Additive Manufacturing of Porous
Titanium Structures for Use in
Orthopaedic Implants

by

Ahmad Basalah

A thesis
presented to the University of Waterloo
in fulfilment of the
thesis requirement for the degree of
Doctor of Philosophy
in
Mechanical Engineering

Waterloo, Ontario, Canada, 2015
©Ahmad Basalah 2015



Author Declaration

This thesis consists of material all of which I authored or co-authored: see Statement
of Contributions included in the thesis. This is a true copy of the thesis, including

any required final revisions, as accepted by my examiners.

1i



Statement of Contributions

This thesis includes seven chapters. Each chapter starting from chapter 2 up to 6
represents a publication I authored or co-authored as follow:

- The first chapter is the introduction including the motivation and objectives of the
thesis.

-The second chapter is the first one-third of a book chapter:

Vlasea M., Basalah A., Azhari A., Kandel R. Toyserkani E. Additive manufacturing
for bone load bearing applications. Edited by: Lijie Grace Zhang, John Fisher KL,
3D Bioprinting and Nanotechnology in Tissue Engineering and Regenerative
Medicine. 1st Edition, Elsevier Inc.; 2015.

-The third chapter consists of a journal article published in the Journal of Biomedical
Materials Research Part B Applied Biomaterials:

Basalah A, Shanjani Y, Esmaeili S, Toyserkani E. Characterizations of additive
manufactured porous titanium implants. J Biomed Mater Res B Appl Biomater
2012;100:1970-9.

-The fourth chapter includes a manuscript will be submitted soon:

Basalah A, Esmaeili S, Toyserkani E. On the influence of sintering protocols and
layer thickness on the physical and mechanical properties of additive manufactured
titanium porous structures.

-The fifth chapter consists of a manuscript submitted to “International Journal of
Advanced Manufacturing Technology” without the biological study section in June
7,2015:

Basalah A, Esmaeili S, Toyserkani E. Mechanical Properties of Additive
Manufactured Porous Titanium Bio-Structures with Oriented Macro-Scale Channels.
- The sixth chapter consists of a manuscript submitted to the Journal of Biomedical
Physics & Engineering Express in June 18, 2015:

Basalah A, Esmaeili S, Toyserkani E. A Novel Additive Manufacturing-based
Technique for Developing Bio-structures with Conformal and Encapsulated
Channels.

-Finally, chapter seven includes the conclusions and future work.

iii



Abstract

This dissertation explores additive manufacturing of porous titanium structures for
possible use as scaffolds in orthopaedics. Such scaffolds should be tailored in terms
of mechanical properties and porosity to satisfy specific physical and biological
needs. In this thesis, powder metallurgy was combined with additive manufacturing

to successfully fabricate porous Ti structures.

This study describes physical, chemical, and mechanical characterizations of porous
titanium implants made by the proposed powder bed inkjet-based additive
manufacturing process to gain insight into the correlation of process parameters and
final physical and mechanical properties of the porous structure. A number of
processing parameters were investigated to control the mechanical properties and
porosity of the structure. In addition, a model was developed based on the
microstructural powder compaction to predict the porosity as a function of the
developed sinter neck among the particles during the sintering process. The
produced samples were characterized through several methods including porosity
measurement, compression test, Scanning Electron Microscopy (SEM), Energy-

dispersive X-ray spectroscopy (EDX), and shrinkage measurements.

Additionally, a new method for manufacturing Ti implants includes encapsulated
networks of macro-sized channels was introduced. Also, the influence of different
orientations and numbers of channels within the additive-manufactured structures

were investigated.

The characterization test results showed a level of porosity in the samples in the
range of 12-43%, which is within the range of cancellous and cortical bone porosity.
The compression test results showed that the porous structure’s compressive strength
is in the range of 56-1000 MPa, yield strength is in the range of 27-383 MPa, and
Young’s modulus is in the range of 0.77-11.46 GPa. This technique of
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manufacturing porous Ti structures demonstrated a low level of shrinkage with the
shrinkage percentage ranging from 1.5-12%. Also, the experimental results
demonstrated excellent agreement with the developed model. Moreover, the novel
method of fabricating the encapsulated channel show a reduction in the shear
strength to 24-30% that is advantageous for bone implants. The results demonstrate
that the channel orientation in the structure affect the shrinkage rate in the parts with
vertically orientated channels, in which a relatively isotropic shrinkage in vertical

and horizontal directions is achieved after sintering.
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Chapter 1 Introduction

1.1 Motivation

Life is all about change; lifestyle changes can significantly impact our habits, which, in
turn, can negatively or positively affect our health. Obesity can be the result of a lifestyle
change. In addition, the improvement in the quality of life that resulted from the
development in the health care system led to aging of the entire population. This aging of
population and an increase in the rate of obesity are the main causes of the increase in

degenerative arthritis (osteoarthritis)l’z.

Over 10% of Canadians over 15 years of age suffer from osteoarthritis . The severity of
this joint disease varies between mild, moderate and severe, where severe osteoarthritis

requires total joint replacement surgery '.

According to the Annual Report of the Canadian Joint Replacement Registry of 2014,
osteoarthritis accounted for 76.5% of hip replacement surgeries and 97.1% of knee
replacement surgeries’. In 2012-2013, hip replacements increased by 16.5% and knee

replacements increased by 21.5% as compared to the previous five years4.

The success of joint replacement surgery relies on an implant lasting longer than when
the patient returns for revision surgery. The revision surgery is more sophisticated than

the first implantation surgery’.

According to 2012-2013 data, the rate of Canadian citizens who required a revision after

conducting joint replacement surgery were 26.3% for hip and 22.5% for knee surgeries.



The most common reason for the revision surgery is an aseptic loosening or a failure in
the bonding between the host bone and the implant®. Joint replacement surgery costs the

Canadian healthcare system $963 million annually *.

Osteoarthritis is one of the most common joint diseases. It can lead to a total joint
replacement with a proper bone implant. However, the needs for bone implants are not
limited to joint disease. There are many other reasons require bone implant to restore the
functionality of a lost or defected part of bone such as trauma, accidents and war
causalities. Consequently, the demand for bone implants is increasing. As such,
designing and manufacturing proper bone implants is important. This bone implant
should satisty the needs of the users in terms of physical and mechanical properties that

mimic real bone properties in order to avoid a loosening of the implant.

In order to alleviate the stress shielding effects which typically lead to loosening of the
implant, the implant should be comparable to bone in terms of its mechanical and
physical properties. Thus, two main crucial factors that ensure successful bone implant
are porosity and stiffness. Proper amount of porosity ensures effective bone integration,
and comparable stiffness to bone avoids the surrounding bone resorption. Also, the
porous structure should include/mimic conformal channels which deliver the blood and

minerals to the cells in the real bone structure.

Several conventional techniques have been used to produce porous Ti structures.
Unfortunately, no single technique satisfies the objective of creating a porous structure
with controllable porosity and mechanical properties. The best solution to overcome the
above-mentioned issue and fabricate a customized implant is to use the additive
manufacturing (AM) technique. AM technique is considered a promising alternative for

precise fabrication of internal and external features of scaffold architecture.

Costly AM techniques, particularly laser or electron beam-based techniques, have been
used in the fabrication of bone scaffold on a small scale. In addition to the high cost of

these techniques, the difficulty in removing residual material is considered the primary



limitation which prevents these techniques from being applied on a large scale. However,
the powder bed inkjet-based technique is an economical choice to 3D print a Ti porous
structure. In comparison to its counterparts (>US $600,000), the powder bed inkjet-based
technique costs (US $40,000)°. Also, there is almost 50% savings in the operating
cost as represented in the consumable material or Ti powder, because the inkjet-
based printing technique does not require a specific powder and the commercially
pure Ti works very well. Thus, this economical factor makes this technique
superior for the fabrication of a highly complex Ti structure. This manufacturing
technique is an appropriate option to be used throughout the world, such as in
developing countries where the costly additive manufacturing technique is not
available. Also, this technique is a green technology which does not require any
intrusion of laser during processing. At present there is a shortage of information in the
literature about using the powder bed inkjet-based technique in the fabrication of titanium
bone implants. To address this gap in the literature, the following objectives will be

achieved.

1.2 Objective

The aim of this thesis is to utilize the powder based ink-jet printer in fabricating a Ti
porous bone implant for load bearing purpose. The feasibility of using this approach to
fabricate bone implant is assessed by conducting the following characterization

techniques on the produced samples:

-Mechanical properties of the fabricated scaffold are characterized by using various

methodologies such as compression test and shear test.

-Physical properties such as the porosity of the structure are characterized by using

Archimedes principle. In addition, the dimensional variation of the structure is assessed.



-For microstructural examination, the Scanning Electron Microscope (SEM) is used to
visually assess the microstructure. The Energy Dispersive X-ray spectroscopy (EDX) is

used to characterize the chemical composition of the structure.

Based on the result of the characterization, a development on the produced structure is

implemented by considering the following aspects.

Material Processing: The influence of several parameters are investigated including
sintering temperature, sintering duration, binder content, powder shape, powder

distribution, and powder size.

Structure: The architecture is assessed and the influence of the macro channels in the
structure with different orientations on the physical and mechanical properties is

investigated.

Manufacturing: Manufacturing parameters such as the layer thickness of printing and the
optimum layer thickness for a certain powder size are investigated and a new approach of

additive manufacturing is introduced.

1.3 Outline of thesis

This thesis consists of seven chapters. The first chapter presents the introduction and
describes the motivation for and objective of the thesis. Chapters two through six
illustrate the studies that have been conducted. The connections between these studies are
shown in Figure 1-1. The second chapter provides an overview of the literature and
background in which bone implant materials, manufacturing techniques, and bone and
implant characteristics are reviewed. In the third and fourth chapters, different material
and manufacturing processing parameters are investigated in an attempt to meet the
physical and mechanical properties of bone. The fifth chapter focuses on the creation of
macro channels in order to enhance the osseointegration process and address the
influence of these channels on the physical and mechanical properties of bone implant.
The sixth chapter introduces a novel technique of manufacturing macro channels. Finally,
chapter seven offers the conclusions of this thesis and suggests opportunities for future

work.
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Figure 1-1 This flow chart defines the problem, identifies the causes of the problem, and lists the studies that have been conducted in this thesis to
alleviate this problem.



Chapter 2 Additive Manufacturing for
Bone Load Bearing Applications

2.1 Need for bone substitutes

The incentive behind fabricating constructs with a direct application in bone and joint
reconstruction surgeries lies in understanding the demand for such devices. Bone and
cartilage conditions, such as arthritis, osteoporosis, traumatic musculoskeletal injuries,
spinal injuries, and spinal deformities ’, although mostly nonlife-threatening, can become
very incapacitating, diminishing the quality of life of the affected individuals by causing
ongoing pain, discomfort, inflammation, and restrictions in range of motion

Furthermore, these conditions represent a major financial burden on the healthcare
sector’®. The current conventional treatment for advanced joint and bone trauma is to
fully or partially replace the affected area with tissue grafts’ or with artificial prosthetics'®
to restore near-normal functions. Current state-of-the-art prosthetic implants fail to meet
structural and functional requirements that would render them as permanent remediation
solutions'’. As a result, thousands of patients undergo painful and costly subsequent
surgeries for implant replacements or readjustments. Cell-based or tissue graft solutions
have been proven to ameliorate the quality of life of patients, but are limited in terms of
size and anatomical shape of defect that can be addressed, as well as the availability of

healthy donor tissue and morbidity of the donor site’'"'?

. There is a pressing need for
more successful bone and osteochondral reconstruction approaches that take into account
biochemical, morphological, and anatomical factors. One such approach focuses on
manufacturing biocompatible and/or bioresorbable bone substitutes with complex internal

and external architecture and appropriate biochemical cues that can enhance or replace



the defect area, gradually mature, and seamlessly integrate with the native tissue . The
bone substitute would serve as a biocompatible template that would encourage cell
migration, proliferation, and differentiation, ideally acting as a temporary bioresorbable
porous support until the bone matrix is regenerated ' A vast amount of work has been
done in materials research and manufacturing methodologies in this field, specifically in
constructing bone substitutes for load bearing applications; however, there is still a gap in
understanding the ideal relationship between the scaffold morphology (pore size, shape,

. .. . . . . . . . 14.15
and interconnectivity), transient biochemical interactions, and mechanical properties .

2.2 Compositional, Structural and mechanical properties of bone
2.2.1 Compositional Properties of Bone and Requirements for Bone Substitutes

Bone is a dynamic and complex organ, encompassing a variety of tissues such as
mineralized osseous tissue, cartilage, endosteum, periosteum, marrow, nerves, and blood
vessels'®. The main role of the bone network is in providing the necessary mechanical
support, movement, and protection, with other roles ranging from blood production, to
storage of mineral materials, pH regulation, and housing multi progenitor cells'®!”. Due
to the complex nature of the bone as biological system, in the context of fabricating bone
substitute implants, the focus is generally on understanding the biochemical and
structural makeup of the bone extracellular matrix (ECM), as well as the interaction of
the ECM with cells and the environment in which they reside'’. The bone ECM is in
essence a composite material comprised of carbonated apatite (~69% of the ECM),
mainly hydroxyapatite (CalO(PO4)6(OH)2) crystals, entrapped in an organic matrix
(~22% of the ECM) of mostly type I collagen, and water (~9 % of the ECM)'"'®. Lipids,

' From a

proteins, and osteogenic factors also reside in the ECM organic matrix
compositional point of view, the bone substitute matrix should be at least biocompatible
with the ECM, cellular, and chemical environment, osteoconductive to encourage fast
bone ingrowth from surrounding healthy tissue'’, as well as nontoxic, nonmutagenic,
noncarcinogenic, and nonteratogenic °. Ideally, the material should be osteoinductive to

promote formation of new bone at the site '**'.



2.2.2 Structural Properties of Bone and Requirements for Bone Substitutes

Structurally, the bone ECM is comprised of two main zones with very different
morphological properties. Trabecular bone, also known as cancellous bone, is a highly
porous bone matrix, with interconnected porosities between 50-90% and visible
macropores in the range of 500-1000 mm *°. Trabecular bone has a complex and
organized porous architecture, with trabeculae following the direction of mechanical
stress'® as a direct result of adaptations to mechanical loading, as postulated by Wolff’s

' and the mechanostat theory 3 Trabecular bone encloses bone marrow and is

law
enclosed by cortical bone. Cortical bone ECM has a compact solid-like structure, with
enclosed vascular Haversian canals, having a low porosity between 3—12%, and pores
<500 mm?. Cortical bone has a solid structure with a series of voids, for example
Haversian canals, with a 3—12% porosity (typical apparent density values for proximal
tibial trabecular bone 0.30 + 0.10 g/cm?). The bone ECM is constantly remodeled by the
cells that reside in it, where osteoblasts are responsible for producing and mineralizing
new bone matrix, osteocytes work on maintaining the matrix, and osteoclasts are
responsible for resorbing the matrix *%. From a structural standpoint, in designing a bone
substitute, it is necessary to consider a gradient in porosity and mechanical properties,
from a dense external configuration matching the characteristics of cortical bone to the
highly porous region with interconnected porosity matching the characteristics of
cancellous bone **. This means that an ideal bone substitute must have a heterogeneous
porous structure, with varying physical and mechanical characteristics. In addition, the
implant must also be designed to have an anatomically accurate three-dimensional shape
in order to maintain a natural contact load distribution post implantation '

Table 2-1 Range of Mechanical Properties for Human Cancellous and Cortical Bone '**'.

Tensile Strength Compressive Young’s Modulus
Bone Type
(MPa) Strength (MPa) (GPa)
Cancellous bone N/A 4-12 0.01-0.5
Cortical bone 60-160 130-225 3-30




2.2.3 Mechanical Properties of Bone and Requirements for Bone Substitutes

The high level of porosity and pore interconnectivity that is ideal for a bone substitute
may be limited by the mechanical strength requirements for that specific implant,
especially in the case of load bearing applications. The bone substitute should provide
physical support, starting from the seeding process in vitro until the tissue is remodeled in
vivo. Furthermore, the implant must provide sufficient mechanical support to endure in
vivo stresses and load bearing cycles'. Table 2-1 summarizes the range in mechanical

properties of human cancellous and cortical bone.

2.3 Difficulties in Achieving an Ideal Bone Substitute

Manufacturing of optimal porous bone substitutes from a biochemical, structural, and
mechanical properties point of view is highly complex due to a collection of factors.
From an architectural standpoint, the bone substitute supports biological and mechanical
functions '*, which may be in conflict. For example, for increasing the load-bearing
property of the material, a denser material is needed, which conflicts with the
requirement of having a highly porous matrix to encourage bone ingrowth and fluid
permeability””. What is generally defined as an optimization of scaffold properties is
likely a tuning of a single parameter with little regard to how other scaffold properties are
modified. Furthermore, characterizing, digitizing, and manufacturing the scaffold
architecture are difficult tasks. Using characterization methods to reveal pore surface,
pore volume, pore shape, interconnectivity, and volume porosity in bone tissues'*, and
furthermore translating such data into a digital format that can be interpreted into
fabrication methodologies in a continuous or discrete fashion can be a challenge.

14,18,21,22,25,26 .
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Typically, the interconnected macroporosity should be >50 pum
specific orientation to match the stress loading conditions and fluid and nutrient transport
mechanics'®. Also, what is defined as microporosity, with a diameter ranging between
0.1-10 um '*'®*? has shown an effect on the biological response of scaffolds, thus the
pores at this scale should be characterized and integrated in the final design. From a
structural standpoint, it is also necessary to implement a gradient in porosity and

mechanical properties, from a dense external configuration matching the characteristics



of cortical bone to the highly porous region with interconnected porosity matching the

.. 15,16,24
characteristics of cancellous bone .

Manufacturing methodologies that can
incorporate the interpretation and implementation of digital data at a macro and
micropore scale are of concern.

Another issue related to manufacturing the appropriate bone substitute
architecture lies in the development of appropriate software interpreter design

s 272
strategies” >

that can convert the desired structural porous morphology and mechanical
properties of the bone to be replaced, into appropriate voxel units that can be fabricated
using various manufacturing platforms. Such voxels may be computed mathematically

2730 . . . 29
=% or numerical simulation ~.

using topology optimization algorithms

From a material standpoint, difficulties arise in designing structures that can
bioresorb in vivo at an appropriate rate matching bone remodeling. In the context of
regenerative medicine, the terminology of materials with biodegradable, bioresorbable,
bioerodible, and bioabsorbable ' properties are often used. The biodegradation pathway
will have an effect on the mechanical, structural, and biochemical properties of the
scaffold, and needs to be fully understood '*. Some of the parameters that affect the
degradation rate are pore size, pore interconnectivity, permeability, scaffold shape, and
volume, as well as implantation location within the musculoskeletal system. Furthermore,
the long-term native tissue response to the degradation products should also be
considered '*. To add to the difficulty of producing an ideal implant, the overall
biochemical, structural, and mechanical properties of the bone substitute should match

patient-specific needs such as age, gender, health, metabolism, implant location, and

loading conditions '*.
2.4 Metallic Bone Substitutes
2.4.1 Metallic Materials, Limitations and Opportunities

For a long time, metals were the main material utilized for orthopedic implants. This
interest in metals resulted from the excellent physical and mechanical properties that are
intrinsic to metals. At present, the interest in nonmetallic materials has prompted the

fabrication of tissue scaffolds. These materials are mostly polymer or ceramic, and are

10



used to produce biodegradable scaffolds. Biodegradable scaffolds can be useful for young
patients, because they have high growth rates of tissue to restore the functionality of the
damaged area. However, the case is completely different for senior citizens, who have
very low tissue growth rates. When faced with a certain degradation rate of the materials,
this may cause a mismatch in terms of the mechanical properties®'. Therefore, permanent
metallic bone substitutes are more appropriate in the case of older patients. Several
metals have been used for implants, such as stainless steels (316L), Co-Cr-Mo, pure
titanium, titanium alloys, and tantalum. Each metal has advantages and disadvantages
that can either expand or limit its usage.

Stainless steel is considered one of the first metals used in the orthopedic field as
plates and screws for bone fixation in the early twentieth century’>. The most popular
stainless steel alloy used in prosthesis fixation is (316L), with moderate strength and
toughness in comparison to other metals as shown in Table 2-2. This alloy is distinguished
by good corrosion resistance in comparison to other steel alloys, since the 12% Cr in its
content forms a corrosion protective layer Cr203 on the surface >. This metal is both
widely available and economically effective in terms of processing and manufacturing
335 However, as the wear resistance of stainless steel is very low, its usage in hip
replacement was stopped *°. Nowadays, stainless steel is rarely used for orthopedic
implants. Instead, stainless steel is used for temporary fixation devices such as nails,
screws, and plates due to the superiority of other metals such as Ti, Ti alloys, and Co—Cr

. . . . . 36
alloy in terms of mechanical properties and corrosion resistance ™.

Table 2-2 Comparison of the Mechanical Properties of Different Metals *’.

Material Bone Magnesium Co-Cr-Mo Ti and Stainless
and Alloys Alloys Steels
Density 1.8-2.1 3.1 8.3-9.2 4.4-4.5 7.9-81
(g cc-1)
Compressive 130-180 65-100 450-1896  590-1117 170-310
strength (MPa)
Elastic modulus 3-20 41-45 200-253 55-117 189-205
(GPa)
Toughness 3-6 15-40 100 55-115 50-200
(MPam1/2)
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Another widely used metal in the orthopedic industry is Co-Cr-Mo alloy that is
characterized by a high level of mechanical strength, fatigue strength, wear resistance,
and low cost of production®~®*. While these advantages are considered beneficial for
some applications, this is not generally true for orthopedic implants, since this metal’s
high strength and elastic modulus has caused a stress shielding between the implant and
the bone due to the mismatch of mechanical properties. Moreover, the high level of metal
ions that are released and the nanoparticle debris which is caused by the wear, negatively

affect the biocompatibility of this metal *>*°

. Despite these drawbacks, this metal is the
most preferable in hip replacement due to its high level of wear resistance compared to
the other metals. In particular, this material is used to fabricate the femoral head and
acetabular cup which is an area of high friction’. In addition, dentists have some interest
in this metal as a coating for some dental devices **.

NiTi (nitinol) is a shape memory alloy, which means it can restore its original
shape after a plastic deformation by using a heat treatment. This alloy was introduced in
1960 and is characterized by high strength, superelasticity, and good corrosion resistance
364041 However, the release of the Ni ions limits its usage as an orthopedic prosthesis due
to the possibility of toxicity and the inflammation effect of the surrounding tissue. This
has led researchers to treat the surface through exposure to the oxidization process in an
attempt to create a protective layer free of Ni ***2,

Alternatively, degradable metals have captured the interest of some researchers.
One of these metals is magnesium (Mg), which is characterized by having low elastic
modulus. In addition, Mg is an osteoconductive material and it does not show any
inflammatory effect following fixation **. However, as Mg is a degradable material, the
dissolved particles may cause toxicity, which could limit its usage in orthopedic
applications "

Titanium (T1) was introduced in the orthopedic field in 1965 in the form of screws
and plates. This long period of usage illustrates the preference of using Ti, as supported
by long-term clinical data, which indicates this material’s good biocompatibility.
Moreover, Ti is characterized by a nano-oxide layer covering its surface that increases in

vivo osteointegration ¥ Indeed, from a biological aspect, Ti has proved its compatibility

more so than stainless steel or CoCr, as proven by the cell culturing of these metals *.
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Overall, Ti is considered one of the strongest and highest corrosion-resistant metals.
Moreover, Ti is characterized by an excellent strength to weight ratio and good toughness
3646

Recently, it has been noted that the science community is concentrating on Ti
alloys, in particular, Ti-6Al-4V, to fabricate bone substitute scaffolds. This interest
originates from the good mechanical properties and biocompatibility of this alloy. The
presence of aluminum (Al) and vanadium (V) in this alloy improves the mechanical
properties compared to commercially pure Ti (CP Ti)36. One of the most important
benefits of Ti and its alloy (Ti-6Al-4V) is its relatively low elastic modulus which is the
half of the Co—Cr modulus, which could assist in reducing the effect of the stress
shielding *_ Despite the fact that Ti has a low elastic modulus in comparison to other
metals, the mismatch between bone and implant still exists *°. Arguably, the presence of

4447 Further drawbacks of Ti and

V in this alloys is a source of concern, since V is toxic
its alloys include the expensive machining cost and the sophisticated heat treatment
process . Nowadays, most dental implants are fabricated from CP Ti, and Ti-6Al-4V are
used in orthopedic applications™.

In order to eliminate the effect of V in Ti6Al4V alloy, new Ti alloys have been
developed to overcome the toxicity issue, such as Ti-6Al-7Nb, Ti-5Al-2.5Fe, Ti-35Nb-
5Ta-7Zr, Ti-35Nb-5Ta-77r-0.40, and Ti-15Zr-4Nb-4Ta. For instance, Ti-15Zr-4Nb-4Ta
has shown excellent mechanical properties, biocompatibility, and good corrosion
resistance. In addition, it is likely that more bone was formed than that which formed
around the Ti 6Al 4V when implanted on the bone marrow of the rat tibia *’. Most of
these alloys are still in the development stage in order to characterize the mechanical
properties and biocompatibility for application in bone regenerative medicine .

Another material, tantalum (Ta) is considered one of the best metals in the orthopedic
field due to its fairly low Young’s modulus, high corrosion resistance, and excellent
biocompatibility **. A recent study comparing Ta and Ti showed that Ta is superior
compared to Ti in regards to cell integration with a controllable Young’s modulus in the
range of 1.5-20 GPa by changing the porosity of the structure **. However, the high cost
of production and fabrication of this metal is the main obstacle limiting its usage in the

orthopedic industry along with short-term clinical data®>*®,
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Generally, the major constraints which can govern the success of a load bearing
implant are biocompatibility, porosity, and proper mechanical properties. The highly
important mechanical properties in the designing of a load bearing implant are Young’s
modulus and compressive strength. Other mechanical properties such as bending strength
are less relevant in load bearing implant. However, certain properties such as fatigue
strength are necessary for a long lasting implant, but are not as crucial as Young’s
modulus and compressive strength, since these properties may cause short-term failure of

Implant %0,
2.4.2 AM of Metals for Bone Substitutes

Historically, conventional techniques were used to fabricate porous metals for several
industrial applications. Once porous metal was introduced in early 1972 in the orthopedic
field °!, scientists looked for ways to control and improve the properties of this metal
foam. Consequently, several conventional techniques emerged. However, these
techniques are not capable of precisely controlling the porosity and producing a scaffold
with a predefined microstructure. Also, these techniques cannot produce a scaffold with a
contoured external shape. In order to overcome these obstacles, additive manufacturing
(AM) techniques are considered the most promising alternative for precise fabrication of
internal and external features of scaffold architecture.

There are many AM techniques that have been used in the fabrication of metal
scaffolds, such as three-dimensional printing (3DP), electron beam melting (EBM),
selective laser melting (SLM), direct metal deposition (DMD), and selective laser

sintering (SLS) *-**°

. Each technique has different opportunities and limitations. Some
of these techniques rely on laser technology, and others rely on the injection of the slurry.
The costs of production through these techniques are varied according to complexity. For
example, the laser sintering methods are highly expensive due to their use of laser
technology and the capability of producing a precise microstructure. Other techniques
appropriate for fabricating a scaffold have acceptable microstructure details, such as fiber
deposition and 3DP.

SLS is an AM technique (Figure 2-1) that works by sintering very fine layers of metal

powders layer over layer using a CO2 laser beam, either directly or indirectly. In direct
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SLS, the powder mixture is a compound of two metals: a low sintering temperature metal

1 °° In this technique, the laser beam melts the low sintering

and the main meta
temperature metal and uses it to bind the main metal particles to each other. For instance,
in a study where NiTi dental implant was fabricated using DMLS, the base metal was Ti
and the binding agent was Ni *. The second technique is called indirect SLS, where a
preprocessing of the powder is required to coat the metal powder particles with some
polymer to work as a binding agent of the green sample. This technique requires a
postprocessing of the green sample by debinding the polymer from the green sample
followed by the sintering of the metal particles in a shielded environment at a very high
temperature. The diversity of materials produced by this manufacturing method is one of
the most important advantages of this technique >’. The final product resolution is
moderate since heat transfers to the adjacent area and fuses extra particles to the targeted
area, which might lead to a limitation in the accuracy according to the size of particles
738 Economically speaking, fabrication using SLS is costly *. Technically, SLS is
considered a lengthy manufacturing method, since it requires preprocessing of the

powder and the laser sintering process is time-consuming. In addition, the resulting

product may require a postprocessing heat treatment that usually takes hours to complete
56,58

Laser Source

Laser beam : :

Powder
Feeding area Building area

Figure 2-1 Schematic presentation of working principle of SLS technique.
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Another complex technique, EBM, works based on the layering process similar to
SLS. EBM differs from SLS in its use of an electron beam rather than a laser to sinter the
powders, which is generated in a tungsten filament and is accelerated and controlled with
a magnetic field > This manufacturing technique is relatively fast and the building of
samples takes place under vacuum **. It offers an attractive opportunity in the fabrication
of fully dense or porous parts due to several controllable parameters such as beam
current, scan rate, and sequence variations . In this technique, an additive or fluxing
agent is not required to fulfill the melting process because the electron beam is powerful
enough to raise the temperature of the particles to the melting point *°. However, there are
still some limitations in this method such as the low dimensional accuracy and surface
quality due to shrinkage. Additionally, this technique is costly, and removing the excess
material inside the structure can prove difficult . Different metals have been fabricated
using EBM, such as Cp-Ti, Ti-6Al-4V, and Co/Cr for orthopedic implant and
maxillofacial surgery 459

Similarly, SLM utilizes the same mechanism of the EBM, and a wide range of
materials in powder form can be used **. Moreover, SLM is able to produce solid and
porous parts based on the laser energy density . Also, this technique is free of binders
and fluxing agents, so there is no need for a postprocessing step ****¢'. Unlike EBM,
SLM uses an ytterbium fiber laser 200 W power and uses Ar or N in the building
chamber, which may increase the thermal conductivity and maintain a consistent rapid

54,62

cooling of the printed zone more than EBM . However, high production cost, lengthy

fabrication time, and difficulty in removing the trapped powder are the major limitations

324436 Fyurthermore, the vaporization phenomenon is one of the

of this technique
drawbacks of this technique. This phenomenon is generated due to the high temperature
of the molten pool caused by the laser beam evaporating the particles. This leads to an
overpressure in the molten pool, which results in spewing of some molten metals out of
the pool *°. Today, this technique is utilized in the aerospace industry, orthopedics
prostheses, and dental implants °'.

In the same context, laser engineering net shaping (LENS) and direct metal deposition

(DMD) are both AM techniques used in manufacturing bone substitutes. These

techniques mainly depend on laser technology to fuse the metal powder. LENS systems
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use a neodymium—yttrium—aluminum—garnet (Nd:Y AG) laser, while DMD uses the CO2
laser beam. The powder feeding systems are completely different, since the powder
feeding in the DMD comes through a concentric ring at the tip of the laser nozzle, while
in the LENS the powder comes through different powder feeders to the melting zone.
Both techniques use an inert gas during the manufacturing process to avoid oxidation >°.
With these techniques, it is possible to use a wide range of metal powders such as
stainless steel, nickel-based alloys, Ti and its alloys, tooling steel, copper alloys, alumina,

. . 57,58,63
or a combination of these >°%

. Thus, LENS can be useful for the repairing or re-
manufacturing process that cannot be implemented by other AM techniques >’. LENS and
DMD work through the process of depositing the metal layer-over-layer. Both are similar
in terms of processing; however, the high cost of DMD has boosted LENS’s popularity.
The need for support structures for overhanging features is one of the limitations of the
use of these techniques in the fabrication of orthopedic prostheses*. Another drawback is
the residual stress caused by the rapid heating and solidifying process’’.

Many studies have been conducted using two techniques: fiber deposition (FD) and
3DP. The two have been chosen mainly due to their manufacturing simplicity compared
with SLS or EBM and cost efficiency. The base material of FD is metal powder. In the
FD method, the powders are mixed with a solution to form the slurry which can be
deposited from the machine onto a substrate. The scaffold is built by the process of
layering from bottom to top. The FD technique requires postprocessing of the product by
the sintering of the produced scaffold in a very high temperature furnace. When using FD
in the fabrication of a scaffold, several parameters can influence the strength and the
porosity of the structure, such as the gap between fibers, the fiber’s lay down angle, and

. 64,65
the nozzle’s diameter

. The dimensional accuracy of the final product is poor
compared to other techniques such as 3DP due to the wet nature of the fiber slurry, which
leaves a high level of shrinkage after drying and sintering % 1In fact, this technique is still
in the experimental stage. One of the simplest rapid prototyping techniques is the ink-jet-

based 3DP, as shown in Figure 2-2.
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Figure 2-2 Simple sketch showing the working principle of the 3DP machine.

In this technique, the printer functionality is similar to an ink-jet printer, where instead
of ink, a binder is dispersed through a print head on each layer of powder. Similar to
previous methods, this printer works on a layer-by-layer basis, starting from the bottom
and going up. The printer has two different powder zones: one for building the structure
and the other for feeding the powder, so that when the feeding area goes up, the building
area lowers down, moving a distance equivalent to the required layer thickness. A
counter-rotating roller spreads the powder from the feeding bed over to the building bed,
followed by the injection of the binder based on an image corresponding with the slice
layer data of the 3D structure. This technique is very fast in the building process and is
significantly cheaper than other techniques *°. This machine was used indirectly to
produce a porous metal scaffold by printing a sacrificial mold from alumina powder to
cast the Co-Cr alloy which is then removed through several thermal and chemical steps®’.
Similarly, the same principle has been used to create a Ti scaffold and wax template as an
alternative sacrificial mold *2. This method of manufacturing provides a precise surface
texture. However, the time- consuming process through the multiple stages of
manufacturing is considered to be the main disadvantage of the indirect 3DP technique.
This attempt has fascinated and motivated many researchers to replicate this success
through direct printing of the desired metal scaffold, followed by sintering of the green

66,68

part under a high temperature vacuum furnace . This technique has fewer stages than

indirect printing. With 3DP, several parameters are able to form the microstructure of the
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desired part such as powder size, sintering temperature, and duration ®. The layer
thickness is primarily chosen based on the particle size and cannot be thinner than the
largest particle in the powder ®. However, the resolution is lower than the laser-based
techniques because the binder penetrates the powders adjacent to the targeted area™.
Difficulties in removing the trapped powder from the green part are the main
disadvantage of this technique **%®.

Using the 3DP method and CP Ti as a building material, the authors’ group has been
able to develop a set of optimized processing conditions to assure control over a
microstructure and the associated mechanical and physical properties of the structure®.
Material powder size is one of the most influential parameters on changing the strength
and density of the structure, as shown in Figure 2-3. Also, the physical appearance of the
final product is crucial in the fabrication of the orthopedic implant, since a high level of
shrinkage in the implant is undesirable, and the particle size influences the shrinkage, as
shown in Figure 2-4.

As a whole, AM techniques offer a good control over the manufacturing of the
external and internal details of metallic bone substitute scaffolds, with limitations in the

. . . 31
creation of complex internal interconnected macro pores ~ .

2.5 Conclusions

Metals still form the bulk of primary bone substitute materials in the orthopedic
industry. Interest in metal implants will remain strong in the future, especially for senior
patients. The fabrication of metal implants is costly, but with new developments in the

AM field, manufacturability may become easier.
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Figure 2-3 Compressive strength and porosity of the porous structures fabricated by varied sizes
of Ti powder.
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Figure 2-4 Vertical and horizontal shrinkage of Ti samples fabricated by varied sizes of Ti
powder.
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Chapter 3 Characterizations of
additive manufactured porous
titanium implant

3.1 Introduction

Aging of the world population is exponentially increasing, partly due to
significant increase in life expectancy. Half of chronic diseases for elders over 65 years
are represented by joint diseases and osteoporotic fractures®. The most common sites of
osteoporotic fractures include the spine, hip and forearm .

Bone implants composed of bulk metals are commercially available and are used
for the repair of large bone fractures/defects. Several metals have been used for this
purpose such as stainless steels (316L), Co-Cr-Mo alloy, titanium (Ti) alloys, pure
titanium and tantalum™. Each metal has advantages and disadvantages which can expand
or limit the usage. However, the major drawback of the bulk metals is the stress shielding
which is generated on the host bone due to a mismatch in the stiffness of bone and the
implant "°. In spite of the fact that the creation of implants from a material with low
elastic modulus (such as Ti) reduces the stress shielding, the mismatch between bone and
implant still exists*®. An effective approach to eliminate this problem may be the use of
porous metal structures. The amount of porosity in the implant is considered as the
crucial factor promoting successful bone integration with porous structure.

Several techniques have been used to produce porous metal structures. Some of
these techniques are conventional such as gas injection into the metal melt, plasma
spraying, space-holder method, conventional sinter of metal powders, spark plasma
sintering and replication of polymeric foams ******""73_Other techniques which are more

advanced and have the capability of controlling the external and internal structure. These
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techniques are called additive manufacturing (AM) techniques such as three-dimensional
printing (3DP) >2 electron beam melting (EBM)>, selective laser melting (SLM)™, direct
metal deposition (DMD)™ and selective laser sintering (SLS)™.

Recently, AM of Ti structures via adhesive bonding 3D printing has been
investigated ™ In this method, a Ti green part is formed through 3D printing of irregular
Ti particles followed by heat treatment and sintering to obtain high mechanical
properties. Although this primary study showed the feasibility of the fabrication process
and suitability of produced structures in terms of in vitro biological responses, no
investigation has been reported related to the effect of process parameters on the porosity
and physical quality of final porous implants.

In this work, a comprehensive study on the effect of material condition (such as
Ti powder size and amount of the PVA) and manufacturing parameters (such the
sintering temperature and time) on the physical, chemical and mechanical properties of

porous Ti structures is presented.

3.2 Methodology
3.2.1Materials

The material used in the study to fabricate porous Ti structures was commercially
pure Ti powder (CP Ti, Phelly Materials Inc., Bergenfield, NJ, USA). This powder meets
the ASTM (F67-06 Grade 2) standards and was received in spherical shaped particle
form with diameter in the range of 45-150 pum. Ti powder was sieved with mesh sizes of
200 and 140 (U.S. standard sieve series, Cole-Parmer, USA). The outcome of sieving
process were four different categories of Ti powder: (A) As received powder, 45-150 pum,
(C) Course powder, 106-150 um, (M) Medium powder, 75-106 um and (F) Fine powder,
45-75 pm.

In this study, polyvinyl alcohol (PVA) powder 86-89% hydrolyzed with low
molecular weight (Alfa Aesar, Ward Hill, MA, USA) was used as a binder to bind
spherical Ti particles together to fabricate rigid green parts before the sintering. PVA was

received as a course powder and needed to be ground to < 63 pum to be similar or close to
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Ti powder size. The grinding process was followed by sieving (U.S. standard sieve series,
Sieve No. 230, Cole-Parmer, USA). The resulting powder was in the range of 63 um.

The blending process of Ti and PVA was carried out using a jar-mill (
LABMILL 8000 JAR MILL MACHINE, Paul N Gardner Company, USA) for 4 hours
using two levels of PVA additions, that is, 3 and 5 wt %. During the screening phase, 10
wt % PVA was initially used that resulted in a very high porosity ( ~50% which was not
desired as the goal of this study was to arrive at ~30% porous structures similar to
cortical bone). Therefore, lower PVA percentage was selected for this study. To assure a
homogeneous distribution of PVA within Ti powder, the blending process should be
implemented according to a certain criterion. The method of blending must be chosen
while considering the relation between the gravitational force and the centrifugal force to

75

get a homogenous mixture It was found that the optimum mixing rate would be

satisfied at 76% of critical rotation rate. The critical rotation rate occurs when the

centrifugal force equals the gravitational force according to the following equation:

mdw?
2

w = 21Tn (2)

=myg (1)

where g is the gravitational acceleration (9.81 m s7), d refer to bottle outer diameter, o is
the angular velocity, m is the mass of bottle and 7 is the number of the cycle per minute.
Transforming the linear velocity to a rotational speed and solving the above equation

. 75
results in"” ;

_3
n=22 3)

Thus, for a bottle with a diameter of 63 mm (which was used in this study), the optimum

rotation speed of the jar mill (n) was adjusted to 128 rpm.

3.2.2 Manufacturing of green parts

The 3D model of a rounded bar with dimensions of @10.3x15.45 mm” was
generated with the assistance of SolidWorks® Ver. 2006 (SolidWorks Corp., Concord,
MA, USA). The model was exported in stereolithography (STL) format to 3D Printing

machine.
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The fabrication of the porous structures was conducted by a retrofitted powder-
based 3D printing machine (ZPrinter310-Plus, Z Corporation, Burlington, USA). In the
printer, the designed model was sliced by Zprint software into 2D layers. Three varied
levels of layer thickness were chosen by considering the particles sizes in each category
as listed in Table 3-1. To spread a layer of powder smoothly, the stacked-layer thickness
should be larger than the largest particle in each category as shown in Figure 3-1(b).

At the beginning, the feed piston rose up in conjunction with the build piston
which descended by the stacked-layer thickness. Then, a counter-rotating roller spread a
layer of blended powder in the same thickness of the slice that had already been specified
before the printing. Next, a print-head injected an aqueous solvent (Zb™58, Z
Corporation, Burlington, USA) on the powder, causing the Ti particles to bind to one
another and to the previous printed cross section. The feed and build pistons moved with
the same sequence while the above process repeated until the entire sample was printed
as shown in Figure 3-1(a). After the printing process, samples were left to dry for 1.5 h at
38°C.

Table 3-1 Layer Thickness Which Used for Different Categories of Powder.

Powder Category Stacked-Layer Thickness(pum)
(A) 45-150 pm 175
(C)106-150 pm 175
(M) 75-106 pm 125
(F) <75um and >45 pm 100
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Figure 3-1 Schematic of (a) 3D printing process and (b) powder spreading and compaction by a
counter-rotating roller. Layer thickness (i.e., the gap between roller and underlying powder layer)
is chosen larger than powder particle size.

Using a brush, the samples were cleaned after drying. The cleaning was followed
by blowing compressed air to the samples to ensure that all non-adherent particles were

removed from the external surface.

3.2.3 Sintering

The sintering process was carried out in a MTI® High Temperature Tube Furnace
(GSL—1500X-50, Richmond, CA, USA). The process started with burning the PVA at
295 °C for 3 h with a heating rate of 10°C min™' as seen in Figure 3-2. Then, the tube was
purged with high purity Ar gas (Grade 5) to avoid the oxidation of titanium under high
temperatures. The furnace was adjusted to hold at 500 °C for 1 h to ensure that the
residual PVA in the samples were removed. Then, the furnace temperature was
programmed to rise up to a targeted temperature of either 1100 or 1400°C and was held
for either 1 or 3 h. The surfaces of the sintered samples were slightly cleaned by a sand
paper. Then, samples were immersed for 5 min in the ultrasonic cleaner bath filled with
distilled water. After that, the samples were placed in an alumina crucible to dry in a

regular oven at 130°C for 2 h.
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Figure 3-2 Sintering protocols which are followed in the sintering process.

3.3 Shrinkage Measurement

The geometrical features measurement was conducted to identify the shrinkage

percentage on the material during the sintering process. This measurement was carried

out using electronic Vernier caliper. The height and diameter of the samples were

measured before and after the sintering process three times for each. The feature sizes

were recorded and averaged from three readings. The percentage of horizontal (H%) and

vertical (V%) shrinkage (shown in Figure 3-3) was calculated according to the following

formula:

H% =

Diameterafter sintering_DiamEterBefore sintering

X 100 (4)

Diametergefore sintering

Vo = Heightafter sintering—Heightgefore sintering % 100 (5)

Heightgefore sintering

26



_— H% &<——
N
1
V%
NS

3

Figure 3-3 Schematic of horizontal and vertical shrinkage directions on the sample caused by
sintering. Ti rounded bars were positioned in the sintering furnace as their main axis was along
with the gravity direction.

3.4 Porosity Measurements

The porosity measurement was carried out according to ASTM B 311& C373 using
Archimedes principle of buoyancy. The test was done by first measuring the dry weight ,
Wary , using an electronic balance (APX-203, Denver Instrument, USA) with a precision
of 0.001g. Then, sample was immersed in the distilled water and boiled for 3 h to extract
the bubbles of air from the porous structure. Afterwards, the sample was kept in water for
12 h to ensure the removal of air from the entire structure. The sample was subsequently
placed on the net of the Universal Specific Gravity Kit (Sartorius”, Bradford, MA, USA)
which was submerged in water and weighted the sample’s submerged weight W,. The
sample then removed from the kit and weighted to obtain the wet weight W . Finally,

the porosity of the sample was calculated from the following formula:

. Wivet—Wq
Porosity % = W (6)

3.5 Mechanical Properties Measurements

Compression test was used to characterize the mechanical properties of the fabricated
samples. This test was implemented by the uniaxial test machine (Instron-4206, USA) at
room temperature. The machine was equipped with a 150 kN load-cell and the cross head
speed was Imm min™, corresponding to a strain rate of 1.0x107s™". In this study, 4
rounded bars with diameters of ~ 10 mm and a length-to-diameter ratio of 1.5 (according

to ASTM E9 — 09) were used to perform the tests.
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3.6 Micro-structure Characterization

The microstructure characterization of the porous titanium structure was
conducted using the scanning electron microscope (SEM) (JEOL JSM-6460) equipped
with energy-dispersive X-ray spectroscopy (EDX) analysis (INCA 350 Microanalysis
System).

The sinter necks among the particles in the SEM images were measured using
ruler in the image processing tool box of MATLAB® to compare the neck ratio (neck size
/particle size).

The characterization of the chemical composition of the produced samples was
carried out by the EDX. This method of analysis discovers any contamination that the

material may have been exposed to through the sintering process.

3.7 Results:
3.7.1 Structural Observation

A typical rounded bar sample with a diameter of 10 mm and height of 15 mm which was

fabricated using the 3D printing machine is depicted in Figure 3-4.

5 mm
]

Figure 3-4 Fabricated Ti sample with a dimension of @10mmx15mm.

The SEM images of the porous structure in Figure 3-5 shows Ti particles are bound
together forming clusters of Ti when the additive PVA powder is used in the fabrication

process.
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Ti Particles

Figure 3-5 Micrograph of the green sample printed from category A of powder demonstrates the
PV A binding Ti particles together before the burning process of PVA.

Figure 3-6 shows the microstructure of Ti samples after sintering. In Figure 3-6a, the neck
among the particles had just started at 1100 °C; however, Figure 6b shows that large
necks have formed among the particles at higher sintering temperature (1400 °C). This

evidence proves the influence of increasing the sintering temperature on improving the

sintering process.

(a) (b)

Figure 3-6 SEM of Ti samples fabricated from category F with fine particles bounded with 3%
PVA and sintered for lhr at (a) 1,100 °C, (b) 1,400 °C.

The chemical composition of Ti samples was evaluated by the EDX. The

histogram of the EDX reveals that the structure was not contaminated by any material
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during the sintering process and there was no residual of PVA or its by-products after
sintering. The reading of the EDX was taken from the sinter neck as shown in Figure 3-7.

The main material in the histogram is Ti.

Spectrum 11

1 1 2 3 4 3 & T g 9 10 i 12 13 14 15 16
Full Scale 975 cte Cursor: 0.000 ket

100um Electron Image 1

Figure 3-7 The EDX spectrum of Ti sample fabricated from category F, 3% PV A used as a binder
and sintered for 1 h at 1400 °C; the image at right presents the location on a sinter neck selected
for EDX-characterization.

3.7.2 Shrinkage

The sintering shrinkages associated with the produced samples in horizontal and
vertical directions are presented in Figure 3-8 and Figure 3-9, respectively. The results
are presented separately for 3 and 5% of PVA. In general, the vertical shrinkage was
higher than the horizontal shrinkage (2-5% in vertical vs. 1-4% in horizontal direction)

and the parts shrank more in 5 % PVA compared to 3% PVA .
3.7.3 Porosity

Porosities of samples made with different powder sizes and PVA compositions at varying
sintering protocols were measured as shown in Figure 3-10. For each point on this graph,
four samples were made in which their corresponding standard deviations on porosity are
also presented in the figures. These samples demonstrated varying porosity in the range

of 31 to 43%.
3.7.4 Compressive Strength

The results of the compression test are depicted in Figure 3-11. In general, increase the

sintering temperature and time cause an increase in the strength of the structure. Also,
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decrease the size of Ti particles causes an increase in the compressive strength. In this
study, compressive strength in the range of 56-509 MPa resulted from the four categories

of powder which were sintered under different sintering conditions.

3.8 Discussion

Porous Ti structures were produced using a powder-based adhesive bonding AM process
and the physical, chemical and mechanical properties of them were characterized. In
addition, the effective process parameters were assessed. For design and manufacturing
of orthopedic implants, the dimensional precision is a key factor. The implants should fit
in the spaces which are precisely targeted for. This precision is highly affected by
dimensional deviations occur during the manufacturing process. Structural shrinkage is a
critical cause of dimensional deviation which happens during sintering process. A low
percentage of shrinkage in the structure is preferred in order to obtain an effective control
over the geometrical accuracy. Using the measured dimensional deviations from original
CAD model to the final sintered part, an anisotropic compensation factor can be
determined. The compensation factor is applied on the CAD model to obtain the final
part with desired dimensions. However, anisotropic shrinkages cause nonuniform
dimensional deviations. Anisotropic shrinkages are incredibly difficult to accurately
compensate in the parts with complex surface due to the interactions between
dimensional deviations in X, y, and z directions. Thus, process parameters which results

in more uniform shrinkage are desired for AM of complex-shaped orthopedic devices.
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Figure 3-8 Horizontal shrinkage of Ti samples composed of (a) 3% PVA and (b) 5% PVA.
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Figure 3-9 Vertical shrinkage of Ti samples composed of (a) 3% PVA and (b) 5% PVA.
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Figure 3-10 Porosity of the porous structures fabricated by varied sizes of Ti powder and sintered with different sintering conditions and composed
of (a) 3% PVA (b) 5% PVA.
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Figure 3-11 Compressive strength of the porous structures fabricated by varied sizes of Ti powder and sintered with different sintering conditions
and composed of (a) 3% PVA (b) 5% PVA.
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In this study, sintering shrinkages were in the range of 1.28% + 0.37% to 4.6% +1.3%
in horizontal direction and 2% =+ 0.11% to 5% + 0.91% in vertical direction. The
shrinkages observed in the present study obtained via a direct AM process (adhesive
bonding 3D printing) is low compared to the shrinkages reported for other fabrication
processes including direct’® and indirect methods™. Ti samples fabricated using the
electron beam melting (EBM) technique has shown horizontal and vertical shrinkage of
6.5% and 7.1%, respectively’®. In the indirect 3DP technique (which include 3D printing
of mold, casting the Ti powder followed by sintering at 1300 °C), the horizontal and
vertical shrinkages were reported equal to 11.9% + 1.1% and 9.2% =+ 0.6%,
respectively™. Also, the difference between horizontal and vertical shrinkages in the
present study (which is mainly due to gravity effect during sintering) is relatively small
(~1%). It should be noted that the above comparison on the shrinkage level of the
manufacturing techniques, assuming that optimum results are reported in these articles.

It is also noteworthy that the sintering shrinkage has a relation with the sinter-neck
size. To investigate this matter the neck sizes were measured using the SEM images of
the microstructures. Figure 3-12 presents the variation of sinter-neck-size to particle-
diameter ratio (x/a) for the category F (<75 um). The trend resembles the trend of
sintering shrinkage as shown in Figure 3-8 and Figure 3-9. Sinter neck size has a

profound impact on the mechanical strength of structures that will be discussed later.

0.6

5% PVA|

3% PVA|5% PVA| 3% PVA|5%PVA| 3% PVA| 5% PVA| 3% PVA

1 Hour 3 Hours 1 Hour 3 Hours

1100 °C 1400 °C

Figure 3-12 Variation of sinter-neck-size to particle-diameter ratio (x/a) for the category
F(<75um).
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Other than geometrical dimensions, porosity (i.e., void volume%) of the structures is
profoundly affected by the sintering shrinkage. In general, a higher sintering temperature
resulted in a higher shrinkage and, in turn, a lower porosity as seen in Figure 3-10. As
seen in the SEM image of the microstructures (Figure 3-6), sinter necks has started to
form at 1100 °C and well-developed at 1400 °C. Sintering time (3 h vs. 1 h) did not
significantly affect the porosity. Only in case of using fine powder (category F), the
porosity decreased ~6% more in 3 h sintering. The effect of mixing more PVA with Ti
(5% vs. 3%) was observed on the compressive strength of all categories of powder which
are sintered at 1400°C (50-150 MPa). The increase in the amount of PVA caused a
decrease in compressive strength especially in categories A, C and M, but in category F
the reduction in the strength is not significant. This might be due to the fact that the
driving force of sintering is higher for fine particles that compensate the reduction caused
by increase of PVA. As shown in Figure 3-8 and Figure 3-9, it is obvious that using finer
Ti particles resulted in higher shrinkage and ended up with lower porosity that can be due
to higher driving force for atomic diffusion in high temperature®’. Some may argue that
the drop in porosity have been caused by the variation between the compact density of
green sample. However, Figure 3-13 shows that category F has the highest drop in the
porosity compared to the other categories. About 11% drop in porosity was observed for
the samples from category F, while 6% in category A sintered at 1400 °C for 3 h using
5% PVA. The increase in compact density plays a role in decreasing the porosity, but the
powder particles size is the crucial factor in this reduction. It is noteworthy that category
M is composed of narrower range of powder particle size (75-106 um) and it presents

lowest porosity in all sintering conditions except at 1400 °C and 3 h.
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Figure 3-13 A comparison between the porosity of green samples and sintered samples which
sintered at 1400 °C for 3 hours using 5% PVA.

The trend/variation of mechanical strengths of produced samples (Figure 3-11) is
almost in an agreement with the variation of associated porosity (Figure 3-10). The
samples with lower porosity (that were processed in higher temperature, i.e., 1400 °C)
showed higher compressive strength. For instance, the parts made from M and F powders
at 1400 °C were about five times stronger than those made at 1100°C (~500 MPa vs. 100
MPa). The effect of increase in sintering time and PVA% on mechanical strength was
not significant in samples which were sintered at 1100°C.

In summary, the variation of porosity and compressive strength of samples can be
classified into two trends: (1) the samples made from powder categories which have
small particles sizes (<100um, i.e., categories M and F) show lower porosity and higher
strength, and (2) the samples consist of larger particles (i.e., categories C and A) have
higher porosity and lower strength. As explained previously, this matter may attributed to
dissimilarity in sintering driving force for fine and coarse particles. It is obvious that the

samples with lower porosity and larger sinter necks have higher mechanical strength
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considering the fact that the fracture occurs on the sinter necks as was determined using

the SEM images of fracture surface (Figure 3-14).

Figure 3-14 SEM images showing the crack initiated at the sinter neck of sample.

In the present study, a wide range of compressive strength was achieved from 56 to
509 MPa. The results give the superiority to the present technique when compare it with
other AM techniques i.e., SLS used for the same purpose and the strength were in the
range of 0.5-350MPa®, indirect printing using a wax mould produced samples had
strength in the range of 150-350 MPa’* and EBM which produced a sample with strength
of 116 MPa’.

3.9 Relation between Porosity and Compressive Strength

The model of Gibson and Ashby’’ can predict the compressive strength of porous
metals which have a homogenous porous structure’®. In this model, the relative density
p/ps (Relative density = 1- Porosity) is the most important parameter in governing the

compressive strength of the open-cell porous structure as follows:
3
o Pz
I
Os Ps 7)
where ¢ and o, denote the strength of the porous and bulk Ti, respectively; p and ps are

the density of the porous and bulk Ti, respectively; C is the proportionality constant.
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In attempts to apply the model of Gibson and Ashby on the Ti porous structures in
Wen et al.” and Zou et al.*’, they concluded the incompatibility of this model with
porous Ti structure since the difference between the experimental results and the
theoretical model is large. In the present study, another trial is carried out to fit the
experimental results to the model using a compressive strength o, = 760 MPa’®. The
proportionality constant C and the exponent factor were modified through regression

analysis and curve fitting of the experimental data as listed in Table 3-2.

Table 3-2 Gibson and Ashby Modified Models.

Sintering Temperature (°C) Relative Compressive Strength

1100 o 6.14
2 =304 (3)
GS pS
1400 - 6.18
2 —s581 (3)
S pS

In Figure 3-15, two trend lines represent the plotted data of samples sintered at
1100°C (the lower trend line) and 1400°C (the upper trend line). The influence of the
sinter neck in increasing the proportionality constant appears in Figure 3-15. When Ti
samples were sintered at 1100°C where the sinter necks between the particles were just
initiated, the plotted points in the figure are converged from the model line. These points
represent all four categories of powder which were sintered at the same temperature.
However, a different scenario occurred when the samples were sintered at 1400 °C, since
the plotted data remained close to the model line at Categories A and C, which have large
particles. After that, the plotted data of Categories M and F diverged away from the
model line. This divergence caused an increase in the proportionality constant in the
model when the samples sintered at 1400 °C, with the knowledge that a thick sinter neck
was formed in the samples of these categories. The difference in the value of the
exponent factor between the model of Gibson and Ashby and that in the present study
may be due to the geometrical characteristic of the cell wall. It should be noted that the
description of Eq.(7) by Gibson and Ashby is based on the structure of the unit cell as a

simple cubic array with a square cross-sectional member. However, in the present study
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the simple structure of the unit cell is formed by four spherical particles connected to
each other by the sinter necks. These necks are in the shape of disc with a circular cross-

section.
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Figure 3-15 Relative density of several powder categories for two sintering protocols as a
function of relative compressive strength.

To locate the results of the present study and compare those with the real bone, a
data regarding the cancellous bone mechanical properties was adapted from Gibson and
Ashby*' and depicted in Figure 3-16. According to Gibson and Ashby®', the data of the
cancellous bone concentrated around the line defined by Eq. (7) as shown in Figure 3-16.
The results of the present study were also plotted in this figure. As seen in Figure 3-16,
the categories of Ti which sintered at 1100°C fall in the range of the cancellous bone.
However, the powder categories sintered at 1400°C that possessed a percentage of
porosity approaching the porosity of the cortical bone fall out of the range of the

cancellous bone.
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Figure 3-16 Relative density of Ti structure as a function of the relative compressive strength.

According to the obtained results, the mechanical properties are not solely
controlled by the relative density, but also the sinter neck plays a major role in
strengthening the structure. For instance, the results showed two cases of Ti samples
produced with different sizes of powder and sintered at different heating protocols, where
both samples have identical porosity of ~36%, but different compressive strengths of 144
and 408 MPa, respectively. This contrast may provide evidence of the effectiveness of

sinter neck in controlling the strength of structure. It should be emphasized that this
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diversity in the structure properties is beneficial, because mechanical properties of the

porous structure can be tailored by selecting the porosity to match those of various bone

types.

3.10 Conclusion

In this study, several parameters were varied in the additive manufacturing of the porous
Ti structures including sintering temperature, sintering time, amount of PVA and size of
Ti powder. The results of the experimental studies have proved the possibility of
controlling the porosity and mechanical properties of Ti implant using proper parameters
in the direct additive manufacturing done by the 3DP machine. It was found that the
primary crucial factor in controlling the mechanical properties of the structure is the
sinter neck size. It was observed that the sinter neck was only initiated at 1100°C and the
effective sintering began after three hours at 1400°C. The porosity in the produced
samples fell in between 31 and 43%. This percentage of porosity is similar to the porosity
of the cancellous bone (30 - 90%)*. Also, the minimum porosity was produced is 31%
which approaches the porosity of the cortical bone (5-30%). The compressive strength
of Ti samples affected by the amount of PVA when sintered at 1400 °C and were
distributed over a wide range between 56 to 509 MPa. One of the most beneficial
advantages of this technique is the low level of shrinkage, which was shown to be 1.5-

5%.
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Chapter 4 On the influence of
sintering protocols and layer thickness
on the physical and mechanical
properties of additive manufactured
titanium porous structures

4.1 Introduction

Aseptic loosening is the main cause of revision surgery for total joint replacement *.
Various factors cause the loosening, and the main mechanical factor is the stress-
shielding effect . Stress shielding is due to a mismatch in the stiffness of cementless

8384 The structure of the

22,82

implant and cortical bone, which in turn leads to bone resorption
cortical bone is very dense with a porosity ranging between 3-30% with varying
levels of mechanical properties. This variation is influenced by several factors including
bone location, bone age, mineralization, and hydrationgs. As such, the design and
fabrication of a bone implant is a sophisticated process due to the anisotropic properties
of bone **.

Ti has been used for many decades due to its biocompatibility, and given the fact that the
biocompatibility of the metal mainly depends on the corrosion resistance. Ti provides a
higher corrosion resistance compared to other metals due to the protective oxide layer

34,86

that forms on its surface . The best candidate to further minimize stress shielding

effects while retaining other beneficial characteristics is Ti foam structure, due to its
comparable stiffness with bone and excellent strength to weight ratio®*.
Many attempts have been made to mimic cortical bone properties by employing titanium

foam. Oh et al.>® fabricated porous Ti foam by cold pressing before sintering and
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obtained porosity in a range from 5 to 37%. In that study, three independent variables,
particle size, sintering temperature, and powder compaction level were altered to control
the porosity and mechanical properties of the metal foam. The results indicated a
decrease in porosity associated with a linear increase in Young’s modulus. This porosity
was highly affected by varying the powder particle size and level of powder compaction
when the same sintering temperature was used. However, changing the sintering
temperature did not cause a noticeable variation in the porosity. It was concluded that the
crucial factors affecting porosity were initial powder size and the level of powder
compaction. Additionally, the best porous Ti structure for the associated cortical bone
properties should have a porosity between 32 and 36% °. Another study conducted by
Guden et al. ¥ using a Ti alloy powder (i.e., Ti6Al4V) (spherical and irregular shaped
particles) had a similar aim. That study concluded that an increase in the powder
compaction of the green samples caused a reduction in the porosity of the structure after
sintering, and compressive strength was primarily affected by the porosity of the
structure. It was also shown that using a spherical-shaped powder led to higher-strength
structures when compared to the strength achieved using irregularly-shaped powder
particles. Strength and elastic modulus similar to cortical bone properties were also
achieved.

The same concept of varying the compaction level of the green structure can be achieved
using powder-bed based additive manufacturing techniques. This approach could be
similarly implemented by altering the layer thickness of the 3D printing process. In this
regard, Farzadi et al. 88 addressed the effect of varying layer thickness, at 85, 100, 112.5,
and 125 um on the compressive strength, Young’s modulus, toughness, and integrity of
the structure using calcium sulfate powders. The authors reported that using a 112.5 pm
layer thickness demonstrated the highest strength and toughness. This improvement in
strength and toughness was attributed to a reduction in the shear force, resulting from a
smooth sprinkling of powder by the counter-rotating roller at the powder spreading stage.
However, a thinner layer thickness (i.e., 85 pm) led to improved structural integrity. In
contrast, Vaezi and Chua * found that surface integrity and flexural strength decreased
when a thinner layer thickness was used in their investigation of the influence of varying

printing layer thicknesses on the strength and printing quality using a plaster-based
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powder. However, the tensile strength increased when a thinner layer thickness was used.
In the both preceding studies, the materials were not metal, so they did not require post-
processing sintering to form the rigid structure.

The influence of various sintering temperatures and binder contents along with the de-
binding heating protocol on the physical appearance and shrinkage of a porous Ti
structure were studied by Wiria et al. °. In that study, two de-binding protocols were
followed, and the lower temperature protocol (250 and 415° C) showed lower shrinkage.
However, increasing the sintering temperature led to a higher level of shrinkage.

According to our previous work and the work of Zou et al. *%

, sintering temperature has
a highly significant impact on the development of the sinter neck, which directly
influences the strength of the structure.

There is a lack of contributions in regard to directly using a powder bed ink-jet based
additive manufacturing machine to fabricate Ti porous structures. The reason behind this
lack comes from the difficulties of dealing with Ti, since it requires a sophisticated
sintering condition in post processing and the machine since invented has been mainly
designed to fabricate ceramics and polymeric materials.

In this study, the effect of layer thickness which represents the level of compaction of the
powder during the 3D printing process will be addressed. In addition, the sintering
temperature variations, which represent diffusional bonding among the particles on the
printed Ti structure will be investigated and will form the scope of this study.
Furthermore, the interaction between both parameters, the level of powder compaction
and sintering temperatures, and their influence on the structure’s physical and mechanical
properties will be investigated. As there is no clear understanding in the literature on the
correlation of the sinter neck size between the particles in the additively manufactured
structure and the porosity of the structure, an analytical model will be developed in an

attempt to clarify the relationship between these factors based on the volume fraction of

the compacted powder.
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4.2 Methodology
4.2.1 Material

Ti powder with particle size range of 38-45 um was used in this study to produce the
samples. The received powder of CP Ti (CP Ti Grade 1, Advanced Powders and
Coatings, Inc., Boisbriand, QC, Canada) was less than 45 um and a sieve (US standard
test sieve, N0.400, Cole-Parmer, USA) with a mesh size of 38 pm was used to sift the
powder and obtain particles size between 38-45 um. The metal powder was mixed with
the binding agent which was used to bind the Ti particles during the printing stage of the
green part. This agent is Polyvinyl alcohol (PVA) powder ,86—89% hydrolyzed, with a
low molecular weight (Alfa Aesar, Ward Hill, MA, USA) and the mixing recipe was 3
wt% of PVA mixed with Ti powder. The mixture was milled for four hours in a jar-mill

(LABMILL 8000 JAR MILL MACHINE, Paul N. Gardner Company, USA).
4.2.2 Manufacturing

The printing of the samples was carried out by using an ink-jet powder-based 3D printer
(ZPrinter310-Plus, 3D Systems, Rock Hill, SC, USA) in which the powder mixture (Ti
and PVA) was loaded in the machine. The printing process was implemented by printing
the samples layer over layer with the assistance of an aqueous-based binder (Zb™60 , 3D
Systems, Rock Hill, SC, USA), which was loaded in the print-head of the machine and
used to bind the Ti particles with the assistance of the PVA. In the factorial design of this
experiment, layer thickness and sintering temperature were chosen as parameters for the
variables in this study. There is a limitation in regard to varying the layer thicknesses
using the ZPrinter310-Plus. However, we've accessed and modified the machine code so
that the printer became capable of printing any layer thickness without limitation.
Therefore, different layer thicknesses were used for printing to represent different levels
of powder compaction (Table 4-1) and four samples of each layer thickness were printed

accordingly.
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Table 4-1 Layer thicknesses used for printing and corresponding number of printed layers and
average green density for each sample.

Layer thickness (pm) 62.5 87.5 105 125 150 175
Actual No. of layers 177 127 106 89 73 63
Green density 2.53 2.51 2.47 2.42 2.40 2.37

(g/cc)

4.2.3 Sintering

Sintering temperatures were selected as: 800 °C, 1000 °C, 1200 °C, and 1400 °C. Before

the sintering process was launched, a PVA de-binding process was conducted over two

stages at 295 °C and 500 °C (Figure 4-1).
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Figure 4-1 Four different heating profiles followed during the sintering process.
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4.3 Characterization
4.3.1 Porosity

Porosity measurement was conducted using the Archimedes principal of buoyancy and
according to ASTM B 311-08 and ASTM C373-88 %192 This measurement was obtained
with the assistance of a Universal Specific Gravity Kit (Sartorius®, Bradford, MA, USA)
and an electronic balance (APX-203, Denver Instruments, NY, USA) with a precision of
0.001 g. The steps for measuring the porosity were similar to those followed by Basalah

et al. %

4.3.2 Compression Test

A compression test was used to obtain the stress-strain curve for each sample. The curves
were then used to obtain Young’s modulus (E) and 0.2% offset yield strength (o). The
0.2% yield strength was obtained according to ASTM Standard E9-09 *. The
compression test was conducted using a uniaxial compression test machine (Instron-
4206, USA) with a cross head speed of 1 mm/min. The dimensions of the rounded bar

samples (n = 4) were ¥7.49 mm x 11.24 mm.
4.3.3 Shrinkage

Shrinkage measurements were conducted using an electronic Vernier caliper (Mitutoyo
Corp., Kawasaki, Japan) with a precision of 0.01 mm. The vertical and horizontal
dimensions of the samples were collected before and after the sintering process and the
compact dimensional change was divided by the initial dimension to obtain the rate of

shrinkage as reported by Basalah et al. .
4.3.4 Microscopic Characterization

In this study, the sinter neck between the particles was quantified using the image
processing toolbox 8.3 (MATLAB R2013b, USA). The characterization was conducted
on an image shot by a scanning electron microscope (SEM) (JEOL JSM-6460). The
diameters of the necks between the particles and the diameters of the particles were

measured using the roller option from the image processing toolbox and compared to the
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image scale. Next, the measured pixels were interpolated and converted to a real value
based on the image scale to obtain the real sinter neck diameter and particle diameters.
Finally, the sinter neck ration was calculated by dividing the sinter neck diameter over

the particle diameter.
4.3.5 Statistical Analysis

Two-way ANOVA test (a multifactorial statistical test) was conducted on the results for
porosity, yield strength, Young’s modulus, and vertical and horizontal shrinkages to
detect any significance among the results of each property. This test was used to
investigate the influence of two factors - compaction of powder (layer thickness) and
sintering temperature - on the above properties. Also, this test was able to detect whether

the interaction of both factors was influencing any property.

4.4 Results

4.4.1 Microscopic characterization

Figure 4-2 shows the SEM images which are used to characterize the microstructural
arrangements of particles. The sinter neck measurements obtained from these images by

dividing the sinter neck dimension (X) over the particle diameter (D).
4.4.2 Porosity

The porosity of the structure is significantly influenced by increasing the sintering
temperature (p<0.05) as shown in Figure 4-3. Furthermore, the decrease in the layer
thickness causes a significant reduction in the porosity at the highest sintering
temperature (1400 °C) and relative reduction in porosity at other sintering temperatures.
Moreover, the interaction of the sintering temperature and the compaction of the powder
decrease the porosity of the structure significantly (p<0.05). In the current study, the

porosity levels in the produced samples are in the range of 17-44%.
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Figure 4-2 SEM images of various samples sintered at different sintering temperature and printed
using two layers thickness, i.e. 62.5 and 175 represent the extreme edges of powder compaction.
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Figure 4-3 Influence of two independent variables - layer thickness and sintering temperature - on
the porosity of the structure.

4.4.3 Young’s Modulus

In general, increasing the sintering temperature and/or increasing the compaction of
powder lead to an increase in the Young’s modulus, as depicted in Figure 4-4. The
statistical analysis using two-way ANOVA clarified that the interaction of both factors
(sintering temperature and powder compaction ) is significantly influential in increasing
Young’s modulus of the structure (p<0.05). In addition, the results show that each factor
individually influences Young’s modulus significantly (p<0.05). The samples observed a

Young’s modulus ranging between 0.77-11.46 GPa.
4.4 .4 Yield Strength

The average yield strength of the samples increased significantly (p<<0.05) when the
sintering temperature is increased, as depicted in Figure 4-5. Increasing the compaction
of powder has a significant influence on the yield strength of the structure at sintering

conditions of 1000, 1200, and 1400 ° C; however, a sintering temperature of 800 °C,
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which is below the phase transformation temperature of Ti (882 ° C)** , was not
significant. The interaction between the sintering temperature and the compaction of
powder also increases the yield strength of the samples significantly (p<0.05), especially
at higher sintering temperatures (1000, 1200, and 1400 °C). The observed results of the
yield strength ranged between 27-383 MPa.
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Figure 4-4 Variation in Young’s modulus due to variations in layer thickness and sintering
temperature.

4.4.5 Shrinkage

Figure 4-6 and Figure 4-7 show the dimensional variations in the samples following the
sintering process. It is obvious that increasing the sintering temperature lead to significant
shrinkage in both directions (p<0.05), particularly at the highest sintering temperature
(1400 °C). Similarly, increasing the powder compaction lead to an increase in shrinkage
(p<0.05). In addition, the interaction between the sintering temperature and the
compaction of powder significantly increases the shrinkage in both directions (p<0.05)

according to a two-way ANOVA statistical test.
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Figure 4-7 Horizontal shrinkage variation as a function of sintering temperature and printing layer
thickness.

4.5 Analytical Model of the Microstructural Arrangement of Ti Particles

The aim of this section is to derive a formula that relates the sinter neck between the
particles to the volume fraction (Porosity) of the simplest unit cell. The accumulations of
these unit cells form the entire porous structure. In the model of Gibson and Ashby’’, the
simplest level of the foam structure was assumed to be a cubic array with square cross
sections. However, in the present study, the assumption for the unit cell geometry was
evolved based on the microstructural observation, where four spherical particles of the
powder (Figure 4-8) form the simplest cubic unit cell, and the wall of the unit cell are the
sinter neck between the particles as shown in Figure 4-9. Knowing the volume fraction or
the porosity in the unit cell could be reflected to the larger scale or the entire structure’s

porosity.

In this study, the simplest cubic unit cell includes eight particles and each contributed by
one-eighth of its volume (Figure 4-9). In this model, the volume of this portion (Figure
4-9b) of the particle is calculated and the total volume of the eight portions is used to
obtain the volume fraction of the unit cell. First, a geometrical analysis for the spherical

particle is conducted, where the particle radius is (r) as shown in Figure 4-8. The
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dimension from the center of the particle to cutting plane of the sinter neck segment is

(r-h), and the dimension of the edge of the unit cell (d) is as shown in Figure 4-9:

d=2%x(r—h) (1)
Thus, the bulk volume of the unit cell (Vy):
Vy = (2 (r — h))? )
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Figure 4-8 Assumed arrangement of particles at micro-scale

b)

Figure 4-9 a) A cubic unit-cell which represents eight particles each contributed by one-eighth of
its volume, b) One-eighth particle represents the participation of the particle in the unit cell after
subtracting the volume of the sinter neck from three sides.
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In order to calculate the volume of the material that is included in the unit cell, the
volume of the overlapped area between the sintered particles is subtracted from the total
volume of the material in the unit cell. Thus, the volume of three segments of the
participated particle is subtracted from the volume of the particle itself (Figure 4-9b).

Generally, the volume of a sphere segment according to Harris and Stocker *° is:

1
Vsegment = gﬂh2(3r —h) 3)

The interface between any two particles includes a quarter of segment from each particle
shared in the sinter neck. Thus, the volume of subtracted segment (Vsupiractea) from each

particle:

1
Vsubtracted= Z Vse gment (4)

Given the volume of the unit cell and the spherical shape, the grain volume (V,) or total
volume of eight particles contributed in the unit cell after subtracting segments of the

sinter neck is:

1 1
V= 8 X gnr3 —Lmh*(3r —h) (3)

The volume fraction ( V) of the unit cell is:

Vp

(@ % (r = )®) — (8 X gr’ — 3 h?(3r — b))

2x(r-h)? (6)
where
V= grain volume
V= Bulk volume
Porosity (P) is:
P=V,=1- V—g (7)
Vb
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From Figure 4-8, the sinter neck (X) = 2a, and given the cell geometry and geometrical
relationship between r, h and a, the relation between porosity and sinter neck diameter is:
2

I )

,e (r_ r2_ (;_6)2) 3 8)

This equation is used to predict porosity based on the measured values for X. The sinter

neck(X) obtained from the microstructural characterization of the SEM images were used
to calculate the theoretical porosity. The porosity obtained from the model was compared
against the experimental porosity data to validate the effectiveness of the model in

prediction of the porosity of the porous structure using the regression analyses.

4.6 Discussion

The results of this study demonstrate the significant influence of the layer thickness
(compaction of powder) and sintering temperature on the porosity, strength, stiffness, and
dimensional variation of a Ti porous structure made by a powder bed ink-jet based
additive manufacturing technique. The microstructural observation provides an insight
into sinter neck size among the particles and its progressive development due to an
increase in the compaction of powder or sintering temperature as shown in Figure 4-2.
The increase in the compaction of powder increased the contact area/force among the
particles, which positively influences the diffusion process among the particles.

According to Oh et al.”

, the influence of increasing the pressure in decreasing the
porosity is due to the plastic deformation of the particle above the [ transition
temperature, which may lead to an increase in the contact area between the particles and
caused a decrease in the porosity. This effect was clearly proven from the porosity results
in Figure 4-3, where at 800 °C sintering temperature, which is below the B transition
temperature, the variation in the porosity due to alteration of the compaction of powder is
not remarkable. However, with an increase in the sintering temperature the reduction in

the porosity increased significantly with the decrease in the layer thickness. The

correlation between the powder compaction and the sinter neck ratio is shown in Figure
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4-10. At the thicker layer (175 um), which represents the lowest level of powder
compaction, the correlation between the neck ratio and the sintering temperature is linear;
however, this linearity degrades gradually when the compaction of powder is increased,

as shown by the R? value for the other layer thickness.
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Figure 4-10 The progression of the sinter neck ratio versus sintering temperature

In this study, a model was developed that could predict the porosity of the structure based
on the sinter neck measurements achieved by the microstructural observation of sinter
neck size using SEM (as typically shown in Figure 4-2). To examine the validity of this
model, experimental data is compared with the model output as shown in Figure 4-11. As
seen, an excellent correlation (r* = 0.92) is observed between the model porosity and the
experimental porosity of the structure. Statistically, this means that the experimental

results are in good agreement with the model results.

Furthermore, the sinter neck has a highly significant impact on yield strength and
stiffness of the structure. Figure 4-12 shows that the increase in the sinter neck ratio is
associated with an increase in the yield strength of the samples. However, the relationship

between the sinter neck and the yield strength at the highest temperature (1400 °C)
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exponentially increases by increasing the level of powder compaction. The correlation of
yield strength and Young’s modulus is linear, as shown in Figure 4-13. However, this
linearity does not occur at the lower sintering temperature (800 °C). This difference can
be attributed to the fragility of the structure at this sintering temperature, since the sinter

neck is not fully developed and the elasticity of the structure is very poor under this

condition.
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Figure 4-11 Correlation between the experimental porosity and modeled porosity.

In this study, yield strength was considered to characterize the strength in a comparative
study among the groups. The highlight over the yield strength comes due to the variation
of this property between middle-aged and elderly cortical bone yield strength, while no
significant variation in ultimate strength results was detected”®. According to Figure 4-13,
samples compacted by varied layer thicknesses and sintered at 1200 °C are comparable to
cortical bone mechanical properties, yield strength, and stiffness, as reported in the

. 87,97
literature °""".
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The influence of the compaction level could also explain the variation in the vertical and
horizontal shrinkage, as depicted in Figure 4-14. For instance, at a higher compaction
level of powder, the horizontal shrinkage is higher than the vertical shrinkage, while at a
lower compaction level the vertical shrinkage is higher than the horizontal shrinkage. Our
previous work ° and Wiria et al.’ suggest that vertical shrinkage was greater than
horizontal shrinkage due to gravitational effects. Thus, we considered the horizontal
shrinkage as the constant and vertical shrinkage as the variable according to the
conditions of the printing or sintering. Accordingly, the effect of the powder compaction
on the shrinkage isotropy is shown in Figure 4-14. This figure shows that the optimum
layer thickness for maintaining isotropic shrinkage is 105 um; however, a decrease in the
layer thickness leads to less shrinkage in the vertical direction compared to the horizontal
direction due to a well compaction of powder and no much of voids left as in the other
extreme edge of layer thickness (175 pm). These voids allow for more reliance of the
structure toward shrinking in the vertical direction to fill these voids influenced by the

gravitational effect.

14
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= Vertical Shrinkage  # Horizontal Shrinkage

Figure 4-14 Influence of the compaction of powder on the anisotropy of shrinkage in the structure
for samples sintered at 1400 °C.
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4.7 Conclusions

Porous Ti samples were additive manufactured using a powder-based ink-jet additive
manufacturing process followed by post sintering. The porosity of samples ranged
between 1744 %; Young’s modulus ranged between 0.77-11.46 GPa; and yield strength
ranged between 27 - 383 MPa, which was achieved by varying the layer thickness and
sintering temperature. It was observed that the level of compaction of powder and
sintering temperature were two parameters that significantly affect the mechanical and
physical properties of the printed structure. In addition, the regression analysis

demonstrates a good fit between the porosity model and the experimental data.
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Chapter 5 Mechanical Properties of
Additive Manufactured Porous
Titanium Bio-Structures with
Oriented Macro-Scale Channels

5.1 Introduction:

Recently, with improvements in health systems, global life expectancy has increased,
thereby leading to an increase in the average age of the world population. Joint diseases
and osteoporotic fractures account for 50% of the chronic diseases that affect senior
citizens. Specifically, the parts of the body most susceptible to these diseases are the
spine, hip, and forearm®.

For several decades, Ti and its alloys have been increasingly utilized for orthopedic
implants, in particular, in repairing large bone defects and in joint replacement owing to
their desirable physical and mechanical properties along with their biocompatibility™.
However, loosening of the implant or failed bonding between the bone and the implant is
a common issue associated with the fixation of the bone implant which arise over
time>"°. This problem is caused by several factors, including mechanical and biological
factors. One crucial biological factor is the poor osseointegration between the bone and
the implant’. For instance, inadequate integration between the cementless implant and the
bone allows debris particles to access the interface area between the implant and the bone
which in turn leads to the loosening of the implant’. Therefore, improving the

osseointegration process between the implant and the host bone would be beneficial in
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avoiding aseptic loosening. An effective way to alleviate this problem is by designing
porous Ti structures that enhance the integration with the bone.

Recently, a few additive manufacturing techniques stated in ASTM F2792 - 12a have
been used in fabricating orthopaedic implants due to the ease of production compared to
conventional techniques *-****°>7. Additive manufacturing techniques are capable of
building scaffolds (bone implant) with fine internal and external features. These features
might include macro-scale channels and micro-scale pores, and these channels assist the

98,99

osteointegration process between the implant and the host bone™ . The influence of

channels' various sizes or shapes on osteointegration has been the subject of two recent

. 9899
studies™™

. In these studies additive manufacturing techniques were used to fabricate
macro size channels in the implants. These fabricated implants were biologically tested
while the outcomes proving the importance of the channels in improving the
osteointegration process. However, no studies have addressed the influence of these
channels on the implant’s mechanical and physical properties. This study will address the
effects of open channels with various orientations on the physical and mechanical

properties of additive manufactured porous Ti samples. Porosity, shrinkage, and

mechanical properties of additive manufactured porous structure will be investigated.

5.2 Methodology:

The machining process of Ti using conventional techniques is complex; moreover,
creating macro channels inside of a Ti construct is considered challenging when using
conventional techniques, due to the rigidity and stiffness of Ti. However, with advances
in additive manufacturing techniques, this process has become possible with the
assistance of a powder based 3D printing (3DP) machine, which is capable of controlling

precise features of the internal and external architecture.

In the present study, commercially pure Ti powder (CP Ti, Phelly Materials, Bergenfield,
NJ) that meets the ASTM (F67-06 Grade 2) characteristics was used to build the testing
samples with the 3DP machine. The as-received powder had a spherical shape with a size
range of 45-90 um. This powder was sifted through a sieve with a mesh size of 200 (US
Standard Sieve Series, Cole-Parmer, USA) and the outcome of this process was powder

particles in the range of 45-75 um. Polyvinyl alcohol (PVA) powder 86—-89% hydrolyzed
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with low molecular weight (Alfa Aesar, Ward Hill, MA) was used as a binder. A mixture
of Ti and 3 wt% PVA was mixed for 4 hours using a jar-mill (LABMILL 8000 JAR
MILL MACHINE, Paul N. Gardner Company, USA). The production process of samples

conducted in two stages: manufacturing and sintering of green samples.
5.2.1 Manufacturing of Green Samples:

Solid-WorksVR, Ver. 2006 (SolidWorks, Concord, MA) was used to create a 3D model
for rounded bars with dimensions of ¥10.3xH15.45 mm>xmm. These rounded bars were
classified into 4 categories according to the design of the experiment. The first category
(a) included control samples, as seen in Figure 5-1a. The second category (b) included
samples with two vertical channels (¥1000 pm) running all the way through the sample,
as shown in Figure 5-1b. The third category (c) included samples which had two channels
(01000 pm) that intersected at the centre and were inclined at 65.3° (Figure 5-1c). This
angle is equivalent to the principal stress angle corresponding to the geometry of the
control samples obtained by the assistance of COMSOL MULTIPHYSICS 3.5a. ®. The
last category (d) included the channels in category (c) in addition to a horizontal channel,

which also intersected other two channels at the center, as shown in Figure 5-1d.

(-]
<
N4 \V N S v
a) b) c) )

Figure 5-1 Schematic presentation of Ti samples investigated in the current study and classified
into four categories: a) control, b) 2 vertical channels at 90° angle, ¢) 2 channels with 65.3°
inclination angle, and d) 2 channels inclined by 65.3° and one horizontal channel

These models were exported to a retrofitted powder-based 3D printing machine

(ZPrinter310-Plus, Z Corporation, Burlington, USA) in stereolithography (STL) format.
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The printing process depended mainly on the packing of powder layers until the entire
structure was built. This process was concurred by the injection of an aqueous solvent
(Zb58™, Z Corporation, Burlington, USA) interfacially between the layers, which
represents the 2D shape of the targeted structure. This process was implemented using
two pistons, one in the feeding powder side and another in the build, as shown in Figure
5-2. The synchronized movements of these pistons along with the roller, which was used
in spreading of powder from the feeding side to the building side, allowed for the packing

the powder during the printing process of the structure as reported in our previous work®.

In order to dry the printed samples, they were kept in the printer at 38 °C for 1.5 hours
following printing. They were then pulled up from the machine and cleaned by

compressed air to extract the powder from the channels.

X axis moving direction

— B
e | |

Powder Mixture lPIinled Sample

i

Roller Print head
I  ——

WO FULADUL SINE 7

Feeding Piston/ Building Piofgl

Figure 5-2 A schematic of the powder based 3D printer machine.
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5.2.2  Sintering:

Green samples produced by the printing process were sintered to obtain the final porous
structure. An MTI® High Temperature Tube Furnace (GSL—1500X-50, Richmond, CA)
and Argon atmosphere were used for sintering. The sintering process was initiated by
first burning the PVA used for the binding of Ti particles of green samples. The PVA
burning process was implemented through two stages: first at 295 °C for 3 hours in an air
environment, and second at 500 °C for 1 hour in an Argon environment. Next, samples
were sintered at 1400°C for 1 hour. The heating rate was 10°C/min until reaching 1000°C,
and then reduced to 5°C/min until reaching 1400°C, as shown in Figure 5-3. The samples
were then furnace cooled at the end of sintering. Finally, the sintered samples were

cleaned in an ultrasonic bath filled with distilled water for 5 minutes. Figure 5-4, shows a

sintered and cleaned sample.
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Figure 5-3 Heating profile used in the sintering process.
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Figure 5-4 Ti sample with two diagonal channels with dimensions of @10 mm X H15mm.

5.2.3 Characterization:

In this study, samples were characterized by two non-destructive test methods; i.e
shrinkage and porosity measurements, and one destructive test method, which was the
compression test.

An electronic Vernier Caliber was used for the shrinkage measurements. As reported in
our previous work®, this test was implemented by measuring the sample diameter before
(dp) and after (d,) the sintering process, and height before (hy) and after (h,) the sintering
process three times for each sample and the averages were considered. The percentages
of shrinkage in vertical (%V) and horizontal (%H) directions were calculated from the

following formula:
da—dy,
dp
hy—hyp
b

H% =

x 100 (1)

V% =

x 100 (2)

Archimedes’ principle of buoyancy was adopted to measure the porosity of the samples
based on ASTM B 311& C373. In this characterization technique, three readings were
taken before and after boiling the sample in distilled water to remove air bubbles trapped
inside the sample’s pores. These readings were; sample dry weight (Wg,), wet weight
(Wyer), and submerged weight (Wj,;). The measured porosity was obtained from the

following formula:

. Wywet—Wg
Porosity % = m (3)
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An Instron machine (Instron-4206, USA) was used for compression testing with a cross
head speed of Imm/min. Sample dimensions were @10.3x 15.45 mm®, and 4 samples
from each category were tested. The results were analysed statistically using analysis of
variance (ANOVA) technique to examine the differences between categories’ averages.
Any significant result within the collected data was detected by alpha value (p<0.05), and
if that condition was satisfied then a Bonferroni correction technique was used to

discover the significance within the categories '*.
5.2.4 Modelling:

Finite Element Analysis (FEA) using COMSOL MULTIPHYSICS 3.5a ® was employed
to investigate the mechanical influence of macro channels on the structure among four
different categories with different channels orientation. The outcome of the printing
process was a porous structure. Due to the technical complication in the modelling of a
porous structure'®’, the structure was assumed to be solid and the mechanical data and
equivalent density based on the porosity of the structure were then used as input material
properties in the FEA. A static analysis was implemented by applying an axial load on
the samples to simulate the compression test. The results of the mesh generation process
(as shown in Figure 5-5) were 2888 elements for category a) , 16571 elements for
category b), 17192 elements for category c¢) and 23141 elements for category d). The Von
Mises results were used to address the influence of macro channels existence in the

structure and the stress concentration among four different categories of samples.
5.2.5 Biological Study:

Human osteosarcoma cell line (Saos-2) were cultured in McCoy’s-5A medium
supplemented with 10% fetal bovine serum (Sigma—Aldrich). Prior to seeding process,
the samples (n=20) were placed in a 24-well tissue culture plate to be equilibrated with
the 1 ml complete culture medium for 15 min. After that, the medium removed from the
plate before the seeding process, and followed by an immediate seeding of 100,000 cells
per sample. Samples were left for 30 min for cell attachment. Then, 1 ml of medium

added to the samples at 37 °C, and this medium was changed on days 3,7,10 ,and 14.
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The cell proliferation and osteoblast phenotype were assessed through; the alamarBlue®

Assay,Picogreen® assay DNA  content, alkaline phosphatase activity, and

Osteocalcin production .

a) b) ¢) d)

Figure 5-5 Samples after meshing process : a) control, b) 2 vertical channels with 90° angle, ¢) 2
channels with 65.3° inclination angle, and d) 2 channels inclined by 65.3° and one horizontal
channel.

5.3 Results

5.3.1 Shrinkage:

The results of the shrinkage analysis in the horizontal and vertical directions are
presented in Figure 5-6. No significant variation in horizontal or vertical shrinkage

among the categories is observed. The percentage of shrinkage is between 3.5 and 4.5%

in both directions.

6

Shrinkage (%)
LS

b) ' c)

Vertical Shrinkage ~ ® Horizontal Shrinkage

Figure 5-6 Vertical and horizontal shrinkage of Ti samples after the sintering process.
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5.3.2  Porosity:

The average porosities of 4 samples from each category are presented in Figure 5-7.
From this figure, there appears to be no significant variation between the first three
categories and the porosities range from 35-35.5%; however, a significant reduction

(p<0.05) in the porosity of category (d) compared to (a) , i.e. ~33.6%, is observed.

-

e

b) ¢) d)

Figure 5-7 Porosity of Ti samples fabricated with different channel orientations.

5.3.3 Mechanical Properties:

The mechanical properties of the different samples characterized by the compression test
are listed in Table 5-1. In addition, the table includes the range of the mechanical
properties of cortical bone based on various ages as characterized by the compression
test. The statistical examination test (ANOVA) revealed no significance difference in
terms of the mechanical properties among categories a, b, ¢, and d with the exception of
the ultimate compressive strength. The ultimate compressive strength results are
presented in Figure 5-8. As shown in this figure, there is a slight improvement in the

strength of the structure due to the creation of vertical or inclined channels in the
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direction of the principal stress; however, a significant reduction in the strength (p<0.05)

occurred after adding a horizontal channel.

Table 5-1 Mechanical properties obtained from the stress-strain curve for a) control; b) 2 vertical
channels with 90° angle; c) 2 channels with 65.3° inclination angle; and d) 2 channels inclined by

65.3° and one horizontal channel.

Yield Strength

Elastic Modulus (E) Yield Strain(e)

Ultimate Strength

0.2%(c,) MPa GPa % MPa
2 1549 = 92 325 + 035 505 + 084 37427 + 317
b 15500 + 34 337 + 032 496 + 054 39270 + 235
c 14883 + 62 318 + 0.13 491 + 037 41451 + 252
d 16561 + 33 298 + 0.16 579 + 028 30661 + 85
Cortical Bone 50-232.5 425225 0.72-1.45 52.7-246.3

Based on Age'”

500
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100
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Figure 5-8 Compressive strength resulting from testing Ti samples under the uniaxial
compression test: reduction in the strength of the (d) category was significant (p<0.05) when

5.3.4 Biological Study:

compared to the (c) category.

A cell culturing on the samples conducted at The University of Manchester to assess the

cell proliferation within the porous structure as shown in Appendix A. The results of the

channels orientation influence on the cell proliferation available in Appendix B, however,

~

1



it’s early to judge on these preliminary results. This result needs further investigation in

the future.

5.4  Discussion

A powder-bed additive manufacturing was deployed to make porous Ti structures with
macro-sized channels with different orientations. While the additive manufacturing was
enabled to make such structures, the shrinkage due to the sintering post-processing could
potentially undermine the potential of the manufacturing process. And giving the fact that
orthopaedic implant should be manufactured precisely to be able to fit in the affected
area. So, any change in dimensions during manufacturing may cause part rejection due to

dimensional variation. Thus, shrinkage level should be maintained at a minimum level

and preferably be consistent in all Cartesian coordinates.

Generally, the level of shrinkage is anisotropic that differs for the horizontal and vertical
directions of the sintered samples and usually occurs more so in the vertical direction due
to the effect of gravity®®®. Thus, maintaining isotropic level of shrinkage in all directions
will facilitate control over the exact dimensions of the final product, especially in a
complex structure. Early control of shrinkage should be implemented from the beginning
at the CAD model stage before printing by adding a compensation factor as a percentage
of shrinkage for the whole structure, which usually occurs after the sintering process.

In general, according to the shrinkage analysis in the current study, the vertical shrinkage
fell between 4.24+0.16 - 4.50+0.11%, while the horizontal shrinkage fell in the range of
3.46+0.11-4.51£0.26%. The influence of the gravitational force on the structure
shrinkage cannot be neglected. However, for samples with vertical channels in category
(b), the result showed an isotropic shrinkage in both directions (as shown in Figure 5-6
b). A close look at the channel opening in Figure 5-9 suggests that a cluster of well-
sintered particles formed around the channel compared to the particles scattering out of
the red circle. This phenomenon can explain the isotropic shrinkage which occurred in
category (d) and partially in category (b) and (C) samples, since the inner surface of
the vertical channels was exposed more to the heat treatment compared to the other parts
of the structure. Therefore, particles in the inner wall of the channels built thicker sinter

necks and bonded to each other. This formed a higher density area which resists the
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gravitational influence and prevented the structure from shrinking vertically during the
cooling period. Also, the reduction in the porosity of the category (d) samples which has
higher surface area exposed to heat treatment supports the hypothesis of the variation of
density within the structure. This variation in sintering performance between the internal

1. ', Based on

structure and the extremity surfaces is supported by the study of Gagg et a
the morphology data in their study, the authors observed that the porosity in the centre of
the cylindrical samples was higher than the porosity at the periphery. This could be
attributed to the thicker sinter neck in the peripheral area, which is more exposed to the

thermal source.

™/ Less exposure to §
heat treatment

'S

Well sintered cluster of
particles

Figure 5-9 SEM images of the channel opening of category (b) samples.

This technique of manufacturing Ti implants proved its superiority in having a low
shrinkage level compared to other costly manufacturing counterparts which have been
used in the manufacturing of porous Ti, such as electron beam melting (EBM), which has
shown a horizontal shrinkage of 6.5% and vertical shrinkage of 7.1%’°. As well, other

techniques such as the indirect additive manufacturing of Ti scaffold by printing a
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scaffold of wax and filling it with Ti slurry showed horizontal and vertical shrinkages
after sintering at 1300°C equal to 11.9%=1.1% and 9.2%+0.6%, respectively>.

In the current study, the level of porosity was between 33.64+0.47% and 35.69+0.25%,
as shown in Figure 5-7. The presence of channels in the structure affected the porosity of
category (d) samples significantly, due to an increase in the surface area which was
exposed to heat treatment. In general, the compressive strength inversely scales with the
porosity of a porous material '’. In contrast, Figure 5-8 shows a different behaviour
associated with the horizontal channel in category (d) structures. Apparently, the

significant reduction in the strength is caused by the existence of the horizontal channels.

Figure 5-10 Deformed Ti samples after the compression test: a) control, b) 2 vertical channels
with 90° angle, ¢) 2 channels with 65.3° inclination angle, and d) 2 channels inclined by 65.3° and
one horizontal channel.

As seen, the inclusion of vertical or inclined channels in the structure does not negatively
affect the strength of the structure; in the contrary, these channels enhanced the strength
of the structure slightly as shown in Figure 5-8 (b) and (c). However, adding a horizontal
channel to the structure, as in category (d), has significantly reduced the compressive
strength (p<0.05). This observation can be evaluated by the visual examination of the
mechanically tested samples. As Figure 5-10 depicts, the failure mechanism in the
samples of all categories is sheared along a ~65° plane, which represent the principal
stress angle and the shear stress at this specific plane is the maximum. Also, cracks have

not initiated or passed through vertical or inclined channels as in the first three categories
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[Figure 5-10 (a), (b), and (c)], while these cracks clearly passed through a horizontal
channel as in Figure 5-10 (d). The FEA results provide insight into the influence of these
channels on the structure. Figure 5-11 (d) shows that the stress concentration is more
highly localized in the horizontal channel due to axial loading, while such concentration
does not appear in the vertical channels [Figure 5-11 (b)] and appear slightly in the
inclined channels [Figure 5-11 (c)]. Although the FEM analysis dealt with the structure as
a bulk metal with a reduced density, the case is completely different during the
experimental characterization. Characterization of a porous structure is not similar to the
bulk material because the mechanical properties of the porous structure conceptually
depends upon the density and the microstructural architecture of the construct '**'%. As
the variation in the microstructure will highly change the mechanical properties, the same
doctrine could be applied to the macro- structure. Thus, including macro channels in the
structure should influence the mechanical properties of the structure. In the present study,
adding more channels to the structure as in category (d) led to a significant reduction in
the ultimate strength of the structure, as seen in Figure 5-8. This point can be
advantageous as one may tailor the mechanical strength of the implant by adding
channels that can be realized by AM. In this study, as seen from Table 5-1 some of the
obtained mechanical properties fell in the range of the cortical bone and other are very
close to this range. The scope of this study was to assess the influence of channel
orientation on the properties of the structure when the processing parameters were fixed
and not altered. However, several processing parameters could be manipulated to match
the properties of the structure to those of the bone, as conducted in our previous work®.
Overall, a few number of channels have been used in each category and the results
showed some variations up and down. These variations expected to be scaled up or down

if the number of channels increased in a certain category.
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Figure 5-11 Von Mises stress distribution within the compressed samples: a) control, b) 2 vertical
channels with 90° angle, c) 2 channels with 65.3° inclination angle, and d) 2 channels inclined by
65.3° and one horizontal channel.

5.5  Conclusions

The influence of macro channels with different orientations upon the mechanical and
physical properties of a porous Ti structure fabricated by additive manufacturing
technique was investigated. The following conclusions can be drawn from this study:

e The results of the experimental work have proved the possibility of customizing the
mechanical and physical properties of the porous structure through the additive
manufacturing of bio-structures with macro-scale channels at different orientations.

e The results of the compression test indicated that the ultimate strength of the additively
manufactured structure can be tailored and reduced by adding horizontal channels.

e An increase in the number of channels in the additively manufactured structures led to
a reduction in porosity due to an increase in the surface area which is exposed to heat
treatment during the sintering process.

e The investigation suggested that shrinkage in both horizontal and vertical directions of

the sample can be isotropic by adding horizontal channels to the structure.
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Chapter 6 A Novel Additive
Manufacturing-based Technique for
Developing Bio-structures with
Conformal and Encapsulated
Channels

6.1. Introduction
Most fractured bones heal without any need to surgery. Yet treatment of a fracture can be

10

challenging if the gap between the fractured parts of the bone exceeds 2 mm '*, as this

gap will hinder revascularization and cell proliferation '*’

. Therefore, utilizing a
customized implant to precisly mimic the anatomical shape as well as geometrical
features of the cuts required for surgery can be considered a viable solution to this issue.
The structure of an appropriate bone implant should mimic the structure of real bone.
Cortical bone is composed of hydroxyapatite and type-I collagen, and its porosity is in
the range of 3-12% 22198 The structure of this type of bone includes the osteon system,
which consists of a network of channels: longitudinal channels (Haversian canals) linked
by transverse channels (Volkmanns canals). The main function of these channels is to
serve as conduits for blood vessels, which are crucial for nutrition, growing bone, and
repairing fractured sites '*.

According to Frosch et al. and Fukuda et al. °** it is essentail for Ti bone implants to
have such channels to improve the osseointegration process. In these studies, longitudinal

9

channels ranging in size from 300-1000 pm were drilled, as in *®, or channels were
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fabricated ranging in size from 500-1000 pm using one of the additive manufacturing

99

(AM) techniques, i.e., Selective Laser Melting (SLM), as introduced in reference ~ . In

the studies conducted in *%%

no encapsulated channels were created due to difficulties in
creating macro-sized encapsulated and conformal channels in the printed structure as a
result of the depowdering issue ''°.

The fabrication of a macro-sized channel using the powder bed AM technique is complex
because of the difficulty associated with depowdering, i.e., removing loose powder from

the fine details of the structure 305111112

. Macro-channels exemplify the fine details
inside the 3D printed structure. So, while depowdering of straight macro channels is
challenging, it is not a practical process for the case of conformal and encapsulated
macro-channels. Thus, depowdering after printing is a significant issue, and the inability
to accomplish this task is considered to be a major impediment in the use of powder bed
additive manufacturing techniques.

There have been many attempts to overcome the depowdering issue in 3D printed green
parts. Some of these attempts have focused on the design of the targeted model to
overcome this problem, as dicussed in reference ''!, according to which the scaffold was
designed as a cage with large windows to facilitate the depowdering process. Other
attempts have included changing some of the manufacturing parameters. For instance, the
orientation of the samples in the powder bed and its influence on the depowdering

1. ®. In that study, cylindrical scaffolds were

process were investigated by Farzadi et a
printed in the X (horizontally in the powder spreading direction), Y (horizontally
perpendicular to the powder spreading direction), and Z direction (vertical). The
depowdering of samples that were printed horizontally in the X direction was somewhat
easier to accomplish than the depowdering of samples that were printed in the Y
direction. For both the X and Y printing directions, the samples were easier to depowder
in terms of the cleaning time required compared to those printed in the Z direction.

Since the primary goal of this study was the creation of macro-sized channels in order to
mimic the structure of real cortical bone, depowdering of these horizontal and vertical
channels (which has not been addressed in the literature to date) was a major concern. In

this study, the new approach of combining three manufacturing techniques, i.e. additive

manufacturing of laminated/partial parts and assembling/stacking the laminated parts,
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followed by a propoer sintering protocol was used in an attempt to overcome the
depowdering obstacle of these channels. This new manufacturing approach was assessed
by a comparative characterization of mechanical and physical properties of the fabricated

samples (i.e. shear and compressive strengths, and porosity and dimensional shrinkage).
6.2. Methodology
6.2.1 Materials and Fabrication

The CAD model of the assembled additive manufactured (AAM) part was first developed
using SolidWorksVR, Ver. 2013 (SolidWorks, Concord, MA, USA). After developing
the model, which included a vertical channel (¢ 1000 um) and a horizontal channel (¢
500 pum), the model was sliced with a cut that went all the way through the channels, as
shown in Figure 6-1. Then, two slide guiders were added to the part at the plane of the
cut. The appropriate clearance was considered in the design of these guiders to allow
them to fit in the holes part of the counterpart. Then, the individual models were printed
separately using a powder-bed 3D Printer (ZPrinter310-Plus, Z Corporation, Burlington,
VT, USA) with a layer thickness of 85 um packed with a mixture of powder. This
mixture was composed of commercially pure Ti powder (CP Ti Grade 1, Advanced
Powders and Coatings, Inc., Boisbriand, QC, Canada) that had spherically-shaped
particles with diameters less than 38 um and 3 wt% of low molecular weight polyvinyl
alcohol (PVA) powder that was 86—89% hydrolyzed (Alfa Aesar, Ward Hill, MA, USA).
The PV A was used to bind the spherical Ti particles together after the jetting of the liquid
binder (ZbTMSS , 3D Systems, Rock Hill, SC, USA) from the print head. Once the printed
parts dried, the green parts were depowdered and cleaned using compressed air and a soft
brush.

The next processing step is the sintering of the green parts after the assembly. This
process was conducted in an MTI® High Temperature Tube Furnace (GSL—1500X-50,
Richmond, CA, USA) under a high-purity argon atmosphere. The sintering process
consists of two stages. First, the binding agent, PVA, is burned by heating in air for three
hours at 295°C, followed by purging argon gas and heating for one hour at 500° C.
Second, the Ti is sintered by heating the structure at the rate of 10°C/min to 1000°C,
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followed by heating at 5°C/min to 1400°C. This temperature is maintained for three

hours, followed by furnace cooling. The heating protocol for sintering is shown in Figure
6-2.

Sintered part

. Assembled part

Printed & depowdered green part

Sliced CAD model

. CAD model

Figure 6-1 Steps of building a structure using the AAM concept, starting with the CAD model
and ending with the final sintered structure.
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Figure 6-2 Heating protocol used in the sintering process: two stages for burning PVA and one
stage for sintering Ti particles.
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6.2.2 Characterization

To validate the AAM concept, samples (B) fabricated by this technique were
characterized for their mechanical and physical properties and compared with control
samples (A), which were printed in one printing cycle as shown in Figure 6-3. In
addition, the characterization included a comparison between two categories of samples
with horizontal channels (¢ 750um). The samples in the first category were printed
entirely during one printing job as in category (C), while the second category (D)
included the samples printed using the AAM technique. The sample shape characteristics
are shown in Figure 6-3. A sample with a straight horizontal channel was chosen to make
the depowdering process easier, particularly in category C, since, as mentioned
previously, it is not possible to depowder small-sized conformal channels that are printed
using a commercially-available 3D printer. Thus, this choice provides the basis for a

valid comparison between the two categories.

8 mm|

A 4
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L )

-

(A) (B) ©) (D)
Figure 6-3 Schematic representation of the shear test samples: A) control sample printed entirely
in one cycle of printing; B) AAM sample; C) control sample printed in one printing cycle with a
horizontal channel; D) AAM sample with a horizontal channel.

-—

6.2.2.1 Shear Test

First, the samples were characterized through a shear testing method to quantify the shear
strength of the adhesive bonding in the assembled structure. A specific fixture (Figure

6-4), similar to the fixture used by Bondioli et al., Salazar et al., and Cocr et al. 13 _“5,
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was fabricated to conduct the shear test. The fixture consisted of two pieces: a piston and
a cylinder composed of hardened tools steel . One side of the both piston and cylinder
was flattened, and a plate was installed in the section that was cut from the cylinder to
ensure that a straight shear cut was applied on the interfacial portion between the two
parts in categories (B) and (D) and on the control sample categories. The test sample was
placed in the 4-mm hole that had been drilled in both the plate and the piston. The entire
set, i.e., the sample and the fixture, was subjected to a compression load in a uniaxial
Instron machine (Instron-4206, MA, USA) with a crosshead speed of 0.5 mm/min. This
compression loading resulted in the application of a shear load at the interface layer

between the two assembled parts.

F
Piston Cylinder Ol/\
Cylinder
Piston 7
» ~ e
Compression load ]”t?,FiaC‘al Plane
§
Tir
LT
C_* Resistanse
T= Shear Stress
A) B)

Figure 6-4 Shear test apparatus: A) fixture comprised of a fixed part (cylinder) attached to the
plate holds the sample and a moving part (piston), B) schematic of the loading force on the
sample that generates a shear force at the interfacial plane.

6.2.2.2 Compression Test

Compression test was conducted on the AAM and control samples. The dimensions of
the samples that were used for this test were ¥7.49 mmx 11.24 mm with a height to
diameter ratio of 1.5 according to ASTM E9-09. Categories (C) and (D) had a 750-pm
channel placed horizontally in the middle of the samples, as shown in Figure 6-5. A
uniaxial testing machine (Instron-4206, MA, USA) and a crosshead speed of 1 mm min”'

were used to compress (crush) the samples.
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(A) (B) ©) (D)

Figure 6-5 Schematic representation of the shear test samples: a) control sample printed entirely
in one cycle of printing; B) AAM sample; C) control sample printed in one printing cycle with a
horizontal channel; D) AAM sample with a horizontal channel.

6.2.2.3 Porosity Measurement

ASTM B311 and C373 require that porosity measurements are conducted using samples
with weight larger than 1g. Therefore, the compression test samples, which had weights
>1g, were used. Porosity of the structure was measured based on the Archimedes
principle, using the Universal Specific Gravity Kit (Sartorius®, Bradford, MA, USA) and
an electronic balance (APX-203, Denver Instruments,NY, USA) with a precision of

0.001g. The same procedure was used as the one previously reported by Basalah et al. ®°.

6.2.2.4 Shrinkage Measurements

The dimensional precision of the manufactured bone implant is very important. In this
study, an electronic Vernier caliper (Mitutoyo Corp., Kawasaki, Japan) with a precision
of 0.0lmm was used to measure the variation in the dimensions of the rounded bar

samples (0¥7.49 mm x 11.24 mm), and the number of samples (n) was 6.

6.2.2.5 Visual Examination

A scanning electron microscope (SEM) (JEOL JSM-6460) was used to visually examine
the adhesive bonded surface of the assembled parts before and after sintering and to

observe the effect of sintering on the micro-structure of the fine particles.
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6.2.2.6 Statistical Analysis

The analysis of variance (ANOV A) technique was used with the data that were obtained
to determine whether there were significant differences between the groups. This

significant difference was detected by alpha values of p < 0.05.

6.3. Results
6.3.1 Adhesive Bonding Shear Strength

Figure 6-6 shows the adhesive bonding strength for the two assembled parts produced by
the AAM concept and the control samples. The diagram of Figure 6-6 compares the
average shear strengths of (n = 9) samples in categories A, B, C and D. The results show
a significant reduction in shear strength when the AAM process is used (category B),
with a reduction in shear strength of approximately 25%. Similarly, when the horizontal
channel is added to the structure, as in categories C and D, the shear result shows a
reduction of approximately 32% in strength when applying the new concept, as in

category D.

250

200 k 1

100 +—

Shear Strength(MPa)

50 +———

A B C D
Figure 6-6 Results of shear strength tests of Ti samples in four categories: A) control sample

without a channel; B) AAM-fabricated sample without a channel; C) control sample with a
channel; D) AAM-fabricated sample with a channel.
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6.3.2 Compressive Strength

Figure 6-7 shows the compressive strength of the AAM-made structures. The figure
presents the average compressive strengths of (n = 6) samples from each category. The
figure indicates that there are no significant differences among the results of the four
categories. However, the variations in the margin of error in categories B and D, in which

AAM is used, are greater than those in categories A and C, the control samples.
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Figure 6-7 Compressive strength results of Ti samples of four categories: A) control sample
without a channel; B) AAM-fabricated sample without a channel; C) control sample with a
channel; D) AAM-fabricated sample with a channel.

6.3.3 Porosity

Figure 6-8 compares the results of porosity measurements for A and C samples with
those of B and D samples (n = 6). The results show that there is a significant increase (p
< 0.05) in the porosity of category B compared to the porosity of category A of
approximately 2.2%. Also, there is a slight increase in the porosity of category D
compared to the porosity of category C. The results of the porosity measurements in all

cases varied between 12 and 16%.
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Figure 6-8 Results of porosity tests of the Ti samples for the four categories: A) control sample
without a channel; B) AAM-fabricated sample without a channel; C) control sample with a
channel; D) AAM-fabricated samples with a channel.

Porosity

6.3.4 Shrinkage Measurements

Measurements of the average vertical and horizontal shrinkage were obtained from the
samples before and after sintering. The reults of these measurements are shown in Figure
6-9. The data indicates that there are no significant differences between the horizontal
and vertical shrinkages of categories A and C, the control samples. However, a
significant increase (p < 0.05) is observed in the vertical shrinkage of the samples in
categories B and D, the samples which were prepared using the AAM technique. The
average shrinkage for all conditions and in both directions, i.e., horizontal and vertical, is

~12%.

6.4. Discussion

In this study, a new method is introduced for manufacturing of titanium based implants in
an effort to resolve the depowdering issue that is inherent in powder-bed additive
manufacturing techniques. In this new approach, a combination of additive
manufacturing and traditional assembly, followed by sintering, is used to build the
structure. Applying the shear test to validate this new technique of manufacturing is
crucial to quantify the diffusional bonding between the two assembled parts in

comparison with the one-part structure that is printed entirely in one cycle.

86



14 x x

: ;| . [
12 +—
10 ——
=
o 8§ —
Z
E 61—
)
4 +—
2
O T 1
A B C D

Vertical Shrinkage = Horizontal Shrinkage

Figure 6-9 Vertical and horizontal shrinkages of the Ti samples in the four categories: A) control
sample without a channel; B) AAM-fabricated sample without a channel; C) control sample with
a channel; D) AAM-fabricated samples with a channel.

A close look at the attachment interface through the SEM images (Figure 6-10 and Figure
6-11) provides insight into the reason for the variation in the shear and shrinkage results
among the different categories. Figure 6-10 shows that there are gaps at the interface of
the two assembled parts in the case of samples (B) and (D). The gaps attributes to more
shrinkage occurs in the vertical direction than in the horizontal direction, as Figure 6-9
suggests. A diffusional bonding occurs among the adjacent particles from each side of the
attached parts. However, full bonding between the two parts does not consistently occur.
The lack of such full bonding can (at least partially) explain the reduction in the shear
strength of the AAM structures. It should, however, be noted that this reduction in
strength is considered to be beneficial in the case of an orthopedic implant % because the
reduced shear strength can help to avoid a mismatch in the strength between the bone and
the implant. The minimum shear strength observed in this study is 200 MPa, and the
cortical bone shear strength, according to Turner et al. ''°, is ~51.6 MPa. However, other
factors, such as sintering conditions and the size of the particles, could affect the

reduction of the shear strength of the structure to provide a better match with the strength
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of cortical bone. These factors mainly reduce the density of the structure, which leads to a
reduction in the strength, as reported in the previous work .

In addition, the SEM image in Figure 6-12 shows that sintering is extensive, relative to
the cases presented in reference 6 where only sinter necks were formed among Ti
particles and the spherical shape of the particles was preserved. Comparison of the two
cases indicates that the very small size of the particles used in the current work (i.e.
diamters less than 38 pum, compared to 45-75 pm range) results in significant sintering
progress. This is an important consideration because the diameter of the particles is an
essential variable in all of the mass transport equations that address neck growth during

: . 50,117
sintering

. The level of sintering is a crucial factor in determining the level of
porosity. In the present study, the porosity that is observed is in the same range as that of
cortical bone, i.e. 3-12%, which is approximately 50% of the level observed in the
previous work °® (i.e. 31%). Comparing the porosity of the control to the AAM samples
indicates that the increase in the porosity of the AAM samples is influenced by several
factors including the availability of the guiders inside the structure, the voids surrounding
the guiders, and the precision of the human hand in applying the desired amount of
pressure, when both parts are stacked together.

From the manufacturing point of view, it is preferable for the shrinkage caused by
sintering to be minimal and isotropic. In this study, the shrinkage in all sintered samples
is relatively moderate due to the used fine particles. Furthermore, the inconsistant
shrinkage occuring in the AAM samples could be reduced or prevented by choosing
different compensation factors for each direction in the CAD model. Conversely, the
compressive strength is not affected by stacking the parts, since the force that is applied
axially is perpendicular to the plane of the stacked layers.

As evident in this study, this new method of manufacturing is feasible with a slight
sacrifice in terms of the shear strength of the structure. According to Butscher et al. °, the
precision of the powder-bed 3DP machine is 350-500 um. However, in the screening
phase of this study, the minimum thickness of a sheet of Ti that could be printed and
handled was 250 um, and as many laminated sheets of this size as required could be
assembled to form a complex-shaped structure with conformal channels. The use of

AAM may establish a new era of economical manufacturing, in which extremely
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complex structures composed of many layers including complex channel networks could

be fabricated.

(A)

(B)

Figure 6-10 SEM images of samples before (green parts) and after sintering of: A) control sample
without a channel; B) AAM-fabricated sample without a channel.
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(D)

Figure 6-11 SEM images of samples before (green parts) and after sintering of: C) control sample
with a channel; D) AAM-fabricated sample with a channel.
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Sintering

Figure 6-12 Shape of Ti particles before and after the sintering process.

6.5. Summary

In this study, we developed a new technique for manufacturing titanium bone implants.
The fabricated parts that made by stacking the additive manufactured segments of a part
followed by sintering was validated using various characterization techniques. The
experimental results indicated that this manufacturing technique has the potential to
produce a structure with macro-sized channels with a reduction in shear strength of 24-
30% compared to control samples. This technique did not affect compressive strength.
However, there was a relatively low increase in porosity of approximately 1.17-2.2% in
the AAM samples, with the total porosity falling in the range of 12-16%, which is
comparable to the porosity of cortical bone. Also, a slight increase in the vertical
shrinkage of ~ 0.4-0.5% was observed compared to horizontal shrinkage due to the use of

this new technique.
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Chapter 7 Conclusions and Future
Work

7.1 Conclusions

The following conclusions can be drawn from this thesis:

A powder based ink-jet printer was effectively used to print a porous Ti construct

with a highly complex external and internal geometry.

The minimum amount of PVA in the powder mixture was determined to be no
less than 3%. Increasing the PVA content could play a role of the space-holder
and increase the porosity of the structure.

It was found that the porosity contributes significantly to the strength of the
structure and can be controlled through different processing parameters such as
binder contents, the particle’s shape, and the powder’s level of compaction.

The compressive strength of the porous Ti structure varied according to the
processing parameters. Some categories of powder failed at a very high value ~
1000 MPa which could be attributed to the microdamage among the sinter necks
of the particles that occurred at the large plastic region (yield plateau). Thus, the
compressive strength is not an effective measure compared to yield strength in
characterizing and comparing the strength of the porous structure to the bone
properties. Overall, the compressive strength ranged from 56-1000 MPa and the
yield strength ranged from 27-383 MPa in the produced samples.

Characterizing the stiffness of the structure was achieved by obtaining the
Young’s modulus value. The achieved Young’s modulus was comparable to the

bone modulus and ranged from 0.77-11.46 GPa.
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- The level of shrinkage that was achieved using the powder based ink-jet printer
was lower than what has been achieved by using additive manufacturing
counterparts and using the spherical powder, particularly, with a limited particles
range contributed significantly in lowering the level of shrinkage. The achieved
levels of shrinkage ranged from 1.5-12%.

- The isotropic shrinkage in the structure is very important. Thus, it was found that
manipulating the architecture of the structure by adding horizontal channels
assisted in producing isotropic shrinkage. The level of compaction also helps in
this regard.

- The assembled additive manufacturing (AAM) technique was developed. This
novel method has high potential to create a complex network of conformal
encapsulated macro-sized channels in the structure.

- The developed model which predicts the porosity based on the sinter neck was
validated by the experimental data. The results indicate a good match between the

experimental result and the model.

7.2 Recommendations and Future Work
7.2.1 Manufacturing

-In our commercial printer there is a limitation in manipulating two crucial printing
parameters, i.e. the linear speed of the gantry system and the rotational speed of the
counter rotating roller which are responsible about the process of spreading powder.
These parameters could potentially influence the printing quality.

- The assembled additive manufacturing (AAM) concept opens the possibility for
developing a highly complex structure with a sophisticated conformal channel by
assembling a large number of layers.

- The main purpose of using the PVA during the printing process is to form the green
samples. The existence of the PVA in the printed samples increases the heterogeneity and
the porosity of the structure. Thus, it would be beneficial to dispense the PVA during the
printing process. This could be achieved by increasing the binding agent in the injected

liquid binder. Any modification to this binder will cause the thermal actuator of the
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printhead to overheat. Therefore, using a different printhead such as a micro piezoelectric
printhead which is principally works based on a vibrator actuator instead of the thermal

actuator will solve this problem.
7.2.2 Material Processing

- It was found that sintering was effective at 1400° C. Sintering at 1300 ° C has not been a
part of my thesis. Future work should extensively investigate the range of effective
sintering starting from 1300 ° C. This study was limited by the furnace not heating above
1400 ° C to preserve the heating elements of the furnace.

- It seems that a discoloring on the top surface of the samples which is mainly comprised
of carbon was most likely left by one of two sources: the residue of the debinding process
or the contents of the flowing Argon gas. According to German ''®, Ti could react with
the carbon and form TiC. This discolouring could be alleviated by installing a vent at the
inlet of the tube furnace to properly suction the residue of the debinding process.
Alternatively, placing the samples in a crucible covered by a lid would avoid direct

contact between the flowing gas and the samples.
7.2.3 Modelling

- In this study, a model was developed to predict the porosity in the structure based on the
sinter necks progression among the particles. This model could be linked to the sinter
neck growth equations which include several material processing parameters related to
particle size, sintering temperature, and sintering duration.

- Starting from the cubical unit cell proposed in this study, an analytical model could be
developed to address the force which is applied to the unit cell and then reflected onto the

entire structure to predict the strength and the stiffness of the structure accordingly.
7.2.4 Biological Study

-Further investigation is required to assess cells behavior within the microstructure of the
porous Ti samples. Also the influence of channels number and orientation on the cell

proliferation requires a deep investigation.
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- The mineralization need to be measured to assess the formation of the hydroxyapatite

in the culture.
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Appendix A

Cell culturing conducted on some samples of chapter 5 at The University of Manchester
by Prof. Julie Gough and Louise Carney, two groups of samples; the first group cultured
for one day, and the second group for three days. The SEM images (Fig. A-1) and (Fig.
A-2) shows the osteoblast spreaded and attached to the porous structure. Also, the cells

are bridging and filling the gap of the pores.

Figure A-2: Samples were cultured with an osteoblast for 3 days.
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Appendix B

In vitro cell culturing results of four different categories of samples used in chapter 5

with different channels orientations conducted by Prof. Julie Gough and Louise Carney.
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Figure B-1 DNA Content (picogreen assay) shows the influence of the channel orientation on
cell density, there is a steady increase in the cell numbers with the time.
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Figure B-2 Raw alamar blue data shows the metabolic activity at days 3, 7 and 14 of samples
from four different categories.
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Figure B-4 Channels orientaion Influence on osteocalcin production at days 3, 7 and 14.
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Appendix D

Matlab code for the develped model in Chapter 4 which correlate between the porosity and the
sinter neck among the particles:

prompt = 'What is the mean diameter of the particles? ';
D = input (prompt) ;% The user input the mean particle
diameter

promptl= 'What is the sinter neck ratio';

XD=input (promptl) ; $The user input the sinter neck ratio
X=XD*D;

r=D/2;

a=Xx/2;

h=r-sgrt ((r"2)-(a*2));
V=(((pi*((1/6)*r"3))));
f=((1/4)*pi* (h"2) * ((3*r)-h));
vi=vV-£;

vif=vt;

OT=(r-h) "3;

viff=vff/0T;
Porosity=(1l-v£f£ff) *100
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