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ABSTRACT

Nitinol is an important alloy for medical device applications due to its exceptional
combination of strength and elasticity. Most Nitinol is produced in wire form and then
braided or laser cut into the complex geometries needed for medical device applications.
These manufacturing processes are costly and can be labor-intensive. Additive
manufacturing, or 3D printing, offers a tantalizing alternative to the status quo of Nitinol
manufacturing as the desired part can be printed to shape, greatly simplifying the
operations and cost of producing medical device components.

Working with Boston Scientific in Clonmel, Ireland, roughly 100 Nitinol samples
were additively manufactured to determine whether quality parts could be printed.
Through a design of experiment procedure, the 3D printing parameters were optimized to
develop settings for parts with high relative density, low internal defects, and low
impurity concentrations, meeting the ASTM F2063 standards for medical device-grade
Nitinol. The main challenge from an engineering perspective is the loss of Ni during
printing, which could require either higher power lasers or sourcing high Ni content
powder to reach the desired properties. Operationally, a cost accounting model was
developed to match the expected operational setup for additively manufacturing Nitinol,
with smaller components comparing favorably cost-wise to traditionally manufactured
Nitinol components. The engineering and business analyses were combined to determine
the best applications considering Nitinol properties used (superelasticity, shape memory,
and ductility) and the opportunity for 3D printing (prototyping, replacing existing Nitinol
parts, developing new Nitinol parts). The best opportunities in the short-term for this
technology were identified to be prototyping and developing new Nitinol components
targeting ductility and shape memory Nitinol applications.
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1. Introduction
Additive manufacturing is a rapidly growing method for making components

directly into their final shape from feedstock. Synonymous with 3D printing, additive
manufacturing enables parts to be processed to shape by adding material layer by layer
compared to traditional ‘subtractive’ manufacturing methods which start with a larger
piece of raw material and cut out the desired part shape (e.g. milling or laser cutting).
Additive manufacturing offers advantages in reducing the cost of complex designs and
low volume components compared to traditional manufacturing methods [1-4].

While additive manufacturing originally gained traction as a way to prototype and
build plastic parts, the variety of materials for which high quality additively
manufactured components can be developed has grown in the past decade, with a large
increase in suppliers of additive manufacturing printers particularly for metallic materials
[4]. The growth of metal additive manufacturing has been enabled by the ability of
engineers to achieve good structural properties in printed parts, which include reducing
the amount and size of critical defects (such as pores) and controlling the chemistry to
minimize the presence of impurities which can embrittle the alloy [5-7]. The ability to
create high quality, complex, low volume components has made metal additive
manufacturing an important technology in several industries using a number of different
additive manufacturing technologies as required by the different scale of parts and
different mechanical property requirements [3, 4].

This thesis explores the opportunity to use metal additive manufacturing in the
medical device industry to produce a special alloy known as Nitinol, which is an
equiatomic alloy of Nickel (Ni) and Titanium (Ti) with the chemical notation NiTi.
Nitinol has incredible elasticity, termed superelasticity, enabled by a solid-state phase
tfansformation under stress. To achieve superelasticity requires precise control over
chemistry and microstructure, which makes 3D printing Nitinol a complex engineering
challenge. In addition, as most Nitinol parts in the medical device industry have been
designed to accommodate the availability of Nitinol as a wire or tube, the advantages of
additive manufacturing need to be analyzed in an operational context to understand where
the best use cases for this technology lie (i.e. prototyping, commercial, or new products)

and which Nitinol properties are most practical to design around (superelasticity, shape



memory, and/or high ductility). In this thesis, the feasibility of using metal additive
manufacturing, in particular selective laser sintering, to produce Nitinol components is
assessed both from an engineering and operational perspective to develop insight into the
potential opportunities of this technology in the medical device industry and the major

challenges that need to be overcome.

1.1. Nitinol: Properties, Applications, and Current Industry Challenges
1.1.1 Superelastic and Shape Memory properties of Nitinol

Nitinol, or NiTi, is a metallic compound formed by alloying Ni and Ti together at
around equiatomic compositon (i.e. 50 at.% Ni and 50 at.% Ti). This compound can exist
at equilibrium with two crystalline phases, which are termed the martensite and austenite
phases. The unique properties of Nitinol are a result of phase transitions between the
martensite and austenite phases using either heat or mechanical stress.

Superelasticity describes the large elongations and compressions (known as
‘strains’ in mechanics) that Nitinol can endure elastically, i.e. with minimal permanent
deformation. Superelasticity occurs when Nitinol is in the austenite phase. As Nitinol
undergoes deformation under a force (more generally called a ‘stress’), it can transform
into martensite which leads to further deformation. When the force is released, the
martensite transforms back to austenite and recovers to its original shape. Because of the
transformation from austenite to martensite, Nitinol can have elastic elongations of 10-20
times that of stainless steel [8] with strains greater than 10% (which means a 10%
extension or compression from the undeformed state). Figure 1 schematically shows a
typical mechanical testing curve, known as a stress-strain curve, for Nitinol that exhibits
superelasticity (Figure 1). Superelasticity is a valuable mechanical property in Nitinol: it
allows Nitinol to have a reasonably high strength as a metal while having an
elasticity/bendability closer to that of a plastic, which makes it useful in medical device
applications where a combination of strength and elasticity are required as well as for
deploying certain devices which can be compressed into a small tube and decompress

into their original shape when pushed into the body [9].
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Figure 1. A schematic showing the superelastic effect for Nitinol where a transformation
Jfrom austenite to martensite leads to significantly larger (10-20x) elastic deformation

than conventional metal alloys.

The shape memory effect is similarly a result of the transformation between
austenite and martensite, but where the transformation is induced by heating. Martensite
is stable at lower temperatures, whereas austenite becomes the stable state at higher
temperatures. The shape memory effect is created by first setting the desired shape of
Nitinol in the austenite phase by heating into the austenite phase. Once cooled back to the
martensite phase, the material can be deformed into a new shape. Because of the manner
in which martensite deforms (through a mechanism known as ‘twinning’), when the
material is heated back to the austenite phase it returns to the shape that was originally set
in the austenite state, thus having ‘shape memory’. Like superelasticity, the shape
memory property can be used for deploying components so that they reach a desired
shape upon release and as an actuator that can be manipulated through temperature
changes. However, to date the superelastic effect of Nitinol is by far the more widely
used in the medical device industry [8,9].

The specific properties of Nitinol required for exhibiting superelasticity vs shape

memory at a given temperature are different, and thus Nitinol needs to be manufactured
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and treated appropriately for a given application. Generally, the temperature at which
properties of Nitinol are designed for is body temperature, around 37 °C. For the
superelastic transformation from austentite to martensite to be driven mechanically, the
Nitinol component needs to be in the austenite state at body temperature and within range
of being stable in the martensite state under a reasonably low load. The key property that
determines whether this is possible is the transformation temperature between martensite
and austenite, known as the austenite finish temperature (Ay), which is the temperature at
which austenite is fully formed. The austenite finish temperature should be below body
temperature in order for the component to be fully austenitic at body temperature. Figure
2, derived from a review paper by A.R. Pelton, et. al. [10], shows how the difference
between the austenite finish temperature, 11 °C for the alloy tested, and the ambient
temperature (denoted in a box in each graph) around the Nitinol component affects the
mechanical performance. Samples below 0 °C are clearly in the martensite state and do
not exhibit superelasticity. Above 0 °C, the material shows evidence of superelasticity
(austenite starts to form in this material at -22 °C) with an upper plateau showing a
transformation from austenite to martensite and a reverse transformation along the lower
plateau upon unloading, returning the material back to near zero strain. The stress at
which the upper and lower plateaus occur is often a design criterion for applications,
which further constricts what the austenite finish temperature of the Nitinol alloy needs to
be. Generally, Nitinol alloys engineered for medical device applications have austenite
finish temperatures around 10-40 °C below body temperature to be in the superelastic
state.

The transformation properties of Nitinol can be characterized by cycling
temperature and measuring the heat released/consumed during the transformation
between martensite and austenite, using a method known as differential scanning
calorimetry (DSC). Figure 3, also derived from a review article by A.R. Pelton and
coworkers [10] shows the output of a typical DSC experiment where key transformation
properties such as the austenite finish temperature can be measured for a Nitinol
component. The peak from heating (downward facing peak) is the transformation from
martensite to austenite, with the material fully in the austenite phase after the peak

(describes the austenite finish temperature). Other transformation temperatures play a
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role on the mechanical properties of Nitinol as well, but are outside of the scope of this

work.
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Figure 2. Stress-strain curves showing the mechanical performance of Nitinol with an
austenite finish temperature 11 °C tested at different operating/ambient temepratures

(reproduced with permission from A.R. Pelton et. al. [10]).
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Figure 3. A typical DSC curve (reproduced with permission from A.R. Pelton et. al.
[10)).

1.1.2  Current Manufacturing Methods for Nitinol

The superelastic properties of Nitinol are critical to its use over other, more
traditional alloys such as steels. As mentioned in the previous section, the ability to
elastically deploy parts through hollow wires allows for much less invasive surgeries for
both short-term and long-term implantable devices [8,9]. Several other benefits of
superelasticity are subtler, such as kink resistance and biomechanical compatibility,
which lead to Nitinol being chosen for stents and guidewires for catheters as more
reliable alternatives to other alloys [9]. Shape memory properties are also utilized in
certain applications where the application of heat can change the shape of the material
without requiring invasive surgeries. Examples of shape memory Nitinol include wires in
orthodontics and bone plates for fractures [8,9]. A few applications use Nitinol directly in
the martensitic state for its ductility, such as the Paragon stent [8].

Manufactured wrought NiTi components for medical devices must meet the
American Society for Testing and Materials (ASTM) standards, ASTM F2063, for this
material [11]. The standard specifies that the nominal Ni composition must be between
54.5 and 57 wt.%. The Ni composition has a strong effect on the austenite finish
temperature [12], with increasing Ni composition leading to a lower austenite finish
temperature. Ni compositions in the range specified are expected to yield superelasticity

at body temperatures. In addition, the standards specify maximum compositions for
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several impurity elements that can be introduced during the manufacturing and materials

processing stages. Table 1 shows the limits for these different impurities [11].

Table 1. Impurity element maximum allowances in Nitinol medical devices [11].

Maxim ercentage

Nitrogen + Oxygen

The presence of impurities can embrittle Nitinol alloys, leading to premature failure of
the component. Of particular importance, given the traditional manufacturing and
processing routes as well as expected exposure in the additive manufacturing process, are
the carbon, hydrogen, nitrogen, and oxygen contents. Minimizing the introduction of
these elements is an important part of designing the processes for producing Nitinol
components.

The conventional manufacturing processes for Nitinol are shown in Figure 4,
which is derived from a review article by Elahinia et. al [13]. Ni and Ti are typically
alloyed either through a melting and casting process or through powder metallurgy
(special processes include processes such as thin films produced by sputtering). Melting
requires a vacuum furnace as Ti is a highly reactive element, with vacuum induction
melting and vacuum consumable arc melting being the most widely used processes [14].
Both processes have been tuned by controlling the choice of crucible to minimize
impurities, the temperature of melting, and the rate of temperature change in casting
(usually very slow rates) to produce homogeneous parts with tight control over chemistry

in order to reach the desired austenite finish temperature for a particular component.
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Figure 4. Conventional processing of Nitinol (reproduced with permission from Elahinia

et. al. [13]).

The subsequent steps in the process after melting and casting shown in Figure 4
generally aim to affect the microstructure, surface properties and final shape of the
Nitinol component. Nitinol is generally first produced into thin wires or tubes from which
the resultant part is produced. These steps are generally labor intensive and require
delicate engineering to maintain the mechanical properties and superelasticity. Nitinol is
a particularly difficult alloy to machine which limits the types of methods that can be
used to create the desired shape.

Conventional powder route processing for Nitinol includes sintering (including
spark plasma sintering and hot isostatic pressing) and metal injection molding and aims
to make components near the desired net shape to reduce the number of manufacturing
steps required to produce the final component [15]. Powder is produced generally using
gas atomization in order to attain nearly spherical powder particles. Powder generally
contains a higher impurity concentratién than cast Nitinol ingots due to the higher surface
area of the powder, which makes it difficult to control against the formation of oxide and
carbide phases that embrittle the alloy [16]. Sintering and metal injection molding can
have high porosity due to the difficulty in fully consolidating the powder [17, 18], which

has in some cases been used to make porous components for implants. However, in most
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Nitinol applications, the presence of pores is another source of embrittlement and can
lead to premature failure of the component.

The challenges associated with conventional Nitinol production are instructive to
the efforts to produce Nitinol through additive manufacturing. The additive
manufacturing technique that is primarily studied for Nitinol is selective laser sintering,
which melts together Nitinol powder particles using a laser beam in an argon atmosphere.
Ultimately the tantalizing potential of additive manufacturing for Nitinol is to produce
parts near net shape to eliminate the costly manufacturing steps for current Nitinol parts
and open up the potential for new geometries of Nitinol components. However, the
challenges of using powder, which can have higher impurity concentrations and lead to
porosity, and relying on a melting and solidification process through the laser which can
affect the chemical composition and homogeneity of the part are major components of

determining whether additive manufacturing of Nitinol is a viable technology.

1.2. Review of Additive Manufacturing Studies of Nitinol

Additive manufacturing of Nitinol has been studied by materials science
researchers over the past 10 years to develop an understanding how the printing process
affects the material properties and solve early challenges in creating high quality Nitinol
through 3D printing. The most common additive manufacturing technique that is utilized
for Nitinol is called selective laser sintering. Selective laser sintering uses a feed of metal
powder, in this case Nitinol powder, which is sintered (effectively melted together) by a
laser beam. A schematic of the process of selective laser sintering is shown in Figure 5
[15].

The process of selective laser sintering starts with a clean substrate on the
“fabrication piston” side of Figure 5. A layer of powder is spread across the substrate by
inching up the powder delivery piston and spreading the powder over the powder
bed/substrate using a roller or other spreading device. The laser then selectively strikes
the powder bed based on the uploaded CAD drawings of the desired part geometry. Key
parameters of this process include the laser power (usually limited to a range based on the
particular laser equipped on the machine) as well as the speed of the laser and the

thickness of the powder layer that is spread across the bed. After the laser is finished with



one layer, the fabrication piston moves down by the specified powder layer thickness
parameter and the next layer of powder is brought across by the roller. This process is

repeated until the final part is finished.

Scanner System

Roller
———
Powder Delivery l | Fabrication
Piston Piston

Figure 3. A schematic of the selective laser sintering process, reproduced with

permission from Elahinia et. al. [15].

Components built from selective laser sintering have rough surfaces, which
generally require surface finishing in post-processing (e.g. wet-blasting or tumbling). In
addition, the components are adhered to a substrate and must be removed. Removal from
the substrate depends on the part and can be done manually or require the use of an
electrical discharge machining wire (EDM wire), which leaves a smooth finish.

While several companies supply selective laser sintering machines [4] with built-
in parameter sets for common materials such as copper, titanium, steel, aluminum alloys,
etc., developing suitable process parameters for a new material still requires substantial
tuning. In addition to the aforementioned laser power and speed parameters, much of the
art of 3D printing with selective laser sintering is determining the pattern in which the
laser rasters across a layer of the part and interprets the CAD file into a physical laser
scanning strategy. The laser scanning strategy (a sample of different common ones are
shown in Figure 6 which is derived from the work of Cheng et. al. [19]), for example,
determines in what order the different areas of a part in a given layer are melted. The

order in which parts are melted effects the thermal history that the material experiences



and can effect microstructural features (such as grain size), internal stresses (which cause
warping) from heating and cooling unevenly, and the pickup of impurities. Within each
strategy, the distance between consecutive laser passes in the same area is known as the
hatch spacing (i.c. the distance between lines in Figure 6), which also has a strong effect

on the thermal history and ultimate performance of the printed components.
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Figure 6. Laser scanning strategies for the body of selective laser sintering components,
which can effect internal stresses, surface finish and the presence of porosity in the part

(reproduced with permission from Cheng. et. al [19]).

In addition, scanning strategies for the surface layer of the part often differ, referred to as
contour scans, which often have unique laser parameters to attain better surface finish and

dimensional tolerance. Similarly, the first few layers binding the part to the substrate can
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have different strategies to make the removal of the component after printing easier or to
ensure rigidity during the printing process.

Selective laser sintering is well suited for a wide range of material components,
from plastics to metals and ceramics, which has led to it being the prime method for
exploring Nitinol 3D printing [20-44]. Other methods such as directed energy deposition
that are flow based have also been explored [45-48], but are not considered in this work.
The remainder of this section highlights the findings of several research groups that have
studied 3D printing of Nitinol using selective laser sintering [20-44].

The first key attributes of Nitinol that are generally necessary (i.e. regardless of
particular application) is to be able to print components with sufficient density and
chemical control, as these material properties are required for ductile, superelastic, and
shape memory parts. Figure 7 is a summary of laser power and scan speed parameters for

selective laser sintering that have been studied [20-44].
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Figure 7. A summary of laser power and scan speeds used for selective laser sintering of
Nitinol, with two distinct regimes emerging: a low power regime with powers between

40-100 W and a high power regime with powers over 200 W [20-44].
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The printing parameters fall into two regimes. Most studies have been conducted in the
40-100 W regime of power with correspondingly low scan speeds. This power range
reflects the operating power range of most commercial selective laser sintering machines.
A select few studies have been conducted at very high powers of 250 W using specialized
selective laser sintering equipment. Dadbakhsh and coworkers [42] summarized the
different output properties from printing parameters in these different ranges. In both
regimes high relative density components of greater than 99% were found (a high relative
density means that the material has few pores or voids). In addition, they found that lower
scan speeds generally lead to higher transformation temperatures, which naturally lends
these parts to be more useful for shape memory applications than superelastic
applications.

This effect of the printing parameters on the transformation temperatures, most
critically the austenite finish temperature, is critical to the viability of Nitinol additive
manufacturing. In earlier work, Dadbakhsh and coworkers studied this effect using high
power laser parameters and low power laser parameters, resulting in the DSC curves

shown in Figure 8 [40].
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Figure 8. DSC curves for selective laser sintered parts under low (40 W) and high power
(250 W) laser settings (reproduced with permission from Dadbakhsh et. al. [40]).

The DSC curves for the as-printed and virgin powder (on the left in Figure 8)

show a marked shift of the transformation peaks to higher temperatures at low power

printing parameters. The austenite finish temperature reaches around 80 °C from a virgin
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powder with an austenite finish temperature closer to 20 °C, which would be appropriate
for superelastic Nitinol products at body temperature. Upon annealing the powder and the
printed parts at 830 °C for 25 minutes, the authors note that the low power curve is no
longer shifted relative to the powder’s DSC curve. Trends similar to this are observed in
several studies of Nitinol selective laser sintering.

Based on these results, Dadbakhsh and coworkers identify several possible
reasons for the increase in the transformation temperatures when printing the component
at low power:

1) Preferential evaporation of Ni during printing due to the higher vapor pressure of

Ni which would lower the Ni content of the printed part and lead to a higher

austenite finish temperature.

2) Precipitation of secondary phases of Ni, such as NiyTi;, which would decrease the

Ni content in the rest of the part and also lead to internal stresses and barriers to

the phase transformation.

3) Smaller grains due to the different cooling rate which can affect the transformation
temperatures, and
4) Residual stresses and grain textures which can affect the transformation
temperatures.
In their work, Dadbakhsh and coworkers claim that precipitation is the most likely cause
for the increase in the transformation temperature as evidenced by the lack of differences
in the transformation temperatures in the annealed structures. However, the root cause
differs between different authors who have studied the increase in transformation
temperatures. Bormann et. al. and Haberland and coworkers instead attribute the change
in transformation temperatures to a loss in Ni content [23, 49], but do not present
corroborating data measuring the loss of Ni to correlate with the observed increase in the
transformation temperatures.

One of the main goals of this work is to understand whether Nitinol can be printed
on commercial selective laser sintering machines, which means printing at less than 200
W, with superelasticity at body temperature. As part of this goal, the experiments should
shed further light into the root cause for the increase in transformation temperatures that

have been observed by others (Section 3.4.4).
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Figure 9. Effect of printing parameters on the pickup of impurities in the printed parts

(reproduced with permission from Haberland et. al. [23]).

Another important factor that has been studied is the introduction of impurities
during the printing process. During the laser sintering process, the material reaches its
melting temperature and is susceptible to dissolve impurity species from the surrounding
atmosphere or from the substrate. The atmosphere used is an argon atmosphere, but still
contains oxygen and nitrogen in enough content to be introduced into the melt pool.
Figure 9 from a study by Haberland et. al. [23] shows how the pickup of air elements in
the argon atmosphere — oxygen and nitrogen — increase with the amount of energy
introduced by the laser into the melt pool (energy is calculated based on the power of the
laser and how long it sits over a particular area of the material). Using different methods
to cycle the argon gas in printing chamber, Haberland et. al. [23] show that the increase
in oxygen and nitrogen content can be minimized to be in line with conventional Nitinol
ingots. In this thesis, the impurity contents of printed Nitinol will also be a subject of
study in determining whether parts can be consistently made to meet the ASTM F2063

standards for impurity content using commercial Nitinol powder as feedstock.



2. Thesis Outline
The ability to 3D print Nitinol components offers a new manufacturing route that

can reduce costs for printing medical devices with complex geometries and opens up the
opportunity for entirely new medical devices that could not previously be fabricated. As
outlined in the Section 1.2, early research has been conducted by materials scientists to
determine whether Nitinol can be fabricated using selective laser sintering in a lab
setting. The research highlighted optimism in the ability to produce dense components
and identified concerns regarding impurity content and an increase in the transformation
temperatures of Nitinol.

This thesis begins by building on the academic studies exploring this technology
to assess the feasibility of printing Nitinol components of medical grade in an industrial
setting. The engineering assessment (Section 3) identifies the main performance metrics
required in Nitinol medical device components, produces experimental results to
determine whether these performance metrics can be met using selective laser sintering,
and reveals the main challenges that remain for adoption of this technology in the
medical device industry.

The engineering assessment is then used to explore the business case for 3D
printed Nitinol for medical devices. The relative difficulty of achieving different
engineering properties is used to identify the most likely applications for using this
technology in the near future. A cost accounting model is developed for Nitinol to
understand the operational and financial aspects of investing in Nitinol 3D printing and to
identify the different costs associated with different routes of implementing this
technology. This model is used to identify the general sizes and types of components that
are most likely to experience large cost advantages over traditional Nitinol
manufacturing.

This work was done with Boston Scientific, a leading medical device producer,
headquartered in Maplae Grove, MN. The work was primarily completed in Clonmel,

reland.



3. Assessing Feasibility of Producing Quality Nitinol Components
3.1 Developing design targets for 3D printed Nitinol

Table 2 shows a summary of the main engineering properties that are considered
in evaluating the quality of 3D printed Nitinol components. The stakeholders for this
project include product development engineers, research and development scientists, and
regulatory agencies (using the standards described in ASTM F2063 for Nitinol medical
device components [11]). The majority of the properties that need to be met are
mechanical properties, as it is the mechanical properties of Nitinol that make it a useful
candidate for medical devices. In particular, the yield strength, % elongation at failure, %
plastic strain after recovery, and # of cycles to failure were identified as critical properties

for which to meet specifications for a broad range of medical device applications.

Table 2. Engineering properties of Nitinol that should be considered in evaluating the

performance of printed components

Property Type of Property Importance to Stakeholders
Yield strength Mechanical High
% elongation to fracture Mechanical High
% plastic strain after recovery | Mechanical High
Upper plateau strength Mechanical Moderate
Lower plateau strength Mechanical Moderate
Ultimate tensile strength Mechanical Low
Young’s modulus Mechanical Low
Shape memory effect extent Mechanical Low

# of cycles to failure Mechanical — Fatigue High
Dimensional tolerances Geometrical High
Corrosion resistance Chemical High
Biocompatibility Chemical High

The yield strength describes the maximum stress that the component can
experience before it is permanently deformed (also known as plastic deformation). Plastic

deformation is an important failure criterion for medical device components as once the
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part is permanently deformed it will no longer perform its function in the manner in
which it was designed. The % elongation to fracture describes the maximum strain that
the material can experience before breaking. In the context of Nitinol this property is
important mostly as it reflects the type of failure mode that occurs in these components.
A % elongation that is too low can mean that the part is susceptible to undergo brittle
fracture, as opposed to ductile fracture which allows for plastic deformation before
failure and is generally required for medical device applications. The % elongation under
elastic strain is also very important in Nitinol as it relates to its superelastic property. This
property is captured in Table 2 as % plastic strain after recovery, which is the amount of
permanent deformation that occurs in the component after the part has been deformed to
a fixed strain and released. The fixed strain for deformation can vary based on the
application, but is often set at 6% elongation for consistency across tests. For applications
where fatigue plays an important role — which can broadly be described as any
component that is used as a long-term implant — the # of strain cycles that the component
can endure before failure is critical as it determines how long the component can remain
in the body before fracture. The fatigue life of traditionally manufactured Nitinol is often
cited as one of the most challenging engineering properties to achieve and is thus also
likely to be one of the main challenges for 3D printed Nitinol [43], as 3D printing as a
manufacturing technique is generally poor at achieving good fatigue properties.

In addition to mechanical properties, the dimensional tolerances of the
components are critical to meeting the engineering requirements of Nitinol applications,
which utilize fine features as is typical in the medical device industry (many critical
feature sizes will be 10s to 100s of microns and each critical feature must be inspected to
meet regulatory standards). Biocompatability is also an important consideration as NI is
toxic, and so careful design of the surface treatment of the part is required to ensure no Ni
diffusion into the body.

The experiments in Section 3.4 are designed to identify the relative difficulty of

achieving the different properties in Table 2.
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3.2 Identifying key tunable process parameters in the additive process
The properties of the printed Nitinol components will depend strongly on the
process parameters used to 3D print Nitinol parts. Table 3 shows the most significant

process parameters in the selective laser sintering process.

Table 3. Process parameters in the selective laser sintering process that need to be tuned
to achieve high performance Nitinol parts.

Process Parameter Process Phase

Nitinol powder size & shape Raw Material

Nitinol powder chemistry Raw Material
Laser power Printing
Laser scan speed Printing
Laser scan pattern Printing
Layer thickness Printing

Support structure geometries Printing

Printing atmosphere Printing

Solution annealing Post Processing
Electropolishing Post Processing
EDM wiring Post Processing

The Nitinol powder is a critical input into the selective laser sintering process.
The properties of the Nitinol powder depend strongly on the properties of the original
wire that is used in gas atomization. particularly the chemistry, which includes the
concentrations of Ni and Ti as well as the presence of impurities such as oxygen,
nitrogen. carbon, and hydrogen which can have a very strong affect on the properties of
the 3D printed component. While the powder properties are very important, as a medical
device producer, testing various powders in a rapid manner is challenging as Nitinol
powder is a relatively scarce resource with very few suppliers. Nitinol powder lead times
are generally between 3 to 6 months.

Within the selective laser sintering process, several machine parameters can be

tuned to perform a design of experiment to optimize around the desired properties. The
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most common parameters that are used are the laser power, laser speed, and the laser scan
strategy, which is often simplified to specify the distance between laser scans (called the
hatch spacing). The amount of powder that flows onto the bed between recoats is
determined by the layer thickness. In addition, the actual quality of the printing
atmosphere can be particuiarly important for Nitinol where lower oxygen content is
required (the ASTM F2063 specification for oxygen content is 0.05 wt%).

After printing, various post-processing techniques can be used to bring properties
in line with the desired specifications. Solution annealing has been shown in several
studies of 3D printed Nitinol [23,31.33,40] to help provide better superelastic properties.
Solution annealing is performed by raising the temperature of the part up to an elevated
temperature where various Ni,Ti compounds will dissolve and grains often will
recrystallize to yield a more preferred grain structure. Subsequent annealing has also been
shown to be useful to produce some desired precipitates [23,31].

The surface finish for traditionally manufactured Nitinol components is often
provided by electropolishing and is thus an important potential step in producing high
quality 3D printed Nitinol as well. For all parts, the printed component needs to be
removed from the substrate, which is often done using an EDM wire, which can create
localized heating on the cut surface.

Several of these parameters are studied in Section 3.4 to determine the most
critical processing parameters for producing quality Nitinol components and to

characterize the highest quality components produced.

3.3. Identifying fundamental material properties that link processing paramelters (o
desired properties for Nitinol produced by selective laser sintering

While Table 2 provides the properties of Nitinol that directly relate to the
performance of the printed alloy, there are important material properties of Nitinol
components that, while indirectly affecting the mechanical and functional properties of
the alloy, are more direct consequences of the manufacturing process. In metallurgy,
these relationships are called Process-Structure-Property relationships [50], where the
process parameters in a manutacturing process directly affect the material at a structural

level, and it is these material properties that directly cause the mechanical and functional
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properties of the part. Figure 10 shows the Process-Structure-Property relationships for

selective laser sintering of Nitinol.

Manufactu ring Process

Process to create the final part
from raw material. Includes:

* Process parameters of 3D printing
* Raw material properties

* Post processing

Selective laser sintering of Nitinol
requires an understanding of how the
process affects the desired properties.
This often requires first understanding
how the process affects material
characteristics for a complex alloy such
as Nitinol and how that material
structure leads to the desired properties

Material Characteristics

Material features which ultimately
effect performance. Includes:

* Porosity analysis

* Chemical characteristics

* Microstructure analysis

Desired Properties

Engineering specifications for final
part. Includes:

* Mechanical properties

* Dimensional tolerances

« Surface finish

Figure 10. Schematic of engineering feasibility analysis of producing Nitinol using

selective laser sintering

The important role that these structural features, or material characteristics in
Figure 10, play in understanding the feasibility of producing engineering quality Nitinol
through selective laser sintering can be understood by looking at the characteristics listed

Table 4.

Table 4. Material characteristics of Nitinol that can help understand how the 3D printing

process affects the engineering properties of 3D printed Nitinol
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Material Property Strongly related engineering properties

Relative density | %elongation to failure, # cycles to failure

Max pore size % elongation to failure, # cycles to failure
Surface quality % elongation to failure, dimensional tolerance
Impurity concentration % elongation to failure, # cycles to failure

Max inclusion size % elongation to failure, upper/lower plateau
Grain size Yield strength, upper/lower plateau, % recovery

Precipitated phase chemistry upper/lower plateau, yield strength, % recovery

Ni to Ti ratio Upper/lower plateau, % recovery
Transformation temperature Upper/lower plateau, % recovery, (also depends on other

material properties strongly)

The first two properties are relative density and maximum pore size, which both
speak to the presence of defects in printed components. The presence of defects in the
printed component is known to depend strongly on several processing parameters in
Table 3. For example, if the laser power during the printing process is too low, the
powder will not melt sufficiently leading to cavities in the part where the melted powder
does not flow to fill. The presence of pores then directly affects mechanical properties.
Substantial porosity in a component can lead to brittle fracture of the part, since the pore
can be a natural place for cracks to initiate and propagate, which leads to a low %
elongation to fracture. To prevent brittle fracture, the part should have a high relative
density (which speaks to the average porosity) and small pores overall.

The surface finish in particular is an important challenge in 3D printing as the
components as-printed will have a surface roughness that will generally be outside of the
specifications of the dimensional tolerances of parts. The tight dimensional tolerances can
be difficult to meet when surface roughness causes significant variance in the dimension
throughout the part. For Nitinol in particular the surface finish also must meet chemical
requirements in order to assure biocompatibility of the parts and a high corrosion
resistance. Ni is a toxic element and it is the oxide that forms on the surface of Nitinol
that allows it to be used safely as an implant. A rough surface is also a fertile ground for

crack initiation which can lead to brittle fracture.
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The impurity concentration in Nitinol is another important material characteristic
for all Nitinol medical device components. Standards for Nitinol specify maximum
concentrations of oxygen, carbon, hydrogen, and nitrogen among other impurities [11].
Each of these elements can play two roles that, like porosity, can lead to premature
failure of the components through brittle fracture. Each of these impurity elements can
form various compounds, or inclusions, for example titanium carbide (TiC) and titanium
dioxide (TiO,), which are very hard phases formed within the part and form interfaces
that are highly susceptible to brittle fracture. These elements can also segregate to grain
boundaries — interfaces between neighboring grains in the alloy — and weaken the
bonding along that interface. This process is known as grain boundary embrittlement and
these elements, particularly hydrogen, are potential embrittlers in Nitinol [51]. During the
printing process, when powder is melted it reaches high temperatures where impurities
have a much higher solubility in the metal. When the part is cooled, the components can
retain higher concentrations of these elements which leads to the aforementioned issues.

A few processing parameters play a critical role in the impurity content of the
resulting components and the maximum size of any inclusions that form as a result. First,
the raw powder itself should be as impurity free as possible, as impurity concentrations
will only increase during the printing process. Secondly, the printing atmosphere, which
in the commercial selective laser sintering machines considered here is typically an argon
atmosphere, should have low impurity concentration and be circulated in the machine in a
manner that minimizes exposure of impurity elements to the part {23]. Finally, the laser
speed, power and scan strategy affect how long the part stays in the melted state and how
fast it cools. A higher laser power and faster scan speed generally yield a lower
concentration of impurities as the high laser power heats the material quickly and the fast
laser speed moves the heat away from the part quickly allowing it to cool faster.

The grain size and the presence of any precipitated phases affect the yield strength
of the part as well as the phase transformation that leads to superelasticity. The presence
of smaller grains and many small precipitates can make the material harder — as the
interfaces add strength to the material [52] — but can also make it harder for the material
to transform. Precipitated phases in NiTi occur when regions of the material are off-

stoichiometry and thus other stable phases can be formed as described in the Nitinol



phase diagram. These properties will be affected by the original chemistry of the powder
as well as the printing parameters which affect the rate at which the material is heated and
cooled.

The superelastic properties of Nitinol depend strongly on the concentrations of Ni
and Ti in the NiTi phase [12], where increasing the amount of Ni can increase the
temperature at which the phase transformation occurs significantly. The temperature at
which martensite transforms to austenite is a critical material characteristic/functional
property as superelasticity only occurs when the part is in the austenite phase (i.e. above
the austenite temperature). For medical device applications, the material needs to be in
the austenite phase at body temperature of 37 °C in order for superelasticity to occur. The
difference between the phase transformation temperature and the temperature under
which superelasticity is being tested determines where the upper and lower plateau
stresses lie, which makes understanding where the transformation temperature occurs
very important.

The transformation temperature is affected by the processing parameters in many
ways. As mentioned, the relative concentrations of Ni and Ti affect the transformation
temperatures. The presence of precipitated phases can preferentially consume Ni or Ti
which changes their concentration in the NiTi phase. Ni has also been hypothesized to
evaporate preferentially [23, 49] to Ti during the selective laser sintering process, which
again will depend on the the rate of heating and cooling. Transformation temperatures
can also be dependent on residual stresses present in the 3D printed component which are
common in 3D printed parts. These effects are discussed in more detail in Section 1.2.

Characterizing these material/structural properties is a critical step to
understanding the challenges associated with selective laser sintering and is the
fundamental driver behind the design of the experiments shown in Figure 12. The
experiments focus primarily on the printing and post-processing parameters as opposed to
the raw powder parameters, due to the aforementioned long lead times of sourcing
multiple types of Nitinol powder. The experiments focus on addressing the mechanical
properties in the most detail, as these properties are the most fundamental to the use of

Nitinol in the medical device industry. To link these process parameters and mechanical



properties, parts will be characterized to study the level of porosity, surface roughness,

transformation temperatures, and chemical concentrations.

Defect characterization

* Relative density
* Max pore sizes

Process parameters * Surface roughness Key mechanical properties
* Microstructure

Explore different: * High ductility
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Chemical characterization

Figure 12. Flow chart of the experimental assessment of the feasibility of 3D printing

Nitinol components in Section 3.4.

3.4. Experimental analysis of the feasibility of 3D printing Nitinol using selective laser
sintering
3.4.1. Methodology

Printing of Nitinol coupons was done on commercial selective laser sintering
machines with the range of allowable laser powers ranging up to 100 W. Printing
parameters were varied based on values provided in previous studies in the literature [20-
44] (Figure 7). Using these values as initial seeds, further exploration was done using a
basic square grid exploration of the printing parameter space. Post process annealing was
conducted using a vacuum furnace, and annealing temperatures were determined based
on the literature as well [20-44].

The porosity of components was measured mounting printed parts in an epoxy
resin and polishing the samples to achieve a mirror finish. Polished samples were then
analyzed using an optical microscope with 5x to 100x magnification. Surface roughness
was measured by sending components to a scanning electron microscopy (SEM) service
provider. Surface roughness of parts were studied before and after electropolishing,

where electropolishing was also conducted through a service provider. Electropolishing



was done to varying extents, leading to different levels of mass loss from 5-30%.
Chemical analysis using inductively coupled plasma mass spectrometry was conducted
by a single service provider for sintered parts as well as the virgin powder.

Differential scanning calorimetry (DSC) was conducted on the virgin powder and
the printed components. with and without post processing using an in-house DSC
machine. The transformation temperatures were determined using a standard heating and
cooling rate of 10 °C per minute using straight lines along the peaks to determine precise
temperature of the key transformation points (see Figure 8 for an example). Multiple
cycles were conducted to ensure no change in transformation temperature due to thermal
cycling in the temperature range considered.

Precise details of the above testing apparatuses and protocols, and similarly the

quantitative results from the testing, are withheld to protect the interests of Boston

Scientific.
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Figure 13. 3D printed test coupons to study effect of printing parameters on material

properties

3.4.2. Analysis of density and porosity

From the printing parameter exploration, a few sets of parameters achieved
relative densities over the required specification set at the outset of this study. The printed
components in Figure 13 illustrate the various different types of printed components that
were produced. Components that were a clean, gray color, are ones where the printing

parameters were close to optimal when printed, with slightly varying differences in the
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relative density observed. Parts with coloration due to the large presence of impurities
were printed with parameters that lead to overheating, which required either a lower
power or faster speed to reach the desired level of density.

Figure 14 shows optical images of internal regions 3D printed Nitinol parts with
high relative densities. Very few pores are observed in the high quality printed

components with most pores smaller than 50 microns in size.
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Figure 14. Optical microscope images of polished, printed NiTi samples to study porosity
and defects

The ability to achieve parts with this level of relative density is an early indication
that 3D printing of Nitinol has the potential to be feasible, along the lines of more
conventional 3D printed alloys for medical devices such as titanium and steel alloys. To
achieve dense components, several parts of the process must be in-line:

1) The powder should flow uniformly over the plate. If the powder in the bed is not
uniform, the parts will have large voids.

2) The weld pool, created by the laser as it melts the powder, needs to be stable and
avoid defects such as keyholes.

3) The parts should print without warping due to thermal stresses, which can cause

bending in the part as it prints and also lead to defects.
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The quality of Nitinol powder that is commercially available and the knowledge
developed around viable printing parameters in the literature provides a strong basis to
achieve dense components of this material at this stage.

Figure 15 shows optical images of high density parts near the surface. The image
on the left shows a relatively rough surface, which is roughly in-line with the roughness
of other metals printed using selective laser sintering. In some areas near the edges of the
parts, the size of pores increases and the relative density decreases. Thus, while the
overall relative density of these components meet the standards, these local pockets can
be responsible for a lower fracture toughness in these components. Future work in
optimizing the selective laser sintering parameters around density can work on the
contour laser parameters — which are often defined differently from the parameters used

in the bulk of the part — to reduce the number of pores in these near-surface areas.
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Figure 15. Optical microscope images of subsurface features in polished, printed NiTi

samples

3.4.3. Analysis of surface quality and microstrcucture

The surface quality was further studied using SEM to qualitatively determine the
extent of surface roughness and provide a comparison to surface quality after surface
treatment. Figure 16 shows two surfaces on the as-printed Nitinol component: 1) the
surface from the side-view of the part and a surface from the bottom of the part where the
part is EDM wired off of the printing platform. Comparing these two surfaces, the printed
surface shows substantial roughness over the EDM wired surface. This shows the
dramatic difference in surface quality from an as-printed surface to one that has

undergone post-processing.
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Side View

Bottom View (EDM wired Surface)

i ot

Figure 16. SEM images of two surfaces on the 3D printed Nitinol component with the

best density to study surface roughness

The surface quality of a part produced by selective laser sintering can be
improved using a number of different post-processing treatments. EDM wiring, while
able to provide a good surface quality. is not suitable for the geometries of most printed
components. Mechanical treatment of the parts can be achieved using processes such as
tumbling or wet blasting where the non uniform areas of the surface are treated by
wearing the part using external media.

For Nitinol. electrochemical treatment of the surface using electropolishing is
generally used for medical devices as it not only can provide an improved surface quality
but it can also help produce the desired outer oxide coating to ensure that Ni does not
diffuse out of the part. Figure 17 shows the SEM images of the same two surfaces after

electropolishing up to a roughly 10% mass loss in the component.



Side View

Bottom View

Figure 17. SEM images of two surfaces on the same 3D printed NiTi component as in

Figure 16 after electropolishing

There are a number of interesting outcomes from electropolishing to treat the
surface of printed Nitinol. First, the surface is much cleaner than the side surface shown
in Figure 16, which shows that electropolishing can treat surface roughness reasonably
well. However, the surface roughness treated here is more the localized surface roughness
than the overall straightness of the surface over the length of the part. In other words, if
the surface is considered to be a wave, the frequency of the wave is clearly decreased by
electropolishing, but the amplitude of this wave is not clearly affected. The lines drawn to
measure the size of the part at different points along the length of the Nitinol coupon
show similar variation in both electropolished and as-printed coupons, suggesting that
this treatment will likely not help increase how precise of a dimensional tolerance these
printed parts can satisfy.

Another effect of electropolishing of printed components is a faceting of sharp
edges. Traditionally manufactured Nitinol rarely has sharp edges as the components are
predominantly formed from wires and tubes. The parts printed here were rectangular to
start and sharp edges were removed during the electropolishing process. Some level of
faceting is unavoidable during surface treatments, whether it is a mechanical or

electrochemical treatment and needs to be considered a constraint in design of 3D printed



Nitinol components (for example when evaluating designs for parts that will be fitted
together).

Electropolishing also reveals pitting within the components, which provides
further understanding of the microstructure of 3D printed Nitinol. Pitting due to
electropolishing can be revealed here for two primary reasons: 1) the electropolishing of
the surface is revealing subsurface pores of the variety seen in Figure 15 and 2)
electropolishing of certain elements is preferential, which means that the chemistry of the
part is not completely homogeneous. Pitting was observed in parts uniformly throughout
the range of electropolishing that was conducted, up to a maximum of 30% mass loss and
revealed much more pitting compared to pores that were observed after polishing. There
is therefore reason to suspect that some form of precipitation is occurring in these

components, which will be discussed in more detail in Section 3.4.6.

3.4.4 Analysis of the phase transformation properties of printed Nitinol

The printing parameters in the first set of testing was designed around optimizing
the relative density of the parts and reducing the influence of pores. However, the unique
properties of Nitinol rely on the printed components having suitable phase transformation
characteristics to demonstrate superelasticity at body temperature, which is a property
that is independent of the porosity in the part as it depends most strongly on the chemistry
of the part (see Section 1.1.1).

Figure 18 shows the results of differential scanning calorimetry of the virgin
Nitinol powder and a printed Nitinol component with high relative density. The x-axis of
these graphs shows the temperature, which as shown in the bottom image is varied by
heating and cooling the part. The y-axis measures the amount of heat produced or
consumed as the temperature is ramped. If there are no transformations, the output will
look effectively like a box, with two flat lines, with the bottom line produced during
heating and the upper line produced during cooling.

For the raw powder, during heating there are two peaks that form (bottom line in
the raw powder graph). The two peaks indicate that an intermediate phase, termed the R-
phase, forms between the original martensite phase and the high temperature austenite

phase, similar to Figure 3 of DSC curves from Pelton et. al [10]. Upon cooling, there are



still two peaks, though heavily overlapped suggesting that the R-phase forms both upon
heating and cooling. The presence of the R-phase generally means that superelasticity is
harder to achieve as two phases can form during the phase transformation instead of the
single desired martensite phase. While the transformation temperatures for the virgin
powder cannot be specified (to protect Boston Scientific’s intellectual property), they are

roughly in-line with the desired transformation temperatures for a Nitinol alloy.
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Figure 18. DSC of Nitinol powder (top) and the printed Nitinol component with
the best density (bottom). The peaks in the curves shifi to higher temperatures through

the printing process



The selective laser sintering process has a large effect on the properties of the
phase transformation. For the printed component, there is only one peak observed during
heating and cooling, with no evidence of an intermediate R-phase. Furthermore, both
peaks shift significantly to higher temperatures as described in the literature (Section 1.2).
These effects of the selective laser sintering process on the phase transformation have
been previously observed [40] (Figure 8) suggesting that there is a consistent effect from
laser sintering Nitinol powder.

The cause of this shift to higher temperature has been hypothesized to be a
number of different factors (Section 1.2). Saedi and coworkers suggested that the rise in
transformation temperature was likely due to preferential evaporation of Ni during the 3D
printing process [23, 49]. Dadbakhsh and coworkers outline several causes including
residual stress within the part, the formation of precipitates involving Ni and Ti which
shift the composition of Ni and Ti in the NiTi phase to higher Ni content, and the grain
size of the components [40]. As the transformation temperatures of printed Nitinol are too
high to be useful in medical devices for their superelastic properties, understanding the
root cause behind the increase in transformation temperature for Nitinol is critical to
making selective laser sintering a viable pathway to producing Nitinol components.

The effect of the laser sintering parameters on the printing process are shown in
Figure 19 for a low, medium, and high power set of print parameters, each yielding
reasonable relative density. The most evident difference between the transformation
properties between these different print parameters is the nature of the transformation
between martensite and austenite upon heating. The low and medium power settings
show the two peak transformation that was found in the virgin powder, where the
intermediate R-phase is formed, while the high power setting shows a single
transformation peak. There is no clear trend in the transformation temperatures within the
range of laser powers studied in this experiment. However, Dadbakhsh and coworkers
have shown that at very high printing powers of 250 W, the shift in transformation
temperatures is no longer present [40]. At this high of a power the part is being heated
and cooled at a much faster rate than in the printing setup explored here, which provides

an indication that reducing the amount of time that the component spends at high
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temperatures can reduce and even effectively eliminate the shift in the transformation

temperatures during printing.
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Figure 19. DSC of NiTi powder printed using different print parameters to study how the

phase transformation is affected by the printing process.



Another processing route to tuning the transformation temperatures for printed
Nitinol is to post-process the components through thermal annealing. Thermal annealing
can affect the transformation temperatures in a few ways. First, thermal annealing can
relieve residual stress built up in the components, which provides a barrier to the phase
transformation. Evidence of residual stress in the part during printing was particularly
clear under certain print conditions where parts delaminated during the printing process
by curling up along the edges. Second, annealing can effect the internal microstructure of
the printed components, for example by causing grain growth or by changing the phase
composition of the component [40]. In particular, the changing of the phase composition
by forming certain precipitates has been considered to be an important post-processing
step in 3D printed Nitinol [36].

Figure 20 shows DSC curves for 3D printed Nitinol samples with different
annealing recipes at moderate temperatures (450 to 500 °C) for 10 minutes. In each case,
a single peak transformation is found both for the forward and reverse transformations.
The sensitivity of the transformation temperatures to the annealing temperature is
relatively small in the range of temperatures explored. An increase in the transformation
temperatures from the as-printed samples of around 20 °C was measured, which is likely
attributed to changes in the phase composition of the components (and likely the
formation of oxides during annealing).

Further exploration of post-processing was conducted using vacuum annealing
with a high pressure quench showing largely similar results. While the space of annealing
procedures is quite large, the potential to decrease the transformation temperatures
significantly through annealing is small based on these experiments and what has been
found in the literature. More considered annealing studies have shown small decreases of
the transformation temperatures during annealing of traditionally manufactured Nitinol,
but not significant enough to be a viable path to reaching superelastic transformation

temperatures in printed Nitinol components.
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Haberland and coworkers suggested that the increase in the transformation temperatures
during printing was due to Ni evaporation. The preferential loss of Ni is hypothesized to
be due to the slightly higher melting/boiling points of Ti compared to Ni. When the
Nitinol alloy is melted by the laser, the Ni is at a higher temperature relative to its boiling
point and thus has a higher vapor pressure and likely a higher rate of evaporation. The
potential for preferential Ni evaporation during selective laser sintering has been argued
against because the difference in boiling points is not particularly high — 3560 K for Ti
compared to 3186 K for Ni.

To detect any Ni loss during the printing process, chemical analysis by
inductively coupled plasma mass spectrometry was conducted, using the same procedure
and facilities. for the virgin Nitinol powder and the 3D printed Nitinol coupons. The
chemical analysis showed a substantial loss of Ni during the selective laser sintering
process, which was in line with the increase in the transformation temperature observed
during 3D printing based on experiments showing the dependence of transformation
temperatures on Ni content in Nitinol alloys [12]. While precise numbers for the amount
of Ni content cannot be disclosed in this thesis, the difference in Ni content was able to
explain the difference between the austenite finish temperatures of the Nitinol powder
and the printed Nitinol component to within 5 °C.

The loss of Ni as the dominant reason for the increase in the transformation
temperatures in printed Nitinol is also compatible with the other results found in this
section. The lack of success from various heat treatments on the printed components
suggests that the change in phase composition or grain structure is not a dominant factor,
nor is the presence of residual stress. The larger effects observed from changing the
printing power and speed on the other hand changes the amount of time the material
spends in the melted state where preferential Ni loss is most significant, and success in
the literature at eliminating the increase in transformation temperatures at very high
speeds and powers suggests that if the time that the alloy spends in the heated/melted
state is minimized the loss of Ni can be greatly decreased.

The use of a higher power laser thus seems to be one of the most viable routes to
printing Nitinol. This option requires an investment in specialized selective laser sintering

machines. which will be considered in Section 4. Another option is to account for the loss
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of Ni by starting with Ni powder that is higher in Ni content. The relatively tight window
of stability for Nitinol in the phase diagram limits the extent to which this can be done,
but should be explored as Nitinol with up to 60 wt.% Ni has been produced in wrought
ingots. The relatively limited supplier base for Nitinol makes sourcing higher Ni content
powder a difficult option as well, and thus this option also requires significant
investment.

The mass spectrometry of the powder and printed parts also revealed that the
impurity content in the high quality Nitinol printed components were below ASTM
F2063 maximum concentration standards [11], and only showed marginal increases
relative to the impurity content of the powder. While the impurity contents meet the
ASTM standards, it is generally desired to have impurity contents as low as possible,
with internal standards at medical device companies often being stricter than the ASTM
standards. As the majority of the impurity content is originally introduced in the Nitinol
powder itself, improving gas atomization to limit the amount of impurities is an important
area for future work.

In the next subsection, the mechanical properties of the printed Nitinol coupons
are assessed at elevated temperatures to assess the current printed Nitinol alloys before
discussing the remaining knowledge gaps for producing printed Nitinol alloys from an

engineering and business perspective.

3.4.5 Analysis of the mechanical properties of printed Nitinol

Nitinol was printed into coupons as shown in Figure 21 based on a tensile
specimen geometry provided specifically for metal 3D printed materials. The small size
of these testing samples allow multiple samples to be printed in a single batch which
allows for a higher throughput for testing. However, the small samples, particularly with
the small amount of material around the pinholes, can lead to some deformation around

the pinhole during testing, which can affect the interpretation of the final results.



Figure 21. Geometry of tensile testing samples

Mechanical testing was performed on a high temperature Instron machine and
held in place using rods through the pin-holes as shown in Figure 22. Sample holders
were used to keep the specimen from moving out of the plane of testing. Sample holders
were rigidly held in place in the Instron by tightening the screws shown in Figure 12 to

minimize movement during the tensile test.

Figure 22. Mechanical testing experimental setup
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The first type of tensile test conducted was to study the plastic deformation and
fracture properties of the printed Nitinol. The sample was first elongated to a small strain
and relaxed to observe any superelastic properties and then elongated to failure. Testing
was conducted at both room temperature and elevated temperature (above the austenite

finish temperature).

Room Temp

High Temp

Stress (MPa)

Strain

Figure 23. Stress-strain curves from tensile testing printed Nitinol samples, first cycling

up to a fixed strain and then elongating to failure.

In both cases, no clear plateau was observed during elongation in the first cycle
resembling superelasticity. When elongated to failure, a number of interesting properties
of the printed Nitinol were observed (Figure 23):

1) The samples underwent plastic deformation and did not have a brittle fracture
mode. This was a high importance performance metric in Table 2 and
confirms that the high relative density and generally small pores present are
sufficient to keep the part from failing in a brittle manner. Additionally, the
presence of oxides or other inclusions are not leading to brittle fracture either,
which confirms that the printing setup is able to produce high quality Nitinol

parts with low impurity content. Of all samples tested, only samples that
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2)

3)

underwent annealing as a post-processing step showed brittle failure, which
can be explained by the increase in oxygen content and the formation of
oxides.

The percent elongation of samples surpassed performance expectations based
on traditionally manufactured Nitinol. This ductility is again made possible by
the high relative density, low porosity, and low impurity content of the printed
components, which support the feasibility of 3D printing Nitinol alloys.

The yield strength of components was within the range of suitable yield
strength for a Nitinol alloy for medical devices. The yield strength was on the
lower end of the desired range — as yield strength and percent elongation are
often bounded by a trade-off between one another, this lower yield-strength is

likely correlated to the higher percent elongation of the printed Nitinol.

©

o

2

v

1% ]

g ® Room Temp

v @ High Temp 1
@ High Temp 2
@ High Temp 3

Strain

Figure 24. Stress-strain curves from cycling up to a fixed strain at several temperatures

above the austenite finish temperature to study superelasticity.

The superelastic properties of Nitinol were tested at temperatures above the
austenite finish temperature at various temperatures and under several different testing

protocols. A summary of this tensile testing is presented in Figure 24 for different testing
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temperatures. In samples exhibiting superelasticity, the samples should return to near
zero strain after a strain cycle like the one conducted. In this study, none of the samples
tested showed strong superelasticity. This is somewhat of a surprise given that all of these
samples showed a clear phase transformation under a thermal cycle.

There are a number of reasons that could be contributing to the lack of
superelasticity in these samples. First, the samples are not at the desired Ni to Ti ratio,
which may affect the ease with which the martensite to austenite phase transformation
can occur reversibly. To test this hypothesis, samples were held at a constant tensile load
and the temperature was ramped from 0 °C until the samples showed a completed phase
transformation. The temperature at which the transformation finished, i.e. the austenite
finish temperature (at a constant load) was recorded for several loads ranging from 0 to
500 MPa. A sample exhibiting normal stress-induced phase transformation in Nitinol
would generally show a linear and significant change in the austenite finish temperature
with increasing stress, as described by the Clausius-Clapeyron relationship. However, the
samples tested showed no consistent change in the austenite finish temperature, which
suggests that the loss of Ni could be contributing to the difficulty in observing a phase
transformation. Second, the samples themselves, due to their small size, may be leading
to substantial experimental error. In Figure 24, the samples each show a substantially
different slope in the elastic regime when the Young’s modulus for all of the samples
considered should be the same. The onset of plastic deformation was also highly varied
between the different samples tested. Since this type of inconsistency was not present in
the DSC experiments, it is possible that the test setup itself contributed a large testing
error which obfuscated the presence of any superelastic effect present. Finally, it is
interesting to note that testing of superelasticity of 3D printed Nitinol in the literature has
been by and large compressive testing as opposed to the tensile testing that was
performed in this study. Future testing of Nitinol 3D printed components will involve
using new protocols for testing to reduce the variation induced from the testing setup and
ensure more consistent results.

The shape memory properties of printed Nitinol were not quantitatively tested, as
no immediate applications for these properties were under consideration. However, the

high austenite finish temperatures of the printed parts naturally lend themselves to shape
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memory applications. Shape memory was tested by bending tensile bars to a 45 degree
angle at room temperature and placing them in a furnace above the austenite finish
temperature. Components showed almost full recovery to the as-printed shape of the

tensile bar.

3.4.6 Summary of feasibility assessment for 3D printing Nitinol

In this section, the feasibility of 3D printing Nitinol with the necessary
engineering properties to be useful in medical devices was assessed by performing
experiments to determine 1) whether printing parameters could be readily developed to
create components with desired microstructure and chemical properties, and 2) if the
microstructure and chemical properties could be controlled well enough to produce
desired mechanical properties such as good ductility and superelasticity. In exploring the
space of printing parameters to produce low defect Nitinol parts, it was found that a range
of printing parameters could produce parts with low porosity, which was in-line with
findings in the literature. However, these components were found to have higher-than-
desired transformation temperatures, which prohibited their usefulness at body
temperature where superelasticity was required. This increase in the transformation
temperatures due to the printing process was found to be due to the preferential
evaporation of Ni during printing, leading to a lower Ni concentration in the final
components. When samples were mechanical tested in the austenite state, they showed
good ductility, with % elongations surpassing the specifications for Nitinol. However,
superelasticity was not observed in early testing, which could be attributed to both the
need for more refined testing procedures to observe superelasticity as well as the loss of
Ni potentially affecting the ability of the components to undergo a stress-induced phase
transformation reversibly.

In the next section, these experimental results are combined with an operational
and business assessment to provide a holistic view of the potential of 3D printed Nitinol

and identify the most relevant categories of Nitinol components for 3D printing.



4. Assessment of Opportunities for Producing Quality Nitinol Components
4.1 Identifying best attributes and biggest risks for 3D printed Nitinol based on the

engineering assessment

The experiments conducted in Section 3.4. provided valuable preliminary data
aimed to meet the engineering specifications described in Table 2. Table 5 provides a risk
level for meeting these engineering specifications based on the characterization of printed
Nitinol parts that was conducted.

Among mechanical properties, the experiments provided confidence in being able
to meet the yield strength and % clongation at failure. However, the high transformation
temperatures and the loss of Ni made it difficult to produce superelastic Nitinol. In
addition, meeting tight dimensional tolerances remains a challenge even after
electropolishing components. These observations will inform the target applications

identified later in this section.

Table 5. Risk assessment of achieving engineering properties of Nitinol based on

experimental analysis

Property Risk Level: Importance to Stakeholders
Yield strength Low High
% elongation at failure Low High
% plastic strain after recovery | High High
Upper plateau strength Moderate Moderate
Lower plateau strength Moderate Moderate
Ultimate tensile strength Low Low
Young’s modulus Low Low
Shape memory eftect extent Moderate Low

# of cycles to failure High High
Dimensional tolerances High High
Corrosion resistance Not evaluated High
Biocompatibility Not evaluated High




Based on the experimental findings, the importance of different process
parameters for future development of Nitinol selective laser sintering are summarized in
Table 6. To address the difficulties in attaining superelasticity, the critical process
parameters for further control are the Nitinol powder chemistry and the printing process
parameters. Nitinol powder chemistry includes both increasing the Ni content to offset
the loss of Ni during sintering as well as reducing the amount of impurities in the powder
which have a large influence on the impurity content of the final components. Within the
printing process parameters, operating at higher laser powers and scan speeds could help

reduce the amount of Ni evaporation and produce superelastic Nitinol components.

Table 6. Weighting key tunable additive process parameters in terms of importance to

achieving desired Nitinol properties

Process Parameter Process Phase Importance for Optimization
Nitinol powder size & shape Raw Material Moderate
Nitinol powder chemistry Raw Material High
Laser power Printing High
Laser scan speed Printing High
Laser scan pattern Printing Moderate
Layer thickness Printing Moderate
Support structures Printing Moderate
Solution annealing Post Processing Moderate-High
Electropolishing Post Processing Low
EDM wiring Post Processing Low

4.2 Applications to target based on engineering feasibility analysis

In considering Nitinol applications broadly. three attributes of Nitinol are useful
or potentially useful in medical devices: superelasticity, shape memory, and ductility
(Section 1.1.2). To date, superelasticity is by far the most utilized attribute of Nitinol in
the medical device industry [9]. However, the ability to make components directly to
their net shape instead of building from Nitinol wire enables the use of Nitinol in new

ways.



Based on the engineering feasibility assessment, ductile Nitinol is the most clearly
viable application of 3D printing currently. Components consistently exhibited good %
elongation to failure and elasticity without brittle fracture. Superelasticity was not
observed in the printed components, and thus while the current uses of superelastic
components are the most numerous, there remain significant engineering challenges to
address before this type of application can be pursued. Shape memory applications are
another promising case based on the engineering assessment as components exhibited
shape memory and naturally have transformation temperatures compatible with good
shape memory properties. ‘

There are three types of ways in which 3D printing can be used for Nitinol
devices: prototyping. manufacturing existing components, and enabling manufacturing of
new components. Applications fall into 9 categories based on the property of Nitinol that

is critical for the product and the type of opportunity to apply 3D printing, as shown in

Figure 25.
Prototyping Existing Parts New Parts
) Stents, Bulk components
Superelastic Guidewires
Actuators Bulk components

Shape Memory

Porous parts,
Mechanical
compatability

Ductility Select stents

Figure 25. Categories of applications for Nitinol 3D printed components

Developing 3D printed Nitinol components to replace existing Nitinol
components is a challenging task. Current Nitinol components are designed to be
constructed with traditional Nitinol manufacturing techniques. As a result, designs
assume that Nitinol can only be provided in a wire or tube form and thus the types of
shapes that can be made are limited. Furthermore, traditional applications such as stents

have very thin struts which could be difficult to achieve based on the surface roughness
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and limited resolution of selective laser sintering (Section 3). In addition, as most current
applications use the superelastic properties of Nitinol, significant work remains to
demonstrate that quality components can be made from an engineering standpoint and to
de-risk the use of this technology for implants. Based on the engineering assessment, the
use of selective laser sintering for existing Nitinol components is only reasonable in the
long-term and requires significant research milestones to be met.

Prototyping applications on the other hand are aimed to help the product
development process by producing new designs at low volume and reasonably low cost.
The readily demonstrated ductility and shape memory properties of the printed Nitinol
show immediate promise for prototyping applications. The engineering assessment also
showed that superelasticity could be expected through future work using higher laser
power printers, new powder, etc., which could give product development teams a new
way to test complex geometries and designs for Nitinol components. As prototyping
applications do not need to meet the same rigorous quality standards of medical devices,
it is reasonable to expect Nitinol to be printed for these applications in the short-term.

Perhaps the most promising set of applications is newly designed Nitinol
components. Two types of newly designed Nitinol components can be imagined. First,
3D printing enables the development of new geometries for existing Nitinol parts. Instead
of trying to adapt 3D printing to replicate existing Nitinol component geometries, there
are opportunities to develop higher performance components that can be more easily
manufactured by 3D printing [53]. However, this again requires substantial investment
and risk-taking from product development teams to develop and test such designs when
strong alternatives using traditional manufacturing exist.

The second type of newly designed component is 3D printed Nitinol that either
adds performance by replacing a component made of a different material or enables an
entirely new medical device. 3D printing Nitinol enables the production of “bulk” Nitinol
parts — i.e. parts that are not fundamentally formed by wire or tube. For instance, a a
shape memory Nitinol component can enable external actuation in an implant to
eliminate multiple surgeries to change out material (Section 1.1.2). Often assemblies of
parts benefit from contact of like materials, and there is demand for bulk Nitinol

components to be matched with other Nitinol parts in existing medical devices, replacing
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titanium, steel, etc. New components utilizing the ductility of Nitinol can also be
designed with lattice or porous structures (Figure 26 [34]) which can be used as scattolds,
to match the mechanical stiffness of bone, or reduce the amount of material in a part [42].
In this set of applications, 3D printed Nitinol provides a substantial performance
advantage which makes a stronger case for investing in the development of the

technology given the engineering risks of printing commercial medical device parts.

Figure 26. Several types of lattice/porous Nitinol components (a-e) that could provide

performance advantages over existing components (reproduced with permission from

Andani et. al. [34]).

The engineering assessment provides support for printing components for
prototyping efforts and for developing entirely new Nitinol components as these can be
accomplished in the short-terma nd provide substantial value to the medical device
industry through higher performance devices and shorter design times. To better
understand the costs associated with manufacturing Nitinol components using selective
laser sintering to further select the particular types of components that are most ripe for

implementing this technology, a cost accounting model is presented in the next section.

wn
w



4.3. A cost accounting model for selective laser sintering of Nitinol

The cost accounting model for selective laser sintering of Nitinol was developed
based on the generalized selective laser sintering model proposed by Rickenbacher et. al.
[54]. The model breaks down the costs of selective laser sintering into the different
phases of the printing process and calculates costs in each phase including material,
labor, equipment costs, etc. Figure 27 shows the cost accounting model breakdown

schematically.

Build Job ' Machine Setup + b rtPrintin
Preparation - Post Job Removal - g
Labor || Software Labor || Machine l Material | | Machine z
Post Procegsing Substrate Removal
Overhead 3
l Labor || Equipment Labor | | Equipment

Figure 27. Modular view of the cost accounting model for Nitinol additive manufacturing

The first step in the selective laser sintering process is preparing the digital part
file, or CAD file, from which the machine will print the component. Preparation of the
part file requires a trained engineer with knowledge of how to design for additive
manufacturing to make any adaptations necessarily to ensure that the part is printable. In
addition to this labor cost (engineer salary per hour * time), the software packages require
licenses which can be attributed to an individual project by dividing by the total number
of projects in a year.

The machine needs to be setup before running the job with the proper powder (in
this case Nitinol), which may mean removing a different type of powder from the
machine and cleaning. In addition to the labor cost, the time to setup the machine also
uses up possible operational time for the machine, and thus the hourly cost of the
machine must also be accounted for. Similar costs are associated with removing the

component.



During printing, the machine cost is calculated based on the print job time. The
time that it takes to print the job depends strongly on the part geometry. Parts with a
larger printing height take longer times to build as more layers need to be printed. The
model for determining the time a part will take to print from part geometry can be
developed using a linear regression model [54]. The Nitinol powder is consumed during
the printing in a few ways. Nitinol that is printed into the component needs to be
accounted for (using the part volume). In addition, some Nitinol powder near the printed
component becomes heated and some loosely melted parts will conglomerate near the
component as well. The loss of powder from a batch depends on how much powder is
reused, if any. In the present model, no reuse of powder is assumed as it is unclear for
Nitinol to what extent the adjacent powder in the bed is affected by heat and whether
filtering away larger particles through a sieve is sufficient for powder reuse. Testing for
reusability of powder and developing safe protocols for doing so could greatly reduce
costs of Nitinol selective laser sintering.

Once the part is printed and removed from the machine, the part needs to be
removed from the substrate. Costs for this vary based on whether the component is
removed with an EDM wire (necessary for production components) or removed manually
(more likely for prototyping and much cheaper).

Nitinol carries specific costs related to post-processing to achieve the desired
surface finish and transformation properties. Electropolishing is included for all
components considered in this model as it is likely worthwhile for both prototyping and
production components. Heat treating may be necessary for certain applications, for
instance to set a certain shape in the Nitinol part for a shape memory application.

Lastly, overhead costs for selective laser sintering can be quite substantial. There
is traditional overhead such as lab space, maintenance, etc., but in this model overhead
also accounts for research and development costs which ultimately dominate the
overhead for Nitinol selective laser sintering. For Nitinol to be printed, there are
substantial risks that a particular build can fail as it is a relatively new material without
fully-vetted protocols for dimensional tolerances, overhangs, and other geometrical

limitations. In this model overhead is included as a percentage of the total cost of the part.
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4.4. Identifving best attributes and biggest risks for 3D printed Nitinol based on the cost
accounting model

The cost model was used to understand the main cost drivers for Nitinol 3D
printing. Figure 28 shows the main cost drivers for printing Nitinol as a function of part
size and part volume. For this exercise, small components are defined as components for
which 25 to 75 components could fit on a standard build plate (roughly a 10 cm by 10 cm
square) as opposed to only 1-10 components for a large component. Prototyping builds
can often be ordered for low volumes where a full build plate is not used, which is
denoted as low volume in Figure 28, whereas in production the full build plate would be

used (high volume). The y-axis of cost is scaled consistently across the different graphs

in Figures 28 and 29.
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Figure 28. Case studies using the cost accounting model for small and large parts and
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The dominant cost drivers depend strongly on the size of the part being printed
and are virtually independent of the volume of parts. For small parts, the printing costs
are all relatively small, including the costs of the machine time and the Nitinol powder.
The dominant costs are related to labor of skilled engineers, which is why preparing the
build job, overhead, and substrate removal are the dominant cost drivers. For large parts,
the dominant cost is powder. Nitinol powder is relatively expensive (about 1.5 to 3 times
the cost of titanium or stainless steel powders) and printing large Nitinol components also
leads to a lot of wasted powder in the powder bed that isn’t used.

Based on these results, selective laser sintering of relatively small components
(millimeter scale) is very cost effective. Considering that the dominant costs are labor
related, and selective laser sintering is substantially less labor intensive than traditional
Nitinol manufacturing, selective laser sintering is expected to generate significant cost
savings for smaller components relative to traditional methods. This niche for selective
laser sintering is particularly significant as smaller components are generally the most
expensive to manufacture using conventional methods (e.g. micromachining), and many
medical device components fall into this category.

On the other hand, printing large components is unlikely to be favorable from a
cost perspective due to the dominant cost of powder. Powder costs are higher than normal
material costs for traditional manufacturing and, whereas in many additive manufacturing
applications the amount of waste material is less than traditional manufacturing, in this
case the amount of waste material in the powder bed is significant. In addition, Nitinol
powder is supplied by very few companies and produced in small batches. Printing large
components with current supply lead times (up to 6 months for 50 to 100 kg) would
require substantial powder inventory be held, which would increase costs as well.

A second case study was performed using the cost accounting model to determine
the main costs in the scenario of investing in a printer with higher laser power to develop
superelastic Nitinol in the as-printed state. Figure 29 shows the cost breakdown for high
laser power printing, which can also be interpreted as any type of specialized printing for
Nitinol, e.g. high resolution printers.

In the scenario of a high cost, specialized printer for Nitinol, the costs are

substantially higher for low volume builds compared to high volume builds. Using a



specialized printer for only prototyping builds, with a few parts per printing run, would
be highly ineffective and likely unfeasible from a cost perspective. On the other hand, the
high volume builds compare reasonably cost-wise with the conventional printer costs in
Figure 28, which means that a specialized printer would be cost-effective for production
applications but not for prototyping operations. In all cases, the dominant cost of printing
is the cost of the printer itself which reduces the impact of part size on costs for powder
reasons. However, taller parts take a longer amount of time to print per component and
will have substantially higher costs as a result, which again benefits the use of this

technology for smaller components (a few millimeters in size).
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Figure 29. Case studies using the cost accounting model for high laser power,

specialized printing.
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4.5 Summary of opportunity assessment for Nitinol 3D printed medical devices

Figure 30 revisits the breakdown from the beginning of this section where the
potential applications for Nitinol were categorized based on the Nitinol property needed
for the application and the type of printing opportunity.

Based on the engineering analysis, the applications relying on Nitinol’s ductility
and shape memory properties are most likely to succeed in the short-term, as opposed to
superelasticity which requires further research. In addition, the limitations in surface
treatment and dimensional tolerance lends itself to prototyping applications or to new
Nitinol parts that are designed with these limitations in mind with the intent of exploiting
the strengths of 3D printing to produce novel components (e.g. lattice structures or bulk

Nitinol parts).

Prototyping Existing Parts New Parts

Superelastic

Shape Memory

Ductility

Figure 30. Nitinol applications evaluated based on the engineering analysis and cost
accounting model (green — feasible in the short term, yellow — feasible with 1-2 years of

research, red — requires substantial research and investment).

The cost accounting model revealed that, when using a standard commercial
printer, both prototyping and production parts could lead to significant cost savings over
traditional manufacturing for small components (on the scale of a few millimeters). The
dominant cost for small components was engineering labor, which is expected to be
substantially lower than labor costs for traditional manufacturing of components of this

size. Prototyping costs were larger for specialized printers that could enable printing
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Nitinol in a superelastic form compared to production builds which would more
judiciously use build plate real estate.

Based on these analyses, the most likely short-term applications of Nitinol will be
in prototyping and the development of new components that are a few millimeters in size
that utilize the good ductility of Nitinol and/or its shape memory property. Further
research is required for developing superelastic Nitinol, which will enable an additional

wave of applications with a 1 to 2-year investment.
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5. Conclusions

3D printing of Nitinol using selective laser sintering is an exciting technology

with the potential to reduce the costs and time of manufacturing Nitinol components in

medical devices. In this thesis, the opportunities for using selective laser sintering for

Nitinol are identified first from an engineering perspective, considering the range of

properties that are achievable and the current limitations and risks of implementing this

technology. This engineering analysis is combined with a business case analysis

considering applications of Nitinol 3D printed parts for prototyping, replacing existing

Nitinol components, and developing entirely new products which includes consideration

for the size and volume of components using a cost accounting model specifically for

Nitinol selective laser sintering. The main findings from this analysis are:

Y

2)

3)

&)

5)

6)

Nitinol components with low porosity and low impurity contents, satisfying
medical device standards for high quality Nitinol, can be readily printed using
commercial selective laser sintering printers using a design of experiment
optimization.

Surface roughness of Nitinol 3D printed components can be treated using
electropolishing to remove most asperities from the surface and reduce the chance
of brittle failure.

The process of laser melting leads to preferential evaporation of Ni, which
increases the austenite finish temperature from the powder to the printed Nitinol
component. This brings the austenite finish temperature out of the range for
superelastic applications of Nitinol

Nitinol components showed good ductility and shape memory properties in
mechanical testing, but poor superelasticity due to the loss of Ni.

Selective laser sintering of Nitinol is most directly useful for prototyping and the
production of entirely new Nitinol component designs where the trade-offs
between the cost of investment and the benefits of implanting the technology are
well-aligned.

The cost accounting model of selective laser sintering of Nitinol shows a strong
preference for producing smaller components, where labor dominates the costs

and selective laser sintering should be favorable to traditional manufacturing.
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