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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
needsln this thesispowder 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 bythe proposedpowder bed inkjet-based additive
manufacturingprocesdo gain insight into the correlatiarf process parameters and
final physical and mechanical properties of the porous structure. A number of
processing parameters were investigated to control the mechanicaitipsopad
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 samplewere characterized through several methods including porosity
measurement, compression test, Scanning Electron Microscopy (SEM), Energy

dispersive Xray spectroscopy (EDX), and shrinkage measurements.

Additionally, a new method for manufacturing Ti impls includes encapsulated
networks of macraized channels was introduced. Also, the influence of different
orientations and numbers of channels within the addiaaufactured structures

were investigated.

The characterization test results showea\&ll of porosity in the samples in the

range of 1243%, which is within the range of cancellous and cortical bone porosity.

The compression test results showed that the
is in the range of 54000 MPa, yield strengtts in the range of 2383 MPa, and

Youngos modul us I s -11.46 GPé eThisr tachnggee ofo f 0.77

iv



manufacturing porous Ti structures demonstrated a low level of shrinkage with the
shrinkage percentage ranging from -12%6. Also, the experimental rdwsu
demonstrated excellent agreement with the developed model. Moreover, the novel
method of fabricating the encapsulated charstew a reduction in the shear
strengthto 24-30% that is advantageous for bone implants. The results demonstrate
that the chamel oriertation in the structure affetlhe shrinkage rate in the parts with
vertically orientated channels, in which a relatively isotropic shrinkage in vertical

and horizontal directionis 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 quositively 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
populationand an increase in the rate of obesity are the main causes of the increase in

degenerative arthritis (osteoarthriti&)

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

requires total joint replacement surgéry

According tothe 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 surgeriésin 2012-2013, hip replacements increased by 16.5% and knee
replacements increased by 21.5% as compared to the previous five years

The success of joint replacement surgery relieswommplant lasting longer than when
the patient returns for revision surgemhe revision surgerys more sophisticated than

the first implantation surgety

According to 2012013 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 asepsening or a failure in
the bonding between the host bone and the imbldoint replaement surgery costs the

Canadian healthcare system $963 million anndally

Osteoarthritis is one of the most common joint disealiesan lead to a total joint
replacement with a proper bone implant. However, the needs for bone implants are not
limited to jointdisease. 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 marfacturing proper bone implants is important. This bone implant
should satisfy 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 sss 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 maugrucial factors that ensure successful bamglant

are porosityand stiffness Proper amount of porosity ensures effective bone integration,
and comparable stiffness to bone avoids the surrounding bone resorptionth&lso,
porous structure should include/mimic conformal channels which deliver the blood and

minerals to the cell; 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 propertiEse best solution to overcome the
abovementioned issue and fabricate a customizeghlant is to use the additive
manufacturing (AM) techniqueAM techniqueis considered a promising alternative for

precise fabrication of internal and external features dfadaarchitecture.

Costly AM techniques, particullr laser or electron beatmased techniquwehave been
used in the fabrication of bone scaffold on a small séaladdition to the high cost of

these techniques, thdfficulty in removing residual matel is considered the primary



limitation which prevents these techniques from being applied on a large scale. However,
the powder bed inkjeébased technique is an economical choice to 3D print a Ti porous
structure. In comparison to its counterparts (>#680,000), the powder bed inkjeased
technique costs (US $40,060AIs0, there is almost 50% savings in the operating
cost as represented in the consumable material poWder because the inkjet
based printing technique does not require a specific powder awdrtimaercially

pure Ti works very well. Thusthis 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
developng 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 presdmre is a shortage of information in the
literature albut using the powder bed inkjbaised technique in the fabrication of titanium
bone implard. To address thigap in the literaturethe following objectives will be

achieved.

1.2 Objective

The aim of this thesis is to utilize the powder basedjenkprinter in fabricating a Ti
porous bone implant for load bearing purpose. The feasibilityswig this approactio
fabricae bone implantis assessedby conducting the followingcharacterization

technique®n the produced samples:

-Mechanical propertie®f the fabricated scaffold areharacterizd by using various
methodologies such as compression aestshear test.

-Physical propertiesuch as the porosity of the structumee characterizd by using

Archimedes principleln additionthe dimensional variation of the structiseissessed.



-For microstructurakxamination,the Scanning Electron Microscope (SEM)used to
visually assess the microstructufehe Energy Disperge X-ray spectroscopy (EDXis

usedto characterize the chemical composition of the structure.

Based orthe result of the characterization, a development on the produced striscture

implemented by considerirthe followingaspects

Material ProcessingThe influence of several parameteage investigated including
sintering temperature, sintering duration, binder content, powder shape, powder

distribution and powder size.

Structure:The achitectureis assessed and the influence of the macro channels in the
structure with different orientatisnon the physical and mechanical propertigs

investigated.

Manufacturing:Manufacturing parameters such as the layer thickness of printing and the
optimum layerthickness for a certain powder siaee investigated aral new approach of
additivemanufacturing isntroduced.

1.3Outline of thesis

This thesis consists of seven chapters. The first chapter presents the introduction and
describes the motivation for angbjective of the thesis. Chapters two through six
illustrate the studies that have been conducted. The connections between these studies are
shown inFigure 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 thed 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 teseointegration 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 conclusiorighis thesis and suggests opportunities for future

work.
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Chapter 2 Additive Manufacturing for
Bone Load Bearing Applications

2.1 Needfor bonesubstitutes

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, osteopordssimatic musculoskeletal injuries,
spinal injuries, and spinal deformitiésalthough mostly nonlif¢hreatening, can become

very incapacitating, diminishing the quality of life of the affected individuals by causing
ongoing pain, discomfort, inflammation, and redtoios in range of motion’.
Furthermore, these conditions represent a major financial burden on the healthcar
sectof”®. The current conventional treatment for advanced joint and bone trauma is to
fully or partially replace the affectedesr with tissue graftr with artificial prosthetic

to restore neanormal functions. Current statd-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:b@s#d or tissue graft solutions
have been proven to ameliorate the quality of life of patientsateulimited 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®sité* There is a pressing need for
more successful bone éguosteochondral 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 architeate and appropriate biochemical cues that can enhance or replace



the defect area, gradually mature, and seamlessly integrate with the nativé’tig$iee

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 regenerafed vast amount of work has been
done in materials research and manufacturing methodologies in this field, specifically in
constructing bone substitutes for load bearing applicstioowever, there is still a gap in
understanding the ideal relationship between the scaffold morphology (pore size, shape,

and interconnectivity), transient biochemical interactions, and mechanical propefties

2.2 Compositional, Structural and mechanicalproperties of bone
2.2.1CompositionalPropertiesof BoneandRequirement$or Bone Substitutes

Bone is a dynamic and complex organ, encompassing a varietigsokes such as
mineralized osseous tissue, cartilage, endosteum, periosteum, marrow, nerves, and blood
vessel¥’. The main role of the bone network is in providing the necessachaneal
support, movement, and protection, with other roles ranging from blood production, to
storage of mineral materials, pH regulation, and housing multi progenitot®¢élBue

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
structuralmakeup of the bone extracellular matrix (ECM), as well as the interaction of
the ECM with cells and the environment in which they reé€idehe bone ECM is in
essence a composite material comprised of carbonated ap6®8o(of the ECM),
mainly hydroxyapatite (CalO(PO4)6(OH)2) crystals, entrapped in an organic matrix
(D22% of the ECM) of mostly type | collagen, and wafe® @6 of the EM)*"*2 Lipids,
proteins, and osteogeniccfars also reside in the ECM organic maftixFrom a
compositional point of view, the bone substitute matrix sthdoa at least biocompatible

with the ECM, cellular, and chemical environment, osteoconductive to encourage fast
bone ingrowth from surrounding healthy tisSlieas well as nontoxic, nonmutagenic,
noncarcinogenic, and nonteratogefficldeally, the material should be osteoinductive to
promote formation of new bone at the $fté"



2.2.2StructuralPropertiesof BoneandRequirement$or 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 betweei®®B0O and visible
macropores inthe range of 500L000 mm?2 Trabecular bone has a complex and
organized porous architecture, with trabeculae following the direction of mechanical
stres$’ as a direct result of adaptatiomst me chani c al |l oadi ng, as
law *° and the mechanostat thed?y Trabecular bone encloses bone marrowl &
enclosed by cortical bone. Cortical bone ECM has a compactlgaidtructure, with
enclosed vascular Haversian canals, having a low porosity betwd@803 and pores

<500 mnf% Cortical bone has a solid structure with a series of voids, for example
Haversiancanals, with a 312% porosity (typical apparent density values for proximal
tibial trabecular bone 0.30 + 0.10 gfniThe 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 matffx 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 boné”. This means that an ideal bone substitute must have a heterogeneous
porous structurewith varying physical and mechanical characteristics. In addition, the
implant must also be designed to have an anatomically accuratelihmexesional shape

in order to maintain a natural contact load distribution post implantstion

Table2-1 Range of Mechanical Properties for Human Cancellous and Cortical'Bdne

Tensile Strength Compressive Youngb6s N
Bone Type
(MPa) Strength (MPa) (GPa)
Cancellous bone N/A 4112 0.010.5
Cortical bone 601 160 1301225 3i 30




2.2.3 MechanicaPropertiesof BoneandRequirements foBone Substitutes

The high level of porosity and pore interconnectivity tisaideal 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 procesgrio until the tissue is remodeled in

vivo. Furthermore, the implant must provide sufficient mechanical support to endure in
vivo stresses and load bearing cytieFable 21 summarizes the range in mechanical

propeties of human cancellous and cortical bone.

2.3 Difficulties in Achieving an | deal 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 rechani
functions *, which may be in conflict. For example, for increasing the -loeating
property of the material, a denser material is needed, which cenihith 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 prepent
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 bonest{ssare
furthermore translating such data into a digital format that can be interpreted into
fabrication methodologies in a continuous or discrete fashion bm a challenge.
Typically, the interconnected macroporosity should be »B'*!821%2252% with a
specific orientation to match tistress loading conditions and fluid and nutrient transport
mechanic¥’. Also, what is defined as microporosity, with a diameter ranging between
0.1i 10 pm ***¥22has shown an effect on the biological response of scaffolds, thus the
pores at this scale should be characterized and intdgmatthe 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 netennected porosity matching the
characteristics of cancellous bor8®%* 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 manufadng the appropriate bone substitute
architecture lies in the development of appropriate software interpreter design
strategie¥"?° 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 voxebsyrbe computed mathematically
using topology optimization algorithni6*°or numerical simulatiof?’.

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 withdegradable, bioresorbable,
bioerodible, and bioabsorbabf&properties are often used. The biodegradation pathway
will have an effect on the mechanical, structural, and biochemical properties of the
scaffold, andneeds to be fully understodd. Some of the parameters that affect the
degradation rate are pore size, pore interconnectivity, permeability, scaffold ahdpe,
volume, as well as implantation location within the musculoskeletal system. Furthermore,
the longterm 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
patientspecific needs such as age, gender, health, metabolism, inhptation, and

loading conditiong*,
2.4 Metallic Bone Substitutes
2.4.1 Metallic Materials LimitationsandOpportunities

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 haspmdnthe

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 restdoadtienality 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 mechanicaén'reﬁl. 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 (318L)}Moo pure
titanium, titanium alloys, and tantalum. Each metal has advantages auyatitages

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 cefituFize most popular
stainless steel alloy used in prosthesis fixation is (316L), with moderate strength and
toughness in comparison to other metals as shovwahie2-2. 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 surfacehis metal is both
widely available and economically effective in terms of processing and manufacturing
335 However, as the wear resistance of stainlesd &eeery low, its usage in hip
replacement was stoppel Nowadays, stainless steel is rarely used for orthopedic
implants. Instad, 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,i&rd Co

alloy in terms of mechanical properties and corrosion resistance

Table2-2 Comparison of the Mechanical Properties of Different Mefals

Material Bone Magnesium Coi Cri Mo Tiand Stainless

and Alloys Alloys Steels
Density 1.82.1 3.1 8.319.2 4.4 4.5 7.9 81
(g cc1

Compressive 1301180 65 100 45011896 59011117 170r310
strength (MPa)

Elastic modulus  3i 20 41i 45 2001 253 551117 189 205
(GPa)
Toughness 3i6 15740 100 551115 501 200
(MPam1/2)
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Another widely used metal in the orthopedic industry is-CeMo alloy that is
characterized by a high level of mechanical strength, fatigue strength, wear resistance,
and low cost of productidi®*® While these advantages are considered beneficial for
some applications, this is not generally tr
high strength and elastic modulus has caused a stress shielding b#tev@aplant 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 metd?>°. 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 fricffbrin addition, dentists have some interest
in this metal as a coating for some tgmlevices™.

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 strengtiperelasticity, 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 throughsesgdo the oxidization process in an
attempt to create a protective layer free of N2

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

Titanium (Ti) 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 longt er m <cl i ni cal dat a, whi ch indigates t h
Moreover, Ti is characterized by a naoxide layer covering its surface that increases in
vivo osteointegratiof®. Indeed, from a biological aspect, Ti has proved its compatibility

more so than stainlessest or CoCr, as proven by the cell culturing of these métals
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Overall, Ti is considered one of the strongest and highest corresmtant metals.
Moreover, Ti is characterized by an excellent strengthdight ratio and good toughness
36,46.

Reently, it has been noted that the science community is concentrating on Ti
alloys, in particular, F6Al-4V, to fabricate bone substitute scaffolds. This interest
originates from the good mechanical properties and biocompatibility of this alloy. The
presege of aluminum (Al) and vanadium (V) in this alloy improves the mechanical
properties compared to commercially pure Ti (CP*Tine of the most important
benefits of Ti and its alloy (T6AI-4V) is its relatively low elastic modulus which is the
half of the C&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 eXistsguably, the presence of
V in this alloys is a source of concern, since V is td%it. Furtherdrawbacks of Ti and
its alloys include the expensive machining cost and the sophisticated heat treatment
process®. Nowadays, mdglental implants are fabricated from CP Ti, anéAl-4V are
used in orthopedic applicatiofis

In order to eliminate the effecff V in Ti6AI4V alloy, new Ti alloys have been
developed to overcome the toxicity issue, such a8ATi7Nb, Ti5AlI-2.5Fe, Ti35Nb
5Ta7Zr, Ti-35Nb-5Ta72r-0.40, and Ti15Zr-4Nb-4Ta. For instance, 715Zr-4Nb-4Ta
has shown excellent mechanical propertibgpcompatibility, 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 ibislost of
these alloys are still in the development stage in order to characterize the mechanical
properties ad biocompatibility for application in bone regenerative medicfne

Another material, tantalum (Ta) is considered one of therbests in the orthopedic
field duet o its fairly | ow Youngds modul us, hi gl
biocompatibility *®. A recent study comparing Ta and Ti showed that Ta is superior
compared to Ti in regards e | | i ntegration with a controll
range of 1.520 GPa by changing the porositfthe structurd®. However, the high cost
of production and fabrication of thieetal is the main obstacle limiting its usage in the

orthopedic industry along with sheterm clinicaldata>*®
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Generally, the major constraints which can govern the success of a loadybearin
implant are biocompatibility, porosity, and proper mechanical properties. The highly
i mportant mechanical properties in the desi
modulus and compressive strength. Other mechanical properties such as benaljtiy stre
are less relevant in load bearing implant. However, certain properties such as fatigue
strength are necessary for a |l ong Il asting
modulus and compressive strength, since these properties may causersh@iture of

Implant®.
2.4.2 AM of Metalsfor BoneSubstitutes

Historically, conventional techniques were used to fabricate porous metals for several
industrial applications. Ongasorous 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.eveiQwthese
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 obskdtitsye 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
scafolds, such as thredimensional printing (3DP), electron beam melting (EBM),
selective laser melting (SLM), direct metal deposition (DMD), and selective laser
sintering (SLSY'®*?°° Each technique has different opportunities and limitations. Some
of these techniques rely on éagechnology, 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 theapability 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 techniqueHgure 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 ngtallow sintering temperature metal

and the main metaf®. In this tehnique, the laser beam melts the low sintering
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 Rl The second technique is calledlitect 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 fromgréke 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 techniqeThe final produt 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
>"%8 Economically speaking, fabdtion 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 {bmesuming. In addition, the n@sing

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

56,58
Lens
Laser Source w

Laser beam : :

Powder
Feeding area Building area

Figure2-1 Schematic presentation of working principle of SLS technique.
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Another complex technique, EBM, works based on the layering process dimilar
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 vacultimt 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 variatidng this technique, an adive 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’pditowever, there ar
still some limitations in this method such as the low dimensional accuracy and surface
guality due to shrinkage. Additionally, this technique is costly, and removing the excess
material inside the structure can prove difficlltDifferent metals have been fabricated
using EBM, such as Cpi, Ti-6Al-4V, and Co/Cr for orthopediamplant and
maxillofacial surgery*>°

Similarly, SLM utilizes the same mechanism of the EBM, and a wideeraig
materials in powder form can be us¥dMoreover, SLM is able to produce solid and
porous parts based on thesér energy densifi. Also, this technique is free of binders
and fluxing agents, so there is no need for a postprocessing*stép Unlike EBM,

SLM uses an ytterbium fiber laser 200 W power and uses Ar or N in the building
chamber, whib may increase the thermal conductivity and maintain a consistent rapid
cooling of the printed zone more than EBf#% However, high production cost, lengthy
fabrication time, and difficulty in removing the trapped powder are the major limitations

of this technique®“*°® Furthermore, the vaporization phenomenon is one of the
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
overpressurén 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 implafits

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 neodyiumi yttriumi aluminuni garnet (Nd:YAG) 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 pwder comes through different powder feeders to the melting zone.
Both techniques use an inert gas during the manufacturing process to avoid oxfdation
With these techniques, it is possible to use a wide range of metal powders such as
stainless steel, nickdédased alloys, Ti and its alloys, tooling stexpper alloys, alumina,
or a combination of thes¥**® Thus, LENS can be useful for the repairing or re
manufacturing process that cannot be implemented by other AM techAigUESNS and
DMD work through the process of depositing the metal layer-layer. Both are similar
in terms of processing; however, the highandt DMD has boosted LENSSHS
The need for support structures for overhanging features is one of the limitations of the
use of these techniques in the fabrication of orthopedic prostfiesesther drawback is
the residual stress caused by the rapid heating and solidifying pfocess

Many studies have been conducted using two techniques: fiber deposition (FD) and
3DP. The two have been chosen mainly due to their manufactinmgicity 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 builiebprocess 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 imflighe strength and the
porosity of the structur e, such as the gap
t he nozzl %% Tha dinens®nale 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 sintéfinig fact, this technique is still
in the experimental stage. One of the simplest rapid prototyping techniques is-fée ink
based 3DP, as shown kigure2-2.
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Figure2-2 Simple sketch showing the working principle of the 3DP machine.

In this technique, the printer functionality is similar to anjekprinter, 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 lalygdayer basis, starting fro 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 requangst khickness. A
counterrotating 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 fagheé building process and is
significantly cheaper than other techniqué&s This machine was used indirectly to
produce a porous metal scaffold by printing a sacrificial molchfedumina powder to
cast the CeCr alloy which is then removed through several thermal and chemicai’steps
Similarly, the same principle has been used to create a Ti scaffold and wax template as an
alternative sacrificial mold This method of manufacturing provides a precise surface
texture. However, the timeconsuming process through the multiple stages of
manufacturing is considered 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
part under a high tempture vacuum furnac®°® This technique has fewer stagesntha
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 dufatidhe layer
thickness is primarily chosen basen the particle size and cannot be thinner than the
largest particle in the powd&F. However, the resolution is lower than the ldsased
techniques because the binder penetrates the psvedigicent to the targeted afea
Difficulties in removing the trapped powder from the green part are the main
disadvantage of this techniqefe®®©®

Using the 3DP method and CP Ti as a buil di
able to develop a set of optimized processing conditions to assure control over a
microstructure ad the associated mechanical and ptgisproperties of the structife
Material powder size is one of the most influential parameters on changing the strength
and density of the structure, as showifrigure 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 inFigure2-4.

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

creation of complex internal interconnected macro ptres

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. Theabrication of metal implants is costly, but with new developments in the

AM field, manufacturability may become easier.
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Chapter 3 Characterizations of
additive manufactured porous
titanium implant

3.1Introduction

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 fraCtiies most common sites of
osteoporotic fractures indlie the spine, hip and foreafth

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}CEMOo alloy, titanium (Ti) alloys, pure
titanium and tantalufl. 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$t 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 exist&®. 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, spactolder method, conventional sinter of metal powders, spark plasma
sintering and replication of polymeric foaff§'®>%1"3 Other techniques which are more

advanced antave the capability of controlling the external and internal structure. These
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techniques are called additive manufacturing (AM) techniques suttiieedimensional
printing (3DP) *?, electronbeammelting (EBM)*, selectivelaser melting (SLMY, direct
metaldeposition (DMDY° andselectiwe lasersintering (SLS{°.

Recenly, AM of Ti structures via adhesive bonding 3D printing has been
investigated®. In this method, a Ti green part is formed through 3D printihigregular
Ti particles followed by heat treatment and sintering to obtain high machh
properties. Although this primary study showed the feasibility of the fabrication process
and suitability of produced structures in termsiofvitro biological responses, no
investigation has been reported related to the effect of process parasnetezgporosity
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) tre physical, chemical and mechanical properties of

porous Ti structures is presented.

3.2Methodology
3.2.MMaterials

The material used in the study to fabricate porous Ti structures was commercially
pure Ti powder (CP Ti, Pheliaterials Inc., Bergenfield, NJ, USA). This powder meets
the ASTM (F6706 Grade 2) standards and was received in spherical shaped particle
form with diameter in the range of 4%0 pum. Ti powder was sieved with mesh sizes of
200 and 140 (U.S. standarcewe series, Colarmer, USA). The outcome of sieving
process were four different categories of Ti powder: (A) As received powd&gCiEm,

(C) Course powder, 16650 um (M) Medium powder, 78.06 um and (F) Fine powder,
4575 pm.

In this study, polyinyl alcohol (PVA) powder 8@89% hydrolyzed with low
molecular weight (Alfa Aesar, Ward Hill, MA, USA) was used as a binder to bind
spherical Ti particles togeth&s fabricate rigid green parts before the sinterPgA was

received as a course powdedareeded 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, Col@armer, USA). The resulting powder was in the range of 63 pum.

The blending processfoli and PVA was carried out using a jaill (
LABMILL 8000 JAR MILL MACHINE, Paul N Gardner Company, USAQr 4 hours
usingtwo levels of PVA additionghat is,3 and 5 wt % During the screening phase, 10
wt % PVA was initially used that resulted invary high porosity ( ~50% which was not
desiredas the goal of this study wde arrive at~30% porousstructures similar to
corticalbong. Therefore, lower PVA percentage was selected for this studgssure a
homogeneous distribution of PVA within Taowder, the blending process should be
implemented according to a certain criterion. The method of blending lmeushosen
while considering the relation between the gravitational force and the centrifugal force to
get a homogenous mixtur8 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 accortinidpe following equation:

— aQ (2)

S  qneg (2)
whereg is the gravitational acceleration (9.81s%), dr ef er t o bottl e outer
the angular velocitynis the mass of bottle ands the number of the cycle per minute.

Transforming the linear velocity to a rotational speed and solving the above equation
results if°;

I — 3)

Thus, for a bottlevith a diameter of 63 mm (which was used in this study), the optimum
rotation speed of the jar milhl was adjusted to 128 rpm.

3.2.2Manufacturing of green parts

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

machine.

23



The fabrication of the porous structures was conducted by a retrofittecepowd
based 3D printing machine (ZPrinter3Rus, 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 icatagbry
as listed inTable3-1. To spread a layer of powder smoothly, the stad&gdr thickness
should be larger than the largest particle in eatbgory as shown ikigure3-1(b).

At the beginning, the feed piston rose up in conjunction with the build piston
which descended by the stacKagier thickness. Then, a countmtating roller spread a
layer of blended powder in the same thickness of the slice that had already been specified
before the printing. Next, a pritiead injected an aqueous solvent (%8, Z
Corporation, Burlington, USA) othe 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 irFigure3-1(a). After the printing process, samples were left to dry for 1.5 h at
38°C.

Table3-1 Layer Thikness Which Used for Differe@ategories of Powder

Powder Category Stacked-Layer Thickness (pm)
(A) 45-150 pm 175
(C)106-150 pm 175
(M) 75-106 pm 125
(F) <75pm and >45 pm 100
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Figure3-1 Schematic of (a) 3D printing process and (b) powder spreading and compaction by a
counterrotating roller. Layer thickness (i.e., the gap between roller and underlying powder layer)
is chosen larger than powder particle size.

Using a brush, the sample®re cleaned after drying. The cleaning was followed
by blowing compressed air to the samples to ensure that alhadimrent particles were

removed from the external surface.

3.2.3Sintering

The sintering process was carried out in a #Migh Temperatte Tube Furnace
(GSLo 1500%-50, Richmond, CA, USA)The process started with burning the PVA at
295 °C for 3 h with a heating rate of 108Gn™ as seen ifFigure3-2. Then,the tube was
purged with high purity Ar gas (Grade 5) to avoid the oxidation of titanium under high
temperaturesThe furnace was adjusted to hold at 500 °CIfdr 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 eitherdr1D€00°C and was held
for eitherl or 3 h. The surfaces of the sintered samples were slightly cleaned by a sand
pape. Then, samples were immersed $omin 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 f@rh.
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Figure3-2 Sintering protocols which are followed in the sintering process.

3.3Shrinkage Measurement

The geometrical features measurement was conducted to identify the shrinkage
percentage on the material during the sintering procdss 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. Thkergage of horizontal (H%) and

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

formula;

(b pTT (4)

6b pTT (5)
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Figure3-3 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 measureent 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 arelectronic balance (AP:203, Denver Instrument, USA) with a precision

of 0.001g. Then, samplgas immersed in the distilled water and boiled3dr 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 orthe net of the Universal Specific Gravity Kit (Sartofiusradford, MA, USA)
which was submerged i n water and gwéheght ed
sample then removed from the kit and weighted to obtain the wet weight Fhally,

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

01 Ol ®E &6 U—— (6)

3.5Mechanical Properties Measurements

Compression test was used to characterize the mechanical properties of the fabricated
samples. Thisest was implemented by the arial test machine (Instre#i206, USA) at

room temperature. The machine was equipped withOkll load-cell and the cross head
speed was 1mmin™, corresponding to a strain rate of 1.0%83. In this study, 4
rounded bas with diameters of 10 mm and a lengtto-diameter ratio of 1.5 (according

to ASTME9T 09)were used to perform the tests.
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3.6 Micro -structure Characterization

The micrestructure characterization of the porous titanium structure was
conducted using thscanningelectron nicroscope (SEM) (JEOL JSI460) equipped
with energydispersive Xray spectroscopy (EDX) analysis (INCA 350 Microanalysis
System).

The sinter necks among the particles in the SEM images were measured using
ruler in the imag@rocessing tool box of MATLAB to compare the neck ratio (neck size
Iparticle 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

materialmay have been exposed to through the sintering process.

3.7Results:
3.7.1Structural 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 depicteigure 3-4.

Figure3-4 Fabricated Ti sample with a dimension of @10mmx15mm

The SEM imagesof the porous structure iRigure 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

Figure3-5 Micrograph of the green sample printed from category A of powder demonstrates the
PVA binding Ti particles together before the burning process of.PVA

Figure3-6 shows the micrstructure of Ti samples after sintering.Higure3-6a, the neck
among the particles had just started at 1100 °C; however, Figusbobis that large
necks have formed among the particles at higher sintering temperature (1400 °C). This
evidenceproves the influence of increasing the sintering temperature on improving the

sintering process.

(a) (b)

Figure3-6 SEM of Tisamples fabricated from category F with fine particles bounded with 3%
PVA and sintered for 1hr 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 notacainated by any material
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during the sintering process and there was no residual of PVA or-fgsolducts after
sintering. The reading of the EDX was taken from the sinter neck as shdvwgure3-7.

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

Figure3-7 The EDX spectrum of Tsample fabricated from category F, 3% PVA used as a binder
and sintered for 1 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 Fygure 3-8 and Figure 3-9, respectively. The results
are presented separately foraBd 5% of PVA In general, the vertical shrinkage was
higher than the horizontal shrinkage5% in vertical vs. 4% in horizontal direction)

and the parts shrank more in 5P@A compared to 3% VA .
3.7.3 Porosity

Porosities of samples made with different powdeesiand PVA compositions at varying
sintering protocols were measured as showrgure3-10. 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 varyingygortse range

of 31 to 43%.

3.7.4 Compressive Strength

The results of the compression test are depictdéigare 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 6668 MPa resulted from the fourtegories

of powder which were sintered under different sintering conditions.

3.8 Discussion

Porous Tistructures were produced using a powoi@sed 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 orthopelic 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 accuradysing the measured dimensional deviations faginal

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 moreuniform shrinkage are desired for AM of compkxaped orthopedic devices.
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Figure3-8 Horizontal shrinkage of Ti samples composed of (a) 3% PVA and (b) 5% PVA.
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Figure3-9 Vertical shrinkage of Ti samples composed of (a) 3% PVA and (b) 5% PVA
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Figure3-10 Porosity of the porous structures fabricated by varied sizes of Ti powder and sinthrdiffarent sintering conditions and composed
of (a) 3% PVA (b) 5% PVA.
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Figure3-11 Compressive strength of the porous structures fabricated by varied sizgmefdEr 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 oP4£28.3R0t0 4.66+£1.3%
in horizontal direction and% + 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 dirétand indirect method& Ti samples fabricated using the
electron beam melting (EBM) technique has shown horizontal and vertical shrinkage of
6.5% and 7.1%, respectivélyIn the indirect 3DP technique (which include 3D printing
of mold, casting the Ti pader followed by sitering at BOO °C), the horizontal and
vertical shrinkages were reported equal to 41.2 1.1% and 9.2 * 0.6%,
respectivel?/z. 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-isader
size.To investigate this matter the neck sizes were measuied thee SEM images of
the micrestructures.Figure 3-12 presents the variation of simeecksize to particle
diameter ratio (x/a) for the category F (<75 pm). The trend resembles the trend of
sintering shrinkage as shown Figure 3-8 and Figure 3-9. Sinter neck size has a

profound impact on the mechanical strengttafictures that will be discussed later.
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Figure3-12 Variation of sintemecksize to particladiameter ratio (x/a) for the category
F(<75um).

34



Other than geometrical dimensions, porosity (i.e., waillime%) of the structures is
profoundly affected by the sintering shrinkage. In general, a higher sintering temperature
resulted in a higher shrinkage and, in tuardower porosity aseenin Figure 3-10. As
sea in the SEM image of the micstructures Figure 3-6), sinter necks has started to
form at 1100 °C and wetleveloped at 1400 °C. Sintering time (3 h vs. 1 h) did not
significantly affect the porosity. Only in case of using fine powder (cayegpr 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 @®0 MPa). The increase in the amount of PVA edua
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 compensatedtiuction caused
by increase of PVA. As shown Figure 3-8 andFigure3-9, 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 temperatfirSome may argue that
the drop in porosity have been caused by the variation between the compact density of
green sample. HoweveFjgure 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 sizel0Bum) and it prests

lowest porosity in all sintering conditions except at 1400 °C and 3 h.
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Figure3-13 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 sampigsr¢ 3-11) is
almost in an agreement with the variation of associated pordsiguré 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 aboufive 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 gditompressive 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 ofjdarparticles (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 pordag 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 surfadegure3-14).

—

Figure3-14 SEM images showing the crack initiated at the sinter neck of sample

In the present study, a wide range of compressive strength was achi@wedo to
509 MPa. The results give the superiority to the present technique when compare it with
other AM techniques i.eSLS used for the same purpose and the strength were in the
range of 0.850MP4°, indirect printing using a wax mould produced samples had
strength in the range of @850 MP&? and EBM which produced sample with strength
of 116 MP&°.

3.9Relation between Porosity and Compressive Strength

The model ofGibson and Ashbycan predict the compressive strength of porous
metals which have a homogenous porous struéture this model, the relative density
} /s {Relative density = 1 Porosity) is the most important parameter in governing the

compressive strength of the opesll porous structure as follows:

— # — @)

wher e J{denata tte stiength of the porous and bulk Ti, respegtivel | saaen d |
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 af®’, they concludedhe incompatibility of this model with
porous Ti structure since the difence 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 modding a compr es g0 WP4. Sher engt h
proportionality constant C and the exponent factor were modified through regression

analysis and@urve fitting of the experimental data as listed able 3-2.

Table3-2 Gibson and Ashby Modified Models

Sintering Temperature (°Q Relative Compressive Strength

11 A 8
00 — o081 M
A M
1400 A m 8
K Ve

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 th@roportionality constanappears inFigure 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 samerdaamg
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 digdeageay from the
model line. This divergence caused an increase inptbportionality constant in the
model when the samples sintered at 1200with the knowledge that a thick sinter neck
was formed in the samples of these categories. The differendeeiwvalue 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) byibson and Ashbis based orhe structve of the unit cell as a

simple cubic array with a square cregstional 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 neckfiese necks are in tlshape of disc with a circular cress

section.
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Figure3-15 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 adaptdsilfsmmand
Ashby** and depicted irFigure 3-16. According toGibsonand Ashby”, the data oflie
cancellous bone concentrataund the line defined by Eq. (7) as showiigure 3-16.

The results of the present study were also plotted in this figure. As s&gegjuie 3-16,
the categories of Ti which sintered at 1100°C fall in ithiege of the cancellous bone.
However, thepowder categoriessintered at 1400°Ghat possessed a percentage of
porosity approaching the porosiof the cortical bonefall out of the range of the
cancellous bone.
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Figure3-16 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 nplays 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 protehels,
both sampleshave identical porosity 06¥36%,but different compressivatrengthsof 144
and 408 MPa, respectively. This contrast may provide evidence of the effectiveness of
sinter neck in controlling the strength of structuiteshould beemphasizedhat this
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diversity in the structure properties is beneficlzecause mechanical properties of the

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

types.

3.10Conclusion

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 parameter
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 aClafdthe
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 bon&(@ - 90%¥2 Also, the minimum porosity was produced is 31%
which approaches the porosity of the cortical bor80% ). 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, whadshown to be 1.5

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

4.1 Introduction

Aseptic loosening is the main cause of revision surgery for total joint replacément
Various factors cause the loosening, and the main mechanical factor is the stress
shielding effect". Stress shielding is due to a mismatch in stiness of cementless
implant and cortical bone, which turn leads to bone resorptfdfi’. The structure of the
cortical bone is very dense with a porosity ranging betwe8a98?*%? with varying

levels of mechanical properties. This variation is influenced by several factors including
bone location, bone age, mineralization, and hydrétioAs 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
biocompatiblity 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
that forms on its surfac&® 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 stretugteight ratid®*°

Many attempts have been made to mimic cortical bone properties by employing titanium

foam. Oh etal® 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 teperature, 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 | ine:
was highly affected byarying 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 affeting 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%nother 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. Itwas also shown that using a sphergl@ped powder led to highstrength
structures when compared to the strength achieved using irregshaed 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 powdetbed 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 &f addressed the effect of varying layer thickness, at 85, 100, 112.5,
and 125 Om on the compressive strength, Yo
the structure using calcium sulfate powders. The astreported 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 countetaing roller at the powder spreading stage.
However, a thinner layer thickness (i.e., ) led to improved structural integrity. In
contrast, Vaezi and Chi 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 thicknessesn the strength and printing quality using pasterbased
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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 sintemg 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 &l.In that study, two déinding 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 workZgiu 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 begtiflased
additive manufacturing machine to fabricate Ti porous structdrks.reason behind this

lack comes from the difficulties of dealing withi, 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 legeehgdaction 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 scogethos study.
Furthermore, the interaction between both parameters, the level of powder compaction
and sintering temperatures, and their influe
properties will be investigated. As there is no clear understgndithe 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 thesetdrs based on the volume fraction of

the compacted powder.
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4.2 Methodology
4.2.1 Material

Ti powder with particlesize range of 385 um was usedn this study to produce the
samples. The received powder of CP Ti (CPGrade 1, Advanced Powders and
Coatings, Inc., Boisbriand, QC, Canada) was less than 45 um and a sieve (US standard
test sieve, N0.400, Cclearmer, USA) with a mesh size of 38 um was used to sift the
powder and obtain particles size betweem38um. Themetal 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) powdeii 884 hydrolyzed, with a

low molecular weight (Alfa Aesar, Ward Hill, MA, USAand the mixing recipe was 3

wt% of PVA mixed with Ti powder. The mixture was milled for four hours in anjdr
(LABMILL 8000 JAR MILL MACHINE, Paul N. Gardner Company, USA).

4.2.2 Manufacturing

The printing of the samples was carried out by usingkfget powderbased 3D printer
(ZPrinter316Plus,3D SystemsRock 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 afjarousased binder (Z8'60 ,3D
SystemsRock Hill, SC, USA, which was loaded in the prihiead 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 sinterisgiperature were chosen as parameters for the
variables in this studyThere is a limitation in regard to varying the layer thicknesses
using the ZPrinter3®®lus. However, we've accessed and modified the machine code so
that the printer became capable minting any lagr thickness without limitatian
Therefore, different layer thicknesses were used for printing to represent different levels
of powder compactiofiTable4-1) and four samples of each layer thickness were printed

accordingly.
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Table4-1 Layer thicknesses used for printing and corresponding number of printed layers and
average green density for each sample

Layer thickness (um) 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 1Be@f€E.
the sintering process was launched, a PVAdieling process was conducted over two
stages at 295 °C and 500 (fagure4-1).
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Figure4-1 Four different heating profiles followed during the sintering pracess
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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 3108 and ASTM C3788 °>%2 This measurement was obtained
with the assistance of a Universal Specific Gravity Kit (Sartorius®, Bradfofd, WEA)

and an electronic balance (AFR203, 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 Compressionébkt

A compression test was used to obtain the sswam curve for each sample. The curves
were then used to obtain Youngds modul us
0.2% vyield strength was obtained according to ASTM Standardd9E®. 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 prgon 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 Basalahlet®a
4.3.4Microscopic 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 microsc(piEM) (JEOL JSM6460). 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 sale. 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 ove
the particle diameter.

4.3.5Statistical Analysis

Two-way ANOVA test (a multifactorial statistical test) was conducted on the results for
porosity, yield strength, Youngbds modul us,
detect any significance amonget results of each property. This test was used to
investigate the influence of two factorscompaction of powder (layer thickness) and

sintering temperatureon the above properties. Also, this test was able to detect whether

the interaction of both faars was influencing any property.

4.4Results

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 dimensidX) over the particle diameteDJ.

4.42 Porosity

The porosity of the structure is significantly influenced by increasing the sintering
temperature (p<0.05) as shown kigure 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 othterisigp 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 rahjé44%.
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Layer Thickness

1400 °C

Sintering Temperature

1000 °C

Figure4-2 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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Figure4-3 Influence of two independent variableayer thickness and sintering temperatuoa
the porosity of the structure.

443Youngo6s Modul us

In general, increasing the sintering temperatane/or increasing the compaction of

powder l ead to an increase i rFiguted-6 Theoungos
statistical analysis using twway ANOVA clarified that the interaction of both factors

(sintering temperature and powder compaction ) is significantly influential in increasing

Y o u ngaodlus of the structure (p<0.05). In addition, the results show that each factor
individually influences Youngdés modul us sigr

Youngb6s modul us ¥fla46@GPang bet ween 0. 77
4.44 Yield Strength

The average vyieldtrength of the samples increased significantly (p<0.05) when the
sintering temperature is increased, as depictdégare 4-5. Increasing the compaoh
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%% Qyas 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, 128%j 1400 °C). The observed results of the
yield strength ranged between-283 MPa.
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Figure4-4Var i ation in Young6s modulus due to variat
temperature.

4.4.5 Shrinkage

Figure4-6 and Figure 4-7 show the dimensional variations in the samples following the
sinteringprocess. 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 increasenkagiari
(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 twavay ANOVA statistical test.
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Figure4-7 Horizontal shrinkage variation as a function of sintering temperaturprariohg layer
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4.5 Analytical Model ofthe 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 structime¢he model ®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(Figure4-8) form the simplest cubic unit cell, and the wall of the unit cell are the

sinter neck between the particles as showrigare4-9. Knowing the volume fraction or

the porosity in the unit cell could be refl

porosity.

In this study, the simplest cubic unit cell includes eight particles and each contributed by
oneeighth of its volumgFigure 4-9). In this model, the volume of this porti¢Rigure

4-9b) of the particle is calculated and the total volume of the eight portionserd to
obtain the wlume fraction of the unit cell. First, a geometrical analysis for the spherical

particle is conducted, where thmarticle radius is (r) as shown iRigure 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 showigime4-9:

Q ¢ 1 Q (1)
Thus, the bulk volume of the unit cell {/
W ¢ 1 Q (2

/ Y

| J
]

\

by

\ /

. | Simter neck

i

{ |
]

| !

1Y J.'

Figure4-8 Assumed arrangement of particksnicro-scale

L 4

b)

Figure4-9 a) A cubic unitcell which represents eight particles each contributed byeiyteh of
its volume, b) Oneighth 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 patrticles 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 iSegtire 4-9Db).
Generallythe volume of a sphere segment according to HarriStoker™ is:

6 Pegai @®)
o

Theinterface between any two particles includes a quarter of segment from each particle
shared in the sinter neck. Thus, the volume of subtracted segfigitded from each

particle:

Vsubtracted - 00 (4)

Given the volume of the undell and the spherical shape, the grain volumg ¢V total
volume of eight particlesontributedin the unit cell after subtracting segments of the

sinter neck is:

Vg ¥ -1 -*Qa 0 (5)

The volume fractiorf @) of the unit cell is:

¢ 1 Q (6)
where
V= grain volume
V=" OIOE 1 Oi A

Porosity (P)is:
, 6
L ®w p = (7)
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From Figure 4-8, the sinter neck (X) €@ and given the cell geometry and geometrical

relationship between r, h and a, the relation between porosity and sinter neck diameter is:

hls‘

ol i i

iii%’ (8)

This equation is used to predict porosity based on the measured valuesTioe Xinter
neckX) obtained from the microstructural characterizatbthe SEM image®/ere used
to calculate théheoreticalporosity. The porosityobtained from the model wasmpared
against the experimental porosity data to validate the effectiveness of the imodel

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

4.6 Discussion

The results of this gtly 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 begtiflased

additive manufacting technique. The microstructural observation provides an insight

into sinter necksize among the particles and its progressive development due to an
increase in the compaction of powder or sintering temperature as shdwguie 4-2.

The increase in the compaction of powder increased the contadfoaceaamong the

particles, which positively influensethe diffusion process among the particles.

According to Oh et &, the influence of increasing the pressure in decreasing the
porosity i s due to the pl astic def ormati or
temperature, which may lead to an incre@sthe contact area between the particles and

caused a decrease in the porodityis effect was clearly proven from the porosity results

in Figure 4-3, where at 800 UC sintering temperatu
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 sh&igune
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4-10. At the thicker layer (175 um), which represents the lowest level of powder
compaction, theorrelation between the neck ratio and the sintering temperature is linear;
however, this linearity degrades gradually when the compactioowdgr is increased,

as shown by the Rralue for the other layer thickness.
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Figure4-10 The progression of the sinter neck ratio versus sintering temperature

In this study, a model was developed thatld predict the porosity of the structure based
on the sinter neck measurements achieved by tleostructural observatioof sinter
neck size using SEM (as typically shownFRigure4-2). To examine the validity of this
model, experimental data is compared with the model output as shduwgune4-11. As
seenan excellent correlation{= 0.92) is observed between the model porosity and the
experimental porosity of the structur&tatistically, this means that the experimental

reallts are in gooégreement with the model results.

Furthermore, e snter neck has a highly significant impact on vyield strength and
stiffness of the structurd-igure 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 liycreasing the level of powder compaction. The correlation of

yield strength and Youn g oFguredd3l Howevar, thiss | i ne a
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 veoy poder this

condition.
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Figure4-11 Correlation between the experimental porosity and modeled porosity.

In this study, yield strength was considered to characterize the strength in a comparative
studyamong the groups. The highlight over the yield strength comes due to the variation
of this property between middigged and elderly cortical bone yield strength, while no
significant variation in ultimate strength results was detétédcording toFigure4-13,
samples compacted by varied layer thicknesses and sintered &Cl@@0comparable to
cortical bone mechanical properties, yield strength, and stiffness, as reported in the

literature®”®”
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The influence othe compaction level could alsexplain thevariation inthe vertical and
horizontal shrinkage, as depicted kigure 4-14. For instance, at a higher compaction
level of powdeythe horizontal shrinkage is higher than the vertical shrinkage, while at a
lower compaction level the vertical shrinkage is higher tharhorizontal shrinkage. Our
previous work® and Wiria et af suggest that vertical shrinkage was greater than
horizontal shrinkage due to gravitational effecithus, we considered the horizontal
shrinkage as the constant and wait 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 shownhigure 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 um). These voids allow for more reliance of the
structure toward shrinking in the vertical directianfill these voids influencedby the

gravitational effect.

14

12

= Vertical Shrinkage  # Horizontal Shrinkage

Figure4-14 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 weradditive manufacturedising a powdebased inkjet additive
manufacturing process followed by post sintering. The porosity of samples ranged
betweenl7i4 4 %; Young6s modul-1146 GPa;arg gield sbeagthwe en 0
ranged between 27383 MPa, whth 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 printedtrigcture. In  addition, the regession analysis

demonstrates a good fit betwethie 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

51 Introduction:

Recently with improvemert in health systemsglobal life expectancyhasincreasd,
thereby leadingo an increase in thaverageage of the world population. Joint diseases
and osteoporotic fractures account for 50% of the chronic disé¢laaeaffect senior
citizens. Specificallythe parts ofthe bodymost susceptibléo these diseases atiee

spine, hipand forearrfr.

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 alaitly 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 looseginof the implart Therefore, improving the

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

Recently a few alditive manufacturing techniquestated inASTM F2792- 12ahave
beenused infabricatingorthopaed implants due to the ease of production compared to
conventional technique®°%°2%%'¢ Additive manufacturing techniques are capabie
building scaffolds (bone implantwith fine internal and external featur8hese features
might include macr&cale channels and miesgale poresand these channels assist the
osteointegration process between the implant and theboos® The influence of
channelsvarioussizes or shape on osteointegration has betre subjecbf two recent
studie€®® In these studies additivmanufacturing technigsewere used to fabricate
macro size channels in the implants. These fabricated insplaare biologically tested
while the outcomes proving the importance of thechannelsin improving the
osteointegration processiowever, no stueés have addressd the influence of these
channels on the i mplant 6s Thsestudywihaddresstheand phy
effecs of open channelswith various orientatiors on the physical and mechanical
properties of additive manufactured porous TWamples Porosity, shrinkage and

mechanicapropertiesof additive manufactured porous structure will be investigated

5.2  Methodology:

The machining process of Tusing conventional techniques isomplex; moreover,
creating macro channels insidé a Ti construct is considered challeng whenusing
conventional techniquesdlue to the rigidity and stiffness of Ti. However, with advance
in additive manufacturing techniqueghis processhas becomepossible with the
assisanceof a powder base8D printing (3DP) machine which is capabl@®f controling

precise featureof the internal and externatchitecture

In the presenstudy, commercially pure Ti powder (CP Ti, Phelly Materials, Bergenfield,
NJ) that meetshe ASTM (F6706 Grade 2xharacteristicsvasused to build the testing
sampleswith the 3DP machinelhe asreceived powdehada spherical shape with a size
rangeof 4590 um. This powdewas sifted througla sieve with a mesh size of 200 (US
StandardSieve Series, ColeParmer, USA) and the outcome of this proosas powder
particles in the range of 466 um. Blyvinyl alcohol (PVA) powder 8639% hydrolyzed
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with low molecular weight (Alfa Aesar, Ward Hill, MAyas useds a binderA mixture
of Ti and 3 wt% PVA was mixed for 4 hours using jarmill (LABMILL 8000 JAR
MILL MACHINE, Paul N. Gardner Company, USA}he production process of sampgle

conducted inwo stagesmanufacturingand sinteringf green samples.
5.2.1 Manufacturing of Green Samples:

SolidcWorksVR, Ver. 2006 (SolidWorks, Concord, MAyasused to creata 3D model

for rounded bars witldimensions of @10.3%15.45 mmxnm. These rounded baveere
classifiedinto 4 categories according to the design of the experiment. The first category
(a) included control sampless seen irFigure 5-1a. The secondtategory(b) included
sample with two vertical channels (00um) runningall the way tlhough the sample

as shown irFigure5-1b. The third category (c) included spi®s which had two channels
(21000um) that intersectedt the centre ahwereinclined at 65.3°(Figure 5-1c). This

angle is equivalent to the principal stress angle correspgnd the geometry of the
control samples obtained by the assistance of COMSOL MULTIPHYSICS 3.5a. ®. The
last category (d) included tlehannels ircategory (c)in addition to ahorizontal channel,

which also intersected other two channels at the centehoam inFigure5-1d.

f’“‘“pp\

N NN N
a) b) c) d)

Figure5-1 Schematic presentation of §amples 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 modelswere exported to a retrofitted powddérased 3D printing machine

(ZPrinter316Plus, Z Corporation, Burlington, USA) in stereolithography (STL) format.
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The printing process depesdimainly on the packing of powder lagauntil the entire
structurewas built This pocesswas concurredby the injectionof an aqueous solvent
(zb58™, Z Corporation, Burlington, USA) interfacially between the layexich
represerd the 2D shape of the targeted structure. This pros@ssmplementedusing
two pistonsone in the feeding powder side azabther in thebuild, as shown irFigure
5-2. The synchronized movements of these pisadasg withthe roller which wasused
in spreading of powder from the feeding side to the building aittevedfor the packing
the powder during the printing process of the strucageeported in our previous wéfk

In order to dry theprinted samplesthey were kept in the printer at 38 °C for 1.6uns
following printing. They werethen 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

\

Roller Print head
I  ——

U0 FULALL SINE 7

Feeding Piston/ Building Piofgl

Figure5-2 A schematic of the powder based 3D printer machine
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5.2.2 Sintering:

Green sampleproduced by the printing process weintered to obtain the final porous
structure. An MTP High Temperature Tube Furnace (GSL500%-50, Richmond, CA)

and Argon atmosphere wetsed for sinteringThe sintering process wasitiated by

first burning the PVA used for the binding of Ti particles of green samples. The PVA
burningprocessvasimplemented through two stagefirst at 295 °C for $ours inanair
environmentand second at 500 °C forhburin an Argon environmentNext, samples
were sintered at 1400°C fthour. The heating rate wd€)°C/minuntil reachingl000°C

and therreduced tdb°C/minuntil reachingl400°C as shown irFigure5-3. The samples
were then furnace cooled at the end of sinterirfgnally, the sintered samples were

cleaned imranultrasonic bath filled with distilled water for 5 mites Figure5-4, shows a
sintered and cleaned sample.

Sintering
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Figure5-3 Heating profile used in the sintering process
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Figure5-4 Ti sample with two diagonal channels with dimensions of @10 mm X H15mm

5.2.3 Characterization:

In this study, samplesvere characterized bytwo nondestructive test methogds.e

shrinkage and porosity measuremeiatsd one destructive test method, whwhs the

compression test.

An electronic Vernier Calibewasusedfor the shrinkage measuremems reported in
our previous worf, this testwas implemented by measugithe sampleliameterbefore

(dv) and after(dy) the sintering processnd height before(h,) and after (B the sintering
process three times for each sample and the averages were conditlerpercentage
of shrinkage in vertical (%V) and horizontal (%Hiyections werecalculated from the

following formula:

(P — pmnm(1)
6 b — prn)

Archi medesd pr iwasadqgpteccto mehsuré theopprasitycof/the samples
based on ASTM B 3Kl C373. In this characterization technique, three readimg®
taken before and after boiling the sample in distilled wateenwoveair bubbles trapped
inside the samplé s  p Dhese seadingwere; sample dry weightWayy), wet weight
(Wive), and submerged weight\,). The measured porosityas obtained from the

following formula:

01 Ol ®E 60— (3)
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An Instron machine (Instred206, USA)was usedfor compression testing wit cross

head speed of Imm/mirsample dimesions were@10.3x 15.45 mf) and4 samples

from each categorwyere testedThe results were analysed statistically using analysis of
variance (ANOVA) technique texaminet he di fferences between
Any significant result within theollected datavasdetected by alpha value (p<0.0&hd

if that condition was satisfied then a Bonferroni correction techniqueas used to

discover the significance within the categori®s
5.2.4 Modelling:

Finite Element Analysis (FEA) using COMSOL MULTIPHYSIG3%a ®wasemployed

to investigate the mechanical influence of macro channels on the structure among four
different categories with different chaels orientation. The outcome of the printing
process was a porous structure. Due to the technical complication in the modelling of a
porous structurd’, the structure was assumed to be solid #wecnechanical data and
equialert density based on the porosity of the structure were then used as input material
properties in the FEAA static analysis was implemented by applying an axial load on
the samples to simulate tkempressia test. The results of the mesh generation process
(as shown inFigure 5-5) were 2888 elements for category a) , 16571 elements for
category b)17192 elementfor category c) an@3141 elementtr catgory 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 (S&swerecul t ur ed -HA meMumCoy 6 s
supplemented with 10% fetal bovine serum (SigAldrich). Prior to seeding process,

the samplegn=20) were placed in a 24ell tissue culture plate to be equilibrated with

the 1 ml complete culture medium for 15 min. Afteat, 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 kaagged on days 3,7,10 ,and 14.
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The cell proliferation andsteoblast phenotypeere assessed through; the alamarBlue®

AssayPicogreen® assayDNA content, alkaline phosphatase activity, and
Osteocalcirproduction.

a) b) ¢) d)

Figure5-5 Samples after meshing process : 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

53 Results

5.3.1 Shrinkage:

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

among the categorigs observedThe percentage of shrinkage is betweena®&4.5%
in both directions.

6

- EW

Shrinkage (%)
LS

b) ' c)

Vertical Shrinkage ~ ® Horizontal Shrinkage

Figure5-6 Vertical and horizontal shrinkage of Ti samples after the sintering process
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5.3.2 Porosity:

The average porogis of 4 samples from each category are presenteigare 5-7.
From this figure,there appears to beo significant variation between the first three
categories and the porosities rangem 35-35.5% however a significant reduction

(p<0.05)in the porosity of category (@pmpared to (a)i.e. ~336%, is observed.

.
-

MW

.

b) ¢) d)

Figure5-7 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 inTable 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 mechanitaroperties among categories a, b, ¢, and d with the exception of
the ultimate compressive strength. The ultimate compressive strength results are
presented irFigure 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 strer@ilo%)

occurred after adding a horizontal channel.

Table5-1 Mechanical properties obtained from the str&sain 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) Yi el d St Ultimate Strength

0. 2 %(MPa GPa % MPa
a 1549 + 92 3.25 + 035 525 + 084 37427 + 31.7
b 15509 + 3.4 3.37 + 0.32 496 + 054 39270 + 235
c 14883 + 62 3.18 + 0.13 491 + 037 41451 + 252
d 16561 + 3.3 298 + 0.16 579 + 028 30661 + 85
Cortical Bone 50-232.5 425225 0.721.45 52.7-246.3

Based on Ag&”™
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Figure5-8 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
compared to the (c) category

5.3.4 Biological Stuy

A cell culturing on the samples conductedrae University of Manchestéo assess the
cell proliferation within the porous structure as showAppendix A.The results of the

channels orientation influence on the cell proliferation availabkgpimerdix B, however

\‘
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itds early to judge on these preliminary

the future.

54  Discussion

A powderbed additive manufacturing was deployed to make porous Ti structures with
macrosized channels with differentientations. While the additive manufacturing was
enabled to make such structures, the shrinkage due to the sinteripyquestsing could
potentially undermine the potential of the manufacturing proceass.giving the fact that
orthopaedic implant shodilbe 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 variationThus shrinkage level should be maintainatla minimum level

andpreferablybe 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 gravif§®®. Thus maintairing isotropc level of shrinkage in all directions

will facilitate control over the exact dimensmwof the final productespeciallyin a
complex structureEarly control of shrinkage should be implemented from the beginning
at the CAD model stage before printing dyding a compensation factor as a percentage
of shrinkagdor the whole structurevhich usuallyoccurs after the sintering process.

In general, according tt¢ shrinkage analysis in the current stutlg vertical shrinkage

fell between 4.24+0.16 4.50+0.11%, while the horizontal shrinkagéell in the range of
3.46+0.114.51+0.26%. The influence ofthe gravitational force on the structure
shrinkage cannot beeglected. However, for samples with vertical channels in category
(b), the result showed an isotropic shrinkage in both directions (as shokgure 5-6

b). A close lookat the channel opening iRigure 5-9 suggests that a cluster of well
sintered particle formed around the channel compared to the particles sogttart of

the red circle. This phenomenon ocaxplan 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 treatoraptared tdhe other pag

of the structureTherefore partickes in the inner wall of the channels built thicker sinter

necks and bonded to each oth&his formed a higher densityareawhich resist the
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gravitational influenceand prevened the structurdrom shrinkng 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 aériation
densitywithin the structure. This variation in sintering performance between the internal
structure and the extremity surfacisssupported by the study Gfagget al.’*® Based on

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.cotid be
attributed to the thicker sinter neck in the peripheral area, which is more exposed to the

thermal source.

Well sintered cluster of
particles

3 Less exposure to
*\ heat treatment

3

ZHEA km

Figure5-9 SEM images of the channel opening of category (b) samples

This technique of manufacturing@i implants proved its superiority in having a low
shrinkage levecompared toother costly manufacturingounterpartsvhich have been
used in the manufacturing of porous Juich as electron beam melting (EBMhich has
shown a horizontal shrinkage of 6.5% and vertical shrinkage of .18& well, other

techniqus 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 showekorizontal and vertical shrinkages
after sintering at 130C equal to 11.9%z+1.1% and 9.2%+0.6%, respectitely

In the current studyhe level of porosity was bseen 33.64+@.7% and 35.69+025%,

as shown irFigure5-7. The presence of channels in the structure affected the porosity of
category (d) samplesignificantly, due to an increase in the surface area whvels
exposed to heat treatmeit general, the compressive strengibersely scales witlthe
porosity of a porous materiaf’. In contrast,Figure 5-8 shows a differenbehaviour
associated with the horizomtahannel incategory (d) structuse Apparently, the

significantreduction inthe strengthis caused by the existence of the horizontal channels

Figure5-10 Deformed Tisamples after the compression test: 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

As seen, the inclusion ofertical or inclined channels in the structd@esnot negatively
affectthe strength of the structurén the contrary, these channels enhanced the strength
of the structure slightly ashown inFigure5-8 (b) and(c). However, adding a horizontal
channel to the structure, as in category, (@s significarly redued the compressive
strength (p<0.05). Thisbservationcan be evaluated by the visustamination of the
mechanically tested sampleds Figure 5-10 depicts the failure mechanism in the
samples of all categories is shedmlonga ~65 plane which represent the principal
stress angle and the shear stress at this specific plane is the maXiteontracks have

not initiated or passed through vertical meclined channels as in the first three categories
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[Figure 5-10 (a), (b), and(c)], while these crackslearly passed througla horizontal
channel as irigure5-10 (d). The FEA resultprovideinsightinto the influence of these
channels on the structurBigure 5-11 (d) shows tht the stress concentrationnsore

highly localized in the horizontal channel due to axial loading, wduleh concentration

does notappear in the vertical channdlBigure 5-11 (b)] and appear slightly in the
inclined channel§Figure5-11(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 cotfétiticas

the variation inthe microstructure will highly change the mechanical properties, the same
doctrine could be apjld to the macrostructure. 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 dtimate strength of the structure, as seenHgure 5-8. This point can be
advantageous as one may tailor the mechanical strength aimgilant by alding
channels that can be realized by AM. In this study, as seenTate 5-1 some of the
obtained mechanical properties fell in the range of tréical 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 alteredHdowever, several processipgrameters could be manipulated to match

the properties of the structure to those of the bone, as conducted in our previoils work
Overall, a few number of channels have been used in each category and ttse resul
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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Figure5-11 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

55  Conclusions

The influence of racro channels with different orientationpon themechanical and
physical properties ofa porous Tistructure fabricated by additive manufacturing
technique was investigatetihe followingconclusions can be drawn fraims study:

1 Theresults of the experimental work have proved the possibility of customizing the
mechanical and physical properties of the porous structiwreugh the additive
manufacturing of biestructures with macrscale channels at different orientations.

1 The esults of the compression t@stlicatedthat theultimate strength of thedditively
manufacturedtructure can be tailored and reduced by adding horizontal channels.

1 An increase in theaumber ofchannels in thadditively manufacturedtructureled to

a reduction in porositgue to an increase in the surface area which is exposed to heat
treatment during the sintering process

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

the samplean basotropicby addinghorizontalchannet to the structure.
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Chapter 6 A Novel Additive
Manufacturing -based Technique for
Developing Biostructures with
Conformal and Encapsulated
Channels

6.1. Introduction

Most fractured bones heal without any need to surgery. Yet treatment of a fracture can be
challenging if the gap between the fractured parts of the bone exceeds'? rmsthis

gap will hinder revascularization and cell proliferatid™. 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 appropte bone implant should mimic the structure of real bone.
Cortical bone is composed of hydroxyapatite and -typellagen, and its porosity is in

the range of 2% %*'% The structure of this type of bone includes the osteon system,
which consists of a network of channels: longitudinal cle¢s)(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 site'§®.

According to Frosch et al. and Fukuda et®&P? it is essentail for Ti bone implants to
have such channels to improve the osseointegrgtiocess. In these studies, longitudinal

channels ranging in size from 30000 pm were drilled, as iff, or channels were

1



fabricated ranging in size from 5A®00 um using one of the additive manufacturing
(AM) techniques, i.e., Selective Laser Melting (SLM), asdduced in referenc®. In

the studies conducted f°°no ercapsulated channels were created due to difficulties in
creating macresized encapsulated and conformal channels in the printed structure as a
result of the depowdering isstfé

The fabrication of a macfsized channel using the powder bed AM technique is complex
because of the difficulty associated with depowdering, i.expung loose powder from

the fine details of the structur@®®'1'? Macrochannels exemplify the fine details
inside the 3D printed structure. So, while depowdering of straight macro t¢hasne
challenging, it is not a practical process for the case of conformal and encapsulated
macrochannels. Thus, depowdering after printing is a significant issue, and the inability
to accomplish this task is considered to be a major impediment in tlef peevder 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 iference'!, according to which thecaffold 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 tevdering
process were investigated by Farzadi ef%lin that study, cylindrical scaffolds were
printed in the X (horizontally in the powder spreading direction),(horizontally
perpendicular to the powder spreading direction), @nhdlirection (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 s@mpVere 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 msieed channels in order to
mimic the structure of real cortical bone, depowdgrof 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 partadaassembling/stacking the laminated parts,
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followed by a propoer sintering protocakas 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 sthen@nd 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, ConcokdiA, USA). After developng

the model, which included a vertical channell(0 0 0 & m) and a horizont
500 &m), t he model was sliced with a cut th
shown inFigure 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 counterpditten, the individual models were printed
separately using a powdbed 3D Printer (ZPrinter31Blus, Z Corporation, Burlington,

VT, USA) with a layer thickness of 85 um packed with a mixture of powdbrs
mixture was composed of commercially pure Ti pew (CP Ti Grade 1, Advanced
Powders and Coatings, Inc., Boisbriand, QC, Canada) that had sphesiagiyd
particles with diameters less than 38 um and 3 wt% of low molecular weight polyvinyl
alcohol (PVA) powder that was B89% hydrolyzed (Alfa Aesar, ¥rd Hill, MA, USA).

The PVA was used to bind the spherical Ti particles togeitter the jetting of the liquid

binder (zZ8"58 , 3D Systems, Rock Hill, SC, USA) from the print he@udce the printed

parts dried, the green parts were depowdered and cleaimggdcompresseair and a soft

brush

The next processing step is the sintering of the green ptds the assemhblyThis
processwas conductedh an MTI® High Temperature Tube Furnace (GSL500%50,
Richmond, CA, USA)under a higkpurity argon atmosphere The sintering process
consists of two stages. First, the binding agent, PVA, is burned by heatimdanthree

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 stmgc 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 shotigume
6-2.

Sintered part

. Assembled part

Printed & depowdered green part

Sliced CAD model

. CAD model

Figure6-1 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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Figure6-2 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 showiigare 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 irFigure6-3. 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 pasble to depowder smadiized conformal channels that are printed
using a commercialkavailable 3D printerThus, this choice provides the basis for a

valid comparison between the two categories.

4 mm
8 mm| - _ _

(A) (B) © D)
Figure6-3 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

6.2.2.1Shear Test

First, the samples were characterieugha shear testing method to quantify the shear
strength of the adhesive bonding in the assembled stru&wpecific fixture Figure

6-4), similar to the fixture used by Bondioli et al., Salazar et al., and Cocr €f &F,
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was fabricated to conduct the shear test. The fixture consisted of two pieces: a piston and
a cylinder composed of hardenedaltosteel .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 (Bnd (D) and on the control sample categoridee test sample/as
placedin the 4mm 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 mabine (Instror4206, MA, USA) witha 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 l
Cylinder
Piston 7
» . &
Plate Compression load ~ Interfacial Plane
Sample I
Tir
LT
L Resistanse
T= Shear Stress

Figure6-4 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 Comprssion Test

Compression test was conducted on the AAM and control sanfdiesdimensions of
the samples that were used for this t@ste @7.49 mmx 11.2dhm with a height to
diameter ratio of 1.5 according &5TM E9-09. Categories (C) and (D) had a 5@
channel placed horizontally in the middle of ts@mples,as shown inFigure 6-5. A
uniaxial testing machine (Instret206, MA, USA) and a crosshead speed of 1 mni*min

were used to compress (crush) the samples.
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Figure6-5 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

6.2.2.3Porosity Measurement

ASTM B311 and C373 require that porosity measurements are conducted using samples
with weight larger than 1dgrherefore, the compression test samples, which had weights
>1g, were used. Porosity of the structure was measured basede olrdfimedes
principle, using the Universal Specific Gravity Kit (SartofiuBradford, MA, USA) and

an electronic balance (ARX03, Denver Instruments,NY, USA) with a precision of

0.001g.The same procedure was used as the one previously reported yhRetsalf®.

6.2.2.4 Shrinkage Measurements

The dimensional precision of the manufactured bone implangris important In this

study, an electronic Vernier caliper (Mitutoyo Corp., Kawasaki, Japan) with a precision
of 0.01lmm was used to measure the variation in the dimensions of the rounded bar
samples (37.49 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 36460) was used to visually examine
the adhesive bonded surfaoé the assembled parts before and after sintering and to
observe the effect of sintering on the mistaucture of the fine pacles.
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6.2.2.6 Statistical Analysis

The analysis of variance (ANOVA) 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 galof p < 0.05.

6.3. Results
6.3.1 Adhesive Bonding Shear Strength

Figure6-6 shows the adhesive bonding strength for the two assembled parts produced by
the AAM concept and the control sampl@he diagramof Figure 6-6 compares the
average shear strengths of (n = 9) samples in categori2sC 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%nilarly, 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
categoy D.
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Figure6-6 Results of shear strength tests otdimples in four categories: A) control sample

without a channel; B) AAMabricated sample without a channel; C) control sample with a
channel; D) AAMfabricated sample with a channel
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6.3.2 Compressive Strength

Figure 6-7 shows the compressiv&rengthof the AAM-made structuresThe 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
categoriesHowever, the variations in the margin of errocategoresB and D, in which

AAM is used are greater than those in categories A and C, the control samples.
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Figure6-7 Compressive strength results of Ti samples of four categories: A) control sample
withouta channel; B) AAMfabricated sample witho@tchannel; C) control sample with
channel D) AAM -fabricated sample with 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 samplé€s = 6) The results show that there is a significentrease(p

< 0.05) in the porosity of category B compared to the porosity of category A of
approximately 2.2%. Also, there is a sligimcreasein the porosity of category D
compared to the porosity of category C. The results of the porosity measurements in all

casevaried between 12 and 16%.
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Figure6-8 Results of porosity tests of the Ti samples for the four categories: A) control sample
withouta channel; B) AAMfabricated sample withoatchannel; C) control sample with
channel; D) AAMfabricated samples withichannel

Porosity

6.3.4 Shrinkage Measurements

Measurements of the average vertical and horizaftahkagewere obtainedrom the
samples before and afteintering. The reults of theseeasurements are shownRigure

6-9. The data indicates that there are no signifidifferencesbetween the horizontal

and vertical shrinkages of emjories 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 techhigue.
average shrinkage for all conditioasdin 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 imphants
an effort to resolve thedepowderingissue that is inherent in powdeed additive
marufacturing techniques. In this new approach, cambination of additive
manufacturing andraditional assembly, followed by sinterings used to build the
structure Applying the shear test to validate this new technique of manufacturing is
crucial to quariify the diffusional bonding between the two assembled parts in

comparison with the orpart structure that is printed entirely in one cycle.
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Figure6-9 Vertical and horizontal shrinkages of thes@imples in the four categories: A) control
sample withoutichannel; B) AAMfabricated sample withoatchannel; C) control sample with
achannel; D) AAMfabricated samples withchannel

A close look at the attachment interface through the SEM im&ggsr€6-10 andFigure

6-11) provides insight into the reason for the variation in the sheaslamtkage results
among the different categoridsigure 6-10 shows that there are gaps at the interface of
the two assembled parts in the case of $asn(B) and (D). The gapstributes tomore
shrinkage occurs in the vertical direction than in the horizontal directioRigase 6-9
suggestsA 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 structuredt should, however, be noted that this reduction in
strength is considered to be beneficial in the case of an orthopedic iffii@ctuse the
reduced shear strength can helptoid a mismatch in the strength between the bone and
the implant.The minimum shear strength observed in this study isNMP@, and the

1118 is ~51.6MPa However, other

cortical bone shear strength, accordingliarner et a
factors, sich 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 dfttheture, which lead® a
reduction in thestrength, as reported the previous work’.

In addition, the SEM image iRigure 6-12 shows that sintering is extensive, relative to

the cases presented in referefiGewhere only sinter necks were formed among Ti
particles and the spherical shape of the particles was preserved. Comparison of the two
cases indicates thahe very small size of the particles used in the current work (i.e.
diamters less than 38m, compaed to 4575 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
sintering >°**’ The level of sintering is a crucial factor in determining the level of
porosity.In the present study, the porosity that isetved is in the same range as that of
cortical bone, i.e. 32%, 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 thathe 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 desireatamhou
pressure, when both parts are stacked together.

From the manufacturing point of view, it is preferable for the shrinkage caused by
sintering to baninimal and isotropic In this study, the shrinkage in all sintered samples

is relatively moderate due to the used fine particlefurthermore,the inconsistant
shrinkage occuring in the AAM samplesuld be reduced or prevented by choosing
different compensation factors for eadimection in the CAD model. Conversely, the
compressive strengil notaffectedby stacking theparts,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 &f structure. According to Butscher et'd].the
precision of the powddsed 3DP machine is 3800 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 complskaped structure with conformal channélbe 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)

Figure6-10 SEM imagpes of samples before (green parts) and after sintering of: A) control sample
withouta channel; B) AAMfabricated sample withoatchannel
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(D)

Figure6-11 SEM images of samples before (green parts) and after sintering of: C) control sample
with achannel; D) AAMfabricated sample wita channel
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Sintering

Figure6-12 Shape of Ti particles before and after the sintgfrocess

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
experimentalresults indicated that this manufacturitechniquehas the potential to
produce a structure with maesized channels with a reduction in shear strength of 24
30% compared to control sampl@dis technique did not affect compressive strength.
However, tlere was aelativelylow increase in porosity of approximately 1.22% in

the AAM samples, with the total porosity falling in the range of162, which is
comparable to the porosity of cortical boreso, a slight increase in the vertical
shrinkage of 0.40.5% was observed compared to horizontal shrinkage due to the use of

this new technique.
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Chapter 7 Conclusiorns and Future
Work

7.1Conclusions

The following conclusions can be drawn from this thesis:

- A powder based infet printer waseffectivelyused to print a porous Ti construct

with a highly complex external and internal geometry.

- The minimum amount of PVA in the powder mixturas determined tbe no
less than 3%. Increasing the P\¢antentcould play a role of the spat®lder
andincrease the porosity of the structure.
- It was found that the grosity contributes significantly to the strength of the
structure and can be controlled through different processing parameters such as
binder contents, the pbkveltoiconipacios. shape, an
- The compressive strength of the porous Ti structtased according to the
processing parametersor8e categories of powder fad 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 nah effectivemeasurecompared toyield strengthin
characterimg and comparinghe strengthof the porous structure to the bone
properties.Overall, the compressive strength randemim 56-1000 MPa and the
yield strength rangeftom 27-383 MPain the produced samples
- Characterizing the stiffness of the structure was achieved by obtaining the
Youngs modulusv al ue. The achieved Youngds modul
bone modulus and ranged from 0X7.46 GPa.
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- The level of shrinkage that was achievwesing thepowder based infet printer
was lower than what has been achieved by using additive manufacturing
counterparts and using the spherical powder, particulaityy, a limited particles
range contributed significantliy lowering thelevel of shrinkage. The achieved
levels of shrinkage ranged from 112%.

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

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

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

experimental result and the model.

7.2 Recommendations and Future Work
7.2.1Manufacturing

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

- The assembled additive mdaaturing (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
sanples. 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 agentimettted

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

actuator will solve this problem.
7.2.2Material Processing

- It was found that sinteringgas effectiveat 1400 C. Sntering at 130@ Chasnot been a

part of my thesisFuture work should extensively investigatee trange ofeffective
sintering starting from 1300C. This study was limited by the furnacet heating above
1400° Cto preserve the heating elements of the furnace.

- It seems that a discoloring on the top surface of the samples which is mainly comprised
of carlon was most likely left by one of two sources: the residue of the debinding process
or the contents of the flowing Argon gas. AccordtngGerman™® 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 a crucible covered by a lid would avoid direct

contact between tHéowing gas and the samples.
7.2.3Modelling

- In this study, a model was developed to predict the porosity in the structure based on the
sinter necks progression among the particléss 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 studyamalytical 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 asired to assess the formation of the hydroxyapatite

in the culture.
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Appendix A

Cell culturing conducted on some samples of chapéiihe University of Manchester

by Prof. Julie Gough and Louise Carneyo groups of samples; the first group cultured

for one day, and the second group for three days. The SEM images-(Bigndl (Fig.

A-2) shows the osteoblast spreaded and attached to the porous structure. Also, the cells
are bridging and filling the gaqpf the pores.

FigureA-2: Samples were culturaslith an osteoblast for 3 days.
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Appendix B

In vitro cell culturing results of four different categormfssamplesused in chapter 5
with different channels orientatisconductedy Prof. Julie Gough and Louise Carney
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FigureB-1 DNA Content (picogreen assay) shows the influence of the channel orientation on
cell density, therés asteady increase in the calimbers with the time.
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FigureB-2 Raw alamar blue data shows thetabolic activity at days 3, 7 and 14 of samples
from four different categories.
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FigureB-4 Channes orientaioninfluenceon osteocalciproductionat days 3, 7 and 14

99



Appendix D

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

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=X/2;

h=r - sqrt((r"2) - (@"2));

V=(((pi*((1/  6)*r"3))));

f=((1/4)*pi*(h"2)*((3*r) -h));

vi=V - f;

vif=vf;

OT=(r - h)"3;

viff=vff/OT;

Porosity=(1 - vfff)*100
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