metals, ceramics, and composites and will be used in this work
extensively.
1.3.1 Sintering of ceramics for bone grafting applications

Sintering of ceramics can be traced back 26,000 years. It is a critical process in the
production of ceramics, as it involves heating the material to a high temperature to achieve the
desired mechanical and physical properties. Improving the sintering process can help produce
ceramics with better properties and reduce production costs. It is well understood that powder
particle morphology and size can be used to promote densification. Surface and grain boundary
diffusion are very sensitive to particle size. More specifically, smaller particle sizes promote
sintering because of the larger area available to make contact with surrounding particles. Small
particles also lead to smaller pores which result in higher energy per unit volume, more
available surface area and higher curvature. All these factors contribute to faster sintering. This
phenomena was first noticed by Herring in 1950 and although he only considered one transport
mechanism during sintering at the time, the phenomena he termed as scaling law was
repeatedly proven by other researchers for years to come [124]. Particle size has an effect not

only on the sintering time but also the sintering temperature necessary to sinter.
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In the book “Bioceramics and their clinical applications” by Tadashi Kokubo, various

ways of producing green bodies for sintering are listed and shown here in Figure 1.3.1.1 [125].

Methods Additives Solvent

Uniaxial compaction Water-soluble resin (polyvinyl Water
alcohol), gum arabic, etc. 0-1.0wt%
3.0-5.0wt%

Cold isostatic pressing Water-soluble resin (polyvinyl Water
alcohol), gum arabic, etc. 0~1.0wt%
2.0-5.0wt%

Slip casting Methylcellulose, sodium Water

alginate, etc.

30.0-60.0wt%

0.5~-3.0wt%

Water-soluble resin (polyvinyl
alcohol), paraffin, etc.
8.0-15.0wt%

Thermoplastic resin, paraffin, etc.
10.0~25.0wt%

Plasticizer (phthalate ester, etc.)

Pressure mold forming Water

15.0-30.0wWt%

Injection mold forming

0.5-5.0wt%

Doctor blade method Acrylic ester, polyvinyl butyral, etc.  Water, alcohol,
8.0-15.0wt% ketone, etc.
Plasticizer (phthalate ester, etc.) ~50.0wWt%
3.0-8.0wt%

Figure 1.3.1.1: Table showing various ways of preparing bioceramic green bodies for sintering.

This book was written in 2008 when 3D printing was still not being heavily researched
for biomedical applications. Regardless, green bodies were normally doped with additives in
order to enhance sintering. In this way, the process of sintering traditionally made green bodies
is similar to that of printed samples containing binder.

As mentioned above, partial sintering is one of the earliest traditional fabrication
methods of porous scaffolds [126]. Partial sintering involves the sintering of initially porous
powder compacts. Although the pore size and porosity can be controlled by the size of powder
particles and degree of sintering, most resulting porosity is closed not interconnected as is
desired in bone replacement prototypes. Interconnectivity can be maintained when using vapor
transport sintering but requires special equipment, halide atmospheres and vapor[127]. From

literature, it can be concluded that although partial sintering has been used to produce highly
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porous CaP prototypes with varying porosities, the mechanical properties achieved via this
technique are not sufficient for load bearing applications[127]-[129].

Additive Manufacturing (AM) is being widely explored to produce custom bioceramic
scaffolds and all AM techniques require sintering except for high energy printing such as
selective laser melting and electron beam melting. Low energy printing methods require a
polymeric binder and therefore, a subsequent debinding step followed by sintering for final
consolidation. The sintering step is critical in achieving desirable physical and mechanical
properties because during sintering, particle size and shape may change significantly[118].
Additionally, for bioceramics, reactions may also occur which can change the chemical and/or
phase composition of the material leading to an alteration in biocompatibility[130], [131].

The sintering of bioceramics has been studied since the early 1970s and the ability to
use sintering to produce high density prototypes has been confirmed using free sintering, hot
pressing and spark plasma sintering (SPS)[132]-[134]. The behavior of common bioceramics is
well understood and some benefits have been found to using one sintering technique over
others. For hydroxyapatite Ca10(PO4)s(OH)2 for example, it was found that processing HAP via
SPS showed an increase in large bone-like HAp crystals on the surface of the samples when
compared to samples sintered using a conventional hot-pressing method at the same
temperature while limiting the grain growth [135]. Further experimentation is needed to
confirm this biocompatibility enhancement in other bioceramics.

Zirconia is an inert biomaterial commonly used for dental applications. The sintering of
this material is also well understood. Zirconia has excellent properties such as high strength,
high hardness, good wear resistance, acid and alkali resistance, and relatively low temperature

required for sintering (~1300 °C) when compared to Alumina for example that has a sintering
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temperature of 1700 °C [136]. However, the application of pressure prior or during sintering is
necessary to reach full densification as is the case with most bioceramics which often limits
components to simple shapes.

The fact that pressure is required to fully densify a bioceramic has made the integration
of sintering and AM to produce complex shapes difficult. This has resulted in bioceramic
scaffolds only meeting the porosity and biocompatibility of a bone replacement but not the
sufficient level of strength to be considered for all bone repair applications. More
experimentation is necessary to achieve a net shape bioceramic part with complex architecture

and tailored properties using powerful sintering techniques.

1.4 Chapter Summary

The benefits of 3D printing and the ability to sinter bioceramics to increase their
strength has been proven in literature. However, there is a gap in the ability to produce complex
shape, porous bioceramics using both 3D printing and sintering as the main tools to achieve the
desired properties. As mentioned by Wang et al in his review on 3d printing of bone tissue
scaffolds[89], the most common procedure to produce ceramic bone scaffolds is to “print the
‘green body’, followed by high temperature sintering, which burns out all organic phases,
forming pure ceramic scaffold.” This is the extent to which sintering has been considered thus
far, as a debinding step. There are several examples of low densities (and thus mechanical
strength) of printed scaffolds making them not suitable for load bearing applications. For
example, Seidenstuecker et al. printed bioglass and B-TCP samples via extrusion-based 3D
printing followed by high temperature sintering and achieved a maximum mechanical strength
of 0.64 MPa [137]. Song et al. focused on the pre-sintering portion of the process to increase

the density and mechanical strength of the scaffolds. They combined extrusion-based printing
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and freeze casting followed by free sintering to produce scaffolds with a compressive strength
of 24MPa, a superior value than others in literature[138]. In both cases above, sintering was not
used as a tool to ameliorate the mechanical properties of the final scaffold. There is a need to
better integrate known sintering techniques into the AM process.

The main gap in the additive manufacturing of bone scaffolds has been identified as
developing components that encompass both the mechanical performance and multifunctional
properties of bone [117]. Bone exhibits great resistance to crack propagation due to its internal
design and mechanisms for toughening that operate at various length scales. In order to toughen
bone scaffolds, engineers must mimmic the structure and deformation processes of bone.
Bioinspired architectures that produce the appropriate toughening mechanisms can be made
using advanced manufacturing techniques. Additive manufacturing can also be utilized to
modify the composition and biophysical characteristics of the scaffolds, such as microporosity,
surface roughness, and elastic modulus.

The successful completion of this work will provide an innovative solution to current
issues with orthopedic implants with the potential of enhancing or replacing the current
standard of care which relies on autologous bone. Bioceramics are the preferred material
system to replace native bone in our bodies, therefore, having an affordable and customizable
manufacturing technique to produce net shape bioceramic implants has the potential to
revolutionize the current “gold standard”, reduce the costs and move the orthopedics industry

closer to truly personalized care.
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2 RESEARCH OBJECTIVES AND TASKS

There are many complications with the current synthetic bone implants due to stress
shielding and implant debris [139]-[141] but additive manufacturing has the potential to
completely revolutionize the orthopedic implant industry. From a scientific perspective, there is
a big incentive to investigate AM and Sintering to produce bone scaffolds, simply for the
advancement of science and engineering understanding of how various ceramic materials
behave when being printed and sintered. However, for me, it is important to also mention the
potential this research has as an application in the biomedical industry. The potential to change
the current standard of practice that is still causing almost a million people just in the United
States alone to have a lower quality of life post-surgery. The potential to make quality bone
scaffolds available to more people around the world by making the manufacturing more
accessible. The potential to return to utilizing what nature is showing us works already
(ceramic materials in bone). The potential to reframe how the scientific community thinks

about ceramics, their manufacturability, and their applicability.

2.1 Research Incentives

After an extensive literature review, it can be concluded that additive manufacturing is
the future of manufacturing. Powder based printing is of utmost interest to industries due to the
reduced waste, ease of use and precision. However, it can also be concluded that the sintering
of printed prototypes has not been investigated sufficiently. A full investigation on the

integration of sintering as a critical step in the printing of ceramic materials is necessary. The

30



investigation can be simply separated into the two major aspects of additively manufacturing a

component: the printing and the consolidation.

(i)

(i)

The printing portion of the process has been studied in much greater detail than
the sintering of bioceramic components. In part, this is due to the studies done
on printing parameters for non-ceramic materials. Printing parameters such as
layer height, cartridge temperature and roller speed can all be used to optimize
the outcome of a print [63], [89], [99], [142], [143]. For example, a smaller layer
height and higher cartridge temperature will result in a denser green body.
However, sintering a denser green body, does not necessarily lead to a higher
final density in printed ceramic samples. The reason behind these phenomena is
unknown but can be investigated by analyzing the microstructure of printed
samples and optimizing the printing powder for sintering.

Sintering is a well-established and highly studied discipline. However, sintering
of printed samples seems to evolve in a different way when compared to
traditional green bodies and therefore requires further investigation. The study
of the sintering behavior of metallic parts printed via binder jetting is on the rise.
Publications show there is anisotropy in sintering as was as in the microstructure
of printed samples [144]-[146]. However, the same behavior cannot be assumed
for ceramics given that initial tests show that ceramics printed via binder jetting

cannot be fully sintered using pressure-less sintering techniques [104].

Overall, it can be observed that a gap in knowledge and understanding exists in the sintering

behavior of ceramics and bioceramics which has limited the application of said materials. There

is also a general impression within the manufacturing community that ceramics will never
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achieve the level of use and applicability as metals due to their current limitations. The
successful integration of AM and advanced sintering techniques to produce highly technical

ceramic parts can change the trajectory of ceramic manufacturing.

2.2 Research Objectives

Based on the literature review and incentives observed, a comprehensive research study
was constructed to address current gaps in the production of complex shape. The main
objectives directly relate to the two major incentives (i) and (ii) described in detail above. It
was demonstrated that the printing and sintering behaviors of bioceramic materials need to be
better understood to produce highly complex net shapes which will be addressed in this work.
To achieve this, two major research objectives were formulated:

a) Optimization of the green bodies via experimentation. Paying special attention to
printing parameters and powder morphology. This objective is aimed at understanding
the green body microstructure and how that affects the sinterability of the printed
prototype.

b) Optimization of sintering cycles and method. This objective is aimed at integrating
advanced sintering techniques, to include field-assisted methods, with AM to achieve
near full density complex shaped bioceramic prototypes.

Both objective a) and b) will include an experimental program and will be supported by
the continuum theory of sintering-based finite element models to predict the evolution and/or
distortions of components during the pressing (if applicable) and sintering processes. This
modeling will be used to design initial geometries of printed parts that will result in the final

desired geometry after all post-processing steps.
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2.3 Research Tasks

Objectives a and b will be achieved by conducting the following five major tasks:

a.

For objective a, the powder preparation method of the printing powder will be
explored. Plenty of research has been done on the effect of printing parameters
on the printed component, therefore, a series of experiments will be conducted
to optimize the feed powder instead. For example, by varying the powder shape,
size and binder application method.

A well-known approach to increasing sinterability is increasing the density of
the green body prior to sintering. For this task, indirect additive manufacturing
will be explored. The optimal powder for the printing of a sacrificial mold will
be determined, following by Cold Isostatic Pressing of the sample to increase
the density before free sintering. This task will also support Objective a.

Printed green bodies from tasks b and ¢ will then be consolidated. The pressure-
less sintering cycle will be optimized experimentally for various bioceramics.
This will be the first task to address objective b and will be dedicated only to
free sintering.

Pressure-assisted sintering will be used to develop a novel way to make complex
shaped bioceramics while leveraging the strengths of AM found in tasks a-c.
Specifically Spark Plasma Sintering (SPS) will be investigated and will support
objective b.

Finally, microstructural characterization and mechanical testing of prototypes
produced in tasks a-d will be conducted. This will support both objective aand b

in evaluating the biomimetic properties of the produced scaffolds.
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Research objectives and task conducted during my PhD research program can be seen

graphically in the figure below:
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Figure 2.3.1: Flowchart illustrating the research objectives and tasks.

2.4 Selection of 3D Printing Method

There is an important distinction between Binder Jetting (BJ) and Solvent Jetting (SJ).
The BJ technique was first invented by Sachs et al. at Massachusetts Institute of Technology
(MIT) in 1990 and is described as “the deposition of powdered material in layers and the
selective binding of the powder by “ink-jet” printing of a binder material.” [71] On the other
hand, SJ is a technique where the binder is contained in the powder feedstock. A water-based
solvent is dispensed as the “ink” which activates the binder in the powder bed selectively
binding the geometry dictated by the Computer-Aided Design (CAD) file in a layer by layer
basis. A diagram of how both powder-based inkjet printer works can be seen in Figure 2.4.1, in

BJ the binder is in the ink cartridge, in SJ the binder is mixed in with the powder [147], [148].
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In this work, SJ was chosen due to the ease of use, ability to change most parameters of interest
and its economic advantage; an SJ printer was custom built in the laboratory from an affordable

polymeric printer whereas a BJ printer would cost ten times as much to purchase.

Z feed bed and build bed movement
Print head Y print head movement
l X platform movement
powder spreader -

‘ ..... P Inkjet droplets

unused
powder

feed bed build bed

Figure 2.4.1: General powder-based inkjet printing method.

For the entirety of this research work, 3D printing was carried out in a custom-made
solvent jetting printer. The water-based ink was composed of 8.3vol% of Isopropyl alcohol
(IPA), 8.3 vol% of diethylene-glycol and 83.4 vol% of DI water. The 3D printer adjusted the
amount of the printing ink by controlling the cartridge temperature through the use of a resistor
in the nozzle of the HP 45 ink cartridge. The higher the nozzle temperature, the more ink was
spread on to the powder bed during 3DP. The powders were deposited by the powder dispenser
with a vibration motor, then spread and flattened by a roller as shown in Figure 3.1 above.

Once the preparation layers were spread, the inkjet cartridge sprayed water-based ink in the
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designated areas as dictated by the CAD model. This process was repeated layer by layer until

the printed object was completed.

2.5 Chapter Summary

Research objectives and background information was provided in this chapter. Possible
venues to increasing the green density and sinterability of printed components have been
proposed. It should be noted that although increasing the final sintered density of a printed
sample would be one solution to improving the mechanical properties of the component, full
density is not always a desired feature of most bone scaffolds. Porosity, at different levels, is a
desired characteristic for every bone scaffold. To maintain a high level of porosity in the
printed scaffold, the major critical factor that can improve the strength of a scaffold is the pore-
grain structure. More specifically, the following factors can affect the final strength of the

scaffold: pore size, neck size, strut density, grain size and component geometry.
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3 PRINTING OPTIMIZATION OF GREEN BODIES FABRICATED VIA
SOLVENT JETTING
The Solvent Jetting (SJ) method can be sub-divided into 3 approaches: (1) Solvent
Jetting on Dry (SJD), (2) Solvent Jetting on Granulated (SJG), and (3) Solvent Jetting on
Coated (SJC) feedstock powder. The SID method simply mixes the polymeric binder and target
powder in a dry condition and makes the freeform by spraying liquid solvent. For example,
Shanjani et al. used this method to produce a 35 vol% porous calcium polyphosphate with a
compressive strength of 33.86 MPa for tissue engineering purposes via Solid Freeform
Fabrication (SFF) [149]. SJIG makes the feedstock by drying a slurry which is composed of a
polymeric binder and the target powder commonly by freeze drying or spray drying.
Chumnanklang et al. demonstrated this technique by using a granulated feedstock consisting of
nanosized Hydroxyapatite (HAP) and freeze drying it. Strength of the scaffold was shown to
increase with increasing binder concentration [150]. In the SJIC method the particle is coated by
mixing the powder particles, water and polymeric binder followed by ball milling to remove
the agglomerations. For example, Kakisawa et al. showed the fabrication of a porous nickel
structure using SJC method. Non-uniformity was observed in the coated powder samples [151].
For this work, the SJIG method was chosen. In addition to the binder integration method, the
characteristics of the feedstock powder have an impact on the green density of the printed parts.
The most important characteristic for the feedstock during SJ and all powder-based

printing is flowability. This traditionally means the powder particle size must be in the range of
25um-150pm [152]. Larger particle sizes yield more flowable powders and smaller particles
tend to agglomerate. Inversely larger particles are more difficult to sinter than smaller particles.

Powder particle size will therefore influence the final density of the printed sample and sintered

37



sample. The particle size of the feedstock powder will affect the pore size, pore shape and,
therefore, the sinterability of the green body. Veljovic et al. also demonstrated that the
sphericity and size of the pores found in Hydroxyapatite samples also impact the overall
fracture toughness [153].

There are 4 main 3D printing parameters which can be changed during the printing
process using this printer: roller speed, shaker speed, layer height, and nozzle temperature.
Roller speed determines the smoothness of each layer and needs to change according to the
amount of powder that is being deposited. Roller and shaker percentages, which indicate the
percentage of total power affecting the speed, were increased and decreased until the setting
which laid the smoothest powder bed was found. Shaker speed determines the amount of
powder being deposited. Layer height determines the thickness of each layer. Nozzle
temperature, as mentioned before, determines how much ink is sprayed on each layer. The
proper shaker and roller settings were determined first, followed by the layer height and finally
the adequate nozzle temperature was determined. These parameters, the approach taken for
each and its effect on the final properties of the sample are described in more detail in each
section. Finally, the printed samples were left in the powder bed at room temperature for a
minimum of 4 hours or in a curing oven at 80 C for one hour to ensure samples were dry.

The intent of this research project was to vary and experiment with all aspects of the
additive manufacturing and sintering processes. This led to the decision to use a custom-made
printer for all experiments. By having a custom-made printer, we gained the ability to chance
almost all parameters and analyze the effects of each in detail. Additionally, this printer

allowed us to use a variety of powders without requiring a large amount of it for every print.
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The main functions necessary for powder-based inkjet printing: on-demand ink jetting,
powder spreading and movement in the X, y,z-axis. Interestingly, these three functions are
already implemented in 2D paper ink-jet printing and Fused Deposition Modeling (FDM)
plastic 3D printing. By retrofitting an FDM 3D printer with a 2D inkjet catridge and adding a
powder spreading function, a powder-based printer can be made. With this concept, Van der
Geest invented “Colorpod”, a powder spreading system that can be attached to a generic FDM
3D printer to have the ink jetting function with only a small modification of the electronics.
With this Colorpod, complex shaped products made with sugar or polyvinyl alcohol (PVA)
have been produced. However, this custom printer had not been used to build complex ceramic
parts. The behavior of bioceramics during printing in this printer is not well understood.

From literature, it can be concluded that one of the most influential printing parameters
on the final green density and shape of parts is layer height and therefore will be the focus of
this chapter [154]-[159]. The layer height is the distance along the z-axis between each layer
deposition and dictates how long the total print will take. In most powder-based inkjet printers
it ranges from 15-300 um and there are recommendations on how to choose a layer height
based on your feedstock powder’s particle size. Some references suggest the optimal layer
height is 3 times the average particle size [160]-[162], 2 times the particle size [163] or
simply, some studies show the layer height should be larger than the largest particle size [164]—
[166]. A smaller layer height generally results in a higher green density in the printed bodies.
Yet once the reduction of particle size, and in turn layer height, is not limitless as the void
fractions tend to increase as the size decreases[167]. Fine powders tend to agglomerate and

reduce powder flowability to the extent that it is no longer printable.
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Although the various phenomena detailed above are expected with our custom-made
printer, the degree to which each can affect the printed part needed to be investigated. The full
effect of layer height on the anisotropy of powder based printing is still not well understood
although being heavily researched [144], [145], [168]-[172]. Most of these studies have been
conducted on metallic materials, mostly stainless steel, with Hamano et al [171] being the
exception in studying calcium sulfate moldings.

In this study, the physical properties of printed alumina with regards to layer height
were optimized. The focus was on the printing parameters which traditionally has the most
impact on the quality of printed components, layer height. The main desired outcomes for the
green bodies were high geometrical accuracy and high relative densities. Overall condition of

the samples was also considered.

3.1 Materials and Methods

3.1.1 Experimental approach

The initial step for this study was to build the 3D printer. The assembly of a jetting 3D
printer required a regular polymer FDM printer and the Colorpod (Spitstec, Netherlands)
system developed by Adrianus Franciscus Van Der Geest. First, the structural units of
Colorpod were fabricated using the plastic FDM 3D printer (Ultimaker 2, USA). Second, the
structural parts such as the powder feeder, shaker, roller and cartridge holder were assembled
onto the Colorpod mother board provided by Spitstec (Figure 3.1.1.1). Third, the original
plastic extruder was removed from the Ultimaker. Lastly, the Colorpod assembly was attached

to the 3D Printer to replace the original extruder parts.
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The equipment used for the general preparation of feedstock powder can be seen in
Figure 3.1.1.2. The initial step is to weigh the different powders for their respective percentages
using the scale (Ohaus, GA2000). Then, the powders can be mixed using either a magnetic hot
plate (Scilogex, MS-H Pro) if coating with binder or with the tubular mixer (Turbula) if dry
mixing with binder, both pictured in Figure 3.1.1.2. For coated powders, an additional step is
necessary to re-pulverize the dried binder-powder combination using a ball milling machine
(Pulverisette 6, Fritsch, Germany). Lastly, the powders are sieved using the 250 micron sieve
prior to printing. After printing, the powder bed is cured in a vacuum oven (Across
International, AccuTemp-09, USA) for a few hours or left to dry at room temperature over

night depending on the material system used.

Ultimaker
NMiwsgey

-

Figure 3.1.1.1: Components of custom-built printer a) Ultimaker 2 and b) Colorpod assembly.
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Figure 3.1.1.2: Equipment used for the fabrication of feedstock powder.

Figure 3.1.1.3: Vacuum oven used for curing.
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3.1.2 Powder preparation

Calcined alumina powder with 99.2% purity (Materion, USA), maltodextrin (LD
Carlson Co., USA) and powdered sugar (Wholesome Sweeteners, Inc, USA) were mixed in
varying weight ratios. To find the best composition of the feedstock powder, a series of Spritz
tests (Figure 3.1.2.1), were conducted. For these tests, different percentage combinations of
sugar, maltodextrin and alumina powders were tested by changing the weight percent of each
constituent. It was insured that alumina was always the highest weight percentage and the
remaining percentage was split between the sugar and maltodextrin powders. Each combination
sample was placed in a trabecular mixer for 10 minutes at 67 rpm, then, placed in small foil
cups. Using a syringe, the water-based ink from the cartridge was deposited on top of the
powder preparations creating a high concentration of ink in the middle while depositing small
droplets around. Once the ink dried, each one was checked for hardness or a gelatin like
consistency, the former being what was considered a positive result. If the consistency was
gelatin like, the composition was deemed a failure. From these tests, it was concluded that the
best composition was 74% alumina, 13% sugar and 13% maltodextrin, a mixture that showed
to be sufficiently flowable for printing as well. This composition was used for the experiments.
Four different layer heights were tested: 200, 225, 250 and 275 micron layer. At least 4 cubic

samples were printed for each layer height. All other printing parameters were held constant.
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Spritz test Tubular shaker 67rpm 10min

Alumina : maltodextrin : Sugar

70% 72%

76% 78% 80%

Figure 3.1.2.1: Spritz test results for alumina feedstock powder.

As-received powders were analyzed by the scanning electron microscopy (SEM), (FEI
Quanta 450, USA). The particle size for alumina was analyzed using an Anton Paar, PSA 1090
particle size analyzer. The relative density of the printed specimens was evaluated either
geometrically or by the Archimedes’ immersion method, which required the samples to be
coated with paraffin wax prior to the measurements to prevent the contact of water to the
samples. Given that the feedstock powder is a combination of alumina, sugar and maltodextrin,
the theoretical density of this mixture had to be calculated to be 3.23 g/cm?3 using the rule of

mixtures approach:

(palumina X %alumina) + (psugar X %sugar) + (pmaltodextrin X %maltodextrin) = pfeedstock (1)

When displaying data for relative density in terms of the sacrificial mold, it is being compared

to this rule of mixtures calculated density not the density of alumina which is 3.95 g/cm?3. This
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was the approach taken in the case of all printed components containing a significant ( greater

than 5%) binder.

3.2 Results

The particle sizes and shapes of the as-received powders are seen below in

It is important to note the particle size for the alumina powder while viewing the results of the
conducted experiments. The average particle size of the alumina powder is 110 microns. Two
properties of the final printed parts were evaluated: green density and geometrical dimension.
The Computer Aid Design (CAD) model was a 10mm cube, therefore, the length of each
direction (x, y and z) in the printed green body should be 10mm (1cm). Figure 3.2.2 shows the
X, Y, z dimensions for each printed cube based on their respective layer height. Figure 3.2.3

shows the difference in green density values for each layer height group.
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Figure 3.2.1: SEM Images of as-received powders from left to right: Alumina, sugar and
maltodextrin.
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Figure 3.2.2: Dimensions for printed cubes grouped by layer height.
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Figure 3.2.3: Green density of printed cubes based on layer height.

3.3 Discussion

In literature, it is understood that a smaller layer height leads to a higher green density.
However, it can be seen in Figure 3.2.3 that the highest green density is experienced by the
samples with a layer height of 225 micron. This can be attributed to the particle size of the
alumina powder. To illustrate this concept, a simple diagram can be made to show how particle
size and layer height can become an obstruction in the bonding of the layers. When the layer of
powder is deposited, it can be assumed that the particles will fall on top of each other. If two
particles with a size of 110 micron are stacked on top of each other, the total possible height is
220 microns, therefore, one layer is not thick enough to cover two powder particles. A layer
height of 225 micron, on the other hand, can cover two particles and does not “cut” a particle in
half. This is important because once the next layer is deposited, the roller can push the extra
portion of the particles and when it is repeated along the whole surface of the powder bed, it

can have some significant effects on the overall compaction of the particles.
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Figure 3.3.1: Particle stacking within layer for 200 and 225 microns.

Another effect that was observed is with the large layer height of 275 micron. In this

case, there are too many particles stacked on top of each other making the layer too thick.

When the “ink” in sprayed onto the powder bed, it cannot penetrate the whole layer effectively

and results in some of the binder not being activated and, therefore, some of the particles not

being bonded together. Therefore, there is a significant drop in density in the samples printed

using a layer height of 275 micron.

The geometrical accuracy of printed samples using solvent jetting is often seen as an

aspect of concern. Slight deviations from the CAD model dimensions were observed in the

printed samples. In the table below, the average length of each layer height group is listed for

each side of the cube:
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Table 3.3.1: Average length for each side of printed cubes

Layer height Avg (Igr?gth’ X Avg ('gr?gth, y Avg (Icerr:]g))th, z
200 1.03 1.00 0.85
225 1.02 0.99 0.95
250 1.03 0.99 1.03
275 1.02 1.00 0.99

Calipers when used to measure the cubes by hand, therefore the slight errors in the x
and y directions can be attributed to a manual measurement error. There is a large difference in
the length measured in the z direction for the layer height of 200 micron. The lengths for each
sample in the group were measured as 0.841, 0.842, 0.852 and 0.850 which indicates that this
was not a measurement error. The shortened height is due to the phenomenon illustrated in
Figure 3.3.1. Because the layer height is smaller than two particle layers, there is more “ink” or
solvent, deposited on the powder particles. The solvent is heavier and pushes the printed layers
down along with gravity. The over saturation of the solvent in the printed section makes the

overall cube shorter in the z direction.

3.4 Chapter Summary

The custom-made printer used in this study follows similar patterns as other solvent
jetting machines. The effect of the layer height was investigated. It was discovered that the
optimal setting is not only dependent on the height of the layer but also on the particle size of
the feedstock powder. A smaller layer height does not necessarily result in a higher density.

Additionally, the geometrical accuracy decreases once the lower threshold is passed.
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For future experiments, a quick optimization of layer height will be conducted prior to
investigating any other experimental parameters if a different feedstock is being used. When
using this specific alumina powder, the layer height that will be used is 225 microns if the

desired outcome is higher density.
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4  SINTERING OPTIMIZATION OF SOLVENT JETTED SAMPLES

Increasing the sinterability will lead to higher green density in printed bodies and
therefore, higher mechanical strength. It is important to understand the sintering mechanics of a
powder compact as this can aid in printing an ideal component. An extensive investigation on
how to the particle interactions in the powder bed and green body could affect the sintering
process was conducted. Additionally, the continuum sintering model is described in regard to
how it can be used to model the densification behavior printed samples.

The level of porosity in a green (prior to sintering) body can affect sinterability. When
all other parameters are held constant, a higher green density results in a higher sintered density
[173]. Higher densities mean higher amounts of interparticle contacts and less or smaller initial
pores. In fact, it is common to apply pressure prior to sintering to leverage these benefits. It is
also common to use loose powder sintering (no pressure) when a highly porous component is
desired. At low initial packing densities, particles bond to form a long-chain open pore
structures but usually fail to fully densify [174]. The influence of the green state on the spark
plasma sintering of alumina was heavily studied by Aman et al [175]. It was concluded that
narrowing pore size distribution and reducing pore size can significantly favor sintering. Green
density gradients should also be considered as differences in green density along the
component can leave to warpage during sintering [176], [177]. Additional attention needs to be
given to the sintering behavior of printed ceramics given that it might differ than the sintering
of traditionally manufactured ceramics.

Another parameter that can be controlled is the dwell time during sintering. This is
typically the time that the sample is held at the highest temperature of the sintering cycle. As

would be expected, the longer a sample is held at high temperature, the more it densifies.
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However, with bioceramics, special attention needs to be given to phase transformations that
result from long dwell times as these could have several negative effects on the final bulk

density of the part.

4.1 Materials and Methods

4.1.1 Experimental approach

The effect of green density and sintering dwell time were studied in this work. Printing
parameters were varied (based on results produced in Chapter 3) to produce different levels of
green density for the same material system and understand how green density of printed bodies
affect the final densities. The printing variables chosen were cartridge temperature and layer
height. Then, these printed samples with varying green densities were held at the maximum
temperature for 10 hours and 48 hours to understand the effect longer sintering times of these
samples. The tube furnace used for this study can be seen in Figure 4.1.1.1. Since the printed
samples are very fragile, the green densities were estimated using a geometrical approach. The
bulk densities of the sintered samples were estimated using the Archimedes’ immersion method
following ASTM standard C373-18, which required the samples to be coated with paraffin wax
prior to the measurements.

For the analytical model of sintering, it is necessary to conduct a dilatometry test on a
printed specimen. The configuration with the highest final density was chosen for this study
and subject to sintering in the dilatometer (Anther, Unitherm 1161, USA) pictured below
(Figure 4.1.1.2). In future chapters, this equipment was utilized to find sintering parameters for

the modeling of sintering as well.
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Figure 4.1.1.1: Tube furnace used for free sintering.

Figure 4.1.1.2: Dilatometry System.
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4.1.2 Powder preparation

Alumina (A16SG, a-Al203, 99.8% pure, Alcoa, Pittsburgh, PA) was used for this
study. Alumina is a material that is generally well understood, and its powders are available in
a variety of morphologies and sizes. The water-soluble polyethylene oxide (PEO) based binder
used consists of >95wt% PEO, <3wt% fumed silica and <1wt% Calcium (PolyOx WSR N10,
Dow Chemical Company, Midland, Ml), and will be referred to as PEO.

First, solutions of various PEO concentrations were made with deionized (DI) water; a 5
wt% PEO solution refers to 5g of PEO to 100g of DI water. Second, the alumina powder was
suspended in the PEO solutions. Third, the mixtures were homogenized by a stirrer and dried
simultaneously at 35 °C for 48hrs on a magnetic hot plate. Fourth, the dried alumina slurries
were milled using Zirconia balls (diameter: 20mm) at 150rpm for 30min by high energy ball
milling (Pulverisette 6, Fritsch, Germany). Lastly, the pulverized alumina powders were sieved
using a 250um sieve. After creating several powder mixtures of different concentrations
(Bwt%, 5wt%, 7wt%, and 8.5wt%) of PEO solutions with alumina powders; these were tested
by spraying water-based ink on a simulated partial powder bed and visually inspected for the
degree of consolidation (see Figure 3.1.2.1) . The 8.5wt% solution was found to hold alumina
particles together better and was, therefore, used in the rest of this study. After printing, the
samples were left to dry at room temperature for at least six hours.

4.1.3 Analytical modeling of sintering

The sintering behavior of the printed samples can be analytically modeled using the

continuum theory of sintering. Given that the binder is expected to decompose in the early

stages of sintering, there is only one material system than remains and that should be
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considered for the sintering model. This one material system allows for the conservation of
mass law to be used in our free sintering condition.
The mechanics of sintering for powder components is described using the constitutive

relationship of the continuum theory of sintering proposed by Olevsky [123]:

g

0;j = MV,V) [@éij + (1/’ - %‘P) é5ij] + PL6;; (2)

where g;; (Pa) are the stress tensor components, o(W) (Pa) is the effective equivalent stress

that determines the constitutive behavior of a porous material. W (s?) is the equivalent strain
rate, £;; (s*) represents the strain rate tensor components, ¢ and y are, respectively, the
normalized shear and bulk viscosities, P. (Pa) the sintering stress, and &;; the Kroenecker delta.
This framework can be used to predict the final porosity of the printed samples and
shrinkage during sintering. In this study, it will be used to estimate the amount of dwell time
that is required to achieve a specific level of porosity. For example, determine the amount of

dwell time required to attain full density in the printed component.

4.2 Results

4.2.1 Effect of green density and dwell time on sintered density

A total of 5 cubes from each configuration were printed. After depowdering, the green
density of each cube was measured, and all successful prints were taken into account. The
relationship between the green density and sintered density for printed samples can be seen in
Figure 4.2.1.1. As the green density increased, the sintered density also increased in a linear

fashion. Although there are no data samples in between the densities of 1.2 g/cm?® and 1.5
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g/cmd, it can be safely assumed that those data points would follow the same trend time as was

established by previous data points.
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Figure 4.2.1.1: Green and sintered density relationship in printed samples at 10 hour and 48
hour holding times.

In the experimental results (Figure 4.2.1.1), it was observed that the longer holding
times did not significantly improve the sintered density. For example, in the samples beginning
with a relative green bulk density of 39% only say an increase of 2.5% in final sintered density
when increasing the holding time from 10 hours to 48 hours. However, when analyzing the
samples via Scanning Electron Microscopy (SEM), an important phenomenon was identified.
The microstructural images (Figure 4.2.1.2) show the difference in microstructure between the
10 hour and 48 hour holding time (left and right, respectively). As can be seen, the average
grain sizes are 10 um for the shorter dwell time and 25 pum for the longer dwell time. A

materials’ grain size is inversely related to its mechanical properties; therefore, this is not a
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desired effect. A decrease in compressive strength is expected and will be discussed in the

following chapter.

Figure 4.2.1.2: SEM Images of sintered samples showing the difference in grain sizes after
increasing the holding time from 10 hours to 48 hours during sintering.

4.2.2 Analytical model for free sintering of printed samples

The printing configuration that yielded a final sintered density of 70.9% was used in the
creation of this analytical sintering model. The effective stress- equivalent strain rate (W)
relationship is dependent on the type of consolidation process you are using and, in turn, the
type of deformation. Table 4.2.2.1 below shows the value of o(w) for each type of
consolidation. Free sintering was used in this research and, therefore, the linear viscous
relationship is used in all calculations. Several methods of modeling the sintering of ceramics

from literature were used as reference for this analysis as well [178]-[182].
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Table 4.2.2.1: Definition of effective Stress by deformation type.

Deformation

Type Sintering Process o(W)
Linear viscous Free sintering 210W
Plastic Cold Pressing Oy

Power-law creep Hot deformation of crystalline materials Aw"

Figure 4.2.2.1: Axes and origin definition for analysis.

Substituting the value for 6(w) in the main equation for the free sintering case used in

this study can be written as,

Where, 1, is the shear viscosity of the fully dense material. For this analysis, the axes

and reference origins are defined as illustrated in Figure 4.2.2.1. By defining i,j as r,z, the

g;j = 21, [(péij + (l|J - §<P) é] + P,

external stresses applied in each direction can be written as,
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oy = 21 [(pér + (1,0 - <p) é] + P

W] = Wl =

0, =m0 [we, + (v -50)¢|+ B,

Using the relationships for hydrostatic pressure (P) to external stresses (o, 0,), the

latter equations can be re-written as,

_ 0+ 20,
3

P = %{2% [(p(éz+2ér) +3 (1/) - %(p) é]} + P,
Simplifying,

Because there are no external stresses in free sintering, the hydrostatic pressure P is

equal to 0, substituting this in and solving for P;, we get an equation for sintering stress,

Py = —2nope 4)

For this research the equation is most helpful in terms of porosity. To accomplish this,

the following relationships are considered:
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_20-0y
3 0
where,
6 = Porosity
6 = Change in Porosity
a = Surface tension

1o = Particle radius

Using these relationships, we can write the main equation for this study in terms of

porosity
) 3a 2
o 7re (1-06)
1-6 2(1-06)3
210 3789
2] _ 9 «
0 81910

The solution of this differential equation can be written as,

2 < Jt9 a dt)
—=exp|— | =——
0; P o 87010

Solving for porosity,

t9 «

0 = 0, exp (— = dt)

0 8770

where,

0; = Initial porosity
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t =Time

If shear viscosity i, can be expressed as
)
=A -
Mo oeXP<RT

Then the following expression can be formulated for specific sintering time and
porosity kinetics,

to9 a

0 = 0; exp(—7,); Ts = fo gmdt (6)
RT

To apply equation 6 to the current material system and sintering parameters, a
dilatometry test is necessary [183]-[185]. The dilatometry was done on a printed ALCOA
sample using optimized parameters. The cycle consisted of a ramp up to 1000°C at a rate of
10°C per minute followed by a 10-minute hold for stabilization, then of another ramp up to
1600°C at a rate of 5°C per minute followed by a four hour hold at that maximum temperature.

The specific time of sintering (equation 7) was considered for the section of sintering
where temperature is held constant (1600°C for 4 hours). If temperature is constant, then
particle radius (ry) is constant and shear viscosity (n,) is also constant. Applying these two

assumptions, the equation simplifies to,

9 «a
Ts =gt (7)
Inserting this into equation 4,
9 «a
7] —91' EXp(—g%t) (8)
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Using the dilatometry results, porosity during the temperature hold is plotted over time
to show a constant linear decay. The natural log of these points can then be plotted to form a

linear relationship with the porosity values as seen when writing the equation as,

Ind = Ing; — 2——¢ 9)

81970

Because this is a linear equation, the terms preceding t are equal to the slope, therefore,
the slope of the line created by the natural log of porosity values can be found. As seen in

Figure 4.2.2.2, a trendline can be fitted to within a 2% accuracy to the natural log line and from

this equation the slope is found to be 0.0003 and this value is taken as the value for ZL :

oMo

NATURAL LOG OF POROSITY VS TIME
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Figure 4.2.2.2: Natural log of porosity vs time of the dilatometry result

Substituting the new slope value back into equation 8,

0 = 0, exp(—0.0003t ) (10)

Initial porosity is known and, therefore, time is the only variable. Inputting the time

starting from zero to 30,000 minutes and plotting these values gives a clear exponential
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decrease of porosity until reaching an asymptote close to zero. Using equation 10, one can
determine the time required to reach a desired porosity. For example, to reach 1% porosity

from our initial porosity of 56.2% the time necessary is 13429.64 minutes or about 9 days.

4.3 Discussion

From the experiments conducted on the effect of green density on the final sintered
density of the printed samples, it can be concluded that a higher green density leads to a higher
sintered density as is the case with samples produced via traditional methods. Although this
was expected, it is important to emphasize that this relationship is linear and can does not seem
to reach a limit. One interesting phenomenon identified in this study is the neutral effect
holding time has on the final sintered density. Having a maximum of 3% increase in final
density with a 38 hour increase in holding time shows that the printed samples reach a limit on
the amount they can densify at the given temperature. Furthermore, the longer holding times
lead to an increase in grain growth which is likely to severely impact the mechanical properties
of printed parts.

As calculated in Section 5.2.7, to reach 1% porosity, the sample needed to be sintered
for 9 days. Clearly, this time is excessively long for practical implementation and would lead to
extreme grain growth. Thus, the modeling results indicate the limitation of the scaffold
material’s sinterability. It is evident that the experimentally obtained results correspond to the
practical maximum of the porous alumina scaffold’s densification. No further experimentation,
targeting possibly higher post-sintering density levels, is therefore necessary. The theoretical
modeling performed allowed us to predict the maximum densification achievable for printed

samples using this powder 3D printing technique via free sintering. Furthermore, it allows for
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the prediction of sintering time based on a desired porosity value. In this study, the maximum
holding time in the scaffold samples was 48 hours and full density was not achieved. This
model predicted this as it indicates that in order to get a fully dense material, the holding time
must be at least 15 days which is not a realistic time for production of these scaffolds. In the
event that the goal is to mimic a 40% porous cancellous bone for example, then this model can
indicate how long the temperature hold should be to achieve that porosity in the scaffold being
produced. This is especially convenient for bone scaffolds given that the goal is to mimic the

bone exactly and the ability to tailor porosity levels becomes crucial.

4.4 Chapter summary

In this chapter, a series of experiments were conducted to determine the effect of initial
green density and sintering holding time on the final density of these printed parts. It was found
that initial green density linearly relates to the sintered density leading to a higher final density
whenever the sample had a higher initial density. When it comes to the holding time during the
sintering cycle, a longer dwell does not lead to significantly higher densities. In fact, it results
in a detrimental promotion of grain growth.

To predict the final porosity of a printed part is most useful when attempting to mimic
native bone. Here, an analytical model of sintering was used to predict the amount of time
necessary to achieve a porosity of 1 percent. The results indicate that using the current material
system and sintering temperature, this desired outcome would require 9 days of holding time
which is not only unrealistic but also extremely detrimental to the mechanical properties of the

printed part.
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5 DIRECT SOLVENT JETTING AND SINTERING OF LOAD BEARING
SCAFFOLDS USING NANO-SIZED FEEDSTOCK POWDER

The feedstock powder used for printing has a significant effect on the characteristics of
the printed part, particularly when using powder-based printing methods. Powder morphology,
size and size distribution all play a role in the quality of the final part and need to be evaluated
to ensure the highest density in the printed component. The shape, or morphology, of particles
also affects sintering yet the correlation between sphericity and sinterability is not as clear as
the size dependency[186]-[188]. Non spherical or elongated particles have a greater surface
area available for sintering, yet they often result in lower green densities than spherical
powders. The initial particle shape also governs the relationship between neck size, shrinkage
and surface area.

Microporosity in scaffolds is beneficial for bone regrowth. Additionally, the highly
porous ceramic parts made by SJ often have post-sintering problems consisting of low final
densities (or even inability to sinter) and related low mechanical strength. The strength of
porous parts is also dependent on the microscopic structure. As was mentioned in the
introductory chapter, a smaller grain size results in higher compressive strength. However,
feedstock powder for SJ and all powder-based methods is traditionally limited to micron sized
powder and often times required long sintering times leading to a large grain growth. An
approach looking at the intrinsic features of the printed components is proposed. When the
macroscopic component geometry is kept constant by using the same computer-aided design
(CAD) model, only 4 characteristics of the intrinsic porous structure will influence final

sintered properties: pore size, neck size, strut density and grain size. A powder preparation

65



method using nano-sized particles was developed to address these four factors and is discussed
in this chapter.

In the initial trials of printing via SJ, it was observed that sintering was being inhibited.
The cause of this inhibition was not clear, but it was hypothesized that the dynamics in the
powder bed and after printing may be causing this phenomenon of “un-sinterable” components.
Another hypothesis was that the green density of printed parts was below the threshold of 60%
traditionally desired for sintering of slip casted samples or ceramic pore-forms for example.
The goal of this study was to create a powder preparation method that allows for nano sized
particles because nano sized particles promote sintering as was explained in section 5. To
understand the effect of different preparation methods, the Solvent Jetting on Coated (SJC) and
Solvent Jetting on Granulated (SJG) powder preparation methods were investigated.

Moreover, regardless of the method chosen, a modeling component is necessary.
Sintering is required as a post-processing step in the printing of ceramics and some level of
shrinkage is always present during sintering. This shrinkage might differ depending on the
powder preparation method used. Therefore, the shrinkage that happens during the sintering
process must be evaluated in order to reverse engineer the initial geometry required to achieve

a desired final shape.

5.1 Materials and Methods

The porous ceramic scaffolds were fabricated using the following steps. To start, the
effect of various printing parameters was investigated to understand the degree to which each
of these impacted the final component using a custom-made 3D printer. As discussed in

Chapter 3, optimization of printing parameters must be conducted whenever a different
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material is used and, in this study, the same alumina powder was used but also a different
zirconia powder. Because it was a custom device, parameters from literature were not directly
applicable to our work. Then, the intrinsic porosity was optimized along with the chemical and
physical properties of the powder and binder. Standard alumina cubes without designed macro
channels were fabricated with various 3D printing conditions and binder concentrations. After
sintering, the alumina cubes were evaluated in terms of pore size, grain size, sintered density,
and compressive strength. Lastly, a scaffold with designed pore channels was printed and
sintered under the optimized conditions for the ideal intrinsic porous structure. In this way, a
bone scaffold with hierarchical pore size can be easily fabricated via the simple solvent jetting

method.

5.1.1 Powder Processing

Nano-alumina (A16SG, a-Al203, 99.8% pure, Alcoa, Pittsburgh, PA) and micron-
alumina (AA-18, a-Al203 > 99.9%, Sumitomo Chemical, Japan) were used for this study. The
granulation and coating processes are similar for nano and micron-sized powders. The starting
powder particle size determines the final form of powders; nano particles result in granules, and
micron size powders result in coated particles. The two types of resulting powder (granule
versus coated) are confirmed by comparing the SEM images prior to and after the procedure
described here. The water-soluble polyethylene oxide (PEO) based binder used consists of
>95wt% PEO, <3wt% fumed silica and <1wt% Calcium (PolyOx WSR N10, Dow Chemical
Company, Midland, M), therefore it will be referred to as PEO.

First, solutions of various PEO concentrations were made with deionized (DI) water; a 5

wt% PEO solution refers to 5g of PEO to 100g of DI water. Second, nano and micron-sized
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alumina were suspended in the PEO solutions. Third, the mixtures were homogenized by a
stirrer and dried simultaneously at 35 °C for 48hrs on a hot plate. Fourth, the dried alumina
slurries were milled using Zirconia balls (diameter: 20mm) at 150rpm for 30min by high
energy ball milling (Pulverisette 6, Fritsch, Germany). Lastly, the resulting Nano-alumina
Granules (NG) and Micron-alumina powders which were Coated (MC) were sieved using a
250um sieve. After creating several powder mixtures of different concentrations (3wt%, Swt%,
Twt%, and 8.5wt%) of PEO solutions with alumina powders; these were tested by spraying
water-based ink on a simulated partial powder bed and visually checking the degree of
consolidation. The 8.5wt% and 7wt% of PEO solutions were found to hold alumina particles
together better in nano-alumina and micron-alumina powders, respectively, and were, therefore,
used in the rest of this study. Under the same printing conditions, lower binder concentrations
of PEO resulted in the printed part crumbling.

The theoretical density of the granule was estimated using the rule-of-mixtures. The
theoretical densities of NG granules with 8.5wt% PEO and MC with 7 wt% PEO were
3.48g/cm3 and 3.55 g/cm3, respectively. The relative tap densities of NG granules with 8.5

wt% PEO and MC with 7 wt% PEO were 37.35 % and 58.40 %, respectively.

5.1.2 Printing- Solvent Jetting

Two types of alumina samples were fabricated. Cube-shaped samples were printed with
nominal dimensions of 10mm x10mm x 10mm for the optimization of intrinsic porosity,
densification, and mechanical strength, while cylindrical scaffolds with designed macro-
channels (nominal dimensions of 12mm dia x 12mm) were fabricated to test the porosity,

ability to print complex shapes and the compressive stress after sintering. During the research
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work for chapter 4, some of the necessary configurations for this study were produced,
therefore, the same data will be reported here. However, different aspects of the samples will be
analyzed. In chapter 4, the focus was on green and sintered density, whereas here we focus on
particle interaction and mechanical strength.

The spreading of the water-based ink induces the PEO to dissolve resulting in adhesion
bonding between adjacent particles in the NG and MC powders. The green parts, that had
enough green strength to allow sample handing, were used for post-processing and analysis. In

some cases, the green parts were not sufficiently strong to be depowdered and where discarded.

5.1.3 Debinding and Sintering

Thermogravimetric analysis (TGA) of the PEO was conducted by SDT Q600 (TA
Instruments, USA), up to 1000 °C with heating rate of 5 °C/min, to determine the cycle of
debinding explained below. The TGA of the solvent ink was also conducted to ensure the
diethylene glycol in this ink is removed from printed samples during debinding. The debinding
and sintering were achieved in one step using a conventional tube furnace in the air (GSL-
1700X-KS-UL-60, MTI, Richmond, CA). The heating cycle used was: 20 °C — 200 °C with 5
°C/min, holding at 200 °C for 20 min, 200 °C to 300 °C with 10 °C/min, holding at 300 °C for
60 min, 300°C — 600°C with 5°C/min, and holding at 600 °C for 20 min, 600 °C -1000 °C with 5
°C/min and 1000 °C to desired sintering temperature with 5 °C/min. The initial heating and
holding times up to 600 °C is the debinding cycle for the PEO. The specimens were held at the
maximum sintering temperature for various holding times (10hrs, 24 hrs or 48 hrs) and the
cooling rate down to room temperature was 5 °C/min. The sintering temperature of the printed

samples was set to 1700 °C which is the maximum temperature for this furnace. The highest
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temperature was desirable because the most densification with the lowest grain growth was
needed to achieve the highest strength. An overview of the powder preparation, printing and

sintering process is illustrated here:

Agglomerated Nano-alumina granules . . .
Nanopowders containing the binder (NG) Solvent Jetting 3D-printed part Sintered part

da _ @@
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and
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Figure 5.1.3.1: Schematics of processing of porous structure by solvent jetting (SJ). Upper
path: solvent jetting on granulated feedstock containing binder (SJG). Lower path: solvent
jetting on feedstock containing coated powder (SJC).

Roller

5.1.4 Characterization

The crystal structures of the powders and sintered parts were evaluated by X-ray
diffraction (XRD) (Bruker D-8 diffractometer, MA, USA), utilizing CuKa radiation at room
temperature. The green densities of the cylinder-shaped printed samples were determined via
the geometrical measurement method. The bulk densities of the sintered samples were
estimated using the Archimedes’ immersion method following ASTM standard C373-18. The
compression strengths of the cube-shaped (10mmx10mmx10mm) and scaffold-shaped
(10mmx10mmdia) sintered samples were obtained using a universal testing machine (5900,
Instron, USA), 1kN load cell. The compression testing was conducted at room temperature with

a loading rate of 1 mm/sec. The size of the powder and of the fractured specimens’ particles,
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grains and pores were analyzed using a scanning electron microscopy (SEM), (FEI Quanta 450,

USA).

5.1.5 Sintering Model

The sintering behavior of the printed powder was simulated using the continuum theory
of sintering which has been embedded in a FEM (finite element model) software. Given than
the binder is expected to decompose in the early stages of sintering, there is only one material
system than remains and that should be considered for the sintering model. This one material
system allows for the conservation of mass law to be used.

The mechanics of sintering for powder components is described using the constitutive

relationship of the continuum theory of sintering proposed by Olevsky [123]:

g

0;j = M‘;V) [<Péij + (1/) - %(p) é5ij] + P.d;; 2

where g;; (Pa) are the stress tensor components, o(W) (Pa) is the effective equivalent stress
that determines the constitutive behavior of a porous material. W (s1) is the equivalent strain
rate, £;; (s™) represents the strain rate tensor components, ¢ and y are, respectively, the
normalized shear and bulk viscosities, P. (Pa) the sintering stress, and &;; the Kroenecker delta.

This framework was used in chapter 4 for the modeling of free sintering and the
prediction of final porosity levels. In this chapter, it will be embedded in a finite element
software (COMSOL Physics) to simulate the densification of these printed cubes and

biomimetic scaffold.
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5.2 Results

A new type of feedstock powder was created using the SJG method. The results section
will outline the characterization of the as-received powders as well as the processed powders in
at each step of the process. It is important to understand the microstructure prior to printing,
after printing, after debinding and after sintering. Because the material used is a ceramic, it is
also important to verify the phase of the ceramic has not been changed due to the ink or the
sintering process. The analysis was done for both the micron coated (MC) and nano granulated
(NG) powders. The final production of a biomimetic scaffold will also be detailed using SEM
and mechanical testing but was only printed with the NG powder as it produced higher density
samples. Results will also be reported for the theoretical analysis and finite element simulation

created for the sintering of printed ceramic samples.

5.2.1 Powder Characterization

First, the as-received nano-alumina powders are agglomerated and have an average
particle size of ~200 nm (Figure 5.2.1.1(a), (b)). Then, as can be seen in Figure 5.2.1.1(d), as-
received micron-alumina powders are not agglomerated and have an average particle size of
~18 um. After processing the powders (section 5.1.1), the average sizes and standard deviations
(SD) of NG and MC were ~15.60 pum and 16.53 pum (Figure 5.2.1.1(c)) and 21.91 pm and 11.45
um (Figure 5.2.1.1(e) and (f)), respectively, which were determined using statistical SEM
image analysis (N = 350). The NG powders consisted of agglomerates (Figure 5.2.1.1(c)).
Conversely, as shown in Figure 5.2.1.1 (e) and (f), the majority of the alumina MC powder
consisted of discrete particles deagglomerated during milling with only a few agglomerates

remaining.
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Figure 5.2.1.1: SEM images of (a) as-received nano-alumina powders, (b) zoomed image of (a),
(c) nano-alumina granules containing binder (NG) with 8.5 wt% PEO, (d) as-received micron-
alumina powders, (e) micron-alumina powders coated with the binder (MC) with 7 wt% PEO.
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Figure 5.2.1.2: X-ray diffraction results of nano-alumina (a) and micron-alumina (b), before
and after sintering. Alumina peak locations were shown at the bottom of each plot.

Figure 5.2.1.2 (a) and (b) show the XRD analysis results for both nano and micron-
alumina before and after sintering at 1700 °C for 10 hrs. This indicates that both remained as
alpha-alumina powders, and the crystal structure was not changed during sintering except one
impurity peak at 44.7 deg for the micron-alumina powder which was removed after sintering.
Also, the XRD results (Figure 5.2.1.2 (a) and (b)) showed that there is no change of crystal
structure in the alumina sample after debinding/sintering compared to the as-received alumina
powder, which means that there is only alumina present (binder was completely removed) and

that the sintering process did not affect the crystal structure of the final alumina part.

74



5.2.2 Debinding Analysis

One of the most critical procedures in using 3DP is the debinding step to remove the
binder using heat. In the SJG and SJC methods, the following binders were used: 1. diethylene-
glycol in solvent ink, 2. PEO used for granulation or coating. The amount of diethylene-glycol
in solvent ink was very small (8.3vol%) and the jetted solvent from the ink cartridge consisted
mostly of water (83.4vol%), therefore, TGA was only conducted on PEO to find the optimal
debinding temperature. The TGA results of PEO are shown in Figure 5.2.2.1. The
decomposition starts at ~ 300 °C and continues until 410 °C, with rapid decomposition
occurring near 387 °C. According to this analysis, the debinding conditions were set to be 300
°C for 1hr to reduce the gas pressure during rapid decomposition at 387 °C. After this stage, the
heating rate from 300 °C to 600 °C was set at 5 °C/min. If the binder used did not evaporate as
easily, there were measures that could have been taken such as: slowing the heating rate down,
increasing holding time at a critical temperature or adding an extra debinding step. However,
for our geometry and printing method, the parts were sufficiently porous to let the binder

decompose and release the gases through the porosity.
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Figure 5.2.2.1: Mass loss profile of PEO binder

5.2.3 Relationship Between Printing Parameters and Density

The following parameters were determined: binder concentration, green density,
sintered density, and compressive strength. The parameters were finalized as those which result
in the highest sintered density of the sample. As mentioned before, there are 4 main parameters
that were adjusted to control the lab-made inkjet 3D printer used in this study. After finding the
best settings for the roller and shaker, the layer height and nozzle temperature (which relate to
ink and powder bed interaction) were varied to find the highest green density. All parameters
varied for each powder composition and preparation method as was expected. Optimized roller
and shaker settings were 70% and 50% for NG powders and 70% and 35% for MC powders.

Figure 5.2.3.1(a) shows the effect of the layer height on the relative bulk density of the
alumina cube before and after sintering at 1700 °C for 10 hours and 48 hours. The nozzle
temperature was set to 60 °C. The decrease of layer height from 200 pm to 100 pum, increased

the green density of the alumina cube which resulted in an increase of the relative sintered bulk
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density (Figure 5.2.3.1(a)). The increasing the holding time from 10hrs to 48hrs at the sintering
temperature of 1700 °C did not affect the final bulk density much, showing only ~ 0.6 %
increase of the relative density, indicating that the pore structure was stable under these
conditions. The average bulk density and compressive strength of the sintered cube, with a
layer height of 100 pm (NG2) and 150 pm (NG3), were 52.9 % /78.3 MPa and 44.9% / 67.2
MPa, respectively, as shown in Table 5.2.3.1. The powder bed made with the smaller layer
height could be saturated or oversaturated by the water-based ink, resulting in an increase of the
green density by connecting the granules made up of nano powder to each other. Conversely,
the granules made with the higher layer height were not well connected, resulting in a reduction

of green strength and density which affect the final bulk density and strength.
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Figure 5.2.3.1: Optimization of 3D printing parameters for nano-alumina granules containing

the binder (NG): (a) effect of layer height on relative bulk density of alumina cubes before and
after sintering at 1700 °C for 10 hrs and 48 hrs. (b) Effect of nozzle temperature.
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Table 5.2.3.1: Effect of printing parameters on sintered bulk density and compressive strength.

Sample Layer Nozzle Green bulk |Holding time | Sintered Compressive
Name height | temperature | density @1700°C bulk density | strength
um °C % hours % MPa
NG1 100 85+2 44.6 10 70.9 113.1
NG2 100 602 33.0 10 52.9 78.3
NG3 150 60+ 2 29.6 10 44.9 67.2
MC1 250 60+ 2 39.5 10 43.6 20.3
NG1Hold 100 85+2 45.2 48 71.1 26.0
NG2Hold 100 60+ 2 34.1 48 53.2 13.9
NG3Hold 150 60+ 2 29.0 48 45.5 4.7
Scaffold 100 85+2 - 10 50.8 30.2

Figure 5.2.3.1 (b) shows the effect of the nozzle temperature on the relative bulk density

of alumina cubes before and after sintering at 1700 °C for 10 hrs. With increased nozzle

temperature, the green bulk density of the 3D printed parts increased, which made the final

relative bulk density of the sintered parts increase. This phenomenon of high compaction in

green state leading to high sintered density is well known in literature [118]. The average bulk

density and compressive strength of the sintered cubes with nozzle temperatures of 60 °C

(NG2) and 85 °C (NG1) were 52.9 % /78.3 MPa and 70.9 % / 113.1 MPa, respectively, as

shown in Table 5.2.3.1. Since all other printing conditions were kept constant, the effect of the

nozzle temperature is clear. With higher nozzle temperature, more “ink” was spread on the

powder bed resulting in a decrease of porosity by removing intra agglomerate pores.
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5.2.4 Relationship Between Sintering Holding Time and Compressive Strength

Regardless of the printing conditions, the matrix structures composed of NG powder
resulted in higher densities than the MC powder under the same sintering conditions (1700 °C
for 10 hrs). Figure 5.2.4.1 shows the microstructure of the sintered alumina cubes made under
NG1, NG2 and NG3 conditions. Since nano powders offer high sinterability, the intra-
agglomerate pores between granules were mostly removed. This result indicates that inter-
agglomerated pores or open porosity are the main part of the bulk porosity of the cube. The
smaller pore size and nano-sized alumina particles inside of NG powder make the struts highly

dense. Also, a small average grain size of <10um was observed as shown in Figure 5.2.4.1.

Figure 5.2.4.1: SEM images of sintered alumina cubes made of nano-alumina granules
containing binder, from left to right: NG 1, NG2, and NG3 condition.

From Table 5.2.3.1, the effect of longer dwell (holding) time during sintering on the
mechanical strength of the samples is clear. Longer holding time leads to a decrease in
compressive strength. Prior to this observation, the holding time was increased in an effort to
increase the final sintered density, however, the additional hours in the furnace did not affect
the density significantly as seen in the results. The mechanical properties, however, were

greatly affected. To study this further, two sets of samples were compared; NG1 was compared
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to NG1Hold, NG2 to NG2Hold and NG3 to NG3Hold. The “Hold” indicates that the sample
was held at the maximum temperature (1700 °C) for 48 hours rather than 10 hours. A dramatic
drop in mechanical strength is observed between normal and long holding times. For example,
the compressive strength of NG2 and NG2Hold were 78.3MPa and 13.9 MPa, respectively.
Finally, the NG1 condition was chosen for scaffold fabrication due to high strength and
reasonable open porosity. The average apparent solid strut density of NG1 was ~96.9 %
measured following the Archimedes method, indicating an average closed porosity of 3.1 %.
Therefore, since the average bulk porosity is 29.1 %, the calculated open porosity is 26.1 % (=
29.1 % bulk porosity - 3.1 % closed porosity). Since a bone scaffold requires > 50 % open
porosity, designed pore channels with > ~30 % porosity were incorporated in the scaffold

design.

81



5.2.5 Microstructural Evolution from Printed to Sintered

Figure 5.2.5.1: SEM images (a), (b) green parts using nano-alumina granules (c), (d) debinded
parts using nano-alumina granules and €, (f) green parts using micron-alumina powders coated
with the binder MC. All images are for the cube geometry. The red arrows indicate the slight
bridges formed by the binder.

For the fabrication of load-bearing bone scaffold, the SIG method has many advantages
related to microstructure over the SJIC method. This is clear when analyzing each step of the
process from printing to sintering and the evolution of the microstructure of the 3D printed
parts. Sem was used to analyze components made from SJG and SJC. Particularly, the
comparison between the parts made using the NG1 and MCL1 conditions in Table 5.2.3.1 is
described here.

The 3D printed parts produced by the SJG method show large macropores and well-
connected granules with wide bridges (Figure 5.2.5.1(a)). The size of these bridges is important

because they become the inter-particle necks which affect the strength of the final parts. The
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alumina particles and PEO binder inside of granules were well-packed with a small pore size
less than that of the alumina particle size, as shown in Figure 5.2.5.1 (b). Figure 5.2.5.1(c) and
(d) shows the alumina particles inside a granule and bridge after sintering at 1200°C for 3hrs
for the 3D printed parts by the SJIG method. The alumina grain size inside the agglomerates
(Figure 5.2.5.1 (c)) increased slightly compared to that of the green part (Figure 5.2.5.1 (b)).

The 3D printed parts made from SJC showed a weak connection by coated binder
between the micron-sized alumina particles as indicated by Figure 5.2.5.1 (e) and (f). The red
arrows in Figure 5.2.5.1(f) indicate the PEO binder between the alumina particles in the printed
MC parts. The relative bulk green densities of the NG1 and MC1 samples were 44.6% and
39.53%, respectively. Since tapped density of the NG sample was 37.4 %, solvent jetting
during 3D printing increased the green density even higher than the tap density of NG Powders.
For the NG method, the water-based ink can be absorbed into the granules and reduce the size
and numbers of mostly inter-agglomerate pores. For the MC, the ink activates the binder that is
coating the particles and connects the micron-alumina particles to each other, however, given
the size of the particles, the binder does not fill in as it does for the NG powders, limiting

compaction density in the green printed state.
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Figure 5.2.5.2: SEM images of sintered cube-shaped parts using (a) nano-alumina granules
containing the binder NG1 and (b) — (d) micron-alumina powders coated with the binder MC.
The red arrows indicate the micropores.

The microstructures of the sintered cube-shaped alumina parts produced under NG1 and
MC1 conditions were measured using SEM after heating at 1700°C for 10hrs and 24hrs
respectively. During heating, the PEO was burned off and released to the air through the open
porous structure. However, the porous structure maintained sufficient strength to maintain its
structure. This could possibly be due to some mechanical interlocking of the irregular alumina
particles and some neck formation during printing [149]. The average sintered bulk densities of
alumina parts made from NG and MC were 70.9% and 43.6%, respectively. The average bulk

shrinkages of the sintered alumina parts made from NG and MC were 26.3 % and 4.1 %,
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respectively. The alumina parts made from NG showed large size intrinsic macropores (~>100
um) and large necks (~> 50 um) (Figure 5.2.5.2(a)). The apparent strut density of sintered parts
with NG was high (96.9 %), which indicates that the matrix was densified well even though
macropores were still present. As shown in Figure 5.2.5.2 (a), only a small portion of
micropores, which are indicated by the red arrows, were observed inside of the matrix. The
alumina parts made from MC showed smaller sized macropores (~ < 30 um) as shown in
(Figure 5.2.5.2 (b) and (c)). Also, since sintered parts from micron-sized powder showed only
small amounts of densification due to large particle size, the neck size was ~ <20 um (Figure
Figure 5.2.5.2(d)), which is much smaller than that of the NG parts (Figure 5.2.5.2(a)). The
average grain sizes of the parts made from NG and MC were 10.6pum (Figure 5.2.4.1(a)) and
23.5 um (Figure 5.2.5.2(c) and (d)), respectively. The combination of higher sintered bulk
density, wider neck, and smaller grain size causes the compressive strength (113.1 MPa) to be
higher for the alumina parts made by NG compared to the compressive strength (20.3 MPa) of

the ones made from MC.
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5.2.6 Biomimetic Scaffold Characterization

Figure 5.2.6.1: (a) CAD image of scaffold. 3D printed scaffold made by solvent jetting on
granulated feedstock containing binder (SJG) method (b) before sintering, (c) after sintering.
SEM image of sintered 3D printed scaffold made by the SJIG method, (d) outer surface, (e)
struts inside of scaffold structure and (f) interconnected porosity.

With the best intrinsic porosity condition (NG1 in Table 5.2.3.1), the bone scaffolds
were fabricated with the designed channels using the SJG method. Figure 5.2.6.1(a) shows the
CAD model of the cylindrical samples. The cylindrical CAD model has a diameter of 10 mm
and a height of 10 mm with the designed channel size of 1 mm x 1 mm. The volume of the
designed channel network in CAD is 38.6 % of the total cylinder volume. This CAD model was
scaled up by 120 % to account for the shrinkage that occurs during the 3D printing and
sintering. Figure 5.2.6.1(b) and (c) show the alumina scaffold green specimen after 3D printing
and final specimen after sintering respectively. The sintered bulk density, apparent porosity,

and apparent solid density of alumina scaffold were 50.7 %, 47.9 % and 97.3 % respectively.
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As shown in Figure 5.2.6.1(d), the designed channel showed the shorter edge length in the x-
direction (x: 550.4 um, y: 828.1 um and z: 891.5 pm) which will be discussed in the next
section. More importantly, the designed channels have sufficient size for cell penetration into
the scaffold. Figure 5.2.6.1(e) shows the inside microstructure of the broken scaffold after the
compressive strength test. The red boxes and blue arrows indicate the fractured surface of the
struts and the designed pore channel respectively. As shown in Figure 5.2.6.1(f), the size of the
interconnected intrinsic pores is similar to the previous optimization study (NG1 condition,
Figure 5.2.5.2(a)) and is large enough for cell migration and nutrient transfer (~> 100um). The
average neck and grain size is 63.5 um and 11.3 pm which is similar to the NG1 condition. Due
to the introduction of the designed channels, the average compressive strength of the alumina
scaffold (30.2MPa) was reduced compared to that of the cube-shaped sintered alumina
(113.1MPa).

In conclusion, bone scaffolds which contain macropores (>100 pm, formed by inter-
agglomerate pores during 3D printing) and designed pores/macro-channels (>550 pm, created
by CAD modeling) with sufficient mechanical strength and porosity were fabricated using a

time and cost-efficient inkjet printer and printing methods.

5.2.7 Sintering Model and Finite Element Simulation

The developed powder preparation technique increased the density of the printed
samples significantly. However, the lowest porosity achieved was 29% which is not near full
density. Although full density is not a requirement for bone scaffold prototypes, it is beneficial
to achieve higher densities to mimic compact bone. The powder preparation and printing

parameters were optimized; therefore, the sintering cycle is the only variable available to
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change. Instead of doing hundreds of experiments, the continuum theory of sintering (equation
2) can be used to analytically determine whether achieving full density is realistic. As
mentioned in section 4.2.2

It is beneficial to understand and predict the final density of the printed bone scaffolds
when attempting to mimic the properties of bone. This is because the porosity of bone differs
so greatly at different parts of the body and even within the same bone fragment. For example,
the compact bone part of the femur can reach a porosity level of less than 5%, whereas the
cancellous portion of the femur can reach a porosity level of 99% in the most porous areas.

As part of this work, a finite element model (FEM) simulation was developed to predict
the evolution of porosity and final density of the components after sintering. The continuum
theory of sintering was employed in the same way as in Chapter 3 and embedded in a FE code.
Similar simplifications were made as in the previous section for the free sintering (pressure-
less) conditions of the proposed method. Furthermore, the dilatometry data performed for the
previous analysis was used in this model to determine the sintering parameters necessary for
the properties of the material used. More importantly, this model can be used to predict a final

density utilizing the printed density as the initial density parameter.

5.3 Discussion

5.3.1 Effect of Powder Preparation and Printing Parameters

When the nozzle temperature was increased in the SJG method, there was an abrupt
increase of the sintered bulk density as shown in Figure 5.2.3.1(b) and Table 5.2.3.1. The
increased amount of ink released by raising nozzle temperature, in turn, increased the green

bulk density. When the NG1 and NG 2 results in Table 5.2.3.1were compared, raising the
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amount of ink increases the green density of alumina parts slightly (10 % shrinkage) but, the
sintered density of NG1 more rapidly increased (31.7 % shrinkage) compared to NG2 (7.6 %
shrinkage). This result was related to the geometrical arrangement of particles inside of the
powder bed.

The geometric arrangement of the particles before sintering affects many crucial factors
including: the green density, pore size distribution (PSD) and coordination number which
control the final density and properties of the sintered part. When the pore size is too large
(larger than half the particle size), they are not easy to remove though sintering. This means the
green part with broad PSD, due to agglomerates or poor green part preparation, will have low
sinterability since large pores tend to grow while small pores shrink, resulting in large
unremovable pores in the final sintered structure.

However, for the fabrication of a porous structure with intended macropores (~ > 100
um), the granules with wide size distribution were helpful in combination with the SJIG method.
In the current study, the granules with wide size distribution (<250 um, limited by sieve) made
of nano alumina particles (~ 200 nm) and PEO binder were used. Generally, wide particle size
distribution generates wide PSD, which will have low sinterability [118]. In this study, this low
sinterability problem was solved using the SJ method. The SJ method can control the
macroporosity by controlling 3D printing parameters such as layer height and spread ink
amount. During ink jetting in the SJ method, the size and amount of inter-agglomerate pores
were reduced as shown in Figure 5.1.3.1. The larger macropores (~ >100um) may see only
limited reduction using ink-jetting since they are too large to be removed by the ink directly.
On the contrary, the number of small micro and macropores (~ <100um) were reduced or

removed as the ink was applied. This could transform a wide PSD into more of a bimodal
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(macropore >100 um and micropore ~ 100 nm inside of granule) PSD structure. During
sintering, the inter-agglomerate pores produced by 3D printing grow while the intra-
agglomerate pores inside of the agglomerates shrink. Therefore, the sinterability of the green
part is increased compared to that with a wide PSD. Regarding the abrupt increase in sintered
density by increasing nozzle temperature from 60 °C to 85°C situation shown above, the size
and shape of some macropores were changed enough to become unstable which made them
ready to shrink. As a result, a large macropore (>100um) structure with high strut density was
obtained after sintering when a high nozzle temperature was used.

Most P-3DP methods use micron-sized powder to achieve high flowability during the
3D printing process. The high flowability ensures a high powder packing density (or green
density of printed sample), which usually generates high sintered bulk density parts. However,
to make an intrinsic porous structure with large macro-porosity, the SIG method has clear
advantages in terms of the controllability of macropores compared to other P-3DP methods. For
example, our results showed that the cube-shaped part made by micron-sized alumina particles
by the SJC method has low sintered bulk density (43.6 %), narrow neck size (~ < 20 um), small
macropore size (~ < 30 um), and low strength (20.3 MPa). Whereas the SJG method yielded a
cube-shaped part that has high sintered density (70.9 %), wide neck size (~ > 50 um), big
macropore size (~> 100 um) and high strength (113.1 MPa).

With micron-sized powders, the powder characteristics, such as, particle size and
particle size distribution could be controlled to obtain a macroporous structure (> 100 pm) in SJ
(this requires a lot of effort) but, achieving high strength is not easy with micron-sized particles
due to their low sinterability. Conversely, the SJG method has more freedom to vary the

macroporosity. After making a powder bed with wide PSD using granules, relatively simple
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control of the nozzle temperature and layer height can determine the pore structure as shown in
Figure 5.2.5.2 (a) and Table 5.2.3.1. Also, large necks can be formed by the SJG method,
which increases the compressive strength of a porous structure (Figure 5.2.5.1 (a) and Table
5.2.3.1). To the contrary, micron-sized powders, which have low sinterability compared to
nanopowders, have a smaller neck size since the evolution of the neck area is only dependent

on sintering conditions.

Water-based ink

Inter-agglomerate Intra-agglomerate
pores pores

Figure 5.3.1.1: Schematic of the densification mechanism by solvent jetting on granulated
feedstock containing binder (SJG).

There was densification (shrinkage) of 3D printed parts caused by water penetration
during water-based ink jetting (see Figure 5.3.1.1). Therefore, the dimension of the printed part
was smaller than that of the CAD model, which could be seen as a setback of this method.
However, this shrinkage is very repeatable and can be accounted for by scaling the CAD file
after a few trials of 3D printing. Contrary to other powder-based printing methods, the SIG
method can change the powder packing density since the feedstock adsorbs the water-based ink
and gains plasticity during the 3D printing stage as shown in Figure 5.3.1.1. The deformation of
the feedstock decreases the amount and size of macro and micropores between and within the

agglomerates, resulting in an increase of the green density of the printed parts. Also, the water-
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based ink absorbed by granules creates a bridge between the granules; the width of the bridge
depends on the amount of ink. On the other hand, general binder jetting via powder bed method
spreads polymer-based ink between micron-sized particles, and the binder penetrates the gaps
between the particles, bonding only itself, not reacting or affecting the powder bed particle
interaction.

The lab-made inkjet 3D printer spreads the ink moving in the X direction (fast printing
axis). The acceleration effect in the X direction seems to make the ink spread out in that
direction more than expected. The x and y dimensions of the printed green scaffold were 1.53
% and 3.64 % smaller than the corresponding dimensions of the CAD model, which indicates
that the cartridge spread the ink more in the x-direction than in the y-direction. The faster
printing in one of the directions also affected the channel size of the green sample of the
alumina scaffold. The original square shape of the designed channel in CAD was changed to
the rectangular shape with shrinkage of x: 30.52 % and y: 8.87 % after printing. Since the
nozzle spread the ink more than expected, it resulted in a shorter edge of the channel in the x-
direction.

The sintered bulk density of the optimized cube-shaped part was 70.9 %. When
including the designed pore channels which occupied 30.8 % of the component volume in the
CAD model, the sintered bulk density of the scaffold was expected to be 40.1 % (=70.9 % -
30.8 %). However, it was 50.8 %. This was mostly attributed to the anisotropic structure build-

up during the 3D printing stage explained above.
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5.3.2 Effect of sintering dwell time

It was observed that the mechanical properties of the sintered samples drastically
deteriorated with longer sintering holding times. After analyzing the microstructure in the
SEM, it can be seen that the grain size more than doubled for the samples held for 48 hours
compared to the samples held for 10 hours. An increase in grain size leads to a decrease in
mechanical properties. This is a well-known effect known as the Hall Petch effect [189]. The
Hall-Petch relation predicts that as the grain size decreases the yield strength increases. The
Hall-Petch relation was experimentally found to be an effective model for materials with grain
sizes ranging from 1 millimeter to 1 micrometer and therefore, is appropriate to conclude that

this difference in grain growth is responsible for the difference in compressive strength.

20pm 20um

Figure 5.3.2.1: SEM images showing grain size differences between samples held for (a)10
hours and (b)48 hours during sintering.

When considering the real-life application of this manufacturing method for bone
scaffolds, it is important to consider the overall time required to fabricate a sample. Shorter

time frames are preferred and therefore the shorter lengths of holding times are also beneficial
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from an implementation perspective not just from a strengthening perspective. Additionally, as
was discussed in section 4.2 and also shown in Figure 4.2.1.1, adding more dwell time does not
significantly increase the final density, therefore, this should not be considered as a technique
for increasing the sintered density.
5.3.3 Sintering Simulation

Using the continuum theory of sintering model described above was successfully
embedded into COMSOL finite element modelling software. A combination of dilatometry and
experimental results were used to calibrate the existing free sintering model to the materials
used in this study. This model was evaluated by confirming the final density of all samples
were accurately predicted. Table 5.3.3.1 lists the comparison between experimental and model

results for each cubic sample.

Table 5.3.3.1. Comparison between experimental data and FE sintering model

Sintered Relative Density
Sample i
Experimental | Model
NG1 70.9 71.0
NG2 52.9 54.0
NG3 44.9 46.0

This predictive tool allows us to plan the sintering cycle, to include the hold (dwell
time), via the simulation rather than the highly time intensive physical experiments. As
discussed, the slight difference in the scaffold actual density and what was expected is due to
the anisotropy of printing which is not considered in this model. This anisotropy can be taken
into account in the initial CAD model before printing since the distortion of the channels does

not happen during sintering.
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5.4 Chapter Summary

The cost and time-efficient fabrication of hierarchical porous structures for load-bearing
applications was investigated. The powder processing methods of the nano and micron-sized
alumina powders were described for the solvent jetting powder bed 3D printing method (P-
3DP). The higher nozzle temperature (more ink spread) and lower layer height in this 3D
printing process increased the green density, sintered density and compressive strength under
the considered experimental conditions. Also, the advantages of using nanopowder granules
over micron-sized particles for solvent jetting were thoroughly described and discussed.
Optimizing intrinsic porosity by controlling the 3D printing parameters, allowed the
hierarchical pore structure in a ceramic scaffold with cell path/interconnected macro channels
with an overall high compressive strength, can be fabricated easily by solvent jetting on
granulated feedstock containing binder (SJG) method.

The solvent jetting on granulated feedstock containing binder (SJG) method can control
the porosity via control of 3D printing parameters by deforming and connecting the granules,
which is quite unique compared to other 3D printing methods. The working principle studied
here can be applied to the fabrication of hierarchical porous structures using various materials
including hydroxyapatite, tricalcium phosphate and composites.

In addition, a theoretical model of sintering was developed for the printed material. This
tool gives model-based predictions on the sintering time needed to achieve a certain porosity.
The ability to choose the final porosity of a scaffold is an important advantage that could make
this method of producing scaffolds much more useful and superior to other scaffold making
techniques. The model was verified by comparing the predicted porosity based on the sintering

holding time with experimental achieved porosity. Furthermore, the model was embedded into
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a finite element software and used to predict the final density which is important for the
practical application of this technology.

The powder preparation technique developed here allowed for the printing of nano-
powders which aided in increasing the sinterability and compressive strength of printed
components, however, a high density was not attained. Only free sintering was used in this
chapter, the next chapter will be dedicated to the addition of pressure prior to sintering as a way

to increase the final sintered density.
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6 INDIRECT ADDITIVE MANUFACTURING OF BIOCERAMIC
PROTOTYPES VIA SUBTRACTIVE SINTERING

The previous chapter described our attempt to create a predictably porous scaffold that
could mimic the properties of a real bone. Although we achieved this to a certain extent, there
is still a gap for the production of near-full density components. The theoretical analysis
conducted predicted that free sintering was not sufficient for the consolidation of the printed
samples in a realistic amount of time. One way to increase density is by the application of
pressure. However, the application of pressure is traditionally limited to simple shapes. The
main benefit of additive manufacturing (AM) is the ability to produce complex geometries,
therefore, this advantage should not be compromised.

One technique that leverages AM’s ability to print complex geometries while still using
pressure is Indirect Additive Manufacturing (I-AM). This technique entails 3D printing a mold
and using that mold in conjunction with other (more traditional) manufacturing techniques to
create a final component that resembles the geometry of the mold. For example, Maniére et al.
successfully fabricated net shape parts with high density using this approach via spark plasma
sintering (SPS) and polymer printing [190]. Although the results were impressive, the ability to
use pressure in conjunction with free sintering needed to be investigated due to the low energy
required in free sintering when compared to SPS. Indirect Additive Manufacturing Casting is a
lengthy process that works in a similar way to traditional Investment Casting [191] where a
polymer scaffold, produced via FDM, is casted with a high temperature material (usually a high
temperature ceramic), the polymer is then burned out leaving only the ceramic cast. This cast is

then used as a sacrificial mold to obtain a sample composed of a second material, usually
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molten metal [192], [193]. This approach has some defect formation issues but in general is
successful producing metal parts. However, it cannot be used to make ceramic parts.

When 3D printing ceramics and metals, sintering is usually necessary after printing to
achieve higher densities in the printed part. Naturally, the possibility of using this post-
processing step to fabricate complex shapes has been explored. Selective Inhibition Sintering
(SI19), as the name suggests, is usually described as using sintering inhibitors to sinter only
certain parts of the sample. This concept has been used along with powder-based printing of
metals by depositing sintering inhibitors from the “ink” cartridge [194]. For ceramics, liquid
inhibitors delivered by inkjet printing are not effective due to the high sintering temperature of
ceramics [195]. This method can produce complex shaped parts but with low final sintered
density.

In this work, a novel Indirect AM process called Additive Manufactured Subtractive
Sintering (AM-SS) is created. This method uses Subtractive Sintering (SS) in conjunction with
the powder-based 3D printing technique Solvent Jetting (SJ) to print the sacrificial mold and
later destroy it during sintering. AM-SS alleviates the limitations faced by the additive
manufacturing techniques described above and issues faced when traditional methods are used

for producing high density, complex shaped parts from ceramics.

6.1 Materials and Methods

Solvent jetting was used to print the sacrificial mold, followed by Cold Isostatic
Pressing (CIP) and subtractive sintering to produce high density ceramic or metal complex

parts needing only free sintering. In AM-SS, instead of printing inhibitors, polymers or
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expensive molds, a sacrificial mold is printed using a unique material combination that swells
and breaks during sintering.

First, the sacrificial mold is printed using the custom printer (Ultimaker 2+ with
ColorPod modification [104]) described in Chapter 3 from a powder mixture comprised of
maltodextrin (MD) (Pure Organic brand), sugar (Wholesome brand, powdered) and alumina
powder (-100, +325 mesh, 99.2% pure, Materion, USA). This mixture was found to swell and
crack after reaching a specific temperature. Second, the inner face of the mold base is sprayed
with graphite spray (Blaster) to help with removal and then filled with the article powder (in
our case, Zirconia Z-pex Smile powder from Tosoh, Inc., Japan or Hydroxyapatite from
PlasmaBiotal). The mold cover is carefully placed as the mold base is slightly tapped to ensure
the powder is surrounding any features present in the mold cover. Third, using the standard
sample preparation for Cold Isostatic Pressing (CIP) (CP360, American Isostatic Press), the full
assembly is subject to 300-400 MPa pressure to increase the density of both the mold and the
article particle before sintering. Fourth, the CIPed sample is placed in a tube furnace (GSL
1700X, MTI) for sintering. As the sample sinters, the sacrificial mold swells and cracks while
the article powders sinter and shrink. Finally, the debris from the mold is removed with a brush
and the final sintered sample is attained. The overall process is illustrated in Figure 6.1.1

below.
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1. Print sacrificial mold 2. Fill base with article powder and
base and cover place cover
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3. Subject sample to cold 4. Sinter together to swell and 5. Remove sintered part
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Figure 6.1.1: Schematic of the process of fabricating fully sintered 3D printed parts via AMSS.

6.1.1 Powder Processing

The powder used for printing the sacrificial mold to be subtracted during sintering was
prepared by mixing alumina (-100, +325 mesh, Materion, USA) or zirconia (TZ-PX-392,
Tosoh, Inc., Japan), maltodextrin (Pure Organic brand) and sugar (Wholesome brand,
powdered) powders in a conventional dry mixer (Turbula, GreenMills) for 60 minutes.
Alumina and zirconia powders were chosen based on their high sintering temperatures and the
availability of the powder in large particle size. In the previous study of the printing
parameters, an interesting phenomenon was observed. All printed cubes were subject to
sintering yet, did not densify at all. In an effort to increase the density of the green specimens,
the green bodies were subject to CIP and then sintered. The cubic samples swelled up and
broke during the sintering. This “negative” effect was used in this process to our advantage.
The chosen mixture included 74 wt% alumina or zirconia, 13 wt% maltodextrin and 13 wt%

sugar. Example: in 100 g of powder mixture, 74 g were alumina or zirconia, 13 g were sugar
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and 13 g were maltodextrin. In this mixture, the sugar and maltodextrin serve as the binders for
printing. In the present work, 3 mol% yttria-stabilized nano-zirconia powder (Z-pex Smile,
Tosoh, Inc., Japan) and Hydroxyapatite (Captal R, Plasma Biotal, United Kingdom) were used
as the article powders, no further processing was necessary. In fact, this is one of the

advantages of this method, the ability to use the article powder in its pure form.

6.1.2 Experimental Procedure

The same custom-made printer described in chapter 3 was used for the printing of
sacrificial molds. For this investigation, the following three geometries were printed: cylinder,
dental crown, and simple gear. The cylinder was printed multiple times to understand the
deformation that happens during the isostatic pressing. The dental crown demonstrated the
ability to produce complex shapes and the gear showed that internal channels were possible to

some extent. Figure 6.1.2.1 shows the desired design and the sacrificial mold design for each

geometry.

Desired Geometry Mold Geometry

E— e —

Figure 6.1.2.1: Mold geometry based on the final desired component.
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After pressing, the sacrificial mold filled with compressed powder was subjected to
sintering. Sintering was conducted using a conventional tube furnace in the air (GSL-1700X-
KS-UL-60, MTI, Richmond, CA). The heating cycle used for Zpex smile was: 20 °C — 200 °C
with 5 °C/min, holding at 200 °C for 20 min, 200 °C to 300 °C with 10 °C/min, holding at 300
°C for 60 min, 300°C — 600°C with 5°C/min, and holding at 600 °C for 20 min, 600 °C -1400 °C
with 5 °C/min, 1400 °C to 1300 °C at a rate of 5 °C, holding for 10 hours and cooled down at a
rate of 5 °C/min. The sintering cycle described above was taken from the work of Maniere et al.
conducted on the Zpex Smile material system [190]. The heating cycle used for
Hydroxyapatite (HAP) was: 20 °C — 200 °C with 5 °C/min, holding at 200 °C for 20 min, 200
°C to 300 °C with 10 °C/min, holding at 300 °C for 60 min, 300°C — 600°C with 5°C/min, and
holding at 600 °C for 20 min, 600 °C -1200 °C with 5 °C/min, holding for 4 hours and cooled

down to room temperature at a rate of 5 °C/min.

6.1.3 Characterization

The bulk relative densities of the sintered samples were estimated using the
Archimedes’ immersion method following ASTM standard C373-18. The size of the powder
and of the sintered specimen’s grains were analyzed using a scanning electron microscopy
(SEM), (FEI Quanta 450, USA). Additionally, the printed parts were analyzed using SEM to
observe the particle interaction after printing, eventually leading to understanding the sintering
inhibition and swelling process.

To understand the deformation that happens during the developed AMSS process, the
dimensions and distortion of the final geometry were measured using a caliber and a

Coordinate Measurement Machine (CMM, Crysta-Plus M443, Mitutoyo Co.) when necessary.
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The general height and diameter of the cylindrical samples were measured with a caliber but
when there was more complex deformation, the CMM was used. Specifically, on the
cylindrical samples, the top and bottom was measured using a single point and the side walls

were measured using a circular pattern with fixed z coordinates.

6.2 Experimental Results

6.2.1 Powder characterization

SEM images of all powders are seen in Figure 6.2.1.1. The average particle size for the
alumina and zirconia sacrificial mold powders chosen is 110 um and 45 pum, respectively.
Micron sized powder was chosen for the sacrificial mixture because a larger particle size makes
sintering more difficult, especially in ceramics, which is desirable for the sacrificial mold.
Maltodextrin and sugar powders are also micron size with an average particle size of 40 and 90
pm, respectively.

The ZPex smile and Hydroxyapatite (HAP) SEM images are seen in Figure 6.2.1.1.
Zirconia powder has a particle size range from 10-100 um, rounded and is specially made for
dental applications. This powder was chosen to demonstrate the versatility of the developed
method given that ceramics, in general, are difficult to fully sinter using powder-based printing.
The HAP powder chosen has a smaller particle size (average of 3 um) which means it is more
sinterable than the mold. It is not very uniform or spherical in shape but was chosen because of
its sinterability. HAP is also the mineral that makes up bones, therefore, of great interest for

bone repair.
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Figure 6.2.1.1: Scanning electron microscopy images of initial raw powders (Top left: alumina,
Clockwise: sugar, hydroxyapatite, spherical zirconia, maltodextrin and irregular zirconia).

6.2.2 Sacrificial Molds

The sacrificial mold was solvent jetted using the sacrificial powder mixture made from
maltodextrin, sugar and alumina or zirconia. Using traditional methods, such as SIS, the size of
the part is limited because the whole powder bed is placed in the oven for sintering, thus, the
size of the powder bed is limited by the size of the furnace. This is particularly an issue with
high temperature materials given that most high temperature furnaces are smaller in size.

There are three aspects of the sacrificial mold that contribute to easy part removal:
sintering inhibition, swelling and densification behaviors of the mold and article powders. As
seen in Figure 6.2.2.1, the water-based ink that activates the binder creates a large neck
(indicated by the arrows) between the alumina particles. These necks push the alumina particles

far away from each other, sometimes by a relatively large distance. The coalescence of particles
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during sintering becomes difficult as the distance between particles increases and, in this way,
sintering is inhibited in the sacrificial mold.

The swelling phenomenon can be explained by analyzing the SEM images of the CIPed
green sample and taking normal outgassing of binders into account. Because both sugar and
maltodextrin are carbon-based polymers and the sintering conditions are in air, the binders will
react with oxygen to create carbon dioxide, a gas, that needs to be released After pressing, the
open space available for the binder to escape is reduced significantly, therefore, when the
binder is decomposing, it releases a significant amount of gas very quickly, pushes against the
sample itself and makes it swell. From the DSC (SDT Q600, TA Instruments) conducted for
both binders (Figure 6.2.2.2), it can be observed that both sugar and maltodextrin begin to
decompose at around 200 °C as shown by the %weight loss curve. Sugar and maltodextrin
produce the explosive swelling at around 480 °C and 580 °C, respectively, as shown by the
arrows. By 600 °C in the cycle, both binders reach 0% weight, and it can therefore be assumed

both binders are removed by the end of the cycle.
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Figure 6.2.2.1: Binder neck formation between alumina powder particles formed during solvent
jetting. Dashed lines encircle the alumina particles and the arrows point out the binder neck.
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Figure 6.2.2.2: DSC plots of binders; Maltodextrin (top) and Sugar (bottom) showing the
additional thermal expansion of each binder component with the arrow once decomposition is
completed.

To confirm the above assumption, dilatometry was performed on the pressed sacrificial
mold material. The dilatometry plot shown in Figure 6.2.2.3 shows an expansion at 100 degrees
Celsius. This is at a lower temperature than was identified in the DSC for sugar and
maltodextrin. This is attributed to the fact that the mold was pressed with 400 MPa pressure

with the moisture from the print still in the sacrificial material.
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Figure 6.2.2.3: Dilatometry for the sacrificial mold material after cold pressing.

Lastly, the general densification behavior during sintering of the article powders and the
sacrificial mold explains how their behavior aids in the removal of the target part. As the
sintering cycle progresses, the article powder density increases exponentially while the
sacrificial mold density decreases. Additionally, alumina has a higher sintering temperature
than zirconia giving the sacrificial mold no opportunity to densify even at the highest
temperature of the sintering cycle.

Attention must also be given to the fact that using the present method, the final part will
be made up of only the article powder without the need for a long debinding process.
Debinding is complex and time-consuming; sometimes taking a few days and multiple sintering
cycles. Also, after debinding, some binder elements may remain in the specimen’s volume and

generate gas pressure during sintering, which impedes the sintering process resulting in low
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relative density and an adverse effect on the mechanical properties of the final products. This is

avoided because the article powder is binder-free from the start.

6.2.3 Microstructural Analysis of Final Parts

To illustrate the ability to produce complex shaped components, a dental crown,
hourglass shape and gears were fabricated by AM-SS. The dental crown was studied in detail
given that it was a complex shape and made from the Zpex smile, a material used in industry.
The relative density of the manufactured dental crown is ~97% which cannot be obtained by
traditional solvent jetting approach. In powder metallurgy, a density in this range may not be
considered high density but for ceramicists using free sintering, this result is among the highest
reported.

The final density of ~97% was obtained using the Archimedes method and confirmed
with SEM imaging. Grain size was found to be small (< 40nm) as in Figure 6.2.3.1. Small grain
sizes are desired for improving mechanical and optical properties. The level of translucency
was tested by using a laser as demonstrated in Figure 6.2.3.2. This material is highly
translucent indicating the fabricated crown has a high density and a small average grain size
[196].

Using this approach, other geometries were produced to experiment with the geometry.
A pair of alumina gears with an internal channel were successfully fabricated. This
demonstrated the ability to have internal channels despite needing a swelling action to take
place. The gear has an internal diameter of 3mm and outside diameter of 15mm from one end
of the tooth to another. The hourglass also seen in Figure 6.2.3.3. demonstrated the ability to

design intentional curvature on the outer vertical walls of components.
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Figure 6.2.3.2: Final dental crown a) sacrificial mold b) top of sintered dental crown c¢) bottom
of sintered dental crown d) translucency test demonstrating small grain size.
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Figure 6.2.3.3: Alumina gears and zirconia hourglass.

6.2.4 Deformation and Shrinkage During Isostatic Pressing

Although there was no clear deformation when pressing complex geometries detailed
above, the cylindrical geometry experienced severe deformation. A simple 10mm by 10mm
diameter cylinder was used to analyze the deformation and shrinkage experienced by the mold
and powder during Cold Isostatic Pressing (CIP). A straight walled cylinder mold was printed
and seen in Figure 6.2.4.1(a) along with a same diameter lid (not pictured). There was an
expected deformation during the pressing of straight cylinders that can be seen in Figure
6.2.4.1(b). Because the component is not sintered after CIP, it is difficult to directly measure
the curve on the green pressed sample, however, the deformation on the final sintered sample
(Figure 6.2.4.1(c)) can be measured using the CMM. Deformation happens on the top of the

cylinder as well as the side of the walls.
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Figure 6.2.4.1: Cylindrical sample a) alumina sacrificial mold after printing, b) mold and article
powder after CIP and c) HAP part after sintering.

6.2.5 Cold Pressing and Sintering Model

The continuum theory of sintering can also be utilized to model the pressing process of
the AMSS technique. To use equation 2 for CIP, the effective stress 6(W) is replaced by the

yield stress o(y) of the porous material:
21 P 1 .
oij = ﬂ[go(sl-j + (1,[} - g(p) eSij] + Pé;;

Additionally, there is no sintering stress, therefore, the equation above can be simplified to:
DT, 1 .
oij = % [‘Pfij + (ll’ - 590) €6 (11)

This code was embedded into COMSOL Physics. The yield stress for the sacrificial
mold material and the article material was found either in literature or in SPS data from other
research studies in this work. Figure 6.2.5.1 shows the deformation of the cylindrical sample.

The concavity of the top and bottom can be seen as well as the waist forming along the side

wall of the cylinder.
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Figure 6.2.5.1: Initial geometry in 2D (left) and final waisted deformation (right) of the alumina
sacrificial mold and hydroxyapatite after cold isostatic pressing.

Four cylindrical scaffolds were made using the AMSS approach with an alumina
sacrificial mold and hydroxyapatite powder. Unfortunately, an exact measurement of the
concavity of the top and bottom was not possible as the sample would break apart when
attempting to remove the sacrificial mold after pressing.

Once the density and deformation from pressing were determined by the model above,
the final configuration of the article powder was taken as the input for the free sintering model.
The same free sintering model used in chapter 5 was used for the final step of this AMSS
process. As can be seen in Figure 6.2.5.2, the deformation seem in the simulation was very
close to the experimental result seen in Figure 6.2.4.1(c). In addition to predicting the final
deformation of AMSS samples, there is also the possibility to use this model to determine the
initial geometry for the printed mold. For example, Figure 6.2.5.3 demonstrates how by
designing the initial geometry of the sacrificial mold, one can arrive at the desired straight

walled cylinder after pressing and sintering.
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Figure 6.2.5.2: Sintered AMSS cylindrical sample demonstrating deformation that occurs after
cold isostatic pressing and sintering.
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Figure 6.2.5.3: Sintered AMSS Cylindrical sample demonstrating the ability to design initial
shape for a desired final geometry.

The coordinates of the top surface in the scaffold simulation seen in Figure 6.2.5.2 were

extracted using point probes in COMSOL. The point probes follow a point on the sample
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during the sintering simulation and are given in an exportable table format. The coordinates for
the top surface of the experimental scaffold seen in Figure 6.2.4.1(c) were attained using the
CMM. Both sets of data were exported to excel and plotted on the same graph to compare the
two results. In the vertical axis, the displacement on the Z direction is shown and the x-axis
correlates to the distance along the diameter of the sample. The plot seen in Figure 6.2.5.4
shows that the model and the experiments have a good agreement. There is a slight deviation in
the experimental data due to the surface roughness on the scaffold. Again, in the case of bone

scaffolds, a random surface roughness is desirable for bone cell adhesion.
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Figure 6.2.5.4: Comparison of distortion at the top of cylindrical sintered samples, experimental
versus model results.

6.3 Discussion

A traditional powder-based printing process produces 3D shape components with low

green density, which prevents the densification during the follow-up sintering. Furthermore, the
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article powders used in printing usually have binders inside their volume, therefore pressure-
assisted consolidation technologies like the cold isostatic pressing applied in this work cannot
be applied because the binder inside would generate shape distortion or cracks during the
sintering process. In the present work, the article material (Zirconia or HAP) are pure raw
powders without binders; hence the pressure can be applied without shape distortion or crack
generation. By pressing the sacrificial mold and the article powder at the same time, the green
density of the green part can be increased to a level higher than 50%, so that it is ready to be
fully consolidated during sintering and can achieve full density under the optimum temperature
settings.

In addition, the AM-SS approach enables the usage of nano-sized powders, which are
typically not utilized in powder-based printing due to their limited flowability. The use of nano-
sized powders is desired due to its initial small grain size and enhanced sinterability. Small
grain sizes are desirable because they are known to provide higher mechanical strengths and
some translucent optical properties. Furthermore, small particle sizes are more sinterable than
micron sized powders. Using nano-sized powders renders a lower sintering temperature and
small average grain sizes in the final complex parts, which is not traditionally achievable by
powder-based 3D printing.

There is one more advantage to AM-SS regarding the productivity. This method enables
the avoidance of the use of pressure-assisted sintering, which otherwise generally becomes a
roadblock to mass production. Using the 5 step AM-SS process described in the present work,
many parts with different or same complex shapes can be obtained in a straight-forward manner
with no need for curing, debinding or infiltration which are techniques generally used to

increase density of final parts produced via powder-based printing.
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Finally, there is the question of shape deformation. Although there is some deformation
during the CIP process, it can be remediated by taking the deformation into account in the
sacrificial mold. The predictive tool can ensure that the final geometry is the desired density
and shape which is important since the most valuable aspect of additive manufacturing is the

ability to create complex geometry.

6.4 Chapter Summary

High-density ceramic parts were fabricated using the novel technique of Additive
Manufacturing combined with Subtractive Sintering (AM-SS). Main advantage of this process
is that, unlike traditional methods such as investment casting or slip casting, the mold does not
require a difficult removal process. In AM-SS, the mold essentially removes itself during
sintering which reduces the processing steps from 10-12 (investment casting) to 5.
Furthermore, given that the article powder is placed in the mold in its raw form, the
possibilities of materials that can be fabricated using this method is more diverse than with any
other technique in literature.

A potential limitation exists with geometry due to the nature of the process. Because the
process depends on the swelling, internal channels and structures become difficult to produce,
yet not impossible. Initial experiments show that internal structures with a small diameter
relative to the size of the overall shape can be successfully produced as was proven by the
alumina gear fabricated in this work.

Overall, the present work demonstrated the potential of AM-SS in producing high
density complex shaped parts from any material with free sintering and without the need of a

long debinding process. Additionally, a predictive model developed in this work was able to
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accurately predict the shape deformation and shrinkage of the components. This tool can be
used prior to printing to design the initial size and shape of the sacrificial mold making this

AM-SS method applicable in most industries.
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7  FABRICATION OF POWDER COMPONENTS WITH INTERNAL
CHANNELS PRODUCED BY SOLVENT JETTING AND SPARK PLASMA
SINTERING
In the previous chapter, it was demonstrated that applying pressure to printed samples
was an effective way to increase the green density and sinterability of the components. By
applying pressure, ceramic parts with a density as high as 99% were produced. However, using
the AM-SS, the geometry is limited to one internal cavity that is smaller than the overall
component. In the case of producing an internal cooling channel for a heat exchanger or
osseointegrating channels for a bone scaffold for example, more complexity is necessary.
Spark Plasma Sintering (SPS) is a materials processing technology which involves the

simultaneous application of pressure and electrical field to consolidate powder materials [197]—
[199]. It is well known for its capability to rapidly densify even those materials (such as
carbides and other high temperature systems) which cannot be consolidated up to high density
by traditional sintering technologies. Due to the fast-heating rates that can be reached, it is able
to retain the grain size even in nanosized grain materials [200]-[203]. Despite the SPS
technology’s potential to produce components with high mechanical properties and tailored
microstructures, it is limited to the production of simple shape components, such as cylinders.
This limitation derives from the inhomogeneity that is usually introduced by the application of
pressure to components with complex shapes that have different thickness in the direction of
pressing [204]-[206]. In the uniaxial compaction the thinner areas densify earlier and prevent
the punches to completely densify the entire component [207]. Different approaches to
overcome this limitation have been utilized [204], [205], [208], [209]. These methods,

including the more recent ones proposed by Maniére et al. [210] have been focused on the net-
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shaping of the external geometry of the components. But in many applications the fabricated
components need to have internal features such as channels or holes.

In the biomedical industry, ceramics requiring internal cavities are being used mostly
for orthopedic applications such as bone tissue engineering, bone implants and scaffolds.
Methods for producing internal structures synthetic implants include salt leaching [31], freeze
drying [87], gel or chemical forming [211]. Current techniques have limitations in the ability to
include or tailor external and internal geometries. Internal architecture is important in
mimicking bone because these channels allow nutrient absorption and cell adhesion [104]. AM
becomes particularly attractive for orthopedics due to the ability to tailor the geometry of
scaffolds and implants to the patient specific injury; however, internal structures and channels
are difficult to produce with AM [212]. High density ceramic components with complex
external geometry can be designed and produced using printed molds and applying pressure
before free sintering as done in previous work (Chapter 4) [213]. Producing a high-density bio-
ceramic however adds a level of difficulty due to their high melting temperature yet low phase
transition temperature. To retain the biocompatibility of Hydroxyapatite (HAP) for example,
one must sinter at temperatures below 1300 °C [214].

Internal channels are also important for ceramic components involved in various energy
applications such as solar cells, wind rotors and heat transfer devices [215]. When considering
manufacturing of channels, the main concern is removing material from inside the designed
openings. Traditionally in energy applications, ceramic components with channels are made by
slip casting or injection molding in two pieces and then joined leading to potential early
failures, or through-hole channels can be machined out adding to the cost. Self-supported 3D

printing techniques such as binder jetting and stereolithography (SLA), are being considered
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for parts that require internal channels. Singh et al., chose binder jetting to successfully produce
a prototype of a one-piece ceramic heat exchanger [216], highlighting the advantage of AM by
producing a complex internal structure in one print. However, a high density was not achieved
despite the long debinding and sintering cycles used.

Microsystems, to include micro-electrical mechanical systems (MEMS) and micro-
fluidic devices have been investigated widely in recent years with the demand for smaller
components for electronics and testing [217]. Current silicone-based manufacturing methods
limit the 3D geometry of the microsystems and have become difficult to source [218]. To
address the manufacturing of ceramic microsystems with small internal channels, Do et al.,
propose using a 0.9 mm thick machined graphite shape, inserting it into alumina powder,
pressing them together and then removing the graphite by annealing in air. A micro burner was
successfully produced using this approach; however, the geometry of the internal structure is
limited to the cutting machine and by the thickness of the graphite sheet. In another study,
Nawrot et al., assessed the applicability of Stereolithography to microfluidic devices [219].
Although they were able to successfully create channels with an optimized sintering cycle that
limited deformation, using SLA required a long debinding time and not all channels were able
to fully penetrate the whole structure making this technique non-transferable into high output
production situations.

Overall, in traditional ceramic manufacturing, conventional (free) sintering is the most
common method for consolidating ceramics. In additive manufacturing, SLA has been the most
common 3D printing method being explored for ceramic components with internal channels
and cavities [33]. However, there are issues with both traditional and additive manufacturing

methods. The removal of the polymer, the inability to completely remove this polymer and long
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debinding times limit the applicability of advanced ceramics in industry. There is opportunity
to use advanced sintering methods as a tool to address the shortcomings mentioned above.

In this study, a novel method of producing complex ceramic and metallic parts with
designed internal channels is proposed. Using solvent jetting, a graphite structure can be
printed to serve as a mold or shaper for the article (target) powder that is to be sintered. The
article powder is then placed inside the mold in the raw form with no binder or preparation
necessary before placing in the Spark Plasma Sintering (SPS) machine. This method brings
many benefits in producing complex shape with internal channels. Along with geometric
customization of the 3D printed mold, a major advantage of this method particularly for
ceramics is the removal of the need for a long debinding process, usually necessary with other
3D printing methods, by using the SPS. Furthermore, because the graphite does not sinter, it is
very easily removed from the internal channels and cavities via sand blasting and any
remaining graphite can be decomposed in air via annealing. Additionally, sintering time is
drastically reduced using the SPS which leads to high density and small grain growth. High
density ceramic and metallic complex parts with internal channels were successfully produced

with close to theoretical densities.

7.1 Materials and Method

7.1.1 Powder Preparation

The printing powder for the graphite sacrificial mold was prepared in advance by
mixing graphite powder (Atlantic Equipment Engineers, 325 mesh) with sugar and
maltodextrin in a conventional dry mixer (Turbula®, WAB-Group, Switzerland) for 60

minutes. The main component of the powder is graphite and makes up 75 wt% of the mixture;
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powdered sugar (Wholesome) and maltodextrin (Pure Organic) were used as binders and
equally make up 25 wt% of the mixture (12.5% sugar and 12.5% maltodextrin). Alumina
powder (Materion, Al203 99.2% pure, 325 mesh, Phoenix, AZ, USA) was used as an electrical
insulator to protect the ceramic article powder. Hydroxyapatite (HAP, CAPTAL 30, Plasma
Biotal Limited, United Kingdom) and Stainless Steel (SS316L, OzoMetal, USA) were chosen
as article powders for the study. Although stainless steel is not a bioceramic, it is often used for
bio implants. The ability to use this method to produce metallic components was to be
addressed, therefore, stainless steel was chosen as the experimental metallic powder. The

particle morphology and particle size of each powder are shown in Figure 7.1.1.1.

Figure 7.1.1.1 SEM image of raw powders: a) Alumina, b) Sugar, c) Stainless Steel 316L, d)
Maltodextrin, e) Graphite, f) Hydroxyapatite

7.1.2 Experimental Procedure

A general overview of the experimental procedure is shown in Figure 7.1.2.1. First, the

graphite mold was printed in the custom-made solvent jetting printer described in chapter 3
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using the mixed graphite-sugar-maltodextrin powder. Prior to sintering, the mold was subject to
partial debinding, in vacuum for one hour at 850 °C. Then, the mold was filled with an article
powder, samples were set up appropriately and subjected to Spark Plasma Sintering. All the
experiments were carried out using an SPS device (SPSS DR.SINTER Fuji Electronics model
515, Japan). After sintering, the graphite mold is easily scrapped off due to its higher sintering
temperature compared to the article powders. The part is initially cleaned by using compressed
air, tweezers (for internal channels) and surface polishing if necessary. The sample set-up and
cleaning process for metallic and ceramic powders differed slightly and will be described

separately below.

1. Print graphite mold 2. Fill mold and set-up in die 3.SPS 4. Extract Final Dense Part

Graphite Die

Alumina powder
» 3D printed
Graphite Mold

Article Powder —

Figure 7.1.2.1: General experimental procedure for graphite sacrificial mold via SPS approach.

Hydroxyapatite (HAP) was chosen as a proof of concept for using this method with
ceramic materials due to its biocompatibility and potential use in biomedical applications. HAP
is a delicate material that must remain under 1300 °C to avoid a phase transformation which
diminishes its biocompatibility, therefore, extra precaution was taken using the SPS device by
electrically insulating it with Alumina powder. A 35mm diameter graphite die was used for the
tooling to surround the HAP powder and mold with alumina powder. For other materials, the
alumina powder might be not necessary. The HAP samples were sintered at 1200 °C with a

dwell time of 60 minutes. A pressure of 25 MPa was applied gradually once the sample reached
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maximum temperature. The SPS was allowed to cool before starting the cleaning process. The
part is then placed in a furnace (without vacuum) up to 900 °C and held for 60 minutes to allow
the remaining graphite to decompose. If there is any residual powder or a different surface
roughness is desired, various sand blasting media are available to finish the part. Glass beads
(80-100 grit, Interactivia) were used to finish the ceramic sample and to accentuate the surface

features for bone implant applications.
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Figure 7.1.2.2: Process parameters used for the SPS process of the 4-channels HAP component.

Stainless Steel 316L (SS316L) was chosen to show the applicability of this method to
metallic materials due to its versatility and ubiquitous use in industry. In this case the graphite
sacrificial part was designed in order to create an internal channel in the sintered specimen. For
this aim a loop made by graphite was produced following the procedure described above, and
after inserting it in the SPS die the remaining space was filled with the stainless-steel powder.

The powder assembly was then sintered at 950 °C for 20 minutes applying 50 MPa pressure
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once the sintering temperature was reached Figure 7.1.2.3. Once the component was extracted

from the die, the graphite powder was removed to reveal the channel inside the specimen.
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Figure 7.1.2.3: Process parameters used for the SPS process of the stainless-steel component.

7.1.3 Characterization

Density measurements of all components in the sintering cycle (Alumina powder,
graphite mold, HAP powder, Stainless Steel powder) were necessary as input parameters for
the finite element model. The theoretical density of the printing powder and mold was
determined using a helium gas pycnometer (Ultrapyc 5000, Anton Paar, Austria). Relative
densities of printed molds and tap densities of the powders were then determined via the
geometrical measurement method. The bulk densities of the sintered parts were estimated using
the Archimedes’ immersion method following ASTM standard C373-18.

Scanning Electron Microscopy (FEI Quanta 450, FEI, Hillsboro, OR, USA) was used
on polished and etched surfaces to analyze the microstructure of the material; grain size and

porosity were assessed. The ceramic sample was thermally etched at 950 °C for 30 minutes and
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the metallic surface was chemically etched. An additional step was required for the ceramic
parts to confirm the phase composition of the HAP sample. X-Ray Diffraction (Bruker D-8

diffractometer, MA, USA) was used utilizing CuKa radiation at room temperature.

7.1.4 SPS Modeling

Spark Plasma Sintering is a process where three main physical phenomena are involved
and interconnected: densification, thermal distribution and electrical behavior of the specimens.
Powder densification can be modeled based on studies presented in literature [123], [207],
[220]-[223]. SPS involves Joule heating [224]-[239], densification and field phenomena [123],
[197], [207], [222], [223], [240], [241]. To simulate the thermal and electrical current
distribution and the densification during SPS, Finite Element Method (FEM) is largely used
[204], [205], [208], [242], [243]. The behavior of the powder assembly during the SPS process
is predicted using a model based on the continuum theory of sintering, which has been
embedded in a FEM (finite element model) software and validated through the comparison
with the experimental results.

The sintering behavior of the powder assembly is influenced by the contribution of the
different powders that compose it. Therefore, the components’ geometry at the end of the
sintering cannot be predicted using the mass conservation law. The sintering model embedded
in the FEM software COMSOL Multiphysics® (COMSOL Inc., Los Angeles, CA) allows the
prediction of the densification and displacement that occur during sintering resulting in a useful

tool for the design of the initial geometry of the components.
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The description of mechanic of the powder compact is conducted using the constitutive
relationship of the continuum theory of sintering proposed by Olevsky [123], equation 2. The

equivalent stress for the SPS of a powder material is based on a power-law creep:
o(W) = AW™ (12)

with m is the strain rate sensitivity exponent, and A (Pa s™) is the power-law creep coefficient.

A= ﬁTmexp (1:—7?) (13)

where A (K Pa’¥™ s1) s the power creep factor, T (K) is the absolute temperature, R (J mol! K-
1) is the gas constant, Q (J mol™) is the power law creep activation energy.

Since the considered process conditions are not sufficient to sinter the graphite powder
that compose the sacrificial part, for the graphite the equivalent stress is based on the conditions

of cold compaction:
o(W) =oa, (14)

where g, (Pa) is the yield strength.
Considering a porous material, the equivalent strain rate, normalize shear and bulk

viscosity, and sintering stress are defined as functions of porosity -

_ [errrye?
W= |70 (15)

o =(1-0y (16)
p =202 (an
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P, =25 (1-6)? (18)

where o is the surface energy (J m?), ro is the particles radius (um) and y is the shape change

rate (s*) defined as:

y = \/ 2(€2, + €%, + €2,) +§(e‘§ +E2+62) — § (&xé) + &xé, + £)8,) (19)

To determine the sintering parameters (strain rate sensitivity and power law creep
coefficient), the sintering materials (HAP, alumina, stainless steel) were sintered separately.
Using the method described in Maniere at al. work [190] that linearizes the constitutive

equation for the SPS:

1in o] — In(T) = —In(Ao) + = (20)

" \(wee) T ae T

one can identify the Ao and Q parameters through the regression of the experimental data for a
fixed m value.
The graphite mold was considered to be subjected to cold compaction, and in this case

the effective equivalent stress is described as:
o(W) =g, (21)

Where g, [MPa] is the yield strength and the creep parameter m ~ 0. To determine the
value of o, the graphite powder was subjected to the multi-step pressure dilatometry [244],

[245].
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7.2 Results

The discussion on the experimental outcomes is provided first as a demonstration of the
applicability of the proposed method for both metallic and ceramic materials. The accuracy of
the electro-thermal-mechanical simulation used to predict the material behavior of the materials

during sintering is discussed later.

7.2.1 Experimental

Initial experiments were conducted with a simple one channel geometry (Figure
7.2.1.1). The successful production of a one channel component was difficult. In fact, over 40
experiments were conducted prior to achieving an acceptable result. Some of the parameters
that were changed in order to make it work were binder concentration in the sacrificial mold,
sintering heating rate, sintering holding time and pressure applied during SPS. The binder
concentration was lowered prior to SPS by debinding for longer times in the oven, this helped
reduce the cracks significantly. The heating rate was decreased to avoid cracking. When the
heating rate is too fast, the diffusion process may not be able to keep up with the rate of
temperature increase, resulting in incomplete bonding and poor material properties. This can
further increase the likelihood of cracking and other defects in the final product. The holding
time at the top temperature was increased to promote more densification which also improved
the final component. The amount of pressure applied did not affect the final part, however, it
was observed that applying the pressure after arriving at the top temperature yielded better
results. This is most likely due to the binder completely decomposing halfway through the

cycle.
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Green

Figure 7.2.1.1: Initial experimental results with one channel. The printed graphite scaffold with
HAP powder inside (left) and the final sample after SPS (right).

Once the proper sintering cycle and parameters were confirmed using a one channel
geometry, the geometry was made more complex by adding three more internal channels. A
high-density 10 mm in diameter ceramic cylinder with 4 channels was successfully produced
using a 3D printed graphite mold and Spark Plasma Sintering (Figure 7.1.2.1). The graphite
removal process described above was easy and sufficient in removing the residual graphite. As
predicted, the alumina powder and graphite mold did not sinter, leading to easy detachment.
The relative density for HAP achieved was 96% and the final grain average grain size was 30
um as seen in Figure 7.2.1.3. The microstructure in the middle of the sample is similar to the
microstructure at the edge of the HAP sample. Initial powder particle size was ~30 micron,
suggesting no noticeable grain growth occurring during the sintering cycle. This was an
exciting find given that normally there is a heterogenous grain size in the center of the sample
and the edge for components fabricated via SPS (See Figure 7.2.1.3). The final HAP sample

was analyzed via X-Ray Diffraction (XRD) to confirm HAP was the only phase present as seen
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in Figure 7.2.1.4. This result is important in confirming the biocompatibility of HAP for
biomedical applications. No carbon diffusion from the graphite mold is present in the HAP part

due to the partial debinding step taken prior to sintering and the size of the component.

Figure 7.2.1.2: Final HAP cylindrical sample with four channels showing SEM of the
heterogenous microstructure, a) center and b) edge.
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Figure 7.2.1.3: Final HAP cylindrical sample with no channels showing SEM of the
homogeneous microstructure a) center and b) edge.

133



= —— Hydroxyapatite
L 4
=) € HAP phase
3
*
=
&
2 = 5
‘n S o
c Sl ~ 8
2 e IS & Led
= oIS 2 S @
* > ¢ O
| L | ) | : 1 " 1 " | L |

10 20 30 40 50 60 70 80 90
20 (Degree)

Figure 7.2.1.4: XRD showing pure HAP phase in final sintered part.

Although the outer geometry shown the HAP sample is a disk, changing the outer
geometry is possible via the printed graphite mold. As can be seen in Figure 7.1.2.1, the
graphite mold was designed to have straight walls, however, these walls can be designed to be
any geometry. The geometry of the sacrificial mold dictates not only the internal architecture
but the external architecture of the samples as well to attain a variety of final geometries.

To prove the ability to create a complex shape, a human tooth was printed. Using the
same approach of a graphite sacrificial mold followed by SPS, the HAP sample in Figure
7.2.1.5 was fabricated. Due to the small size and the use of graphite, carbon diffusion into the
sample was observed in the initial attempt to produce this tooth geometry (see Figure
7.2.1.5(b)). After sintering, the sample is covered with graphite as can be seen in part a of the

figure below. Most of the graphite is removed with a brush but the final cleaning is done via
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temperature annealing as described in the methods section. For the initial attempt, the same
sintering cycle as the 4-channel component was used. However, carbon diffusion occurred. To

mitigate the carbon diffusion on the second attempt, the holding time at the highest temperature

was limited to 10 minutes rather than 30 minutes.

Figure 7.2.1.5: Tooth geometry produced by SPS of graphite sacrificial mold a) post SPS, b) 30
min hold sample (after annealing) and ¢) 10-minute hold (after annealing).

A fully dense stainless-steel cylinder (15 mm diameter and 10mm height) with an
internal curved channel was also manufactured successfully using the proposed method. The
design of the channel was chosen to represent a possible loop in a component that requires a
cooling system; therefore, a curved cylindrical element with a support to easily insert and keep
it centered in the die was printed. Once the printed element was inserted into the die, it was
surrounded by stainless steel powder and then the cylindrical specimen with the presence of the
curved graphite element was sintered. The stainless steel (SS) part and the cross-section is
shown in Figure 7.2.1.6 after cleaning. The surface roughness on the internal channel is due to
the resolution of the printed graphite part. In future work, this can be improved by optimizing

the graphite powder and printing. A post-processing step for the polishing of the stainless-steel
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inner channel may be required depending on the application, not necessary for bone

replacement.

Cooling Channel

- \

Figure 7.2.1.6: Stainless-Steel 316L specimen a) graphite loop b) top and bottom internal
channel measurements after SPS c) full cross-section view.

100 pm

100 um

Figure 7.2.1.7: Micrographs of the Stainless-steel 316L components in the different areas.
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Figure 7.2.1.7 presents the microstructure of the component after polishing in different
areas of the sample. These images show how the density is homogeneous in the different areas
of the component. Although the outer geometries shown for both the HAP and stainless-steel
samples are discs, changing the outer geometry is possible via the printed graphite mold. As
can be seen in Figure 7.2.1.5 of the tooth geometry, the graphite mold walls can be designed to
be any geometry. The geometry of the sacrificial mold dictates not only the internal
architecture but the external architecture of the samples as well to attain a variety of final

geometries.

7.2.2 SPS Simulation

The densification curves for each material were obtained to determine the densification
reached during cold compaction (graphite) and sintering (alumina, HAP and stainless steel) and
are shown in Figure 7.2.2.1. Using the procedures described in section 6.1, the sintering and

cold compaction parameters for the different materials were determined (Table 7.2.2.1)
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Figure 7.2.2.1: Densification curve for HAP, alumina and stainless-steel 316L powders and
densification rate for graphite powder.

Table 7.2.2.1: Sintering and cold compaction parameters.

Material A [Pas] Q [kJ/K mol] m oy [MPa]
Alumina 0.0011 172 1 --
HAP 5.45-10% 114 1 -
Stainless-Steel 316L 1.06-10* 65.3 1 --
Graphite -- -- ~0 60
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The model’s results for the HAP 4-channel component are presented in Figure 7.2.2.2.
It is possible to observe the different densification levels reached by the three materials that
compose the initial assembly (graphite, alumina and HAP). The external ring made from
alumina reached a final relative density of around 70%, meanwhile the graphite mold was
compacted up to 80-85%; therefore, these sacrificial parts were easily removed from the final

component which reached full density.
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Figure 7.2.2.2: FEM model results of the 4 channel HAP component.
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Table 7.2.2.2: Comparison between experimental and model HAP specimen’s dimension.

Height [mm] | Diameter [mm] | Channel diameter [mm]

Experimental 4.54 15.00 2.30
Model 4.74 14.98 2.63
A 0.20 0.02 0.33

The comparison of the sintered component and model dimensions are reported in Table
7.2.2.2. The comparison between the dimensions of the different geometrical features measured
in the real and in the “virtual” component show good agreement with only small differences
that can be derived from experimental uncertainty. Some of this uncertainty can be derived
from the dimensional precision of the printed mold which was affected by the resolution of the
solvent jetting process.

In addition to predicting the deformation of the final part using this method, this model
and simulation can be used to predict the initial part geometry necessary to achieve the desired
final part .As can be observed in Figure 7.2.2.2, there is wasting effect in the walls of the 4-
channel component. This was not a desired geometrical result, in fact, a straight wall was
preferred for the outside geometry. To determine what the initial geometry should be in order to
achieve the straight walls, the model was used to run virtual experiments. Figure 7.2.2.3 shows
how when starting with a straight inner wall, the final sample will experience some waisting
after the SPS cycle as was also observed in experiments (left side). More importantly, the right
side of the figure shows how when starting with a slightly curved inner wall, a final straight
wall can be achieved. It is difficult to photograph the initial curve printed on the sacrificial
mold because it is so small. The initial arc (barreled away from the central axis) was only

displaced 0.3 mm from the initial straight wall coordinate.
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Figure 7.2.2.3: Utilization of model to predict initial curve necssary for the inner wall of printed
mold to achieve a straight inner wall after SPS.

Similarly, the model was run for the stainless-steel component with the internal loop
channel feature. The model results are showed in Figure 7.2.2.4. Also, for this case, it is
possible to appreciate the ability of the model to predict the varying levels of densification of

the different materials used in this process.
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Figure 7.2.2.4: FEM model results of the stainless-steel 316L component.

For the stainless-steel part, the model predicted a final relative density of 98% which
was in agreement with the experimental results. Moreover, in Table 7.2.2.3, the comparison
between the experimental and the model results for the stainless-steel component are reported.
For both the HAP and the stainless-steel components, the model was capable of predicting the
final dimension of the internal channel. A similar study as was illustrated in Figure 7.2.2.3 can
be performed for the stainless-steel components to achieve a desired geometry for the channel.
For example, if the desired geometry includes a fully circular channel, then the initial inner

channel geometry would be slightly elliptical in the z direction.
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Table 7.2.2.3: Comparison between experimental and model SS316L specimen’s dimensions.

Bottom Diameter (Dy) Loop Diameter (D) Channel height (Cy)
[mm] [mm] [mm]
Experimental 2.56 0.8 5.18
Model 2.64 1.17 4.45
A 0.08 0.37 0.73

7.3 Discussion

The proposed approach opens the potential of producing near net shape ceramic and
metallic parts in a streamlined process which takes advantage of the ability to design and
produce custom complex shapes using the SJ printing method in conjunction with the ability to
use SPS to consolidate materials efficiently. The method to SPS a 3D printed graphite mold
was validated by producing both a 4-channel HAP ceramic disc and a U-shaped channel
stainless steel metallic part. A finite element model was created to simulate the densification
behavior of the sample in the graphite mold during sintering. The density and shape of the final
sintered samples were accurately predicted by the simulation and can be used in the design of
the mold for various materials and components.

This work demonstrates the significant potential that advanced Spark Plasma Sintering
methods have in creating complex shapes with a custom internal architecture. Traditionally,
SPS was limited by the die geometry where one tooling set was dedicated to the production of
one sample shape. Theoretically, any internal and external shape can be printed using the
presented method; however, additional experiments need to be conducted to assess the realistic

geometric limits. The U-shaped metallic part illustrates the freedom of having features
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perpendicular to the direction of the load - a common concern in pressure assisted sintering.
Furthermore, the 4-channel ceramic part produced in this work addresses the multiple feature
ability of this method by having more than one channel. This process can be extended to most
materials given that the powder of interest does not need to go through any preparation prior to
sintering. Using the developed modeling code, a proper sintering cycle can be determined for
each material and geometry, dramatically improving the productivity of the SPS technology.
Additionally, using the developed model, the initial geometry necessary for the printing
of the sacrificial mold can be determined. This is particularly important to avoid time
consuming experimental runs. From an industrial perspective, this is highly important in

actually implementing this technique in industrial applications.

7.4 Chapter Summary

A novel method of producing complex ceramic and metallic parts with designed
internal channels was developed. The method utilizes a combination of the additive
manufacturing technique of solvent jetting and spark plasma sintering (SPS.) The developed
manufacturing approach brings benefits in producing complex shape with internal channels.
Along with geometric customization of the 3D printed mold, a major advantage of this method
is the removal of the need for a long debinding process, usually necessary with other 3D
printing methods, by using the SPS. Furthermore, because the graphite does not sinter, it is
easily removed from the internal channels and cavities via sand blasting. Any remaining
graphite can be decomposed in air via annealing. Additionally, sintering time is drastically
reduced using SPS which leads to high density with limited grain growth. High density ceramic
and metallic complex parts with internal channels were successfully produced with close to

theoretical densities. The conducted studies include the development of a model that can
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predict the evolution and/or distortions of the complex-shaped powder assembly during the
sintering process. The model is based on the continuum theory of sintering formulations

embedded in a finite element code.
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8 CUSTOMER DISCOVERY AND MARKET FIT RESEARCH ON 3D
PRINTED LOAD BEARING CERAMIC SCAFFOLDS

During my third and fourth year of this doctoral program, 1 applied and received the
U.S. National Science Foundation’s Innovation Corps (I-Corps™) grant to conduct customer
and market discovery research. The I-Corps curriculum is a comprehensive, hands-on
entrepreneurial education course that helps turn idea into impact. The NSF-funded projects that
are prepared to transition toward commercialization will reap faster economic and societal
advantages thanks to the intense training provided by this program for scientists and engineers.
This was a new experience for me (Entrepreneurial Lead), Elisa Torresani (Technical Lead)
and Eugene Olevsky (Principal Investigator) of having a PhD student prepare a proposal,
submit a proposal and be granted an NSF I-Corps grant.

The major goal of this project was to evaluate the marketability and ease of integration
of a technology developed at San Diego State’s Powder Technology Lab (PTL). The
technology is a method of producing ceramic samples via 3D printing to be used as bone grafts
and implants which are custom made for the injury site and patient characteristics. This method
is described in detail in Chapter 5. The mechanical and physical properties achieved in the bone
scaffolds produced had not been previously achieved or presented in industry. The team
believes this is a technology that could be integrated into the current standard of care in
operating rooms across the country and eventually the world. However, even if the technology
is there, it does not mean it can be easily implemented in the field which is why | applied to this

grant.
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8.1 Research Methodology

Over 200 customer discovery interviews were conducted by the team along with
successful completion of all didactic portions of the program at Kick-off and Lessons learned
events. The program was divided into two parts: 1-Corps Summer Sprint and 1-Corps National
Program. The sprint program took place at San Diego State University and was focused on the
introduction to a Business Model Canvas (BMC). An example of our BMC is shown in Figure
8.1.1. The national program was designed to fully confirm whether the research idea was
needed, wanted and fitting to the current state of our target industry. Basically, completing and
understanding this BMC for our potential start-up through the interviews and lessons was the

ultimate goal for this NSF project.
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Figure 8.1.1: Business Model Canvas (BMC) used for NSF I-Corps grant.
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The specific objectives for the NSF 1-Corps sprint summer program (4 weeks):

1. Attend 40 hours of lectures with the teaching team.

2. Provide a written report of progress weekly.

3.

4.

and customer discovery interviews were done in person and over the phone. The team was
connected with a mentor for this program, our industry mentor was Dominic Tong, M.D. who
had experience in the medical industry both as a physician and as an investor. Dr. Tong was
integral in attaining enough interviews during the short 4-week period. The team also was

required to attend several entrepreneurship events around the San Diego County where we built

Conduct 30 interviews with industry experts.

Identify your target customer.

Determine at least 3 value propositions for that customer.

Create a Lessons Learned video and presentation to conclude the program.

This part of the program was done solely in person in San Diego, California. Lessons

the network for more interview opportunities.

Specific objectives for the national NSF 1-Corps program (18 months):

1)
2)
3)
4)
5)

6)

Complete all lectures with the teaching team.

Conduct at least 100 customer discovery interviews.

Determine if there is demand for the technology in current market.
Determine if the technology is financially viable in current market.
Determine if there is product market fit.

Submit final report to NSF.
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The kickoff event, didactic lectures and lessons learned event for this portion of the
program was virtual due to the COVID-19 pandemic. All initial 100 interviews were also
virtual, mostly through Zoom and over the phone. However, some of the interviews were done
in person. Additionally, a no-cost extension was submitted for this project. The budget of
$50,000 was not spent within the time period, again, due to the pandemic. The most common
expenditures are commonly travel, food, hotel and conference fee expenses and given that
everyone was on lock down, the team refrained from all those activities. The budget was

successfully spent the following year.

8.2 Results

Due to the extension, the number of customer discovery interviews was higher than the
requirement. At the end of the program, the team conducted a total of 231 interviews with
industry experts. People interviewed included: orthopedic surgeons, FDA consultants, hospital
managers, nurses, insurance companies, CEOs, medical device sales representatives and
patients. The initial customer list grew from orthopedic surgeon to over 8 different stake
holders to include medical device sales representatives, which we had no idea was such an
integral part of the bone repair and implant workflow.

The team learned a lot about how to conduct a market research study. The fundamentals
were learned on how to identify key stakeholders, important value propositions and critical
questions to lead us into a definite conclusion on our technology’s potential. More than 200
customer discovery interviews allowed us to gauge the current status of the market and how our

product fits into it. Through the knowledge gained in the didactic portion of the program and
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the insight we gained from all interviewees, the team determined there is a high demand and
need for this technology in the market.

The current gold standard is autologous or allographic bone which is limited in size,
shape, and availability. This was confirmed by most surgeons the team spoke to and the bone
scaffold companies that have heard of the demand for better solutions from their customers.
Additionally, there is potential for implementation in “niche” surgery types. For example,
pediatric surgery. One pediatric surgeon from Rady’s Children’s Hospital stated that at times,
he must cut the standard implants in the operating room to fit his small patients.

Although there are many metallic implants being used in surgery today, there are no
ceramic components being printed and used. When asked, most stakeholders mentioned
ceramic materials would be ideal however, manufacturing of ceramics has been too difficult
and so there has been no success. Importantly, this confirmation allowed me to narrow down
my research on what matters to people performing these operations every day. Surgeons
mentioned several reasons why metallic implants need to be improved to include:

e Corrosion and Wear: Metallic implants are susceptible to corrosion and wear over time,
which can lead to implant failure and the release of metal ions into the surrounding
tissues. This can cause inflammation, tissue damage, and other complications.

e Allergic Reactions: Some patients may develop allergic reactions to the metal in the
implants, which can cause pain, swelling, and other symptoms. This is more common in
patients with metal allergies or a history of metal sensitivity.

¢ Infection: Metallic implants can also be prone to infection, which can lead to implant
failure and the need for revision surgery. The risk of infection is higher in patients with

compromised immune systems or other risk factors.

150



e Stress Shielding: Metallic implants can cause stress shielding, which is the transfer of
stress away from the bone to the implant. This can lead to bone loss and weakening of
the bone around the implant.

e Limited Lifespan: Metallic implants have a limited lifespan and may need to be
replaced over time. Revision surgery can be more complicated and riskier than the

initial surgery and can also be expensive.

It was also evident that orthopedic surgeons are constantly working to develop new
materials and techniques to address these issues and improve the outcomes for patients with
joint replacements and other orthopedic implants. The team determined that the technology is
financially viable by using Centers for Medicare & Medicaid Services (CMS) Reimbursement
codes to our advantage. Insurance plays a bigger role in the medical industry than was expected
but it can be used as a positive tool. Furthermore, the implementation of our technology would
not require significant infrastructure changes or workflow disruption. This is important for the
hospital managers who are usually concerned with increasing the cost of running the hospital
and operating room. Through the interviews with Purchasing Managers of hospitals, the team
was able to conclude that our technology would be added as an available option for implants.
Therefore, our product would simply need a spot on the shelf that is already existing.

When speaking to our “competitors” in the industry, the team discovered the existence
of an NTAP classification for customizable implants which gives the technology an edge
because the reimbursement is much higher than products being used today. Hospitals usually
favor higher-paid reimbursement codes because they get paid per surgery, regardless of the

implant that is used. Therefore, if the implant gives more money to the hospital, the hospital
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receives more money at the end. Based on the details provided above, the team proved there is

product market fit.

8.3 Discussion

It is important to include the work conducted under this grant given that it guided my
research work in a way a theoretical approach could not. I have read countless articles and
books on bioceramics, 3D printing of ceramics, sintering and sintering models, however, in
literature, one cannot know and understand how the technologies being developed will help the
end patient without talking to those patients. Furthermore, it is often the case where a
technology is developed, the science is phenomenal, but it does not fit in the market and
renders useless. A great example given during one of the lessons was that of the Segway. The
two-wheeled, self-balancing battery electric vehicle invented by Dean Kamen. It was launched
in 2001 and was thought to become the next big thing in transportation, completely
revolutionizing the way we move around. Yet it failed to gain significant market acceptance
and is now something of a curiosity. The product is very clever and the engineering work that
went into it to make it work is impressive. However, they were making a product instead of a
solution. They did not speak to their future customers and did not listen to the market. Many
researchers fall into this trap of developing groundbreaking research that cannot be transformed
into a solution.

One major finding happened during a conference in Boston. While walking around the
exhibition hall, the EL met people from a company called Carlsmed. This company has a very
similar technology and disclosed that they were able to get a CMS code called NTAP which

completely changed our strategy. NTAP stands for "New Technology Add-on Payment,” which
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is a program implemented by the Centers for Medicare and Medicaid Services (CMS) in the
United States. The program provides additional reimbursement to hospitals for the use of
certain new medical technologies that are deemed to be clinically effective and have
demonstrated substantial clinical improvement over existing treatments. Under the NTAP
program, CMS assigns a unique HCPCS (Healthcare Common Procedure Coding System) code
to each qualifying new technology. This code is used by hospitals to report the use of the
technology on their claims for reimbursement. The additional payment amount for a given
NTAP-eligible technology is calculated based on the estimated costs associated with the
technology and the number of Medicare beneficiaries who receive the technology. The
additional payment is made in addition to the standard Medicare payment for the associated
procedure. The NTAP program is intended to encourage the adoption of new, clinically
effective technologies by hospitals, and to ensure that Medicare beneficiaries have access to
these technologies. It is important to note that not all new technologies are eligible for NTAP,
and that eligibility criteria can vary from year to year. Introduced in 2001, the CMS NTAP
program was created by Congress to help close this gap and support timely access to innovative
therapies for the Medicare population. This additional payment makes a technology like ours
very marketable to hospitals and surgeons.

Additionally, the team now has the knowledge to use the same method that was learned
during the program for all future customer discovery. Over 250 network connections were
made, and all have agreed to another interview if the team needs more information or
clarification. We did not just figure out the plan for this technology, we have the tools to
evaluate all future technologies that are developed in our laboratory in a professional and

efficient manner.
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9 OVERALL CONCLUSIONS

9.1 Achieved Goals

The research conducted resulted in various methods combining additive manufacturing
and sintering techniques to produce porous scaffolds with complex shapes and load bearing
capabilities. We demonstrated that it is possible to use powder-based 3D printing techniques to
fabricate near net shape components with properties resembling those of natural bone. We were
able to fabricate a high-strength yet porous ceramic component using solvent jetting and free
sintering by granulating the printing powder, enabling the use of nano-sized powder particles.
We developed a technique where we use solvent jetting indirectly to produce a sacrificial mold
that self-destructs during sintering. We designed a way to produce complex shaped components
with internal architecture via solvent jetting and spark plasma sintering which is usually not
possible due to the application of pressure. And finally, predictive tools and models were
developed to fully utilize the advantages of additive manufacturing and design our initial
geometries based on the desired final properties and shapes.

Prior to our work, the 3D printing of nano-sized powder using binder or solvent jetting
was impossible. It can be seen in literature that the recommended size for printing using
powder-based methods, the ideal particle size is in the range of 40-120 micron. This is due to
the flowability required for printing. However, this usually results in low densities, especially
in ceramics. By using our innovative granulated powder approach, we were able to print nano-
powders resulting in a more sinterable component.

The use of binder in printed components is often seen as an impediment to the
successful fabrication of fully dense parts. We decided to use this flaw to our advantage when

developing the Additive Manufacturing via Subtractive Sintering method. Due to the presence
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of binder, and the application of pressure, this mold essentially removes itself from the final
sintered part during sintering. This significantly reduces the processing time because it removes
the awfully time-consuming debinding step. Furthermore, since the AMSS method uses free
sintering versus other more advanced sintering techniques, it opens new opportunities for mass
production.

Applying pressure is a great tactic used in technologies like SPS and hot pressing to
decrease porosity in components and, therefore, help in sintering. However, because of this
application of load, components produced using pressure are traditionally limited to simple
shapes with no internal cavities. In this work, we developed a method where an object with
internal channels and can be fabricated. Because we are printing the sacrificial mold, any shape
can be printed for the outside of the mold when the axial deformation due to the pressure is
taken into account in the design of that mold. Additionally, a predictive model was developed
using the continuum theory of sintering to plan for the deformation that occurs during the

pressing and sintering process.

9.2 Engineering & Science Novelty of the Obtained Research Results

(i) The powder preparation method developed enabled the use of nano-sized particles via
powder-based printing methods. Using smaller powder sizes increases sinterability and
results in smaller grain sizes which in turn leads to a higher mechanical strength.

(if) The Additive Manufacturing via Subtractive Sintering method developed in this work
resulted fully dense ceramic components with complex shapes. This had never been

possible with the printing of powders using powder-based methods. Additionally, using
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the binder to our advantage in the self-destruction of the mold, eliminated the need for
long debinding times.

(iii) For the first time, a complex shaped component with curved or multiple internal
channels was fabricated using Spark Plasma Sintering (SPS). This is especially
impressive given that pressure assisted sintering is traditionally limited to simple
cylindrical shapes.

a. Additionally, it was found that using SPS increases the biocompatibility of the
HAP component when compared to parts produced via hot pressing, this is
particularly important for orthopedic applications.

(iv) Remarkably, product market fit was found for the technology developed in chapter 4.
Using an NSF grant, customer discovery confirmed that the technologies being
developed were in demand in industry.

a. Orthopedic surgeons are looking for innovative solutions using bioceramics.
b. Hospitals would be able to add our technology to their implant selection.
c. Surgeons and biomedical engineers agree that custom made load-bearing

implants would be beneficial for patient recovery.

9.3 Summary of Research Progress

A flowchart that lists the work completed in relation to the identified study goals and

tasks in Figure 2.3.1 is given in Figure 9.3.1. Although the initial flow chart did not include an

FEM model for all three techniques developed, the final chart indicates the completion of the

predictive model for all. Additionally, the initial tasks and objectives did not include the NSF I-
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Corps program that resulted in being a confirmation of the need for the research conducted in

this work.
Experimentally optimized green bodies Utilized sintering process for the property
printed via powder-based methods improvement of printed bioceramic parts
l ]
I 7 | l
Developed powder Found sacrificial mold Development of one pressure-less and
preparation method for powder composition for two pressure-assisted methods for the
direct AM of load indirect AM of load indirect AM of complex-shaped and high-
bearing parts bearing parts density components
Confirmation of product | AM of net shape ceramic components
market fit of printed 1 1
load bearing scaffolds Determination of sintering cycles |

v

Microstructural characterization of
printed and sintered components
v
Determination sintering constitutive
parameters via dilatometry

v

Predictive FEM and sintering models
of developed SAAM processes

¥
Fabrication and Modeling of Net Shape Bioceramics produced
by Sintering Assisted Additive Manufacturing (SAAM)

Figure 9.3.1: Summary of conducted work.

In the future, more research needs to be done on the cell viability and host integration
for scaffolds fabricated using the developed SAAM methods. The biological response of the
produced scaffolds was outside of the scope of this work. However, only biocompatible
materials were used and produced with properties proven to enhance osseointegration,
vascularization and healing modalities. Further research needs to also be done on the

geometrical limits of each method. For the nano-powder printing (chapter 4) for example,
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geometries with over hangs or bigger dimensions were not printed and might pose problems.
For the AMSS process (chapter 5), the limitation on internal channels possible with this
technique is not fully understood. And lastly, the sacrificial mold method used in conjunction
with Spark Plasma Sintering (SPS) needs to be expanded to include multiple parts and or more
complex outer geometries with multiple channels.

Overall, the advancements made in the science of 3D printing bioceramics during this
doctoral research were significant. The proper implementation of this fundamental research on
industrial technologies has the potential to revolutionize the orthopedic implant industry. The
demand from surgeons and patients for innovative solutions exists. And most importantly, if
the use of bioceramics (particularly the mineral that makes up your bones- hydroxyapatite)
becomes the gold standard of care for bone repair, the industry will be moving towards using

materials that naturally were intended to be used for skeletal repair and reconstruction.
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