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ABSTRACT

Porous metals play essential roles in lowering the value of elastic modulus, achieving a
modulus like that of the human body. Solid freeform fabrication has the potential to overcome the
limitations of traditional manufacturing methods with controlled internal pore architecture. The
use of 3D printing has been solely focused on polymer materials with limited investigations on
producing porous metallic parts, such as implants. This research studies the influence of 3D
printing on the pore architecture and its impact on cell growth. Selective laser melting (SLM), an
additive manufacturing process, was used to fabricate 316L stainless steel porous structures. The
stainless steel was selected for this research as a model system due to its known properties.

Four cubic models of 15x15x4 mm?® were designed using Autodesk inventor with
interconnected pore sizes of 0.4 mm, 0.6 mm, 0.8 mm, and 1.0 mm. The CAD files were converted
to STL models and then extracted into QuantAM software, which produces printing instructions
for the Renishaw AM400 SLM machine. The results show that 316L stainless steel porous
structures with fully interconnected pores were successfully fabricated using the SLM process,
with a mean pore size reduction of 0.220 mm for all samples.

The samples were subjected to an accelerated corrosion test for 336 hours using the salt
spray chamber. 5 % wt. of NaCl formed part of the composition of the corrosive media, and by
comparing the corrosion rates and weight loss of the interconnected structures, the samples
experienced an insignificant percentage weight loss and an average corrosion rate of 3.0 mpy.

The cell culture experiment reveals the cell growth viability of all samples of the selective-

laser-melted 316L stainless steel structures seeded with Pseudomonas aeruginosa cells, for pore



sizes ranging between 0.182 mm to 0.783 mm. The 0.783 mm porous structure with the highest

porosity of 61.2% was most conducive to biofilm formation, allowing cell ingrowth into the pores.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

Tissue engineering provides promising grounds for additive manufacturing in fabricating
spinal fixation devices, pins, wires, fracture plates, screws, and dental implants. Additive
manufacturing techniques possess tremendous advantages over traditional manufacturing
technologies in producing a wide variety of functional end-use components [3], complex geometry
and internal channel networks that mimic the bone structures, and enhanced materials properties
and performance by varying processing parameters [4]. Revised surgery is minimized, as
customized implants can be developed and optimized for patients using their analytical
information from medical CT scanners.

The discrepancy between Young’s modulus of the human bone and that of solid metals
poses a major setback for metallic implants in the orthopedic field. The use of porous metals has
been found to play a significant role in lowering the value of elastic modulus to achieve a modulus
like that of the human body [5]. Solid freeform fabrication has the potential to overcome the
limitations of traditional manufacturing methods with controlled internal structure.

The use of 3D printing has been limited to polymers with limited investigations on
producing porous metallic parts such as implants [6]. Metals possess high fracture strength, high
fatigue strength, and low weight to high strength ratio, which makes them suitable for load-bearing
applications. Therefore, this research investigates the effect of 3D printing on the pore architecture
and cell growth viability of the 316L stainless steel printed structures.

This chapter gives a fundamental background of this research to aid comprehension of

fundamental concepts expatiated in subsequent chapters.
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1.1 The Significance of Additive Manufacturing

Additive Manufacturing (AM), popularly known as 3D printing [7] or direct digital
manufacturing, involves manufacturing end-use components by the addition of powdered
materials in a layered form from a 3D computer CAD digital model [4]. Although rapid mass
production of parts is unlikely to be achieved via AM technique, its significance is evident in
applications that require the fabrication of components that are difficult to manufacture using
traditional manufacturing methods.

With cost and lead time associated with tooling, inventory, labor, payload, assembly of
multiple parts, and maintenance cost eliminated, many industries are welcoming AM methods.
The aerospace industry, for example, utilizes this technique to produce housings, plastic
enclosures, and other nonstructural parts [8]. These parts are manufactured in one piece and are
tested, inspected, and shipped in a shorter time interval. Over the past 15 years, Boeing and its
contractors have produced highly complex air ducting for F-18 with laser sintering. And in 2017,
Reuters reported that additive manufactured titanium parts will be used in the fabrication of the
Boeing 787 Dreamliner Jet airliner, using a direct digital manufacturing technique called rapid
plasma deposition, by melting titanium wire in an inert environment of argon gas to make parts
[9]. The raw material cost and energy usage are said to be reduced by this process, as when
compared to conventional forging and machining, which results in a cheaper build cost for each
jet [10]. Companies are advancing towards certifying metals, like titanium and cobalt-chrome, for
AM techniques, with the primary aim of utilizing SLM and EBM processes, to fabricate complex
and expensive parts [8].

The medical industry is another growing field for AM application, as metallic implants,

3D scaffolds, etc. can be produced using AM methods. Examples include fracture plates and hip
2



sockets, which require the use of Ti6Al4V alloy for implantation on patients, as well as gold and
CoCr coping used in the dental industry as a primary structure in crowns and bridges, produced
using the EBM and SLM techniques. Dental labs are looking for new ways, such as AM processes,
to increase profitability and efficiency in the process of manufacturing crowns and bridges to
ensure their timely completion and availability to the dentist, as the revenue for crowns and bridges
in the U.S. is approximately 8.5 billion dollars every year. Research shows that 380 CoCr copings
can be produced using an EOSINT M 270 machine (a DDM technique) in 20 hrs; on the other
hand, it would take a dental technician to produce 8-10 crowns in one workday using traditional
manual manufacturing methods [8].

Research on the benefits of additive manufacturing in producing long-term usable
components [11] will continue to be explored as people and organizations comprehend its
possibilities and limitations. The current challenges faced within the field of additive
manufacturing spur the development of AM methods, subsystems, materials, and product design
[8]. With the advancement of 3D printing, designers are trained to specialize in designing
structures for improved performance, instead of fixing the restraint of traditional processes such

as machining, casting, etc. [12].
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Figure 1. Solid freeform fabrication process from design to manufacturing.

This research investigates the effect of 3D printing on the pore architecture and
biocompatibility of the printed structures. This research will guide future research on controlling
the parameters for the printing process and architecture of the pore design to achieve optimal pore
architecture for cell growth viability.

1.2 Setbacks of Additive Manufacturing

Despite the geometrical flexibility of direct metal manufacturing techniques, the size of the
components is process dependent. Medium sized parts can be produced using current AM methods
such as SLS, SLA, and FDM. However, these techniques are limited to the fabrication of large
parts due to their performance, availability of large commercial equipment, and cost considerations
[11]. Lowering RP equipment cost is becoming a crucial goal for most U.S. equipment makers.
Some manufacturers set the prices of their machines based on the components and assembly cost

[13] or tend to position themselves as high-cost premium manufacturers [1] to encourage



favourable perception of high value to buyers. Low volume production is also associated with AM
technologies, and thereby increases the cost of attaining economies of scale via batch production
[14].

Support structures are required to be constructed underneath the parts to hold parts connected
to another and to support overhanging portions that are weak during the layer formation. This
implementation of support structures requires an additional amount of time and material, and these
structures may be difficult to remove without damaging the desired parts or may sometimes require
manual removal for some AM methods [15]. Loose unsolidified powdered materials during AM,
may block the pores on porous structures, impeding their performance, for example, in porous
implants.

Process performance also possesses a major concern, with respect to the quality, printing
accuracy, and surface finish of the AM fabricated components [11]. Most 3D printed surfaces are
rough in nature, depending on the layer thickness, orientation of work piece, and surface
inclination [11] requiring post-processing, like surface heat treatment. The development of
software and procedures, both for the front and back end process of AM technique, to optimize the
control, repeatability, and data quality of parts is essential [8]. According to research studies,
stereolithography is mostly preferred in places like Japan, due to its higher accuracy capabilities,
as when compared to the laser sintering techniques.

The speed of building parts is open for improvements, in the automatic design of structural
supports, eliminating the need to manually design supports through the software that generates
instruction for the AM machines like QuantAM for Renishaw. It takes a longer time for

components to be produced [1].



1.3 Scaffold Requirements

In tissue engineering, scaffolds are integrated with live cells or bioactive factors to produce
tissue-engineering constructs (TEC) for tissue regeneration and repair [16]. Medical treatment of
bone or cartilage defects from fractures, diseases, tumors, infections, trauma, or abnormal skeletal
defect development [17] that cannot be repaired require bone grafts or tissue transplantation, which
can be obtained in the form of an allograft or autograft for the restoration of the skeleton function.

With the evolution of synthetic bone replacement scaffolds, the problem of donor site scarcity,
disease transfer, and immune rejection is eliminated [18]. An approach is obtained when cells
derived from the human tissues are seeded on 3D scaffolds to stimulate, direct and enhance tissue
regeneration into the structures, when delivered in the patient’s body [19, 20]. Scaffolds help
support cell colonization, migration, growth, and differentiation [16]. The construction of the
scaffold controls the formation of the new bone and cartilage [20]. To an achieve an optimized
scaffold, the structures should be highly porous and possess a high degree of pore interconnectivity
to support cell growth and the transfer of nutrients and body waste [21, 22]. They should also be
biocompatible and bioresorbable, with the ability to degrade and resorb slowly like that of the
desired cell [20]. Figure 2 shows the production technique for engineered tissues utilizing
biomaterial scaffolds, designed with biological requirements [23]. A combination of both known
and unknown, 3D space and temporal gradient factors determines how tissues can be developed
with acceleration and remodeled. The biomimetic technique is used to design scaffolds that

enhance structural, mechanical support for cell attachment and tissue regeneration [23].
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Figure 2. Developmental biology and tissue engineering. [23] Reprinted with permission.

Biomimetic also combines the design of biomaterial scaffolds with the design of bioreactors
in providing the environmental control, metabolites, exchange of nutrients, etc., to mimic the
neighborhood of the cells in animals. The design of tissue engineering systems is guided by the
biological requirements, resulting to optimized models [23].

The 3D scaffold should not result in an adverse inflammatory effect on the patient. Cell attachment,
proliferation, and differentiation are essential in improving the functions of scaffolds [20]. The
mechanical properties such as the strength, stiffness, etc. should be like that of the human

bone/tissue at the site of implantation.



1.4 Problems Associated with Current Implants

The principal goal of designing scaffolds for tissue regeneration is to repeat the ECM
growth process in a short-term organized structure. The control of all forms of desired cell
response, in the form of cell guidance, attachment, movement, proliferation, and differentiation,
both at the cellular and tissue level should be attainable in an ideal scaffold [24].

Materials currently tested as scaffolds for tissue engineering can be grouped into natural,
synthetic, and hybrid materials based on their origins [25]. Polymeric materials from natural
origins have numerous advantages, which include important biological reaction, the formation of
cellular-like environment structures, and biodegradability. Today, synthetic materials are widely
considered for biomedical applications over the natural materials, due to their advantages in
reducing the risk of viral infection [25], material scarcity, and antigenicity, and their material
properties can be controlled to enhance tissue/cell performance. Synthetic materials are still limited
in their use as tissue scaffold, because of their reduced biocompatibility limit. The creation of
hybrid materials occurs through seeding cells chemically into synthetic structures with the
tendency to promote direct biological interaction with the cells [24]. This technique still requires
refinement as factors guiding cell response on 3D scaffold materials need to be investigated and
outlined.

Implants, fabricated for the ingrowth of bones or cells into the scaffolds, are dependent on
the mechanical strength and biological anchorage of the surrounding host bone tissue to the
scaffolds and therefore may also experience stability issues [26]. Implant loosening occurs due to
stress shielding of the bone, resulting from Young’s moduli dissimilarity between the host bone
and biomaterial. Implant loosening resulting from the bone being insufficiently loaded, becoming

stress shielded, and eventually resulting in bone loss, may hinder the scaffold’s performance in
8



promoting cell ingrowth. Bone resorption from stress shielding poses problems for revised surgery
[5] . Current research focus lies in achieving Young’s moduli similar to the human bone.
1.5 Significance of Porous Metals

To achieve a match between Young’s moduli of the host bone and that of the biomaterial, a
balance between stiffness and strength, the implant should possess high strength for load bearing
applications [5]. Researchers have revealed that the use of porous materials is effective in lowering
elastic modulus and stiffness values, to achieve a modulus similar to that of the human body based
on the total bulk porosity [5]. Porous materials have been investigated and proven to be potential
candidates for achieving bone ingrowth on their surfaces. Open pore materials provide high
fixation points that promote skeletal fixation on the interface.

Research has proven that porous metals help tissues grow and improve the Osseointegration
of implants to the bone host. Three-dimensional porous materials that form part of the 3D scaffolds
[21] help to control, support, and trigger mammalian cells [22] and bone ingrowth as a function of
pore interconnectivity and enhance functionality [21].

Researchers have focused on porous metals for orthopedic application requiring load bearing
because of their superior fracture and fatigue resistance and use in ultra-lightweight metallic
structures [28]. Porous ceramics cannot be utilized for loadbearing applications due to their
brittleness, with poor mechanical properties in relation to the human bone. Polymer chains are also
not capable of withstanding mechanical forces [5].

Also, metal foams are being used today in furniture design for light-weight construction
structures, energy absorption, filtration applications, and other thermal management applications
[29, 30]. The material’s multifunctional qualities stem from its low density, and the relationship

between it’s mechanical, electrical, thermal, and sound properties [29].
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1.5.1 Types of Porous Structures
1.5.1.1 Open Cell Porous Structures

Open cell structures promote the ingrowth of cells through the interconnectivity of
individual network of cells. Porous open cell structures are significant in applications such as
filtration, sound or energy absorption, heat or mass exchange, separation, etc. [31]. Porous
implants also allow the fixation of newly grown cells/ tissue to the scaffolds, anchoring it into
position. Higher porosity can be achieved in open cell porous structures. Metallic open foams
possess more extensive applications in functional structures, such as in the medical field to
promote bone ingrowth [31].
1.5.1.2 Closed Cell Porous Structures

In closed cell structures, each cell is enveloped by a film of metal or thin wall, with a
variation of physical and internal properties dependent on the processing parameter of the
manufacturing technique [5]. Closed cell porous structures have higher elastic moduli, higher
strength, higher fatigue resistance and higher impact resistance (toughness). This type of porous
structure does not facilitate cell growth due to the poor or non-interconnectivity of its pores. The
advantages of closed pores can be viewed in the area of the reduction of stiffness to correlate with
the mechanical properties of the bone and ultimately reducing stress shielding.
1.5.2 Traditional Fabrication Techniques for Porous Structures

Foams are generally produced through various technique, which can be categorized into
four groups; vapor deposition, metal sputtering, melt, powder metallurgy. Two mechanisms, self-
formation or pre-design, are generally used to create porosity irrespective of foam production

method [29].
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Production methods

Figure 3. Processing techniques to produce metallic foams. [29] Reprinted with permission.

1.5.2.1 Self-Formation

Self — forming process is utilized to create pores based on physical principles. An example
is the addition of gas forming elements to a liquid metal or the injection of gas through a melt to
generate gas bubbles [5]. The cell walls are usually stabilized using additives such as SiC- or

Al203 particles to increase the low melt viscosity, decrease the surface energy and stabilize the

bubbles of pure metals.

1.5.2.2 Pre-design

The pore cell structures are usually formed by using cell forming molds, in which sphere-
like particles are enclosed within the molten metal. The particles may be solid or hollow particles.

If they are solid, they must be removed to create holes in the metal foam product [32]. The
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advantages this has over self-forming foams are; pore architecture and other cell structure
properties can be pre-selected based on the size of the powder, resulting in improved and more
uniform mechanical properties [31].
1.5.2.3 Plasma Spraying

Plasma spraying is utilized to create porous structures. It is a form of thermal spraying
technique in which an electric dc arc or radio frequency is produced amid water-cooled electrodes.
The electric dc arc serves as the heat source. Plasma jet is formed by heating gases and partially
ionizing them via dc arc or radio frequency to very high temperatures of 20,000 °C. Plasma and
plasma jets are also referred to as radio frequency (RF) and direct current (DC) arc respectively.
Powdered particles are inserted into the plasma or plasma jet with a carrier gas, which is then
accelerated to high speed, subjected to full or partial melting, before solidification on the substrate
[33]. The degree of porosity can be controlled by modifying the parameters of the process [5]. The
drawback associated with these techniques involves porosity irregularity, limited pore
interconnectivity, high product cost, and the introduction of impurity phases in the porous
structures [5].
1.5.2.4 Space Holder Method

This production process produces a higher degree of porosity and uniform pore structures.
Space holders and metallic powdered material are blended and condensed to create a green body.
The green body pellets undergo a low-temperature heat treatment procedure to remove the space
holders, resulting in the initial sintering of the metallic powdered particles. As the metal particles
are subjected to continued sintering process, densification and structural integrity of the porous

structure is enhanced. The space holder properties like shape, size, and quantity can be varied to
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improve the features of the foam. The setback associated with this technique is the difficulty in
removing significant amount of space holder materials from the condensed mix [5].
1.5.2.5 Vapor Deposition

This technique can achieve a porosity of 75-85%, with a high degree of continuous
interconnecting pores used for the fabrication of Trabecular Metals. This application is a function
of the polyurethane medical grade. The polyurethane foam is eventually segmented into different
shapes, when it is subjected to reticulation and pyrolysis, resulting in a less dense reticulated
vitreous carbon (RVC) structure. The chemical vapor deposition (CVD) process, converts the RVC
pre-foams into Trabecular Metal®, by supplying pure tantalum throughout the RVC pre-foams. In
CVD, reactants are activated in the gaseous phase, undergoing a chemical reaction, and then solid

materials are being deposited on a heated substrate [5].
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Figure 4. Schematic of the CVD process, utilizing intermediate reticulated vitreous carbon
substrate. [5] Reprinted with permission.
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1.6 Additive Manufacturing Techniques

Additive manufacturing, also termed 3D printing can be used to create end-use components,
complex geometries from their CAD model, spanning across pore size, pore shape, interconnected
pores, enhanced porosity, etc., making the mass production of customized porous implants
possible. There are several rapid prototyping printing techniques available today, some of which
are discussed below.
1.6.1 3D Printing (3DP)

This process involves a combination of powder materials deposited in layers and a binder
material. Droplets of the water-based liquid binder are poured through an ink jet printing head
onto the polymer or ceramic-based powders, at points where solidification is required, to produce
parts from 3D CAD models [34, 35]. There are two types of inkjet printing systems explored by
MIT; drop-on-demand and continuous-jet system.

1.6.2 Fused Deposition Modelling (FDM)

FDM is a 3D printing technigue, in which a thin plastic filament is fed through the print
head of the machine, and is melted by the print head, extruding it on a substrate, to form desired
parts layer by layer. The thickness of each is usually 0.25mm. Materials utilized in this process
are; PC-ABS blends, PC-ISO, ASA, ABS, polycarbonate, PPSF. This technique requires a post-
finishing process for obtaining a smooth surface and is time demanding when producing large parts
[2].

1.6.3 Selective Laser Sintering (SLS)

SLS technique, a powder-bed fusion process, sinters powdered particles to form a layer of

part repetitively, using a focused CO> laser beam. To limit the amount of laser power input and

deformation of the built part, build chambers are heated at an elevated temperature just before the
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melting temperature of the material used for fabrication. A powder leveling scraper spreads the
powder particles layer by layer across the powder bed [36]. The printing process which occurs at
high temperature, takes place in a chamber filled with inert gas, nitrogen or argon gas, to prevent
oxidation. A focused CO laser beam scans the powdered material and then thermally fuses the
material at positions based on the design specification. After each layer build, a piston lowers the
completed layer build by the same amount of the layer thickness in the z-direction, allowing for
the spread of the loose powder material for a new layer build. This process continues until the
series of layers is completed and specified CAD design is produced. Varieties of materials such as
plastic, metals, ceramics, and combination of this materials, have been utilized for direct metal
laser sintering process. Unused powder materials can also be reused. Binders are used to hold
metallic powder together during the SLS process and later removed. Many elements influence the
accuracy of the part produced via this process, e.g., powder particle size [2].

1.6.4 Selective Laser Melting (SLM)

SLM, a powder bed fusion process [36], can produce close to fully dense structures, due to
the laser beam fully melting the powders. SLM technique requires more substantial laser beam
power input, thereby increasing energy cost. A moderate to excellent surface finish and feature
resolution can be achieved via this technique. Also, polymers, metals, and ceramics can be utilized
in this process for part production.

1.6.5 Electron Beam Melting (EBM)

The EBM processes are similar to the SLS process, as an electron beam melts the powdered

particles, powered by a high voltage of 30 and 60 KV [2]. The printing process which occurs at

high temperature and takes place in a vacuum chamber to prevent oxidation. The scan speed is
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very fast, and the surface finish is moderate or poor [36]. This technique processes a high variety
of pre-alloyed metals [2].
1.6.6 Laminated Object Manufacturing (LOM)

LOM technique combines traditional subtractive methods and additive manufacturing
methods to fabricate or laminate layered parts. It processes models with papers, composites, and
metals [2]. The material takes the form of a sheet of layers which can be bonded by thermal
bonding, adhesive bonding, or ultrasonic welding [2]. The sheets represent the layered CAD
models cross-section. CO; laser cuts the material matching the specified 3D CAD model and STL
file per layer. This technique is relatively cheap and requires no post-processing, no support
structures, nor phase change, but results to waste of material during the laser subtractive process,
and the internal pores may be challenging to fabricate.

1.6.7 Laser Engineered Net Shaping (LENS)

LENS delivers powdered material into the focal point of ND: yttrium-aluminum-garnet
laser to form a melt pool [38]. A metallic substrate serves as a base for the build [39]. The laser
beam scans the substrate to form a weld bath of the base material, undergoing solidification upon
cooling. Powdered metallic particles are then injected and absorbed into the molten pool [40], to
build up each layer. Powder feeder supplies powder to the powder delivery nozzle assembly for a
deposit on the substrate. When a layer of the geometry is formed on the substrate, the substrate
moves in the z-direction below the laser beam, allowing, a new layer to be developed [39]. The
build chamber is inert controlled, using argon gas with a reduced amount of oxygen, lower than
10 ppm. A wide range of metals such as Ti6AL4V, steel alloy, etc. can be used [2]. This process
can also be used for part repair and to obtain functionally graded composite materials, feeding

constituent materials from different powder feeders [41].
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1.7 Biomaterials

Biomaterials form the basis of some medical devices, as they react with biosystems to help the
body heal, in the form of tissue repair or the replacement of infected cells or organs [42]. Tissue
scaffolds utilize materials consisting of metals, ceramics, polymers and their composites. If the
requirements of biomaterials for tissue engineering applications are not met, this may lead to the
failure of the implants, yielding to chronic pain for the patient and a revised surgery.

Biomaterial requirements can be grouped into mechanical and non-mechanical characteristics.
It should possess a reasonable amount of fatigue strength, higher yield strength, and young
modulus similar in value to the human bone [43]. Also, biomaterials should have a high resistance
to corrosion as the body fluid is corrosive, making it a viable environment for the corrosion of
implants [44].

Corrosion have an adverse effect on both the medical device and the human body, as the
degradation of metallic ions can remain around the implants and be conveyed to other parts of the
body [43]. The avoidance of implant loosening is dependent on factors, such as high wear
resistance and a reduced coefficient of friction. As the wear particles react with and destroy the
bone that provides support for the implant [45, 46].
Biocompatibility of implants with minimal adverse effects on the body cannot be overemphasized.
Above all, it should support the formation of new bones and the recovery of bone from injury. A
large surface area for biomaterials aids the integration of the surrounding bone to the implants in
a well-fitted manner impeding the loosening of the scaffold [43].
1.7.1 Stainless Steel

Metals are electrically and thermally conductive with good mechanical properties. They

also possess high specific gravity and high melting points owing to the strength of the attraction
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of the metallic bond between the positive metal ions and free electrons [47]. Cold working can
increase the hardness of 316l stainless steel, whose carbon content is 0.03% with improved
corrosion resistance to chloride solution. Molybdenum contained in stainless steel allows
resistance to pitting corrosion in salt water. 316l stainless steel material tends to corrode when
subjected to highly stressed and oxygen-depleted regions in the body [47]. A significant
application of stainless steel material can be seen in its use in temporary implants, an example is
the fabrication of fracture plates, which hold together broken pieces of bone [47].
1.7.2  CoCr Alloys

CoNiCrMo and CoCrMo in the wrought and castable, are the two most common alloys
used in implant fabrication. The latter has a comprehensive application in the manufacturing of
dental implants and artificial joint. CONiCrMo is a suitable material to produce prostheses, for load
bearing applications. The solid solution of CoCr alloys is made up of 65% Co, the molybdenum is
responsible for higher strengths, and its chromium content enhances its resistance to corrosion and
solid solution strengthening. Hot forging is the only process that fabricates large implants using
CoCr alloys, for example, hip joint stems. The wrought CoNiCrMo possess a high fatigue
resistance, and a high ultimate tensile strength with durability, in the absence of fracture or stress
fatigue. The release of metallic product from wear and corrosion may harm the human body, organ,
or tissue, impeding cell functionality. In addition, the ductility of the alloy is reduced as the
strength increases. The composition of Co and Ni at 50% concentration is more harmful than the
Cr extract. The transfer of load to the bone possess a great concern [47].
1.7.3 Pure Ti and Ti6AL4V

Titanium is light and possesses good mechanochemical properties, making it suitable for

implant production. Ti6Al4V alloy is made up of aluminum (5.5~6.5%) and vanadium (3.5~4.5%),
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possessing the same fatigue strength as CoCr. The presence of impurities in Ti alloys increases
strength and reduces ductility. Titanium alloys specific strength is higher than that of other implant
materials, with titanium having a poor shear strength, not suitable for plates, bone screws, pins,
etc. When in sliding contact with metals or itself, it galls and seizes. Micromotion may cause the
release of TiO- particles in the bonded prosthesis, with the particles forming a periprosthetic fluid
and enhancing cell response around the implant [47].
1.7.4 Ceramics

Ceramic scaffolds are applied in the dental field to fill defects in the bone and also in the
orthopedic field to coat implants for improved fixation of the implant to the bone host [42]. They
have a high mechanical stiffness, hard, brittle surface, and low elasticity. The chemical and
structural composition of ceramics is like the mineral phase of the native bone, making it
biocompatible with the bone. Ceramics enhances bone regeneration when in contact with
osteogenic cells [48]. Ceramics in applications are limited by their brittleness, the difficulty of
producing implants of complex shapes and the degradation rate cannot be controlled easily [42].
1.7.5 Synthetic Polymers

Synthetic polymers are PLGA, PLLA, polystyrene, and PGA [42]. Although its
degradation features can be controlled, it has a low level of bioactivity resulting in rejection by the
body. Through hydrolysis, carbon dioxide is produced by the breakdown of PGA and PLLA, and
reduces the local ph., and may lead to the damage of human cells and tissue. Polymers cannot be

subjected to high load bearing applications.
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CHAPTER II

MOTIVATION AND OBJECTIVES

As discussed in the previous chapter, the discrepancy between Young’s modulus of the
host bone and solid metals is a drawback for metallic implants in the orthopedic field, yielding to
failure in the performance of the implant, chronic pain for the patient and a revised surgery. Porous
metals have been investigated, to reduce the elastic modulus, similar to that of the human body
[5]. 3D printing serves as a potential alternative technique in overcoming the limitations of
traditional manufacturing methods in producing and regulating complex internal structures that
mimics the human anatomy.

The use of 3D printing in producing porous metallic parts is growing at a fast pace. This
research focuses on porous metals for orthopedic application requiring load-bearing capacity,
because of their superior fracture and fatigue resistance, and use in ultra-lightweight-strength
metallic structures [28]. Porous ceramics cannot be utilized for loadbearing applications, due to
their brittleness, and are not sufficient to meet the mechanical requirements of the human bone,
although their chemical composition matches that of the mineral phase of the human bone.
Polymer chains are also not capable of holding mechanical forces [5] and possess a low level of
bioactivity. The objectives of this research are:

e To investigates the effect of 3d printing on the pore architecture of varying sizes.

e To investigate the cell growth viability of the 3D printed 316L stainless steel porous

materials using SLM technique.

e The effect of pore sizes on the biological performance of Pseudomonas aeruginosa cells

seeded on selective laser-melted 316L stainless steel scaffold models.
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This research utilizes the SLM technique to fabricate porous structures, which were then
exposed to cell culture experiment to facilitate seeding of the samples with Pseudomonas
aeruginosa cells to test for cell adhesion and cell enumeration in CFU. This study will guide future
research to control the process parameters and design, to attain optimal pore architecture for cell
growth viability and support. The specific technical approaches are as follows:

1) Design and analyze the surface morphology/melt pool of the 316L stainless steel porous

structure.

2) Measure the actual 3D printed 316L stainless steel pore sizes in comparison with their

initial CAD file dimensions.

3) Evaluate the cell growth of 316L printed porous structures and optimum pore size for cell

growth.

4) Analyze the corrosion rates of 316L corrosion rate and their effect on cell viability

5) Evaluate underlying factors for biological responses of the 3D printed structures.

The experimental methods will be expanded in Chapter I11.
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CHAPTER IlI

EXPERIMENTAL PROCEDURES

This chapter reveals the material and experimental methods utilized in this study. Stainless
steel powdered materials with a mean diameter of 35um were used to fabricate the porous
structures, via the selective laser melting technique. The experimental approach includes the
design of the porous structures, actual 3D printing process, SEM characterization, corrosion test,
etc. Figure 5 shows a flowchart summarizing the activities involved in this research. Experimental

details and procedures are explicitly detailed.

Pore Design

Sample Cleaning

e
=Saplc Ceaning—

Corrosion
Test

Pore
Characterization

Figure 5. Experimental flow chart illustrating the process of designing, manufacturing
and testing the porous 316L stainless steel structures utilized in this study.
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3.1 Materials

The 316L stainless steel powder distributed by Renishaw, plc. was used in this research.
The readily availability of 316L stainless steel, alongside with its other advantages which will be
discussed further in this text, makes it a suitable material for use in the medical field. Naturally,
occurring steel, possess great tendency to corrode, to increase its corrosion resistance properties,
alloying metallic elements such as iron-chromium, nickel, carbon, etc., are added to produce
stainless steel [49]. On the surface of stainless steel material, it forms a passive film of chromium
oxide layer, upon exposure oxygen, to enhance self-repair, making the steel corrosion resistant.

Stainless steel materials are subdivided into various groups, dependent on the composition
percentage and microstructure of the alloys added, such as carbon, nickel, chromium,
molybdenum, etc. Since chromium is responsible for enhancing the corrosion resistance of steel,
by creating a passive film of chromium oxide, a minimum of 10.5% of chromium is required.
Nickel improves ductility, toughness, strength and corrosion resistance of steel at elevated
temperature. Examples of corrosion-resistant stainless-steel samples are; Type 304, Type 430,
Type 316, and Type 630. As stated earlier, this research utilized 316L stainless steel powdered
material. At elevated temperature, Type 316 and 316L, an austenitic steel alloy, possesses high
creep and tensile strength, good weldability and formidability. 316 stainless steel varies from 316l
stainless steel in its carbon content of 0.08% & 0.03% respectively with the latter having a higher
resistance to corrosion. 316L stainless steel has a nickel composition of 10-14% and molybdenum
content of 2-3% (see Table 1) than other types of stainless steel in its grade. Its composition
provides room for higher corrosion resistance than Type 304 with respect to pitting and crevice
corrosion [49]. 316L stainless steel powder can be applied in AM techniques to create customized

implants and prosthesis for patients at low cost [50]. The 316 stainless steel material relative
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density of 99.90 and 99.95% has been achieved via the SLM technique. SLM stainless steel parts
possess higher strength and are less malleable than their forged counterparts. SLM process of 316L
stainless steel undergoes rapid cooling and solidification, leading to a more refined cellular
dendritic microstructure, and ultimately improving the tensile strength of the fabricated part [50].
The surface roughness of the material reduces as the laser power of the SLM techniques increases.

Table 1 shows the makeup of 316L stainless steel utilized in this research

Table 1. 316l Stainless steel composition. Redrawn from [52]

Element Mass Composition (%)
Iron Balance
Chromium 16.00 - 18.00
Nickel 10.00 - 14.00
Molybdenum 2.00 - 3.00
Manganese <2.00
Silicon <1.00
Nitrogen <0.10
Oxygen <0.10
Phosphorus <0.045
Carbon <0.03
Sulphur <0.03

3.2 Design of Porous Structures

Four cubic models (scaffolds) of 15x15x4 mm? were designed, with interconnected pore
sizes of 0.4 mm, 0.6 mm, 0.8 mm and 1.0 mm, respectively (see Figure 6 and Table 2) using
Inventor CAD Design software. The CAD model produced is saved as an STL file. In the case of
porous materials, the size of the STL file becomes huge due to a large number of features.
Choosing an STL resolution is, therefore, a function of file size and geometric accuracy. The size

of the CAD file and geometric accuracy are important factors to consider in the selection of STL

24



resolution. QuantAM software processes the STL models to produce build-files for the SLM

machine.

Table 2. Design parameters.

Pore Length Width Thickness No. of No. of No. of Pore
size (mm)  (mm) (mm) pores in pores in pores in spacing
(mm) length width thickness ~ (mm)
0.4 15 15 4 32 32 6 0.46
0.6 15 15 4 21 21 4 0.69
0.8 15 15 4 15 15 3 0.92

1 15 15 4 13 13 2 1.15

Figure 6. Quarter section view of 0.4 mm pore size CAD model.
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Figure 7. Cubic scaffold models designed for this study.

3.3 Selective Laser Melting Technique

The porous structures were fabricated at the same time, using Renishaw AM400 selective laser
melting (SLM) machine (see Figure 8), with the imported and converted STL CAD models.
Renishaw QuantAM software prepares printing instructions for the SLM machine by slicing the
model into layers of 50um, depending on the height of the designed model. Then it produces scan
paths that serve as a guide for the scanning process of the laser beam on the 3161 stainless steel
powdered material. The developed scan instructions (path, power levels, exposure times, and so

on) are compiled into a build file for the machine. SLM techniques require no post-build sintering
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to achieve near cast density, as the powdered metal is intended to melt completely by the laser
beam.

The build envelope of the 3D printer used in this study is 250x250x300 mm?® (WxDxH)
and utilizes a pulsed laser. Argon gas fills the build chamber, during the printing process to avoid
oxidation and the only source of heat in the chamber is produced from the laser beam. Layers of
metal powder are distributed and leveled on the powder bed using a powder scraper. Excess
powder that drops from the powder bed is collected into a flask for recycle. The laser beam melts
the powder, which in turn re-solidifies to form the porous structures, during the laser scanning
process.

A mild steel substrate holds the layered parts formed. After each layer build, a piston
lowers the powder bed in the z-direction by 50 um layer thickness, allowing for the fresh
deposition of the 316L stainless steel powdered material on the previously created build layer,
for a new layer build. This process continues until all features of the required CAD design is
produced and required geometry generated (all series of layers completed). Powder that hasn’t
been scanned, but serves as a support structure for the new build, and surrounds the completed
geometry, is swept away when the piston rises for the fabricated porous structures to be
removed. Further excess loose powders were removed using a brush and a vacuum cleaner which

is collected in a powder flask available in the machine for reuse.

Figure 8 shows a representation of the SLM machine used to fabricate the porous

structures.

27



Laser

Driver

WVacium
Pump

To exhaast

Figure 8. Selective laser melting machine schematic diagram.

Every step can affect the quality of the manufactured parts as material characteristics, and
processing parameters influence the properties of the printed structures[53]. These are dependent
on the processing parameters of the printing process. Table 3 shows the build process parameters
specific to this study, to produce the porous structures. Different scan paths may vary in their
process parameters, which can be further divided to generate other parameters. For example, the
average scan speed of the border is lower than that of the fill. The pulsed laser applies energy in
discrete locations, but the result is like that of a continuous laser. It is useful to provide an average
laser velocity to compare the energy density with other laser melting processes. The average scan

velocity is calculated using Equation 1.

vy =T ©
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where v, is the average scan velocity, d,, is the point distance, t. is the exposure time, and v; is

the jump speed.

Table 3. SLM processing parameters. Redrawn from [52]

Printing Parameters Parameters
Laser Beam diameter (um) 70

Laser Beam Power (W) 200

Hatch distance (um) 110
Powder layer thickness (um) 50

Powder particle mean diameter (um) 35
Average Scan Velocity (um/s) 0.75

3.4 SEM Characterization

The morphology of the surface, actual sizes of the pores and melt pool, were characterized
with a scanning electron microscope (SEM) at various magnification. The exact pore sizes s on
the structure surface from the SEM images, were analyzed using Image J. ATESCON VEGA 11
LSU SEM with a magnification of 13 x 10° to 1 x 10° and a scanning velocity of 160 ns to 10ms
[54].
3.5 Salt Spray Test

The accelerated corrosion test technique used in this study is a quick way to determine the

rate at which the porous structures will corrode. The salt spray chamber comprises a fog chamber,
atomizers, salt solution reservoir, a supply of compressed air, and chamber temperature regulator.
A 5 wt. % salt (NaCl) concentration (Ph between 6.5 and 7.2) for 5000mlI of purified water (see
Equation 2) provides a corrosive environment for the metallic porous structures and is atomized

by spray nozzles via pressurized air in the form of brine fog. 789.48¢g of pool salt was mixed with
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15 liters of purified water to top up the brine solution inlet, while the bubble tower inlet was topped

up with purified water almost to the brim.

Bubble Tower Water
Inlet

Brine Inlet

Perimetral Trough

Control Panel

Pneumatic Controls

Pressure Regulator

Figure 9. Salt spray equipment exterior view.

Figure 10. Salt spray equipment interior view.
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The samples placed in the salt spray chamber for exposure to the corrosive environment
conditions were removed after 14 days (336 hours), to evaluate the corrosion rate. The chamber
temperature operated at 35°C, while the bubble tower temperature operated at 30°C. For every

three-day interval, the salt-water inlet is topped up, as well as the bubble tower inlet.

X _wt%*vp 5
97100 — wt% (2)

where X, is the mass of salt (g) and v, is the volume of purified water (ml).

The corrosion rate of the samples was determined using the equation below [55]:

w
Axtxp

Corrosionrate (mpy) = * 534 (3)

Where w is the weight loss (mg), p is the density of 316L stainless steel (7.99g/cm?®), A is the area
(in?), t is the exposure time (336 hours), 534 is the conversion factor, to derive units of corrosion
rate in mils penetration per year (mpy) or milli inch per year. The rate of penetration or thinning
of the metal part reveals the service life of a component.
3.6 Porosity

The porosity measurement of each sample was determined experimentally from the relative
density of the printed structures and that of the specified 316l stainless steel material presented in
Equation 4. The samples were redesigned with SolidWorks according to the actual size parameters
obtained from the SEM image analysis of the 3d printed parts. An alternative theoretical method

for porosity calculation, as shown in equation 6, is the pore volume fraction [56]. The Evaluate
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tool of SolidWorks gives the physical properties of the models like theoretical volume, density,
mass, and surface area of the 3D models.

The mass utilized in deriving the experimental porosity via the relative density method was
obtained using a weight measurement scale with a high accuracy of 0.1 mg. It is advisable to use
the experimentally derived porosity values as this value has a higher dimension of accuracy values,
taking into consideration the processing conditions and effects of the laser melting technique.
Another technique used to compute the relative density and structures’ porosity is the Archimedes
method, as this method enables the density of complex structures to be derived, without having to
determine their volume, which may be difficult to derive, due to complex geometries. Firstly, the
mass of a sample is measured in the air, which is called the dry mass (m,). The sample is then
suspended in water to determine its wet mass (m,,), which is the dry mass minus the buoyancy

from water (see Equation 7).

Porosity = (1 _Ps ) *100% (4)
m
fr— ms 5
Ps = (5)
. vp
Porosity = —= +100% (6)
t
myg
= e 7
ps pwt. mds _ mws ( )
v, = Vs + v )
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where p; is the scaffold’s density, p,, is the 316L stainless steel material density (7.99g/cm?®), p,,
is the density of water, m, is the mass of the scaffold, m;;& m,, is the dry mass and wet mass of
the scaffold. v, is the scaffold’s total volume, v, is the pore volume, v; is the scaffold’s volume.
3.7 Cell Culture

To study SLM technique and pore architecture effects, on cell adhesion, the porous samples
were wrapped in aluminum foil and dry autoclaved to achieve sterilization. Duplicates of each
sample were provided, and one set was used for colony forming units (CFU) enumeration while
the second set was processed for SEM analysis.

Pseudomonas aeruginosa strain PAO1 was inoculated from glycerol stocks onto Luria LB
agar plates and incubated at 37 °C overnight. Bacterial inoculum was obtained by picking a single
colony from the initial inoculum formed and used to inoculate the liquid LB media overnight at
37 °C.

The sterilized samples were placed in a segmented well, and 5ml of overnight bacterial
culture, diluted to an optical density of 0.01 in LB was dispensed into the wells. The plate was
covered and incubated at a temperature of 37 °C for 48 hours to facilitate enhanced biofilm
formation. The discs were then retrieved using sterile forceps and subjected to three PBS washes
to remove loosely attached bacteria. After post-wash, the samples were inserted into a 50 ml
cylindrical tube with 5 ml PBS and vortexed thoroughly to dislodge the bacterial biofilm. For the
first set of the sample, the bacterial suspension thus obtained was diluted appropriately and 50 pl

of the dilution spotted on to the LB agar in triplicates for bacterial enumeration and quantification.
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While the second set of the porous samples were washed as detailed above and then dipped in 2
% vl/v of glutaraldehyde to enable bacterial fixation. SEM techniques was used to examine the

cells grown on the samples.
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CHAPTER IV
CHARACTERIZATION OF 3D PRINTED POROUS 316L STAINLESS STEEL
4.1 Melt Pool

The melt pool of the 316L stainless steel material is shown in Figure 11. The surrounding
powdered material deposited on the substrate was melted by the laser beam to create a melt pool,
which then cools rapidly and solidifies to form the pores. In this process, a greater amount of
radiation is transformed into thermal energy to create the molten pool. A laser power of 200 W
was utilized for this study, the melt pool diameter along a single bead is non-uniform and irregular
(instability of scan tracks), with an increased magnitude at the beginning and end points of the
molten region. The start and end points of the melt pool are wider, while the melt pool is rounded
at just the start point. The fluctuation in the scanning speed or exposure time, i.e., the amount of
time for which the scanned point is exposed to the laser beam, gives rise to the rounded start points
and wider endpoints, during the transition from one bead to another [57]. The term, exposure time
will be used in this research, rather than scan velocity, as a pulsed laser is associated with the 3D
printer used to fabricate the porous structures. The different melt pools on each sample are uniform
and consistent.

The melt pool geometry was observed and measured using SEM and Image J respectively and
quantified to be approximately 250 um in width (diameter), in contrast to the melt pool diameter
specified by Renishaw for the AM400 metallic 3D printer for its printing processes. For Ti-64
material, the combination of lower scan speeds and higher amount of laser power leads to wider
melt pools and another combination of higher scan speeds and lower laser power may lead to a

reduced or narrow melt pool [57].
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As stated earlier, for this research, a pulsed laser was used, and the average scan velocity can
be obtained via the ratio of the distance between points exposed to laser power, to the sum of the
exposure time and the ratio of the point distance to the jump speed. The exposure time for a 200W
laser power, utilized in this study is 80 ms, the point distance is 60 um, the jump speed is 5 mm/s.
This is a combination of low exposure time and higher laser power leading to a wider melt pool,
with the laser power having a greater effect as shown in Figure 11. The diameter of the molten
pool increases due to the high laser power density and thermal diffusion from the points of
powdered material being scanned by the laser beam, to the surrounding metallic powdered
particles. The properties of SLM produced part, such as melt pool characteristics is a function of
the energy density, controlled by the processing parameters such as laser beam diameter, exposure
time, point distance, scanning pattern, hatch distance, powder shape, powder size, powder layer
thickness, powder bed temperature, etc. Linear laser energy density (LED) and Areal energy
density (AED) is the energy applied to the powder material per length and per area respectively
during laser scanning, which defines the quality of built parts. The LED depends on the laser
power, point distance and exposure time, for a single line scan, and is referred to as the linear laser

energy density (LED) (see Equation 9).

P.t
LED = — J/mm )
dp

J/mm? 10
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Where P is the laser power, d,, is the point distance (distance between two points exposed to the
laser beam), t is exposure time, d;, is the hatch distance (the distance between the centers of two
adjacent scanning tracks and is expressed in units of length or percent overlap).An increase in

power results to a faster melting rate and depth of heat penetration.

Melt pool

\ diameter P
o ; 250 pm _ﬁ,

Balling effect

Designed pore Resulting pore 100Hm
400 um 200 um

Figure 11. SEM characterization of 316L stainless steel 3D printed parts.

4.2 Balling Effect

Spherical balls can be seen in and around the pores of the 3D printed structures as shown in
Figure 11. This occurrence is referred to as the balling effect, which has a negative impact on the
texture of the material. Balling effect increases the roughness of the part, decreasing the
mechanical properties and lifespan of the porous structures [58]. The melt pool temperature is

dependent on the type of laser and its interaction with the powder. In this research, a significantly
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higher laser power of 200 W creates a continuous wider melt pool, because of the exposure time
and power of the laser spot on the irradiating region.

A phenomenon responsible for balling effect is incomplete melting caused by thermal
diffusion. Due to thermal diffusivity of the metallic powder, there is a reduced amount of heat
penetration depth and low-temperature gradient at powder locations far from the scanned region
resulting to partial melting or moderately melted agglomerates. Also the non-uniform temperature
distribution, due to heat transfer between the surrounding loose powders and the laser scanned
parts, enhances thermal diffusion, responsible for the incomplete melting of the metallic powder
at the surrounding region far from the scanned point [59], leading to balls of loose powders
attached to the surface. The lower layers have rougher surfaces due to the tendency of the SLM
material to experience either complete or partial melting, depending on factors such as the distance
between points exposed to the laser beam, scan speed, exposure time, laser power, energy density,
melting temperature of the material, laser beam diameter, etc.

Balling effect can be controlled based on the nature of the balling. One of the suggested ways
to eliminate balling will be to increase the exposure time, as an increase in laser power and
exposure time can increase the energy input, resulting in a complete melting of the 316L stainless
steel material, due to a high scanning temperature above the solidus region of the material. In this
case, the molten pool is fully liquid, which is easy to flow, spread and wet the surrounding un-
melted metallic particles, yielding a fully bonded scanned part, free of any balling effect.

Another technique for eliminating the balling effect, is by decreasing the applied powder layer
thickness for multi-layer parts. For multi-layer part and pulsed layer, a new term used to explain

the influence of laser power (P), exposure time (t), hatch distance (dy), point distance (d,) ,

layer thickness (th), is referred to as volumetric energy density (VED, ¢), given below [59]:
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A tentative reasoning reveals that powder layer thickness reduction can enhance the laser
energy intensity per melt volume, ensuring a thinner layer of metallic powder to be fully melted
and a dense fused structure to be achieved, void of balling effect, due to the sufficient optical
penetration of the laser beam. The layer thickness for the SLM technique utilized in this study is
50 um, yielding a low VED, creating a steep temperature gradient of low operating temperature at
the underlying surface of the bottom layer and high heat on the top surface. Some of the bottom
layer powders may be partially melted and not completely bonded together but stick to the
surrounding pool upon solidification because of the low-temperature gradient at that depth.

4.3 Pore Size Characterization
The scaffolds, designed for outer dimensions of 15x15x4 mm?3, did not reduce in size as
revealed in Table 4. The observed reduction in thickness is owed to the fact that the printed parts

were removed from the substrate, via the wire EDM cutting technique.

Table 4. 3D printed scaffold external dimensions.
Pore size (mm) 0.4 0.6 0.8 1.0

Length (mm) 1520 1524 1525 15.27
Width (mm) 1522 1521 1527 15.23

Thickness (mm) 3.84 368 384 3.89

Figure 12 and Figure 13 shows the resulting SEM and white light interferometry images of the

interconnected porous 316L stainless steel parts produced via the SLM process. A quantitative
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image analysis using Image J was carried out to determine the AS printed pore size using a
spectrum of SEM measurements (70 assessments for the designed pore of 0.4 mm, 60 for 0.6 mm,
80 for 0.8 mm, 46 for 1.0 mm) using Image J. Figure 12 and Table 5 show the measured pore sizes
from the SEM images, compared with their CAD models. The analysis shows that the actual mean
pore size reduced by 0.220 mm for all samples, compared to their 3D designed pore sizes (see
Figure 14). The percentage pore size reduction is as follows; a 55% reduction for the pore size of
0.4 mm, 36% for 0.6 mm, 29% for 0.8 mm, and the largest pore possesses a 22% pore size
reduction. As the pore size decreases, the percentage size reduction increases.

The 1.0 mm porous sample shows more rounded holes and a more uniform pore
distribution than the smaller pore sizes (see Figure 12). The farther the distance of the melt pool
from the pore or the larger the pore spacing, the more uniform the pores will be, because a greater
amount of the surrounding metallic powder is not affected by the heat from the laser for the larger
pore sizes, thereby preventing a larger percentage of pore size reduction. As the scan line distance
increases, the interconnectivity, and uniformity of the pores increase, in the case of this research,
more regular holes, and uniform pore distributions are obtained for larger pores sizes, as it

increases from 0.4 mm to 1.0 mm,

a b € d
500um 500um 500um 500um
— e ————— —

Figure 12. SEM images of 3D printed porous samples with various designed pore sizes: (a)
0.4 mm (b) 0.6 mm (c) 0.8 mm and (d) 1.0 mm.
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Figure 13. White interferometry of the 3D printed 316L porous structures
(a) 0.4 mm (b) 0.6 mm (c) 0.8 mm (d) 1.0 mm.
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Figure 14. Graph showing the relationship between 3D designed and printed pore size.

Table 5. Summary of the 3D printed mean pore size.

Designed  Printed pore  Size Size
pore size  size difference reduction
(mm) (mm) (mm) (%)

0.4 0.182+0.024  0.218 54.6

0.6 0.385+0.023  0.215 35.8

0.8 0.568+0.021  0.232 29.1

1.0 0.783+0.109  0.217 21.7

Thermal diffusion is a phenomenon that occurs because of the heating of surrounding
metallic powder, due to the heat transfer from the laser scanned surface to the surrounding material,
enlarging the melt pool and increasing the thickness of the solidified part, which in return reduces
the pores (see Figure 15). The melt pool diameter of the porous structures measured as 250 pm,

which doesn’t conform to Renishaw AM400 specified melt pool diameter of 50 pum, is responsible
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for the pore size reduction of approximately 0.220 mm for each sample. As discussed earlier, the
melt pool characteristics is a function of factors such as laser power, scan velocity or exposure
time, hatching distance, powder layer thickness, thermal diffusion, etc., controlling the process
parameters will aid the optimization of pore architecture, mechanical properties and functionality
of the porous structures. Melt pool width and depth increase, with an increase in laser power and
exposure time and decreases as the point distance, layer thickness, and hatch distance increase.
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Figure 15. 3D Printed 316L stainless steel porous structure SEM image with an intended
pore size of 0.4 mm and actual pore size of approximately 0.2 mm after printing.

Taking into consideration the printing error in pore size of 0.22 mm, if the same processing
parameters will be reused as specified in this research, then the pore size must be greater than 0.22
mm, to be able to produce significant pores. As the pore size increases, the holes become well

defined and uniform in shape.
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CHAPTER V

BIOCOMPATIBILITY OF 3D PRINTED 316L STAINLESS STEEL POROUS STRUCTURES

The biocompatibility of the printed 316L stainless steel samples for cell adhesion and the effect
of pore sizes on the biological performance of Pseudomonas aeruginosa cells seeded on selective
laser melted 316L stainless steel scaffold models, are evaluated in this chapter. The influence of
pore architecture fabricated by the SLM technique on porosity, corrosion rate and their impact on
cell growth will be discussed. Cell culture experiment will be utilized to study and analyze the
viable pore size for cell growth and support. Data obtained during the porosity calculation, salt
spray accelerated corrosion test and cell culture experiment will also be presented in this chapter.
5.1 Effect of Pore Size on Porosity

Porosity is an essential requirement in implants, as they require highly interconnected porous
environment in a well-organized structure, for cell support, cell growth, transfer of nutrients and
waste. The designed pore sizes of 0.4 mm, 0.6 mm, 0.8 mm, and 1.0 mm were reduced to mean
pore sizes of 0.182 mm, 0.385 mm, 0.568 mm, and 0.783 mm respectively after going through the
SLM printing process. The porosity increases as the pore sizes increases with decrease in relative
density as shown in Figure 16. Table 6 shows the calculated porosity values for the samples of
varying pore size ranging from 34.3% — 61.2%. Porosity value for the 0.783 mm porous structure,
possess a maximum amount of 61.2% due to its large pore size, whereas the smallest mean pore
size value exhibits a much lower porosity of 34.3%. Its increased density limits the number of

empty spaces or the percentage of the total volume that is made up of pores.
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Figure 16. Dependence of porosity on pore size of 3D printed porous structures.

Porosity on the printed structures can occur due to factors such as structural design,
controlling laser process parameters and the type of 3D printing technique used. A higher porosity
or adecrease in density can be obtained by increasing point distance and hatch distance, decreasing
the power of the laser and exposure time [60]. From the LED and VED equation analyzed in
Chapter 4, a decrease in the exposure time, allows a limited time of laser power on the metallic
powder, leading to less energy density on the powder, so the powders are not subjected to complete
melting. These leads to the partial bonding of the metallic powder layers and increased porosity.
The SLM technique produces samples of reduced porosity, due to the ability of the method, in

producing fully dense parts of up to 99.95%. The porosity of the samples used in this study results
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majorly from the varying pore sizes. Porosity can be controlled, to meet the requirements of
biomedical devices, by designing interconnected pores of different width, or by controlling the

processing parameter.

Table 6. Porosity trend parameters.
Poresize Sample  Volume Relative Porosity
Mass (g) (mm?d) density %

0.182 4.673 888.4 65.7 34.3
0.385 3.335 853.6 49.1 50.9
0.568 3.313 894.2 46.3 53.7
0.783 2.805 904.7 38.8 61.2

5.2 Effect of Pore Size on Corrosion Rate

Corrosion resistance is a major requirement for biomedical devices, as the release of
metallic ions, from the degradation of metals is toxic to the human body and can result in the
failure of the implants. The corrosion mechanism of each of the samples exposed to the accelerated
corrosion test in a brine solution, reveals a uniform, erosion and pitting type of corrosion as the
whole surface corroded with an insignificant weight loss (see Figure 17 and Figure 19). The results
show an average corrosion rate of 3.00 mpy. The 0.182 mm mean pore size has the highest surface
area of 4305.73 mm?, with a corrosion rate of 2.92 mpy, 0.385 mm, 0.568 mm and 0.763 mm pore
sizes with a surface area of 3344.94 mm?, 2609.77 mm?and lowest surface area value of 2209.98
mm? respectively. The bottom surface and inner pores exhibited a golden-brown color indicating
the occurrence of rust. The observed uniform corrosion occurs majorly because of oxidation. The

low corrosion rate of the structures results from the chemistry of chromium oxide film formed on
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the surface of the printed structures. The white interferometry imaging of the samples in Figure 18

shows that the samples morphology do not change even after corrosion.

Figure 18. White interferometry of the 3D printed 316L porous structures (A) 0.4 mm (B)
0.6 mm (C) 0.8 mm (D) 1.0 mm, (E-H) Samples of A-D subjected to corrosion test.
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Figure 19. (a) Weight measurement of 3D printed samples; (b) Percentage weight loss due

to corrosion test.

Table 7. Corrosion rate parameters for 336 hours in mpy

3d printed Weight loss ~ Surface Area Corrosion
pore size (mQ) (in"2) rate (mpy)
0.182 0.1 6.7 2.9
0.385 0.07 5.2 2.6
0.568 0.06 4.0 3.1
0.783 0.06 3.4 3.4

As the pore sizes increases, the percentage weight loss of the porous structures increases

due to the increase in corrosion rate of the larger pore sizes, with an exception for the smallest pore

size of 0.4 mm.
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5.3 Effect of Pore size on Cell Adhesion via Cell Culture

Mean pore size constitutes a significant role on the scaffold’s cell activity. The transfer of
nutrients and waste products can be impeded if the pore size is small, resulting from the inability
of the cells to move or grow in towards the center of the construct. Also, a large pore size can also
limit Osseointegration of bones or cell attachment, as it may be too loose to be attached to the cell
walls and may pass through the pores to the bottom of the wells [58, 61]. Hence the need to study
and derive the optimal mean pore size that will support cell attachment, bone ingrowth,
differentiation and cell proliferation. In addition to pore diameter, pore shape, porosity, surface
area, and pore interconnectivity, play significant roles in enhancing the biological functions of the
scaffolds [62-64]. In tissue engineering, scaffolds design should mimic the right tissues of the
body, meeting the biological, geometrical and mechanical requirements [65]. Bone ingrowth
allows cells to gain entry into the pores and move within the pores and be adhered onto the inner
surfaces of the pore. Cells proliferation leads to the formation of new bone attached to the scaffold
[66].

From the cell culture analysis, as shown in Figure 20, all pore sizes of the 316L stainless
steel produced via SLM are biocompatible to support bacteria cell growth; We observed that the
samples with the largest mean pore size 0.783 mm was most conducive for biofilm formation with
a bacterial load of 170*10% CFU/mI. The colony forming unit (CFU) of bacteria refers to a mass
of individual cells of bacteria growing together. The CFU, obtained from plating the dislodged
biofilm from each sample, represents the number of bacteria involved in the biofilm formation.
The study samples of 0.182 mm, 0.385 mm, 0.568 mm, reveals cell growth of approximately

180*10% CFU/ml, 13*10° CFU/ml, and 76*10° CFU/mlI respectively.
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Figure 20. (a) Bacteria cell growth on 3D printed porous structures; (b) Percentage weight
loss due to corrosion test.

The bacteria cells grown on the porous structures in Figure 21 appears as the whitish
substances on the surface. Due to the balling effects on the morphology of the porous structures,
the cells growth is quite challenging to read off from the SEM image, as the balling effect appears
to resemble the cell growth (see Figure 21). The amount of biofilm formed reduces as the mean
pore diameter decreases, the structures with printed pore sizes of 0.568 mm and 0.385 mm, both
exhibited 2.2 and a 13-fold reduction in adhered bacteria respectively. An inconsistent trend of
viable bacteria cells growth in CFU was observed, as a further decrease in pore size to 0.182 mm
resulted in increased bacteria cell attachment, closely mimicking that of the largest pore size of
0.783 mm. The two highest amount of cell growth can be seen in the 0.182mm and 0.783 mm pore
size samples of 180*10% CFU/ml and 170*10% CFU/ml respectively. The 0.385mm and the 0.568
mm pore size samples shows the least amount of bacterial cell growth, with a 95% confident that

the values are valid, as the error bars for these samples do not overlap.
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Figure 21. SEM image of bacteria cell growth on 3D printed porous structures.

Figure 20 shows that bacteria cell growth increases with an increase in pore size, with a
deviation of the 0.182 mm mean pore size which recorded the greatest amount of cell growth in
180*10% CFU/mI. Comparing the cell growth and percentage weight loss in Figure 20, a similar
trend can be observed. The percentage weight loss also increases as the mean pore size increases
with an exception for the 0.182 mm mean pore size of 2.18% weight loss. The 0.385 mm, 0.568
mm, and 0.783 mm possess a percentage weight loss of 1.85%, 1.96% and 2.07% respectively.

The 316L stainless steel material is biocompatible, serving as a good host for Pseudomonas
aeruginosa bacteria cells. Based on various studies, the minimum pore size range for cell ingrowth
ranges from 0.1 to 0.4 mm [65]. Another account records a minimum pore size of 0.05 mm to
support bone ingrowth [66]. As earlier discussed in chapter 4, all the samples exhibited a pore size
reduction of approximately 0.220 mm. The pores of the 0.4 mm porous sample, for instance, was
reduced to 0.182 mm, with pores almost closed and non-uniformly rounded. It is quite challenging
to fabricate uniform, and well-defined pore sizes less than 0.4 mm.

A tentative reason for the increase in bacteria cell growth for the smallest pore size, is owed
to the fact that the smaller pore size promotes cell proliferation and cell adhesion on the surface

but impedes cell ingrowth into the pores by completely overgrowing the pores or by the single cell
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stretching across the pore width [66]. As the pore occlusion trend changes, when the pore size
increase from 0.182 mm to 0.385 mm, more in-depth investigation may reveal that pore sizes less
than 0.385 mm supports cell attachment, but beyond 0.385 mm, cell ingrowth begins to form. This
term is referred to as pore overgrowth or pore occlusion. On the other hand, larger pore sizes of up
to 1.0 mm, possess more open space for cell growth, enhance migration of cells into pores, as the
rate of cell ingrowth increases with pore size.

The SLM technique supports cell functions on the porous structures. Direct laser forming
(similar to SLM technique) [65] manufactured Ti6AL4V specimens with a pore size of 0.5 mm,
supports overgrown osteoblast cells covering its pore surface, while the human osteoblast culture
on the larger pore sizes of 0.7 mm and 1 mm did not completely overgrow the pores, but allowed
cell ingrowth into the pore [67]. Pore over-growth in osteoblast is necessary for bone formation
and osseointegration of the bone to the scaffolds, for permanent implants applications. If
otherwise, then larger pores which possess lower pore-overgrowth is favorable, as the pore size of
the external surface can be larger than the internal surface, which it surrounds, for cell movement
through the outer surface into the interior surface and to enhance vascularization, which is
necessary for bone tissue regeneration [67]. These characteristics promote oxygen and nutrient
flow.

This research evaluates the feasibility and effects of pore architecture on supporting cell
viability, adhesion, and growth. Functionally graded scaffolds have the potential of improving the
quality of the scaffolds, as it incorporates the advantages of small pores (< 0.5mm) on the internal
surface of the scaffold for initial cell adhesion and larger pores (>1 mm) on the external part of the
scaffold to promote the supply of nutrients and oxygen and prevent occlusion [68]. Larger pore

sizes increase permeability; in cases where low permeability is required to attain cell adhesion, the
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pores can be reduced. A reduction in permeability improves the seeding efficiency [69]. SLM and
other AM techniques offer the opportunity for various complex pore sizes and shapes in one
structure meeting both mechanical and biological requirement [66]. Triangularly shaped pores
support cell proliferation and differentiation but might impede or reduce the time of occurrence of
pore occlusion [68]. A large surface area also promotes fixation of cells on the implant surface, in
this research, the 0.182 mm sample possesses the largest surface area of 4305.73 mm?, this may
have accounted for the increase in the number of cell growth in CFU. Corners in scaffolds aids
cell growth [66].

The roughness associated with the pore has an impact on cell growth. Further research will
include characterizing the roughness of the samples and finding its correlation with the cell
adhesion and growth pattern [66]. Pore architecture, spanning over pore shape, pore size, pore
interconnectivity, porosity, can help in advancing additive manufactured customized parts for
application in the biomedical field and tissue engineering. To determine the optimal pore
architecture, there is a need to balances the trade-off between cell adhesion, cell proliferation, cell
differentiation, permeability, vascularization and mechanical strength. Phenomenon such as fluid
transport, oxidation raises more questions of their effect on the cell growth pattern observed in this
study, for example, the percentage weight loss trend is like that of the cell growth in CFU values,
for all pore sizes. Oxidation may be responsible for providing nutrients to enhance cell growth.

These should be further investigated.
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CHAPTER VI

CONCLUSION AND FUTURE RECOMMENDATIONS

6.1 Conclusion

This research studied the effects of additive manufacturing techniques, i.e. SLM method,
on the pore geometry of 316L stainless steel material of designed pore sizes of 0.4 mm, 0.6 mm,
0.8 mm, and 1.0 mm, the biocompatibility of the 3D printed 316L stainless steel for cell growth,
and the pore size effect on the biological performance of Pseudomonas aeruginosa cells implanted
on selective laser-melted scaffold models.

The 316L stainless steel porous structures with fully interconnected pores (defined holes)
were successfully fabricated, using the SLM process, underscoring SLM as an effective method in
producing interconnected porous structures and in processing 316L stainless steel.

There was a pore size reduction of 0.22 mm for all samples, indicating a printing error of
0.22 mm for the SLM production method. Also, as the pore sizes increase, the pores become well
defined and regular in shape due to an increases pore spacing, a uniform pore distribution is
achieved and porosity increases.

Improving the 3D printing process parameters will enhance the pore architecture. If the
processing parameters of SLM manufacturing process for this research will be replicated for
another study, then the minimum pore size that will be designed should be greater than 0.22 mm,
to take into account, the printing error of 0.22 mm. As discussed earlier, pore architecture plays a
vital role in improving cell performance and enhancing the mechanical properties of the scaffolds.

The cell culture of Pseudomonas aeruginosa on the 3D printed scaffold models reveals the

cell growth viability of all samples of the 316L stainless steel material for pores size ranging from
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0.182 mm to 0.783 mm. The 0.783 porous structure, with the highest porosity of 61.2%, was most
conducive to biofilm formation, allowing cell ingrowth into the pores. The 0.182 mm smaller pore
size aided cell adhesion and proliferation but limits the amount of cell ingrowth into the pores.
Three-D (3D) printed 316L stainless steel is a modeling system for biomaterials. From the
results derived from this research, SLM processing of 316L stainless steel can be used to produce
complex structures not easily achieved by traditional manufacturing methods, with high porosity
level and cell growth viability. This research provides room for further research to determine the
optimal structure and pore architecture design for enhancing cell performance and mechanical
properties matching that of the human body, and that is customizable, based on a patient’s
anatomical data and needs, utilizing the advantages of 3D printing in manufacturing components

from their CAD models.
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6.2 Future Recommendations

Based on the findings on this research, suggestions are stated below to derive a generally

accepted optimal scaffold design for cell viability, improved mechanical properties, that meet the

biological and mechanical properties of the human body, as there are many optimal pore size

variations:

1.

Investigate the relationship between corrosion rate, oxidation on cell growth pattern and
the amount in CFU, to understand the effect of oxidation and other underlying factors
related to corrosion on cell proliferation.

Quantitative evaluation of the roughness of the porous structures and how they affect the
cell growth, as this will aid in understanding the degree of roughness required in scaffold
design for bone ingrowth. As previous research studies have shown that roughness provides
a thriving ground for cell adhesion.

SLM printing process parameters should be varied, in other to study their effect in
achieving well-defined structures, uniform pore distribution, as the CAD models. Samples
fabricated based on varying printing process parameters, should be subjected to a
biocompatibility test, to determine the optimal structural design for enhanced cell
performance.

Investigation of the mechanical properties of the SLM printed 316L stainless steel
structures, analyzed for biocompatibility and cell functionality performance, to determine
and improve the overall performance of the scaffold, as there’s a trade-off between cell
adhesion, visualization, mechanical strength, permeability, etc., i.e., a high porosity,
reduces the mechanical strength of the structure. A balance in the trade-off has a huge

impact in optimizing scaffolds to meet the body requirements.
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