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Summary

English

This project investigated three used hip joint prostheses with the goal of understanding
which damage mechanisms were present and why these arose. A series of metallurgical
examinations were executed to reveal surface characteristics, microstructure and material
properties.

Two of the prostheses were from a CoCrMo alloy and were referred to as prosthesis Co
and prosthesis Co-o. The last prosthesis was made from stainless steel and was referred to
as prosthesis SS. Prosthesis Co-o had a fatigue fracture at the stem, that originated from
cyclic stresses during use. The prosthesis had an uneven surface, which provided many
stress raisers where fatigue cracks could initiate, and very large grains that allowed crack
propagation to develop rapidly. Prosthesis Co also had unfavourably large grains. Pros-
thesis SS had larger grains in the direction perpendicular to the stem length than in the
parallel direction. This was unfavourable as the typical loads for a hip prosthesis would
cause cracks to propagate in the direction in which there were fewer grain boundaries to
impede them. All prostheses had discoloration and surface layers from corrosion. Tribo-
corrosion had likely happened in between the femoral heads and necks of prostheses Co
and Co-o. All prostheses had larger damages to the surfaces that likely originated post
use.

Norwegian

Dette prosjektet undersgkte tre brukte hofteleddsproteser med hensikt a forsta hvilke
skademekanismer som var til stede og hvorfor disse oppsto. En rekke metallurgiske un-
dersgkelser ble benyttet for a avdekke overflatekarakteristikk, mikrostruktur og materi-
alegenskaper.

To av protesene besto av CoCrMo og refereres til som protese Co og protese Co-o. Den
siste protesen besto av rustfritt stal og refereres til som protese SS. Protese Co-o hadde et
utmattingsbrudd pa stammen, forarsaket av syklisk belastning ved bruk. Protesen hadde
ujevn overflate, hvilket ga mange punkter med gkt spenning der sprekker kunne initiere,
samt svert store korn som tillot rask sprekkutvikling. Protese Co hadde ogsa uhen-
siktsmessig store korn. Protese SS hadde stgrre korn i vinkelrett retning pa protesens
lengde enn parallelt. Dette var uheldig da typiske belastninger for en hofteprotese vil
gi sprekkutvikling i den retningen hvor det er farre korngrenser som kan hindre dette.
Alle protesene hadde misfarge og overflatelag som fglge av korrosjon. Det hadde mest
sannsynlig oppstatt tribokorrosjon i overgangen mellom nakke og hode for protesene Co
og Co-o. Alle protesene hadde stgrre overflateskader som sannsynligvis ikke oppsto under
bruk, men i etterkant.

i1
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1 Abbreviations

Table [Tl below lists the abbreviations used in this thesis.

Table 1: This table lists the upcoming abbreviations

Abbreviation | Meaning

NTNU Norwegian University of Science and Technology
MoM Metal on Metal

MoP Metal on Polyethylene

CoC Ceramic on Ceramic

BCC Body Centered Cubic

HCP Hexagonal Close Packed

FCC Face Centered Cubic

UHMWPE Ultra High Molecular Weight Polyethylene
ZTA Zirconia Toughened Alumina

PMMA Polymethyl Methacrylate

UTS Ultimate Tensile Strength

WHO World Health Organization

EU European Union

wt% Weight percentage

at% Atomic percentage

XRF X-Ray Fluorescence

SEM Scanning Electron Microscopy

SE Secondary Electrons

BSE Backscatter Electrons

EDS Energy Dispersive x-ray Spectroscopy
EBSD Electron Backscatter Diffraction

PE Perpendicular

PA Parallel

HV Hardness Vickers

Ext. External

Int. Internal

R, Average roughness

R, Root mean square roughness

Mean peak to valley height




2 Introduction

As modern day technology advances, so do the possibilities within the medical sector.
Joint prostheses are now a common way to increase mobility and reduce pain for patients
suffering from osteoarthritis and other conditions affecting the joints. Looking only at hip
joint prostheses, 9870 prostheses were implanted in Norway in 2019[27]]. There is a broad
selection of designs and materials to choose from, allowing each patient to be paired with
a suitable model.

The vast material selection signify the need for thorough testing before putting them to
use. It is possible to test each material short term, but there is a need for universal in vitro
test methods to determine long time consequences of utilizing a material. Many materials
are just now displaying their long term properties. In order to develop such test methods,
data must be collected from the various materials. This master’s thesis is part of collecting
such data.

This project examines three used hip joint prostheses using metallurgical methods. The
aim is to reveal present damage mechanisms and understand why these arose. The present
damage mechanisms will also be compared to the literature and between the different
prostheses to reveal patterns.

Much of the research that is already done on various materials are focused on the medical
repercussions. Common failures include fractures, loosening and inflammatory immune
responses[27]. This project will direct its focus on the materials rather than the human
body. This will reveal the effects of use on the material itself, contributing to a better
understanding of the use of joint prostheses.



3 Background

3.1 Joint prostheses

Throughout everyday life, the human joints are exposed to a variety of stresses. Loads
from daily activities, general movement and exercise are usually manageable for the hu-
man body and do not cause any issues. However, the joints can get worn down, fracture
or in other ways cease to sustain normal function. In these cases there may be a need to
replace the joints with artificial alternatives. By replacing damaged joints, the patients
can improve their mobility, reduce pain levels and significantly heighten their quality of
life. There are numerous joint prostheses on the market today, providing the luxury of
choosing a suitable shape, size and material combination for each individual patient.

The joint prostheses investigated in this project are hip joint prostheses, illustrated in
Figure [I] below. Components that make up the modern day hip joint prostheses are an
acetabular cup, a liner that is typically made from polyethylene, a femoral head and a
femoral neck and stem. Each of these parts may consist of different materials.

Plastic Acetabular
Liner —~ omponent (\

s
L

Femoral
Head

* Femoral
Stem

Figure 1: The components of hip joint prostheses|14]]

Over 95 percent of most types of hip prostheses inserted in Norway survives for over
ten years. Over 80 percent survives for 15 years and 60 percent survives for 30 years.
Prostheses inserted in 1999 and later display higher survival rates than older insertions
according to the data in Norway so far. The top five causes of revision surgery in the
time period of 2015-2019 were loose acetabular components, infection, luxation, loose
femoral components and fracture of the prostheses. These causes are listed in descending
order and also reflect the year of 2019 alone. [27]

3.2 Material selection

Joint prostheses are typically composed of a combination of materials. The general
material categories, which are to be further specified within this section, are metals,



polyethylenes and ceramics. Traditionally, the composition of hip joint prostheses is re-
ferred to as XoY, where X is the material used for the femoral head and Y is the material
used for the liner. If a liner is not used, Y refers to the acetabular cup. MoM refers to
metal on metal, MoP refers to metal on polyethylene and so on.

According to the 2020 report from the national register for joint prostheses in Norway,
the most common material used for the acetabular cup in hip joint prostheses inserted
from 2015 - 2019 was polyethylene. For the femoral stem, metal was the most used
material in the same time period [27].

3.2.1 Polyethylene

Polyethylene is typically used as a liner, an acetabular or a tibial component in joint pros-
theses [61]][19]. The main advantage to this material is reduced friction, which allows the
joint to move more effortlessly [40[][46][61]. It also has a high impact strength [40][|61].
The most commonly used polyethylene today is Ultra High Molecular Weight Polyethy-
lene, shortened UHMWPE [27]][40][5]]. This polymer displays wear rates that are lower
than other tested polymers, but this is still a significant issue [40[[S].

Wear debris from polyethylene components is one of the most prominent challenges for
joint prostheses today [S[][4]. When wear debris is released into the human body, this can
cause an inflammatory response that results in osteolysis, a case of bone loss around the
prosthesis. This could cause the prosthesis to loosen, called aseptic loosening [64][46].
Loosening of the acetabular component and the femoral component were the first and
fourth most frequent causes for revision surgery of hip joint prostheses in Norway in
2019 [27].

3.2.2 Metal

There is a great variety of metal alloys available on the joint prosthesis market today.
Statistics from 2015 to 2019 show that the 7 most frequently used femoral components in
primary surgeries for hip joint prostheses were all made from metal. Titanium was most
frequently used each of these years, followed by stainless steel and CoCrMo [27]]. Metal
can be used for all components of joint prostheses [31][5]].

Titanium is beneficial for use in joint prostheses due to great corrosion resistance, high
strength and excellent biocompatibility [S]][44]]. Due to poor wear resistance, titanium is
not used for articular surfaces such as femoral heads in hip joint prostheses [5][46]. At
temperatures above 883°C, pure titanium is stable at the B phase with a body centered cu-
bic (BCC) unit cell, and below this temperature & phase and the hexagonal close packed
(HCP) unit cell is stable. Alloy elements can affect this temperature balance [43]][44].
Alloys based on CoCr are frequently used for joint prostheses as they have high strength
and high resistance to corrosion and wear [5][46]. A major drawback to these alloys is
metal ions releasing into the human body [|6][66]. Largely elevated levels of chromium
or cobalt can be hazardous to the human body. Cobalt toxicity can lead to neurologi-

4



cal issues, vision or hearing loss, tinnitus and cardiomyopathy, among other symptoms
[34][42]. CoCrMo alloys typically have face centered cubic (FCC) or hexagonal close
packed (HCP) unit cells. HCP is theoretically stable at the lower temperatures, but a meta
stable FCC phase is typically found at room temperature [67][56][43]. The most fre-
quently used stainless steel alloys in joint prostheses are austenitic and generally contain
molybdenum, manganese, chromium, nickel and carbon [5][51]. They are not as biocom-
patible as titanium, but will resist oxidation well and are easy to machine into the desired
shape [S[][36].

Damage mechanisms for metal components depend on the design and material combi-
nation. One of the typical damage mechanisms for metals in joint prostheses is third body
abrasive wear. Wear particles that form with relative movement will govern wear rates.
Also, the presence of synovial fluid combined with repeated relative motion accommo-
dates tribocorrosion [5][40]. Surface fatigue and fretting wear could also occur, along
with the risk of crevice corrosion in the case of MoM configurations [4][28[][6].

3.2.3 Ceramic

Ceramic components can be used for the acetabular cup, the femoral head and sometimes
also as a liner in hip joint prostheses [S][46]. Common ceramic materials used are alu-
mina and zirconia toughened alumina [5][40].

Alumina displays excellent biocompatibility along with a high wear and chemical resis-
tance. Alumina components used to have issues with fracture, but due to improvements in
manufacturing methods regarding porosity and grain size, this issue has been significantly
improved. [S][40]

Zirconia was thought to be a superior alternative to alumina due to a higher fracture
toughness and bending strength. However, this material proved prone to fractures, likely
caused by a phase transformation during use [21[]J[30][S]]. The solution was to combine
the qualities of zirconia and alumina with zirconia toughened alumina, shortened ZTA.
ZTA consists of 25 wt% zirconia and 75 wt% alumina. The final product is less prone to
cracking and has now been on the market for about 20 years [5][40].

Advantages of ceramic components include great wear resistance, high hardness and great
biocompatability [45]][5]]. The significant downsides are squeaking sounds if combined
in a CoC configuration and the need for proper manufacturing to avoid a risk of fracture.
Less prominent occurences include intergranular erosion and mild surface fatigue [45[][S].

3.3 Environment of the human body

When securing a joint prosthesis to the human skeleton, there are two common ways to
cohere it. One method is to cohere the prosthesis using a bone cement. This bone cement
is usually acrylic and based on polymethyl methacrylate (PMMA) [18]][54].



The other common method used to secure joint prostheses is based on pressing the pros-
thesis into the bone. These prostheses have porous surfaces and the goal is for the bone
to grow into them [38][54]. The human bone mainly consists of collagen, type I, and
calcium hydroxyapatite crystals[S5][38]]. In terms of strength and ductility, the femur
bone, especially relevant for hip joint prostheses, can be used as an example. The bone
surrounding the internal cavity has an engineering elongation of 1.07 - 2.83 % and an
engineering ultimate tensile strength (UTS) of 68-174 MPa][7][46].

The environment in the joints will have a temperature of about 32°C, which is lower than
the core body temperature of 37°C [53][24]]. The joint will be lubricated by a synovial
fluid keeping a pH of about 7.4 - 7.8[41[][53]]. This fluid mainly consists of phospholipids,
hyaluronic acid and lubricin[47][32].

3.4 Manufacturing and design

Most metal parts for joint prostheses are manufactured by forging or casting [35][|65].
The modern day forging process involves heating of the metal before using machines to
press it into the desired shape. Forging closes pores in the material and will crush and
redistribute impurities, resulting in a dense product with a more uniform particle distribu-
tion [26]][39]. Following the forging or casting, the metal will typically undergo polishing
and possibly also coating to meet the design criteria [65][35]. Ceramic components are
usually sintered from powder before being polished [35][15].

In order to achieve as little friction as possible, the bearing surfaces, for example the
femoral head of a hip joint prosthesis, are polished to a very low surface roughness on
a nanometer scale [35][65]. The need for this is due to the fact that there no longer is a
natural articular cartilage within the joint. Components that are in contact with the human
bone, such as uncemented femoral stems, have a porous coating that the bone can grow
into [38]][54]. When the bone has grown into the prosthesis, the prosthesis is securely
fastened.

In previous years, the femoral head, neck and stem of hip joint prostheses were all in one
piece of material. They were so called monoblock pieces. Today, these are rarely in use
anymore as modular joint prostheses have replaced them [27] [1] [49]]. For modular hip
joint prostheses, the femoral head and sometimes also the femoral neck can be replaced,
allowing different material combinations, neck lengths and head diameters adjusted to
each individual patient [49][8]][48].

3.5 Legislation

Correct material selection, design and application are important components in making
sure that joint prostheses and other medical devices are safe to use. Combined with the
fact that a number of providers will benefit financially on various medical devices, a solid



legislation is crucial.

The world health organization, shortnened WHO, released the document WHO Global
Model Regulatory Framework for Medical Devices including in vitro diagnostic medical
devices in 2017, meant to guide its member countries in building or improving their own
legislation. One of the main points of this document is to categorize and follow up medi-
cal devices based on their level of potential hazard. Other important parts of the document
are advice on how to incorporate routines for proper labelling and advertising, reporting
errors and withdrawing deficient or unsafe products. [62]

Up until now, there has been three directives governing the use of medical devices in
the European Union (EU) region. These were all released in the time frame of 1990 to
1998 [9], so two new directives are to gradually replace these up until 2025[10]. The first
directive is the Regulation (EU) 2017/745 on medical devices, released May 26th 2021.
The second directive, Regulation (EU) 2017.746 on in vitro diagnostic medical devices,
is to be released in 2022 [10]. These new regulations require more transparency, through
public databases and so called implant cards. They insert stricter pre market control and
hold manufacturers accountable for financial compensation to patients in the case of de-
ficient products [11]. Annex 1 in Regulation (EU) 2017/745 lists many of the important
requirements for medical devices today. Some points include performing a risk man-
agement plan for each device and paying attention to toxicity and biocompatibility when
selecting materials [[12].

3.6 Damage mechanisms

This section briefly explains the damage mechanisms that are relevant for this thesis.

3.6.1 Adhesive and abrasive wear

Wear is the occurrence of material loss, often due to two surfaces moving against one
another. There are multiple types of wear, adhesive and abrasive wear being two central
mechanisms. Adhesive wear happens when there is adhesion between two surfaces, so
that motion causes material to loosen from one surface and stick to the other. [60]]

Abrasive wear can happen when one surface slides against another. Peaks on one sur-
face will dig into the other, loosening material as they slide [60]. This mechanism alone
is called two body abrasive wear. If wear debris or other hard particles get in between the
two surfaces during the sliding process, this is called third body abrasive wear [52].

Figure 2] and Figure [3|below illustrate abrasive and adhesive wear.
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3.6.2 Surface fatigue

Surface fatigue happens when a surface is exposed to repeated alternating loads causing
stresses in the material. This stress can cause microscopic physical changes and initiate
cracks. A material is not able to survive as high stresses in this environment as it would
in a static load case. At a set stress level, a component will be able to survive a certain
amount of load cycles before failing. This is often described using stress versus life
curves, so called S-N curves. Examples of these are shown in Figure ] below. Some
materials, such as low alloy steels, tend to have a stress limit under which fatigue failure
does not usually occur. This stress limit, called a fatigue limit or endurance limit, can be
clearly seen in an S-N curve as the curve flattens out at this stress level.
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Figure 4: S-N curves from rotating bending tests of an aluminium alloy. Curve (a) has
the cycle numbers plotted on a linear scale and curve (b) has the cycle numbers plotted
on a logarithmic scale [[17]. Note that low allow steels, from BCC unit cells, will display
a different trend in their S-N curves than aluminium from FCC unit cells

Fatigue crack growth can be described by Equation [I]below, called the Paris equation.

da

— =C(AK)" 1
N (AK) ey
In this equation, a and N represent crack length and the number of cycles, so 57‘\’] is the
fatigue crack growth for a single load cycle. AK is the stress intensity range and C and m



are material constants.

Section [3.6.7] describes how a fatigue crack propagates in a material. Materials that are
somewhat ductile, contain low amounts of voids or inclusions, have small grain sizes and
have dense networks of dislocations are more resistant to fatigue.

3.6.3 Fretting fatigue

Fretting is a type of surface damage that occurs when two surfaces are in small relative
motions to one another and are simultaneously exposed to cyclic loads. In severe cases
this will lead to crack initiation and propagation. [17]

3.6.4 Galvanic corrosion

Galvanic corrosion occurs when two metals of different electrochemical potentials are
in contact with each other and with an electrically conducting electrolyte. Due to an
electrochemical process, the rate of deterioration, the corrosion rate, will increase for the
metal with the lowest potential and decrease for the metal with the highest potential [3]].
A simple illustration of galvanic corrosion with iron and tin is shown in Figure 5] below.

cathodic
site

anodic
site \o/

iron tin

Figure 5: A simple illustration of galvanic corrosion
with iron and tin [|59]]

If a metal alloy consists of elements that have electrochemical potentials far apart, se-
lective corrosion can occur. The metal can become weak and porous as the less noble
element disappears, making it more unreliable and prone to mechanical failure [3]].

3.6.5 Crevice corrosion

Crevice corrosion can happen in cases where components or structures have small crevices
where liquid can enter and become stagnant. Crevice corrosion typically occurs on ma-
terials that are either initially passive or can easily be passivated. In the case of water
based liquids, OH~ is produced when the metal as a whole corrodes, a process which



stops inside the crevice as there is depletion of the oxygen required to sustain the process
shown in Equation [2]
0>+2H0+4e” —40H™ (2)

Simultaneously, there is a dissolution of the metal, M, that is independent of oxygen. This
produces metal ions as seen in Equation [3| below.

MM +e 3)

When the supply of OH ™ inside the crevice ceases, the charge equilibrium must be upheld
through other means. If the liquid contains chloride, C/~ will be used to sustain the charge
equilibrium in the crevice as seen in Equation ] This causes the pH in the crevice to
gradually diminish, as the metal chloride reacts with water and forms hydrochloric acid.
This is shown in Equation [5

Mt4+cClm - Ml 4)

M*Cl” +H,O — MOH + HCI %)

This creates an aggressive environment that attacks the surface oxide film. Active corro-
sion at a higher corrosion rate follows. [3]]

3.6.6 Tribocorrosion

Tribocorrosion is the case of a material being exposed to both wear and corrosion simul-
taneously. The combined effects of corrosion and wear will differ from the individual
effects. In the case of a passive metal with an oxide film on the surface, wear can remove
parts of this surface layer. This temporarily depassivates small areas in which corrosion
rates can be high when exposed to corrosive environments. [2]]

3.6.7 Fracture

Fracture is caused by crack propagation from stresses to the material. The two general
fracture modes for metals are ductile and brittle fractures.

Metals that absorb high amounts of energy and are able to plastically deform display
ductile fractures. This is usually the preferred fracture mode as the deformation gives an
advance warning. Ductile fractures can be visually characterized by a reduction of the
cross section area, so called necking. On a macroscopic level, the fracture surface can be
characterized by voids called dimples. These are usually spherical, but can be elongated
into a parabolic shape in the case of shear stress.

Metals that do not absorb much energy and undergo little to no deformation will have
rapid crack propagation leading to a brittle fracture. This type of fracture will occur sud-
den and without warning. The fracture surface is visually characterized by a flat fracture
surface that appears perpendicular to the stress direction. In cases of hard metals and
fine grains, the surface will be smooth, whereas more coarse metals will show patterns of
chevrons or ridges. Chevron patterns are V-shaped markings that point back to the crack
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initiation site. Ridges will align like a fan and radiate from the crack initiation site.

Figure 6] below illustrates the differences between ductile and brittle fractures.

Ductile fracture ‘

Brittle fracture

. = . 1: 1} .r.
AGisge By heugesy tBre oy

Grain boundaries are peeled out

Figure 6: Ductile and brittle fracture characteristics ||

In response to tensile stress, many metals are quite ductile, ceramics usually fracture in
a brittle manner and polymers display a range of behaviours [[63]]. Fracture was the fifth
most common cause for revision surgery of hip joint prostheses in Norway in 2019 [27]].

The direction of the applied loads affect the way a fracture develops. There are three
displacement modes defined as Mode I, Mode II and Mode III. These are shown below in
Figure|/|and they can occur alone or in various combinations. Other names for Mode I, 2
and 3 are the opening mode, sliding mode and tearing mode. The first mode is the most
common type of fracture displacement and is caused by tension stress. Mode II and Mode
111 are caused by shear stresses in the material. [17][63]]
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Figure 7: Fracture modes [|17]]

Fractures that propagate along the grain bounadries of a material are intergranular frac-
tures. These can occur if the areas close to grain boundaries are weakened or embrittled.
Fractures that propagate across grains are transgranular fractures. This breaks atomic
bonds along specific crystallographic planes, which presents itself as cleavage in the
material. Transgranular fractures are the most common, especially for brittle materials.
[631[17]

Fatigue, as described in Section [3.6.2] can cause fracture. This happens in three stages:
crack initiation, crack propagation connected to the cyclic stresses and then a rapid, final
failure. Fatigue cracks tend to initiate at the surface of a component and any surface irreg-
ularity is especially prone to crack initiation. Some examples of this are surface scratches
and dents along with geometrical changes with regards to the design of the component.
The notch sensitivity factor, given by equation 6] below, indicates how sensitive a material
is to notches in the surface with regards to fatigue. The value will be in between 0 and 1,
where the material is fully notch sensitive at the value 1 and not notch sensitive at all at
the value 0. k; is the ratio of the local notch stress, o, to the nominal stress, S. ky is the
fatigue notch factor, which relates the fatigue strength of a notched member to the fatigue
strength of an unnotched member from the same material. [[17]]

k-1
ok —1

q (6)
Surrounding the initiation point of a fatigue crack are circular or semi circular lines that
indicate how the fracture developed. When the stress on the component ceases, a crack
will stop propagating. This process causes a line, called a beach mark, that is large enough
to be seen with the naked eye. Beach marks are typically seen in components that are uti-
lized regularly, but with breaks in between, for example machines being operated only
during normal work hours and not during the night. Temperature and chemical environ-
ment may also affect crack propagation velocity and hence beach marks. At a microscopic
level there are smaller lines called striations. In the case of fatigue, the stress is cyclic.
Each decrease in stress causes the crack to stop propagating or drastically reduce its ve-
locity, creating a striation with each cycle. Once the fatigue fracture reaches stage three
and rapid failure begins, there are no more striations or beach marks created. Figure [§]
below illustrates the fracture surface of a typical fatigue fracture. [|63[][17]]
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Figure 8: The fracture surface of a typical fatigue fracture [16]

Rapid fracture

3.7 Grain structure

Metals and ceramics used in engineering are usually polycrystalline materials, which
means they consist of crystalline grains separated by grain boundaries. The size and
shape of the grains can give valuable information about the properties and history of the
material, especially regarding physical deformation. For instance, cold rolling or pressing
a metal during manufacture will typically lead to elongated grains in the affected areas.
Grains within a cast component will usually have uneven edges of the grains, whilst forged
components will have sharper boundaries.

Grains that have been subjected to plastic deformation at a relatively low temperature,
for instance through cold rolling of the material, can be restored through heat treatment.
The heat treatment process is called annealing and consists of heating the material for a
certain period of time before cooling it down at a slow, controlled rate. When heating,
new grains will appear. This is called recrystallization. These new grains are strain free
and have approximately the same diameter in all directions. The new grains grow until
they eventually consume the original, deformed grains. If the grains are kept for an even
longer time period at this temperature, the grains will keep growing. Heat treatment can
also be used to enlarge the average grain size, at the expense of smaller grains, of any
metal regardless of previous deformations. [63]]

Materials with smaller grains are typically harder, stronger and more resistant to fatigue.
The Hall-Petch equation below, Equation [/, shows the relation between the average grain
size diameter, d, and the yield strength, o, for a material. This equation is valid for most
materials, 0y and k, being material constants, but will not be valid for grains that are very
large or very small.

oy = 0o +kyd /2 )

Grain boundaries will present a barrier for crack propagation. This means that a given
area of material will have more resistance to crack propagation and consequent failure
the more grain boundaries that are present. Smaller grains provide more grain bound-
aries, strengthening the material. This is due to two neighbouring grains having different
orientations, forcing the dislocation to change the direction of motion when reaching the
grain boundary. Also, atomic disorder in the grain boundary area discontinues slip planes
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between the neighbouring grains. [63]]

Because the grain boundaries act as obstacles for moving dislocations, dislocations will
pile up next to grain boundaries and cause stresses in the material. When a critical stress
value is reached due to this pile up, the dislocations can surpass the grain boundaries and
the material yields. Larger grains will have a large number of dislocations piled up near
the grain boundaries, making them more susceptible to brittle fracture. This is because
edge dislocations are accompanied by a partially open atomic structure as shown in Fig-
ure 9 below. A group of edge dislocations can create a microscopic crack that lowers the
stress level required to initiate brittle fracture. [63] [23]]

&

< 2 — Edge
4 ¢ dislocation
line

Figure 9: Illustration of an edge dislocation

If a material has experienced mechanical shear forces or deformation followed by anneal-
ing, twins can arise in the grain structure. These are visible as straight lines running across
grains, illustrated in Figure [I0] below. Atoms located at one side of a twin boundary will
have mirrored positions of the atoms located at the other side.

(a) (b)

Figure 10: (a), (b) and (c) illustrate three variations of twins
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4 The materials

The materials examined in this thesis were used hip joint prostheses. The materials were
three metal components made from two CoCrMo alloys and one stainless steel alloy.
The prosthesis made from stainless steel will be referred to as prosthesis SS. The alloys
made from CoCrMo will be referred to as prosthesis Co and prosthesis Co-o, where -0
represents the spheres on the stem. All prostheses can be seen in Figure [IT] below. The
deviation in length seen for prosthesis Co-o is due to a fracture at the stem.

Figure 11: The prostheses examined in this thesis

The element content of these prostheses was extracted from the X-Ray Fluorescence
(XRF) results in Section [6.2.T] of this thesis and is presented in Table 2] below.

Table 2: The average XRF results for the stem sections of the prostheses.
The uncertainty is given with two standard deviations, assuming the machine provides
one standard deviation in its measurements.

Element content
Element | Prosthesis SS [wt%] | Prosthesis Co [wt%] | Prosthesis Co-o [wt%]

Fe 63.34+0.1 - -

Cr 19.8 0.1 28.0+0.1 28.2+0.1

Ni 9.91+0.05 - 2.28+0.02

Mn 4.154+0.03 - -

Mo 2.28+0.01 7.014+0.02 5.63+0.02

Co - 64.3+0.1 62.5+0.1
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5 Methods

5.1 Background information

When receiving the prostheses, the provider was asked for any known background infor-
mation about the use and handling of these prostheses. The goal was to gather information
about how long the prostheses had been in use, why and when they were retrieved from
the patient and how they had been handled in the time between retrieval and present time.
This could help interpret later results.

The gathering of background information also continued throughout the project work,
as serial numbers and other visual cues could reveal the exact model of each prosthesis.
If the model is known, one can find information about how properties such as surface
roughness, hardness and tensile stress originally were and compare them to measured
values later on.

5.2 Visual inspection

Each prosthesis was examined with both the human eye and with the macroscope Wild
photomakroskop. The goal was to reveal irregularities such as fractures, cracks, discol-
oration, surface layers, scratches or other features that could indicate deterioration of the
prosthesis. The software Zen 2 core v2.4 in the free examination mode was used to docu-
ment findings.

5.3 XRF - X-ray fluorescence

In order to know the element composition of the prostheses, the XSort handheld XRF
device from Spectro was used. The device was situated below a chamber in which a
sample was put. A hole in the bottom of the chamber allowed for a measurement to be
made from the material situated above. The setup is shown in Figure [I2] below.
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. CAUTION! This equipment produces
() X-rays when operated. To be operated
only by authorized personnel.

X-RAYS ON CLOSED (® OPEN

Figure 12: The XRF setup. The XRF device was situated below the chamber in which the
prosthesis was placed

This was repeated for each of the prostheses. Measured points included femoral heads,
necks and stems. For prosthesis Co-o0, both the outer layer on the stem and the stem cross
section were measured points. Three measurements were made at each area for each
prosthesis.

5.4 SE - Secondary electron imaging

Prostheses Co and SS were too large to fit into the scanning electron microscope (SEM)
chamber. The first step was therefore to cut the samples as shown in Figure [I3] below.
This was done using the cut-off wheel 60A25 and the cutting machine Labotom-5 from
Struers. The locations of the cuts were strategically placed to facilitate planned sample
preparations at later stages of the project work.
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Figure 13: The cuts made prior to SEM

Prior to the examinations in SEM, the samples were cleansed and degassed. Thin paper
tissues with acetone, (CH3),CO, were used to cleanse the samples. For degassing, the
samples were put into an oven from Memmert keeping 60°C for 15 minutes.

Secondary electron imaging was then used to examine the surfaces of the prostheses.
The goal was to expose irregularities in the surface such as cracks, scratches and oxide
layers. The scanning electron microscope Zeiss Ultra, 55 Limited Edition on high current
mode was used for this purpose. The aperture size was set to 120 micrometer.

5.5 Optical microscopy

Deterioration of a joint prosthesis may affect the surface roughness. The optical micro-
scope InfiniteFocus G5 plus from Alicona was used to measure the surface roughness of
the three hip joint prostheses. Measured points for prostheses Co and SS were the femoral
heads and necks along with the top and bottom of the stems. For prosthesis Co-o, mea-
sured points were the top and bottom of the slim part of the neck, the bust of the neck and
the stem. The setup is shown in Figure [I4] below.
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Figure 14: The setup for surface roughness measurements using an optical microscope

The surface roughness determined the choice of magnification, the maximum vertical res-
olution and the minimum total profile length required to provide accurate results. Guide-
lines for these parameters were found in the user manual of the microscope.

The approximate surface roughness was first found by performing a test measurement
at a magnification of 20 times and a vertical resolution of 100 nm for each measuring
point. The result was used to select the correct parameters and measurements were then
made at each point until the total profile length exceeded the minimum requirement. Ta-
ble [3] below lists the chosen magnifications, vertical resolutions and the required profile
lengths.

Table 3: The magnifications and profile lengths for surface roughness measurements

Sample Magnification | Vertical Minimum
resolution | profile length
Neck of prosthesis SS 100x 20 nm 4.00 mm
Stem (top) of prosthesis SS
Stem (bottom) of prosthesis SS

Head of prosthesis Co 50x 100 nm 4.00 mm
Head of prosthesis SS

Stem of prosthesis Co-o 5x 1 wm 40.00 mm
All other measured points 20x 100 nm 4.00 mm

A ring light with polarized light was used for the measurement of the femoral head of
prosthesis Co. This option was chosen because the surface was highly reflective, giving
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poor results with regular lighting. According to the user manual of the microscope, a
magnification of 100 times should have been used for this measurement, but the size of
the ring light device would have caused the lens to crash into the sample.

5.6 Sample preparation
5.6.1 Cutting

In order to further examine the prostheses, a number of samples were prepared. Figure
[15] and Figure [16] below show how the prostheses were cut. The light blue colored lines
represent the cuts that were previously made in Section [5.4] The dark blue and red cuts

were made at this stage in the process.

‘“l\\\
W‘Q ; - " . p |

Figure 15: The cuts made for Figure 16: The cuts made for
prostheses Co and SS prosthesis Co-o

The red cuts in Figures[I5]and [16] were made using the cutting wheel 60A25 and the cut-
ting machine Labotom-5 from Struers. The cutting machine Accutom-5 from Struers was
used for the dark blue lines. This machine was used due to the small sizes of sections A,
B, G, H, I and J in Figure [I3]and Figure[16] The cuts represented by the dark blue lines
were executed using the diamond cut-off wheel BOD13 from Struers. The speed was set
to 0.05 mm/second and 3000 rpm. The force limit was set to medium. The cuts made
parallel to the stem length intentionally deviated from the center. The purpose of this was
to account for material loss during polishing at a later stage. After each cut, each sample
was cleaned using water and ethanol, C; HsOH. The sample was first rinsed in water, then
covered in ethanol and dried with a hairdryer.

Section G in Figure [16] was covered during cutting in order to protect the fracture sur-
face of prosthesis Co-o from the cooling water. A small plastic bag was cut with scissors
and wrapped around the fracture tip. The plastic bag was secured using a small elastic
band. Figure 17| below displays the protection used during the cut with Labotom-5. As
the cut between section G and section H in Figure[I6|was made, a smaller piece of plastic
was used.
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Figure 17: Protection of section G with a piece of plastic

5.6.2 Casting

The sections labelled A, C, F, H, I and L from sectionm were cast in epoxy to ease the
polishing process. The samples were placed into plastic cups whose walls were covered
with a thin layer of Korasilon-Paste from Kurt Obermeier GmbH & Co. KG. The samples
were placed with the side that was to be polished facing down. The cups were subse-
quently filled with an epoxy mixture. The mixture consisted of 25 parts Epofix resin and
3 parts Epofix hardener that had been mixed for two minutes. A small sticker labelling
each sample was placed close to the surface of the epoxy mixture on each sample to keep
them organized. The cups were subsequently placed in the vacuum machine CitoVac from
Struers to remove air from the epoxy mixture. The samples were kept in the vacuum ma-
chine at 0.1 bar for 2 minutes and 30 seconds. The samples were subsequently left to cure
for 15 hours and then removed from the cups. Figure [I8 below shows some of the final
samples and the cups used.
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5.6.3 Polishing

The samples cast in Section[5.6.2) were polished using the polishing machine Tegramin-30
from Struers. Table ] below lists the performed polishing steps for the samples originally
from prosthesis SS.

Figure 18: Cups and some of the final samples

Table 4: The polishing steps for prosthesis SS

SiC MD- MD-
Surface Foil £ 220 Largo MD-Dac | MD-Nap Chem
DiaPro
. Allegro/ DiaPro DiaProNap OP-S
Abrasive type - NonDry,
Largo Dac 3 um | Bl
0.25 pm
9 um
Lubricant type Water - - - -
Speed [rpm] 300 150 150 150 150
Force [N] 25 40 20 20 15
Holder direction | » » » » »
Time [min] 1 5 4 1 2

Table 5] below lists the performed polishing steps for the samples originally from prosthe-

ses Co and Co-o.
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Table 5: The polishing steps for prostheses Co and Co-o

Resource Step 1 Step 2 Step 3 Step 4 Step 5
SiC MD- MD-
f MD-D MD-N
Surface Foil § 220 Largo ac ® | Chem
Di
1aPro ‘ ‘ OP-U
) Allegro/ DiaPro DiaProNap+
Abrasive type - Lareo Dac 3 um | BI NonDry,
& H 0.04 um
9 um
Lubricant type Water - - - -
Speed [rpm] 300 150 150 150 150
Force [N] 40 30 30 20 15
Holder direction | » » » » ><
Time [min] 2 3 3 1 2

Between each step for both processes, the samples were rinsed in water and then cleansed
for five minutes using the ultrasound bath VWR ultrasonic cleaner. The ultrasound bath
contained water, H,O, and a beaker containing ethanol, C;HsOH. The samples were
placed into this beaker of ethanol before starting the machine. The samples from the head
and neck areas, labelled F and L in Section did not fit into the ultrasound bath.
These were consequently cleaned by hand using Zalo soap, water and a piece of cotton.

When the samples had undergone all five polishing steps and the subsequent cleansing,
they were rinsed in water, covered in ethanol and dried with a hairdrier.

5.7 Light microscopy

In order to examine the microstructures of the samples cast in Section [5.6.2] the light
microscope Axio Vert.Al from Zeiss was used. The free examination mode of the software

ZEN 2 core was used to capture images. This was done both before and after the etching
performed in Section [5.11]

5.8 BSE - Backscatter electron imaging

In order to clearly see the microstructures of the samples, they were examined using
backscatter electrons in a scanning electron microscope.

To get a clear image, the polishing steps in Section [5.6.3] were repeated, except for the
last step. This step was replaced with vibration polishing for 16 hours using the Vibromet
2 vibration polishing machine from Buehler. The samples were placed in holders that
each weighed 400 grams, but no extra weight was added. When the vibration polishing
was complete, the samples were rinsed in water, H,O, covered in ethanol, C;HsOH, and
dried with a hairdryer.
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Prior to the BSE analysis, the samples were made electronically conductive by wrapping
them in aluminium foil as shown in Figure [I9 below. To ensure electrical conductivity
in the junction between the samples and the foil, a carbon sticker touching both surfaces
was attached.

Figure 19: Samples made electrically conductive using aluminium foil
and carbon stickers

Following the sample preparation, the samples were degassed in an oven from Memmert
at 60°C for 48 hours. The samples were then examined using the Zeiss Supra, 55 VP
scanning electron microscope on high current mode using backscatter electrons. The
aperture size was set to 120 micrometer.

5.9 EDS - Energy dispersive x-ray spectroscopy

EDS was used to examine the element content of the cast samples along with their irreg-
ularities. Prior to the EDS analysis, the samples were cleansed with acetone, (CH3),CO,
using a paper tissue. They were then made electronically conductive by the same method
used in Section [5.8] for the BSE analysis.

Following the sample preparation, the samples were degassed in an oven from Memmert
at 60°C for 48 hours. The samples were then examined using EDS with the Zeiss Supra,
55 VP scanning electron microscope on high current mode. The aperture size was set to
120 micrometer.

5.10 EBSD - Electron backscatter diffraction

EBSD was used to examine the samples that originated from the stems of the prostheses.
This was done to get a clear image of the grain structure and to see which phases were
present. Vibration polishing, electrically conductive wrapping and degassing were per-
formed as described in Section [5.§] prior to the EBSD analysis.

Using the scanning electron microscope Zeiss Ultra, 55 Limited Edition, each sample
was tilted 70°. An accelerating voltage of 20 kV and the high current mode was used,
along with an aperture size of 300 micrometer. The EBSD scan was then performed with
5 calibration points using the software NORDIF 3. The selected settings can be seen in
Table 6] below. This software was also used to generate orientation contrast images of the
samples. An image of the grain structure was then produced from the generated EBSD
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pattern using the software TSL OIM Data Collection 7. For the stainless steel samples,
iron in the alpha and gamma phases were used for indexing, along with chromium iron
carbide. For the cobalt based samples, the unit cells FCC, BCC and HCP were used for
indexing.

Table 6: The EBSD scannning settings for the stems of all prostheses. PE and PA refer to
a perpendicular or parallel cut direction with regards to the stem length when making the

sample.

Microscope settings

Prosthesis SS Prosthesis Co Prosthesis Co-o

PE PA PE PA PE PA
Magnification 1000 2000 100 40 60 65
Accelerating voltage [kV] 20 20 20 20 20 20
Working distance [mm] 25.2 25.5 25.6 20.8 25.1 25.3
Tilt angle [°] 70 70 70 70 70 70
Calibration factor [um/V] | 10763.1 | 10763.1 | 10763.1 | 10763.1 | 10763.1 | 10763.1

Acquisition settings

Prosthesis SS Prosthesis Co Prosthesis Co-o

PE PA PE PA PE PA
Frame rate [fps] 170 220 200 180 200 200
Resolution [px] 120x120 | 120x120 | 120x120 | 120x120 | 120x120 | 120x120
Exposure time [ps] 5832 4495 4950 5505 4950 4950
Gain 10 10 10 10 10 10

Calibration settings

Prosthesis SS Prosthesis Co Prosthesis Co-o

PE PA PE PA PE PA
Frame rate [fps] 60 80 70 60 70 60
Resolution [px] 160x160 | 160x160 | 160x160 | 160x160 | 160x160 | 160x160
Exposure time [ps] 16616 12450 14235 16616 14235 14235
Gain 5 5 5 5 5 5
Step size [um] 0.38 0.25 4.00 11.00 7.00 7.00

5.11 Etching

In order to get a better view of the microstructures in the light microscope, the samples
were polished as described in Section and subsequently etched.

The samples from prostheses Co and Co-o were etched using Murakami’s etchant. 300
mL of distilled water, H,O, was poured into a glass beaker. This beaker was placed
onto a magnetic stirrer with a heat plate and put into a fume cupboard. A magnet was
used to stir the distilled water at 500 rpm whilst gradually adding potassium hydroxide,
KOH. No extra heat was added during this process. Once all the potassium hydroxide
was added and the mixture was clear, potassium ferricyanide, K3Fe(CN )g, was gradually

25



added whilst raising the temperature of the mixture to 90°C. The mixture was stirred at
500 rpm throughout this procedure. A thermometer was held into the mixture using a
retort stand with a burette clamp. Figure [20|below shows the setup.

Figure 20: The setup for mixing Murakami’s
etchant as described above. The left beaker
contained the etchant and the right beaker
contained water, H,O, to dip the samples
into post etching

Once the mixture was thoroughly mixed and had reached the desired temperature, the stir
was set to 0 and one sample at a time was put into the mixture using crucible tongs. Table
[7|below lists the time each sample was submerged in the etchant, as the ideal time frame
varied among them.
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Table 7: The time frame for etching each sample. Perpendicular and parallel cut refer to
a perpendicular or a parallel cut direction with regards to the stem length when making
the sample.

Sample Time etched
Head of prosthesis Co 45+35+10)s
Neck of prosthesis Co 20s

Stem of prosthesis Co, perpendicular cut 35s

Stem of prosthesis Co, parallel cut 35s

Neck of prosthesis Co-o (45+9x5) s
Stem of prosthesis Co-o, perpendicular cut | (35 + 10 + 8x5) s
Stem of prosthesis Co-o, parallel cut 35 s+ 8 min

After each sample was etched, the sample was dipped into another beaker containing wa-
ter, H,O. The sample was then rinsed in water and cleaned using Zalo soap. It was then
drenched in ethanol, CoHsOH, and dried with a hairdryer.

Multiple etchants were tried to attempt finding the microstructure of prosthesis SS. Prior
to each attempt, the samples were polished as described in Section[5.6.3] At each attempt,
the samples were immersed into the etchant using crucible tongs for a variety of time pe-
riods. The samples were immersed in the etchant for 5, 10, 20 and 30 seconds, then 1,
2,5, 10, 15 and 30 minutes, cleaning the samples in between each round of etching. The
cleaning was done using Zalo soap and water, before drenching the samples in ethanol
and drying them with a hairdryer. The following etchants were tried:

— Murakami’s etchant: The approach was the same as described above for the
Cobalt based samples.

— 2 % Nital: 69 % nitric acid, HNO3, was mixed with 96 % ethanol, CoHs0OH, at a
volumetric ratio of 50:1.

— Marble’s etchant: 50 mL distilled water, H, O, was mixed with 10 g copper sulfate,
CuSO4. 50 mL hydrochloric acid, HCI, was then added. Right before use, a few
drops of sulfuric acid, H,SO4, was also added.

— Adler’s etchant: 75 mL distilled water,H,O, was mixed with 150 mL hydrochlo-
ric acid, HCI, 45 g ferric chloride, FeCl3, and 9 g copper ammonium chloride,
Clz3CuH4N. This was only tested for five and (5+10) seconds as it created a brown
layer across the sample surfaces.

After etching, all samples were examined and photographed using a light microscope as
described in Section[5.7

5.12 Hardness tests

Hardness tests were performed to see if there were differences between the prostheses,
between samples from the same prosthesis and if they differed from expected values.
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Five measurements were taken from each sample using the Innovatest hardness testing
machine. The force was set to 5 kg and the dwell time was at 10 seconds. Hardness was
measured using the unit Hardness Vickers (HV).

5.13 Tensile tests

Tensile tests were performed to see how ductile the prostheses were and if the results
differed from expected values. Due to strict requirements for dimensions and the need for
special equipment, the tensile test samples were made by Finmekanisk verksted at NTNU.
For prostheses Co and SS, the section labelled D in Figure [I5] was used to make samples
for tensile testing. For prosthesis Co-o, the section labelled K in Figure [I6] was used.
Figure 21| below shows the specimen dimensions and Figure 22] displays the test setup.

Gauge length 8mm

Overall length 26-30

Figure 21: The dimensions of the Figure 22:
tensile test samples The tensile test setup

For the testing of these samples, the tensile testing machine Zwick/Roell was used along
with the software testXpert III. Three samples from each prosthesis were elongated at a
pace of 2 mm/min until failure. The elongation was first measured in percentage by a laser
video extensometer, but the results were notably inaccurate. Therefore, the elongation
was measured in millimeters using the grip separation of the tensile test machine. This
deviation was then used to determine the engineering strain using Equation [8| below. Al
was the deviation in millimeters and / was the original gauge length of 8 millimeters.

Al
Strain = (7) 100 (8)

After the tensile tests were completed, the fracture surfaces of the test samples were exam-
ined in the scanning electron microscope Zeiss Ultra, 55 Limited Edition, using secondary
electron imaging on high current mode. Prior to this the samples had been degassed in an
oven from Memmert keeping 60°C for 15 minutes. The goal of this examination was to
gain information about the ductility and grain structures of the materials.
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6 Results

To describe the results as accurately as possible, the two sides of the prostheses were
defined as Side 1 and Side 2. These definitions are shown in Figure 23] and Figure 24]
below.

Figure 23: The definition of Side 1 Figure 24: The definition of Side 2

The femoral head, femoral neck and femoral stem will in this chapter be referred to as
head, neck and stem.

6.1 Background information

The prostheses were delivered in two clear plastic bags. Prostheses SS and Co-o were in
the same bag. All three prostheses were hip joint prostheses according to the provider,
but no further information was known prior to the examinations performed in this thesis.

Prosthesis SS had an Exeter femoral stem from the company Stryker. This was the sec-
ond most frequently inserted femoral stem for primary surgeries in Norway in the years
of 2015 to 2019 [27]. Identical symbols on both sides of the top of the stem were there
to help position the prosthesis during insertion [25]. The prosthesis was forged and con-
sisted of Orthinox stainless steel [58]. A study from 2013 measured two Exeter stems
prior to use and found the average surface roughness to be 22-29 nm [50].

Prosthesis Co had a Lubinus SP II femoral stem from the German company Link. This
stem was made from CoCrMo and was the third most frequently inserted femoral stem
for primary surgeries in Norway in the years of 2015 to 2019 [27][37]]. This stem was
developed in 1978 and has been available as a modular system since 1984 [37].

Prosthesis Co-0 was a Lord stem from the company Stryker. A known issue for this
kind of prosthesis is for the spheres of the porous stem coating to loosen [25]].
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6.2 Element content

This section presents the element content of the prostheses from x-ray fluorescence and
energy dispersive x-ray spectroscopy results.

6.2.1 XREF - X-ray fluorescence

The XRF results show which elements were measured at the surfaces of the prostheses.
Included in this section are average values for XRF results that rose above 1 wt% in at
least one of the measurements of a given point. The full results along with uncertainty for
each measurement can be read in Appendix

XREF revealed that all parts of prosthesis SS were made from a stainless steel alloy. Table
[B] below lists the average XRF results for prosthesis SS.

Table 8: The average XRF results for prosthesis SS. The uncertainty is given with two
standard deviations, assuming the machine provides one standard deviation in its mea-

surements.
Prosthesis SS
Element | Head [wt%] | Neck [wt%] | Stem [wt%]
Fe 63.44+0.1 33.1£0.1 63.34+0.1
Cr 20.14+0.1 15.54+0.1 19.8 0.1
Ni 9.574+0.05 | 438+0.02 | 9.914+0.05
Mn 4.22+0.03 | 2.31+£0.02 | 4.15+0.03
Mo 2.2440.01 - 2.28+0.01

All parts of prosthesis Co and prosthesis Co-o were made from a CoCrMo alloy. The
element content was similar for all measured points for prosthesis Co, but varied between
measured points for prosthesis Co-o. Table [9] below lists the average XRF results for
prosthesis Co and prosthesis Co-o.

Table 9: The average XRF results for prosthesis Co and Co-o. Ext. and Int. abbreviate
External and Internal. The uncertainty of the measurements is given with two standard
deviations, assuming the machine provides one standard deviation in its measurements.

Prosthesis Co

Prosthesis Co-o

Element | Head [wt%] | Neck [wt%] | Stem [wt%] | Neck(Top) | Neck(Bottom) | Stem(Ext.) | Stem(Int.)
[Wt%] [Wt%] [Wt%] [Wt%]

Co 64.0+0.1 64.1+0.1 64.34+0.1 35.04+0.1 62.5+0.1 23.6+0.1 62.5+0.1

Cr 28.1+£0.1 27.9+0.1 28.0£0.1 18.6 £0.1 28.1£0.1 13.9+0.1 28.240.1

Mo 6.63+£0.02 | 7.544+0.03 | 7.01£0.02 | 3.61+0.01 5.87+£0.02 1.974+0.01 | 5.63£0.02

Ni - - - 0.99+0.02 2.31+£0.02 - 2.28£0.02
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6.2.2 EDS - Energy dispersive x-ray spectroscopy

Table [I0] below lists some representative EDS results for the bulk, discolorations, pores
and particles for each prosthesis. The uncertainty for all values is +0.01 wt%. Appendix
[B] lists the full results along with the error range for the determination of the correct
element.

Table 10: The EDS results for all prostheses. The uncertainty for all values is +-0.01 wt%.
Column, spot refers to the column and spot location in Appendix

Prosthesis SS Prosthesis Co Prosthesis Co-o
Column, Spot | D,4 C,1 A4 E4 F3 H,3 G,2 L4 K,3 1,2 L1 L2
Description Bulk | Pore | Particle | Bulk | Pore | Spots, | Particle | Bulk | Pore | Pattern, | Pattern, | Particle

in BSE dark light

Fe [wt%] 51.66 - 60.26 - - - 10.50 - - - - -
Cr [wt%] 31.93 - 21.53 | 36.57 | 9.33 | 26.41 - 33.77 | 4.10 70.17 26.74 33.25
Ni [wt%] 4.10 - 8.35 - - - - - - - - -
Mn [wt%] 3.51 - 4.13 - - - - - 12.47 - - -
C [wt%] 1.00 - 5.74 0.93 - - 88.16 | 0.98 - 4.78 - 1.01
Al [wt%] 0.30 | 45.30 - - 7.30 2.29 - - 13.51 - - 1.47
O [wt%] - 42.24 - 1.47 | 42.26 | 12.31 - 1.57 | 43.06 3.04 - 3.50
Ca [wt%] - 11.68 - - - - - - 6.30 - - -
Si [wt%] - - - 1.27 | 31.23 | 8.96 1.34 1.59 | 20.56 - 4.47 1.90
Co [wt%] - - - 53.95 - 46.35 - 54.95 - 9.83 25.84 54.04
Mo [wt%] - - - 5.82 - 3.68 - 7.15 - 12.17 42.95 4.82

6.3 Visual inspection

This section presents the visual inspection of the prostheses using the human eye and a
macroscope.

6.3.1 Prosthesis SS

Prosthesis SS had serial numbers BG S 0580-0-442 and U251179-01/96 44 42 on the
neck. Figure@]below shows these. In addition to the serial numbers, there were identical
symbols on both sides of the top of the stem. The symbols are shown in Figure 26| below.
All horizontal lines were about 9 mm long and the distances between the vertical lines and
the edge of the prosthesis were about 3.1, 7.3 and 11.4 mm on both sides of the prosthesis.
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Figure 25: Prosthesis SS Figure 26: Prosthesis SS
Markings on side 1 of the neck Symbols on side 2 of the stem

Further visual inspection revealed there were light surface scratches across the whole
prosthesis. The scratches on the back of the neck area had a greater depth and are shown
in Figure[27|below. The head had some light grey discolorations in addition to the general
surface scratches. Such gray discolorations were also found on the neck and stem. An
example of this can be seen in Figure[27]as well. Orange discoloration was found on sev-
eral spots on the prosthesis. On the front part of the stem there were such discolorations
both at the curve and on the lower section. Side 1 of the stem had two spots of discol-
oration, one near the neck and one at the lower section. Figure 2§ below shows one of
these discolorations.

Figure 27: Prosthesis SS Figure 28: Prosthesis SS
Scratches and discoloration on the neck Discoloration on side 1 of the stem

Deep notches were also found on side 1 of the neck close to the head, on the back of
the stem and on side 1 of the stem. Figure [29]and Figure [30] below show some of these
notches.
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Figure 29: Prosthesis SS Figure 30: Prosthesis SS
Notches on the back of the stem Notches on side 1 of the stem

6.3.2 Prosthesis Co

Prosthesis Co had 928 49.5mm LINK 128-747 and 081295/640 printed on the underside of
the edge of the head. This is shown in Figure[3T|below. Side 1 of the neck had 071195/354
printed on it, shown in Figure [32] and the area of the neck between side 1 and side 2 was
marked with /260 and L3. The upper part of side 1 of the stem was marked with CE 0047

LINK 127-727/26% and 150 links stark.

Figure 31: Prosthesis Co Figure 32: Prosthesis Co
Markings on the head Markings on side 1 of the neck

Prosthesis Co did not have obvious signs of damage or deterioration. The front and back
of the stem, the head and the underside of the neck had superficial scratch marks, as shown
in Figure [33| below. There were discolorations in various shades of gray on both sides of
the head, side 1 of the neck and both sides of the stem. Most of these were in a light gray

color and hardly noticeable, like the one in Figure [34] below.
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Figure 33: Prosthesis Co Figure 34: Prosthesis Co
Scratch on the front of the stem Discoloration on side 2 of the stem

6.3.3 Prosthesis Co-o

The neck of prosthesis Co-o was marked with @13, L.150 and original on side 1. Side
2 of the neck was marked with CL/LN, 60 and BG. Figure [35] and Figure [36| below show
these.

Figure 35: Prosthesis Co-o Figure 36: Prosthesis Co-o
Markings on side 1 of the neck Markings on side 2 of the neck

For prosthesis Co-o, the femoral head was not part of the provided sample. The area
where the head used to be had a more shiny appearance, which can be seen in Figure
below. The same image displays some of the superficial scratch marks on the neck section
of the prosthesis. Some discoloration could be found on the top of the neck and on side 1
of the neck, close to the bottom of the more shiny part. This is shown in Figure 3§ below.
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Figure 37: Prosthesis Co-o Figure 38: Prosthesis Co-0
Difference in surface reflection Discoloration on side 1 of the neck

The stem of prosthesis Co-o had a porous surface with spheres. The individual spheres
had a diameter of approximately 1.5 mm. Between these spheres were two types of thick
layers. One layer was brown and and is shown in Figure [39] and Figure 40 below. This
type of layer covered large sections of the underside of the neck and the front part of the
stem. The layer was also found on both sides and the back of the stem.

Figure 39: Prosthesis Co-o Figure 40: Prosthesis Co-o
Brown layer on the back of the stem Closeup of the brown layer

The other layer was white and is shown in Figure 1] and Figure #2|below. This layer was
found near the fracture on the backside and both sides of the stem, covering the end close
to the fracture. There was also white layer at the front of the stem, close to the neck area.
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Figure 41: Prosthesis Co-o Figure 42: Prosthesis Co-0
White layer on the back of the stem Closeup of the white layer

The most prominent damage for prosthesis Co-o was a fracture to the stem. This can be
seen in Section

6.4 Fracture analyses

Neither prosthesis Co nor prosthesis SS displayed any external fractures. Prosthesis Co-o
had a fracture about 4 cm from the edge of the neck. The fracture occurred at an angle
of about 21 degrees and is shown in Figure 3] below. On side 1 of the prosthesis, the
fracture had chipped off a piece from the stem edge. This is shown in Figure 4] below.
Figures [43] and [44] are macroscope images.

ZIQOO um

Figure 43: Prosthesis Co-o Figure 44: Prosthesis Co-o
The fracture from the front part of the stem The fracture from side 1 of the stem

The cross section of the fracture of prosthesis Co-o can be been in Figure 5] a macro-
scope image, below. The prominent initiation point was situated at 12 o’clock, marked
with a red arrow, accompanied by clear beach marks below. The initiation point was sit-
uated in the interface between the bulk material and the spheres on the stem. There were
also some white spots in the cross section, which can be seen at about 4 o’clock in Figure
M5] The fracture surface was otherwise rather smooth and the chipped off piece seen in in
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Figure 44] above was situated at the opposite end of the initiation site. The red square in
Figured5]indicates where the SEM images in Figure #6]and Figure 7] later in this section
were taken.

Figure 45: The fracture surface of prosthesis Co-o

By looking at the fracture surface using secondary electrons in a scanning electron mi-
croscope, vertical lines were revealed within the beach marks surrounding the initiation
point. Beach marks are shown in Figure 46 and the vertical lines are shown in Figure 47]
The red square in Figure 45]indicates where on the surface these images were taken.

EHT=2000kV  Signal A= SE2 Date :3 Jun 2021 EHT =20.00kv  Signal A= SE2
WD=100mm  Mag= 60X asovaion and ceastity | | F——1 WD=99mm  Mag= 150KX i and reatvty

Figure 46: Prosthesis Co-o Figure 47: Prosthesis Co-o
Beach marks Vertical lines
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The center of the initiation point is shown in Figure 48| below. The opposite end of the
fracture surface is shown in Figure 9] Both surfaces were flat and without dimples.

EHT =20.00kV  Signal A= SE2 Date :3 Jun 2021 @ NTNU EHT=20.00kV  Signal A= SE2 Date :3 Jun 2021
WD=101mm Mag= 60X WD=103mm Mag= 60X

Innovation and Creativity Innovation and Creativity

Figure 48: Prosthesis Co-o Figure 49: Prosthesis Co-o
The initiation site Opposite side from the initiation site

The fracture surfaces from the tensile tests were also examined. A representative fracture
surface photographed in SEM can be seen for prosthesis SS in Figures 50| below. The
tensile fracture surface of prosthesis SS was fairly smooth with only a few ridges. At a
closer view, shown in Figure 51| below, dimples were clearly visible in the surface.

100 pm EHT=1500kvV  Signal A= SE2 Date :23 May 2021 @ NTNU
WD = 9.8mm Mag= 200X Innovation and Creativity

10 um EHT=15.00kv  Signal A= SE2 23 May 2021 @ NTNU
i

WD=99mm  Mag= 150KX Imvation 3 Creativty

Figure 50: Prosthesis SS Figure 51: Prosthesis SS
Tensile fracture surface Closeup of the tensile fracture surface

The tensile fracture surface of prosthesis Co had large facets, around half a millimeter in
size, and several variations in surface height. Figure [52] and Figure [53] below show this
fracture surface.
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EHT=15.00kv  Signal A = SE2 Date :23 May 2021 NTNU } = 5.|;o W ] " : 2 TNU

WD =10.3 mm Mag= 140X Innovation and Creativity H WD =103 mm Mag = 600X ation and Creativity
Figure 52: Prosthesis Co Figure 53: Prosthesis Co
Tensile fracture surface Closeup of the tensile fracture surface

The tensile fracture surface area of prosthesis Co was mainly quite flat like the example
seen in Figure|3_2f|below, but also had some areas with shallow dimples. This can be seen
in Figure [55] below.

5 A : | PN
Figure 54: Prosthesis Co Figure 55: Prosthesis Co
Fracture surface without dimples Fracture surface with dimples

The tensile fracture surface of prosthesis Co-o had many facets of a smaller size, around
100 micrometer, and some variations in surface height. Figure [56] and Figure [57] below
show this fracture surface. The majority of the surface area was smooth, but there were
also areas with dimples. Slip lines or deformation bands are visible in Figure
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EHT =15.00kV  Signal A= SE2 Date :23 May 2021 = pm EHT =15.00kv  Signal A = SE2 Date :23 May 2021
WD= 97mm  Mag= 120X H WD=97mm  Mag= 600X

Figure 56: Prosthesis Co-o Figure 57: Prosthesis Co-o
Tensile fracture surface Closeup of the tensile fracture surface

6.5 SE - Secondary electron imaging

This section presents the external examination of the prostheses through secondary elec-
tron imaging results.

6.5.1 Prosthesis SS

Prominent features of prosthesis SS were sets of circular discolorations. These were found
at both sides of the neck and stem along with side 2 of the head. They were more fre-
quent towards the end of the neck and down throughout the stem. This type of circular
discoloration frequently contained dark spots that, upon closer inspection, had a dendrite
shape. These dark, crystalline growths were always connected to such a discoloration
at the stem, but appeared independently on the neck. Figure [5§ below shows a circular
discolor and Figure[59below shows an independent crystalline growth.

'1irm EHT=1000kvV  Signal A= SE2 Date :2 Apr 2021 BNTNU EHT = 10.
o

WD=100mm  Mag= 650X ot sg sy | | F———1 WD=99mm  Mag= 200KX 2 ity
Figure 58: Prosthesis SS Figure 59: Prosthesis SS
Circular discoloration on the stem Closeup of a crystalline growth on the neck

At a few locations were also circular discolorations, but these differed through having lay-
ers atop the discoloration and a significant increase in the surface roughness within. These
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were found on the top right section of side 2 of the neck and the upper part of the stem.
They did not contain dendrite shaped spots. Examples of such circular discolorations with
layers can be seen in Figure[60|and Figure [61] below.

28 Mar 2021

20 pm EHT=10.00kvV  Signal A= SE2 Date :2 Apr 2021 @ NTNU EHT =20.00kv  Signal A = SE2 D
WD=100mm  Mag= 400X Insoration and Creativity WD=100mm Mag= 80X

Figure 60: Prosthesis SS Figure 61: Prosthesis SS
Circular area with a rough surface along Circular area with a rough surface along
with layer with layer

The surface of the prosthesis had systematic pits at a few locations. Figure [62] and Figure
[63] below show two examples.

EHT=20.00kv  Signal A= SE2
WD=100mm  Mag= 85.00KX

2pm EHT=10.00kvV  Signal A= SE2 Date :4 Apr 2021
WD=1041mm Mag= 7.00KX

Figure 62: Prosthesis SS Figure 63: Prosthesis SS
Pits on side 2 of the stem Pits on the head

All parts of the prosthesis had areas of dark discolor. Both sides on the neck and stem had
areas covered in large amounts of such discolor combined with a thick layer. This can be
seen in Figure[64] and Figure [65]below.
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EHT =10.00kvV  Signal A= SE2 Date :2 Apr 2021 U EHT=10.00kv  Signal A= SE2 Date :2 Apr 2021
WD =10.0 mm Mag= 50X '—| WD =10.0 mm Mag= 250X

Figure 64: Prosthesis SS Figure 65: Prosthesis SS
Layer on the stem Closeup of the layer

The entire prosthesis had superficial scratch marks all over. These can be seen in the
background of other images in this section. Some scratches ran deeper, and some of these
contained discolor, particles, a layer or a combination of these. An example is shown in
Figure [66 below. The material also contained pores, one of which is shown in Figure [67]
below.
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EHT=1000kvV  Sign 2um EHT=10.00kv  Signal A = SE2 Date :2 Apr 2021 NTNU
WD = 10.0 mm Mag= 800X Creativity |_| WD =101 mm Mag= 5.00KX Innovation and Creativity
Figure 66: Prosthesis SS Figure 67: Prosthesis SS
Scratch on the neck Pore on the stem

At side 1 of the neck and towards the tip of both sides of the stem were crater like indents
in the surface. Figure [68] shows one example. Figure [69] below shows a closer image,
displaying how the indents were layered.
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20 pm EHT =10.00kvV  Signal A= SE2 Date :4 Apr 2021 Date :4 Apr 2021
WD =10.0 mm Mag= 1.00KX WD =10.0 mm Mag= 4.00KX

Figure 68: Prosthesis SS Figure 69: Prosthesis SS
Example of a crater on the stem Closeup of the crater on the stem

6.5.2 Prosthesis Co

The very top of the neck of prosthesis Co had a ridged section. The majority of this had
clear ridges with some dark discoloration in between them. This is shown in Figure [70]
below. On the section closest to the head, shown in Figure |7_T| below, these ridges were
far more flat and the amount of discoloration was larger. This covered side 1 and the left
area of side 2.
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l20_pr|n 55:‘1;;)0:3“1::‘/ ﬂ:;:lA:DiEXQ Date :20 Mar 2021 @ H:EMN“HW lzo_pT ) 7’\%{;:115;?“&;/ ] ;i:;q:IA;&[:]E; Date :20 Mar 2021
Figure 70: Prosthesis Co Figure 71: Prosthesis Co
Ridges with discoloration Flatter ridges with discoloration

The head of the prosthesis had areas of dark discoloration. The stem also had dark spots of
discoloration, many of which had a surface layer on top. An example is shown in Figure
@ below. On side 1 of the stem, this occurred mainly on the top of the stem, whilst
side 2 had spots like these across the whole length. Also, the general surface structure
of the stem had craters with discoloration. Some of these contained layers or particles as
displayed in Figure [73|below.
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Figure 72: Prosthesis Co Figure 73: Prosthesis Co
Layer on the stem Layer on the stem

The surface of the head had a structure as shown in Figure[74]and Figure[75|below. Figure
[74]illustrates how the surface also contained pores in some areas.
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Figure 74: Prosthesis Co Figure 75: Prosthesis Co
General structure Closeup of the general structure

The head and neck were covered in general, superficial scratches. Throughout the entire

prosthesis, there were some deeper scratches, such as the ones shown in Figure [76| and
Figure[77] below.
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EHT =10.00kvV  Signal A= SE2 Date :20 Mar 2021
WD = 9.8 mm Mag= 250X ivi WD = 9.9 mm Mag= 1.00KX

Figure 76: Prosthesis Co Figure 77: Prosthesis Co
Scratches on the head Scratch on the stem

6.5.3 Prosthesis Co-0

The neck of prosthesis Co-o had a ridged surface. At the shiniest, top part of the neck,
this was clearly visible, whilst the lower part of the neck did not display this pattern as
clearly. The lower area also had a more course surface with regular craters. The difference
is shown in Figure [78| and [79] below.

EHT=2000kV  Si =SE2 Date :8 Mar 2021 @ NTNU EHT=20.00kvV  Signal A = SE2 Date :15 Mar 2021
o

WD =10.0 mm Mag= 500X ation and Creativity WD =10.0 mm Mag= 500X nd Creativity

Figure 78: Prosthesis Co-o Figure 79: Prosthesis Co-o
Top, shiny part of the neck Bottom, less shiny part of the neck

The ridges of the neck, shown in Figure [78] above, stopped abruptly at several locations.
This is shown in Figure |80 below. The neck of the prosthesis also had a few sub surface
particles, one of which is shown in Figure 81| below.
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EHT =20.00kvV  Signal A= SE2 Date :15 Mar 2021 EHT=25.00kv  Signal A= SE2 Date :15 Mar 2021
WD =10.1 mm Mag KX WD = 9.9 mm Mag= 4.00KX nd Creativity

Figure 80: Prosthesis Co-0 Figure 81: Prosthesis Co-o
Ridge stops Sub surface particle

In between some of these ridges were discolorations. Some of these discolorations,
mainly the ones located at the less shiny part of the neck, were similar to deep scratches
in appearance, as shown in Figure [82] below. Other discolorations, located mainly on the
more shiny part of the neck, were cracked, dark surface layers. These are shown in Figure
below.

EHT=25.00kv  Signal A= SE2 Date :15 Mar 2021 NTNU
WD=100mm Mag= 1.00KX ¢ — WD=100mm Mag= 100KX Ianowatan and Creativity

Figure 82: Prosthesis Co-o Figure 83: Prosthesis Co-0
Closeup of a discolored line Closeup of another discolored line

All over the neck of the prosthesis were also superficial surface scratches. This can be
seen in Figure [84] below. A thick layer covered large parts of the stem in between the
particles. This type of layer covered large sections of the front part of the stem, and could
also be found frequently on side 1, side 2 and the back. Parts of these layers were cracked.
An example of such a layer can be seen in Figure 85| below.
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0.00kv  Signal A= SE2 Date :8 Mar 2021 EHT=20.00kV  Signal A= SE2 Date :15 Mar 2021
WD=101mm Mag= 500X WD=100mm  Mag= 60X

Figure 84: Prosthesis Co-o Figure 85: Prosthesis Co-o
Scratches Thick layer

The area in between the particles on the stem, that were not covered in the thick layer
described above, had spots of dark discoloration. The only exception was the very top
part of the stem, towards the neck. On many of these spots were thin layers, some of
which were cracked. This can be seen in Figure [86] below. Side 2 of the neck also had
such areas of dark discoloration with layers. The spheres on the stem surface had patches
of dark discoloration as well. Many of these areas had layers on top, as seen in Figure[87]
below. Some of those layers were cracked.

RS % "
20 um EHT =10.00kvV  Signal A= SE2
H WD=104mm Mag= 600X

EHT=2000kvV  Signal A= SE2 Date :15 Mar 2021 @ NTNU
o

WD=100mm  Mag= 100X ation and Creativity

Figure 86: Prosthesis Co-o Figure 87: Prosthesis Co-o
Discoloration and layer between the spheres Discoloration and layer on the spheres

Figure [88] below shows the discoloration on the spheres at a lower magnification. Some
areas of dark discolorations were located within shallow craters, as seen in Figure [§9]
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Figure 88: Prosthesis Co-o Figure 89: Prosthesis Co-o
Discolor Crater

At the root of some spheres on the stem, on side 1 and the back, were deep pits. Examples
of this can be seen in Figure[90] and Figure [91] below.
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EHT=10.00kv  Signal A= SE2 Date :9 Mar 2021 ® NTNU EHT=10.00kv  Signal A= SE2
WD=100mm Mag= 80X imonsiorans ety | | F—————1  WD=102mm  Mag= 500X Ianovatan and Creativity

Figure 90: Prosthesis Co-o Figure 91: Prosthesis Co-o
Pits surrounding a particle Closeup of one of the pits

6.6 Surface roughness

The surface roughness was measured in three different ways. The software uses the fol-
lowing definitions:

— Rg: Average roughness of profile
— Ry: Root-Mean-Square roughness of profile
— R;: Mean peak to valley height of roughness profile

Table [T1] below lists the average results from the surface roughness measurements. The
full results can be read in Appendix [C]

48



Table 11: The average surface roughness results from all prostheses. The uncertainties
are based on a continuous uniform distribution and given with two standard deviations.

Placement R, R, R Profile length
Prosthesis SS
Head 420£30nm | 550+50nm | 2.44+0.2 um 9.20 mm
Neck 100 £+ 8 nm 140+ 10 nm | 6004200 nm 4.38 mm
Stem (Top) 126 £9 nm 19030 nm | 7004200 nm 4.83 mm
Stem (Bottom) 120 £20 nm 170£20nm | 7004200 nm 4.81 mm
Prosthesis Co
Head 130+20nm | 190+30 nm 850+90 nm 4.55 mm
Neck 500£90nm | 700£100 nm | 2.7+0.5 um 4.62 mm
Stem (Top) 360+60nm | 460+ 70 nm 1.8+0.3 um 4.44 mm
Stem (Bottom) 5004+ 100 nm | 600+200nm | 2.5+£0.7 um 4.11 mm
Prosthesis Co-o
Neck (Top) 31050 nm | 380470 nm 1.6+0.3 um 4.44 mm
Neck (Bottom) 31040 nm | 400+ 80 nm 1.54+0.4 um 4.58 mm
Neck (Bust) 310£+30 nm 390 £40 nm 1.54+0.3 pm 4.45 mm
Stem 260£30 um | 32050 um | 900£200 pum 71.14 mm
6.7 Microstructures

This section presents the microstructures of the prostheses using results from backscatter
electron imaging, electron backscatter diffraction, orientation contrast imaging and light
microscope imaging.

6.8 Prosthesis SS

The grain structures for prosthesis SS, found by BSE analysis, are presented in Figure
below. The grain size was larger for the neck, section b) in Figure [92] than for the stem
sections. There was no clear difference in grain size between the perpendicularly and
parallel cut stem sections. Lines indicative of twins can be seen in all sections of Figure
92
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Figure 92: BSE images of Prosthesis SS
a) Head b) Neck c) Stem, perpendicularly cut d) Stem, parallel cut

Figure 03| and Figure 94] below show the EBSD scan for the perpendicularly and parallel
cut stem sections. The grain size was larger for the perpendicularly cut sample. A manual
estimate of the grain size along the diagonal of the image, not counting noise as grains,
gave an approximate grain size of 6.1 microns for the perpendicularly cut sample and
2.4 microns for the parallel cut sample. The largest grains in the perpendicular direction
of the stem spun up to 30 micrometers, and the parallel direction had grains up to 14
micrometers. Lines indicative of twins can be seen in both figures.

oo 101
Figure 93: Prosthesis SS Figure 94: Prosthesis SS Figure 95:
Stem, perpendicularly cut Stem, parallel cut Inverse

pole figure

50



Phases included in the figures above were mainly iron in the gamma phase. Table [12]
below lists the exact phase distribution. Phase maps can be seen in Appendix

Table 12: The phase distribution for prosthesis SS. Perpendicular and parallel cut refer
to a perpendicular or a parallel cut direction with regards to the stem length when making
the sample.

Phase Perpendicular cut [%] | Parallel cut [%]
Iron (Alpha) 1.0£0.1 4.740.1
Iron (Gamma) 98.1+0.1 86.7+0.1
Chromium iron carbide 1.0£0.1 8.6+0.1

The images from the light microscopy did not provide any significant information, but
can be seen in Appendix [E]

6.9 Prosthesis Co

The grain structures for prosthesis Co, found by BSE analysis, are presented in Figure
06 below. The grain sizes were overall quite large, with most grains approaching or
exceeding a millimeter each in their longest direction. The grains of the neck had a more
rounded shape than the grains of sections a), ¢) and d) in Figure 06

EMT=1500KY  Signal A=HDBSD Date 17 May2021 300, = T
WD=108mm Mag= 50X — WD=108mm Mag= 60X
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EHT=1000kV  Signal NTNU um Date :1 Jun 2021 NTNU

‘WD = 10.3 mm M novation and Creatinity WD =103 mm Mag= 60X Insevation and Creativity

Figure 96: BSE images of Prosthesis Co
a) Head b) Neck c) Stem, perpendicularly cut d) Stem, parallel cut
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Section a) in Figure [96] above represents the side of the head, with elongated grains lying
perpendicular compared to the prosthesis length. The top of the prosthesis had more
rounded grains. The difference can be seen in Figure [97] and Figure 08| below. The black
area surrounding the images is due to a low magnification compared to the aperture size.
The dark, misplaced spots in Figure [97] are residue from the cleansing process.

EHT=1000k/  Signal A=HDBSD  Date & May 2021 ® NTNU il
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Figure 97: Prosthesis Co Figure 98: Prosthesis Co
The top of the head The side of the head

Figure[99]and Figure [I00] below show the EBSD scan for the perpendicularly and parallel
cut stem sections. The EBSD images also showed grains that approached or exceeded 1
mm in their longest direction. Phases included in the figures below were almost entirely
based on FCC unit cells. Some HCP unit cells were located at the grain boundaries and
made up less than half a percentage of the phases. Phase maps can be seen in Appendix
D
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Figure 99: Prosthesis Co Figure 100: Prosthesis Co Figure 101:
Stem, perpendicularly cut Stem, parallel cut Inverse
pole figure

The orientation contrast images from the EBSD scanning process also showed the grain
structure of the stem sections clearly. These images are shown in Figure [[02] and Figure
[103] below. A manual estimate of the grain size along the diagonal of the image gave an
approximate grain size of 0.8 mm for the perpendicularly cut sample and 0.2 mm for the
parallel cut sample.

52



Figure 102: Prosthesis Co Figure 103: Prosthesis Co
Stem, perpendicularly cut Stem, parallel cut

The Murakami etchant revealed the structure of the samples. For the neck of prosthesis
Co, a pattern was clear towards the top, but scarce towards the bottom. This can be seen
in Figure [[04] and Figure [T05] below.
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Figure 104: Prosthesis Co Figure 105: Prosthesis Co
The top of the neck The bottom of the neck

The parallel cut cross section of the stem also had variations in pattern. The pattern was
clear in the middle of the sample, as seen in Figure [I06] below, but faded towards the

edges as seen in Figure[I07]
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Figure 106: Prosthesis Co Figure 107: Prosthesis Co
The middle of the parallel cut stem The edge of the parallel cut stem

The perpendicularly cut stem and the head of prosthesis Co had even patterns. These are
shown in Figure[I08] and Figure [I09] below.
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Figure 108: Prosthesis Co Figure 109: Prosthesis Co
The perpendicularly cut stem The head

6.10 Prosthesis Co-0

The grain structures for prosthesis Co-o, found by BSE analysis, are presented in Figure
[[T0]below. Section b) in Figure[IT0]clearly demonstrates that the spheres on the stem were
in fact part of the bulk material, as the grains continued uninterrupted in the transition.
Grains were large in all sections, exceeding a millimeter in their longest directions.
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Figure 110: BSE images of Prosthesis Co-o
a) Neck b) Porous coating, from parallel cut stem c) Stem, perpendicularly cut d) Stem,
parallel cut

Figure [IT1] and Figure below show the EBSD scan for the perpendicularly and par-
allel cut stem sections. The images confirm large grains exceeding a millimeter. Phases
included in the figures below were almost entirely based on FCC unit cells. Some HCP
unit cells were located at the grain boundaries and made up half a percentage of the phases
or less. Phase maps can be seen in Appendix
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Figure 111: Prosthesis Co-0 Figure 112: Prosthesis Co-0 Figure 113:
Stem, perpendicularly cut Stem, parallel cut Inverse
pole figure
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The orientation contrast images from the EBSD scanning process also showed the grain
structure of the stem sections clearly. These images are shown in Figure [[14] and Figure
[[T5]below. A manual estimate of the grain size along the diagonal of the image gave an
approximate grain size of 1.1 mm for the perpendicularly cut sample and 0.8 mm for the
parallel cut sample.

Figure 114: Prosthesis Co-o Figure 115: Prosthesis Co-o
Stem, perpendicularly cut Stem, parallel cut

The Murakami etchant revealed the structure of the samples from prosthesis Co-o as well.
For the neck of the prosthesis, most of the surface was as shown in Figure [T16] below.
There were a few patches with a larger pattern, such as the one seen in Figure[I17]

Figure 116: Prosthesis Co-0 Figure 117: Prosthesis Co-o
Smaller pattern Larger pattern

The surfaces of both the perpendicularly and parallel cut stem had even patterns in the
areas that were not part of the external spheres. This can be seen in Figure[TT18|and Figure
below.
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Figure 118: Prosthesis Co-o Figure 119: Prosthesis Co-o

Perpendicularly cut stem Parallel cut stem

The external spheres had patterns similar to the parallel cross section of the stem. On
this particular sample, this pattern developed earlier than the bulk material in terms of
time. When the bulk pattern of the parallel cut stem had fully developed, the spheres were
typically over etched with a brown and yellow appearance. Figure 120 below shows the
pattern of the spheres, which was the same for all samples. Figure [I21]below shows the
transition between the sphere pattern and the bulk pattern of the neck sample.

Figure 120: Prosthesis Co-o Figure 121: Prosthesis Co-o
Sphere pattern on the neck Transition between patterns on the stem

6.10.1 All prostheses

Figure [[22] below shows the image quality maps for the EBSD scans of all prostheses. A
light color represents a good quality for the electron diffraction pattern, so it can clearly
be seen that the pattern quality was low at the grain boundaries for all EBSD scans.
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Figure 122: Top row shows the perpendicular cut and bottom row shows the parallel cut
a) and d) are from prosthesis SS, b) and e) are from prosthesis Co, c¢) and f) are from
prosthesis Co-o

6.11 Hardness properties

Table [I3| below lists the results from the hardness measurements by average values. Full
results can be seen in Appendix [F}

Table 13: The average hardness values for prostheses SS, Co and Co-o. The uncertainties
are based on a continuous uniform distribution and given with two standard deviations.
Perpendicular and parallel cut refer to a perpendicular or a parallel cut direction with

regards to the stem length when making the sample.

Prosthesis SS

(Parallel cut) | (Perpendicular cut)
Position Head Neck Stem Stem )
Hardness [HV] | 265+3 34445 350+ 10 380+ 10 -
Prosthesis Co
(Parallel cut) | (Perpendicular cut)
Position Head Neck Stem Stem )
Hardness [HV] | 320410 | 31010 290+20 300+ 10 -
Prosthesis Co-0
(Top) (Bottom) (Parallel cut) (Perpendicular cut)
Position Neck Neck Bust Stem Stem
Hardness [HV] | 3404+10 | 330+10 320410 320410 310£10
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6.12 Tensile properties

Figure[I23]below shows engineering stress-strain curves where results from all prostheses
are included. The elongation in percentage is based on the grip separation in the tensile
test machine and the original gauge length. The results are presented this way because the
stress-strain curves from the laser video extensometer displayed a negative elongation in
parts of the curves. The cause for this is discussed in Section Stress-strain curves for
each individual prosthesis, including the measurements with the laser video extensometer,
can be seen in Appendix [G|

All prostheses: Stress [MPa] / Strain [%]
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Figure 123: Engineering stress versus engineering strain in percentage

Table [14] below lists the average values of the tensile properties measured from Figure
[123]above. The yield strength values are estimated based on the Young’s moduli seen in
this table. It can clearly be seen that prosthesis SS had both the highest ultimate tensile
strength and the highest yield strength of the three prostheses. Full results can be seen in

Appendix [G

Table 14: The average tensile properties for the three prostheses. The uncertainties are
based on a continuous uniform distribution and given with two standard deviations.

Value Prosthesis SS | Prosthesis Co | Prosthesis Co-o
Ultimate tensile strength [MPa] 1200430 830420 647 +5
Young’s modulus [GPa] 1594+0.9 15940.7 16.0£0.5
Yield strength at 0.2% elongation [MPa] 800 +200 500440 482+3
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7 Discussion

The samples were identified as two CoCrMo alloys and one stainless steel alloy. The
two CoCrMo alloys were similar in element content, except for prosthesis Co-o having a
slightly higher content of nickel. Prostheis SS had an Exeter type stem, prosthesis Co had
a Lubinus SP II type stem and prosthesis Co-o was a Lord type stem.

7.1 Fracture of prosthesis Co-o

Prosthesis Co-0 was the only prosthesis with a fracture. It differed from the other prosthe-
ses through its porous surface, making it a cementless prosthesis meant to grow into the
femoral bone of the patient. This type of prosthesis takes some time to settle in securely,
and during this time it is difficult to avoid all movement. The shape of this stem may have
been rotationally unstable, making it possible for the prosthesis to have properly secured
towards the bottom of the stem and not at the top[25[]. This would make the prosthesis
unstable and much more prone to fatigue fracture. The surface spheres had wear craters,
shown in Figure This suggests that there has either been some movement in the in-
terface between the stem and the bone or the surface has been damaged by corrosion.
Furthermore, the white layer seen in Figure 42| was mainly located close to the fracture
of the stem. The rest of the remaining stem had no such layer, except for a small area
close to the front of the neck. The element content of this white layer is not known, due
to XRF being unable to isolate such small areas and EDS requiring a polished surface.
However, if this was in fact bone growth, it could confirm that the prosthesis was only
secured properly at the lower half of the stem.

Prostheses are exposed to cyclic stresses through everyday use, so the design of the pros-
theses should take this into account. An important part of this is to avoid stress raisers in
the surface of the prosthesis, as explained in Section The porous surface covering
the stem presented numerous potential stress raisers that could initiate a crack. In addi-
tion, it is known from Section [6.1] that the spheres on this stem type could loosen from
the surface. Spheres that fall off the stem are likely to leave geometrical changes, such
as dents in the surface, that will act as stress raisers. Figure 00| shows examples of stress
raisers.

If a crack was to initiate in the surface of this stem, which it did, the material used for this
prosthesis was not very resistant to crack propagation. Figures[T10}[I11]and [114] among
others, display a huge overall grain size surpassing a millimeter in the longest directions.
With grain sizes this big, there was little resistance to crack propagation. Smaller grains
would have presented more grain boundaries and hence more resistance to crack propa-

gation as described in Section An 1nitiated crack would therefore propagate fast in
this material. Also, as described in Section the large grains made the material more
susceptible to brittle fracture. With a grain size this large, the stress level required for
initiation of brittle fracture was lowered.
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Section b) in Figure [[T0] shows that the porous coating on the stem was in fact part of
the bulk material. This means that there was no boundary between the bulk material and
the spheres, so any crack that developed due to stress raisers around these spheres could
easily propagate into the material.

Figure [45] of the fracture surface clearly states that this was a fatigue fracture. The semi
circular lines that surrounded the crack initiation point were beach marks that indicated
the slower crack propagation following the cyclic stresses that the prosthesis was exposed
to. The outer area represented a rapid crack propagation in the final failure of the prosthe-
sis stem. This area, seen in Figure [49] was fairly smooth and without dimples, indicating
that the material was brittle. Figure showing vertical lines in a closeup next to the
crack initiation site, displays cleavage of the material. This is also indicative of a brittle
material.

Comparing the fracture of the stem to the one found when looking at the tensile test
fracture, seen in Figure [56] the stem fracture appeared more brittle. In the tensile fracture,
there were a few sections of ductile areas with dimples and such areas were not found in
the stem fracture. Brittle materials tend to be hard, but the hardness measurements did
not show that the stem was harder than the rest of the prosthesis. It would be interesting
to dedicate future work to finding out whether an environmental factor could have made
this particular section of the stem more brittle than the rest.

The main causes of this fracture were fatigue through cyclic stresses combined with sur-
face stress raisers and a material with a large grain size.

7.2 External damages

All of the prostheses had larger damages that were visible to the human eye. Examples
of such damages are Figure 29| for prosthesis SS, Figure [33|for prosthesis Co and Figure
[B4] for prosthesis Co-o. It is reasonable to believe that these damages did not occur during
use, but rather during extraction and later transportation and storage. Because two of the
prostheses were provided within the same bag, with no protective means, it is assumed
that few or no measures were taken to avoid causing post use damages.

Systematic, small pits, such as the ones seen in Figures [62] and [63] for prosthesis SS,
can likely be connected to the manufacturing process. The prosthesis was forged, causing
particles to be lined up when the material was formed. This could potentially leave pits
like these. Regular, rounded pores as seen in Figures [67] and [74] were either originally
part of the material or exposed as embedded particles fell out from the surface during
manufacture or wear. This was confirmed by EDS, which showed that the pore content
was either bulk material or oxides.

Discoloration and surface layers could be seen both with the naked eye and in SEM exam-
inations of all three prostheses. Examples can be seen in Figures [28] and [65] for prosthesis
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SS, Figure [72] and [73| for prosthesis Co and Figures[39] and [85] for prosthesis Co-o. These
were likely oxide layers caused by corrosion. Their contents are not known, as the XRF
does not isolate areas that small and EDS requires a polished surface to be accurate. Par-
ticles similar to the ones seen at the oxide layers were either similar to the bulk material
or carbon based according to the EDS analysis. The crystalline growth within circular
discoloration for prosthesis SS, seen in Figure 59| could be due to localised corrosion of
alloy elements and subsequent crystalline growth of the corrosion product. Further, it is
unknown how the prostheses were cleansed after extraction. It is possible that some of
the discoloration and corrosion layers found on the prostheses are due to chemicals from
the cleansing process reacting with the metal surfaces.

Uniform corrosion can explain the circles with a higher surface roughness found on pros-
thesis SS, seen in Figures [60] and These circular areas were surrounded by surface
layers. This indicates that there used to be larger surface layers there, covering these ar-
eas. These surface layers were likely scraped off of the surface, either by wear or through
the extraction process. This would leave such rough surface areas behind. Wear could
be a possible cause if the prosthesis had loosened, creating motion in the contact area
between the stem and the bone cement. As seen in Section loosening is a common
cause for revision surgery for prostheses, but the extraction process is the more likely
cause of the two. A loose prosthesis would have given a much larger surface roughness
at the stem compared to the neck, assuming they were identical prior to use. Also, there
were dents with cleavage on the stem, seen in Figures [68 and [69] indicating that the stem
has been exposed to some force when extracting it. Layers, particles or bone cement pos-
ing resistance to the extraction could have ripped out some of the stem surface, leaving
such cleavages in the surface.

Both prostheses Co and Co-o had ridged surfaces on the top of the neck. Both pros-
theses had sections with discolorations in between these ridges, seen in Figures [/1{ and
[83] Wear can also be seen, especially when comparing Figure[70|to Figure[71] Since these
damages were located at the top of the necks, there could have been unwanted movement
between the femoral head and neck, causing wear. The discoloration was likely due to a
chemical process, for instance crevice corrosion in between the femoral head and necks.
The combination of wear and corrosion means that these damages were likely a result
of tribocorrosion. The pore like sites at the neck of prosthesis Co-o, seen in Figure [81]
were sub surface particles that emerged during the machining process. The machining
process was likely also the cause of the abrupt endings to some of the ridges at the neck
of prosthesis Co-o, seen in Figure

Geometrical changes in a surface are known to be stress raisers, creating initiation sites
for fatigue cracks. This is presented in Section Serial numbers such as the ones
seen in Figure 25| for prosthesis SS, Figure [32] for prosthesis Co and Figure [36] for pros-
thesis Co-o were carvings in the material that could potentially be such crack initiation
sites. This should be kept in mind when deciding which location and which method to
choose when adding script to the prostheses. The best option would be to avoid indents
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to the material, and if this is the chosen option it should be added to a low stress location.

Overall, there were not many external damages that occurred during use, except for the
stem fracture of prosthesis Co-0. Most damages occurred post use. Uniform corrosion,
tribocorrosion and crevice corrosion were the most prominent damage mechanisms stem-
ming from the use of these prostheses. The external damages found on the prostheses
align well with the ones expected from Section [3.2.2]

7.3 Surface roughness

The surface roughness measurements showed that the average roughness was significantly
larger at the head for prosthesis SS. This means that there has been a significant amount
of wear at this location, indicating third body abrasive wear due to wear debris from the
acetabular cup or liner. The rest of the prosthesis was worn quite evenly, assuming that
the original surface roughness was the same at all parts of the prosthesis. An estimate
of the original surface roughness was made in Section [6.1] If this estimate was correct,
the surface roughness had increased from 22-29 nm to 100-120 nm, over four times as
large. It would be highly interesting to have the exact numbers for the original surface
roughness from the manufacturers of all prostheses.

The average surface roughness of prothesis Co was significantly lower at the head. This
is due to the design of the prosthesis, where the goal was to create as little friction as
possible between the head and liner or acetabular cup. The remaining components had
similar average surface roughness. Since there was little to no difference in average sur-
face roughness between the lower stem and the neck in prosthesis Co or SS, assuming
these values were originally alike, it can be assumed that either none of these prostheses
have been loose or they were only loose for a short time before extraction.

In general, increases in surface roughness for all prostheses were likely chemical, due
to bone cement or human body environment interacting with the prosthesis surface. It
could to some degree also have been due to the removal of bone cement post use or due
to fatigue fretting by microscopic motions between the bone cement and the prostheses,
but these cases would increase the surface roughness of the stem compared to the neck.
Prosthesis Co-0 was the only prosthesis where signs of physical wear were present, shown

in Figure [89]

7.4 Microstructures

For prosthesis SS, twins could be seen in both BSE and EBSD images, Figures [92] 03]
and [04] meaning that the material has been exposed to either mechanical shear forces or
deformation followed by annealing. It is known from Section [6.1] that the prosthesis was
forged, so the twins seen in prosthesis SS were from the deformation during this process.
The images in Figures[92] [03]and [94]clearly show small grains with a relatively even grain
size. This combined with the high strength shown in the tensile tests excludes annealing
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and recrystallization as causes for the twins.

Prosthesis SS had average grain sizes around 2.4 microns in the parallel cut direction
of the stem and about 6.1 microns in the perpendicularly cut direction when looking at
the EBSD images of the stem, Figures 93] and [04] The perpendicular direction also had
the largest grain sizes when looking only at the largest grains. This difference in grain
size was not visible in the BSE images, but EBSD is more reliable of the two. Smaller
sized grains are beneficial for slowing crack propagation, as seen in Section but the
structure of the grains was not beneficial. Prosthesis SS had grain sizes that were larger
in the perpendicularly cut direction of the stem than the parallel cut direction, giving a
structure as seen in section a) in Figure [124] below.

v

a) b)

Figure 124: Illustration of resultant grain structures
when cutting a material with elongated grains

This was a weakness for the component, because initiated cracks would propagate perpen-
dicularly to the stem length or with an angle below 90 degrees compared to a horizontal
line. Such components are mainly exposed to alternating tensile and compressive loads,
which could cause pores within the material. If that happens, cracks could propagate
from the edges of such a pore, giving fracture in the perpendicular direction with regards
to the prosthesis length. In the case of a bending force, the perpendicular direction would
also be preferred for crack propagation. This means that configuration b) in Figure [124]
is superior to the configuration shown in section a). With a structure like the one seen
in section a), fewer grain boundaries are there to impede crack propagation. Knowing
that prosthesis SS was forged, it can be assumed that the original piece of bulk material
was forged and then machined into the final shape. The bulk material would then have
elongated grains prior to machining. By considering the grain orientation when machin-
ing the final shape - one could control the grain structure of the prosthesis. By cutting
in the direction shown with red lines in Figure [I24] one could deliberately create a stem
with grains as shown in section b). This would give a stem that is more resistant to crack
propagation. A superior solution is to forge the prosthesis into the desired shape straight
away. This would give the desired grain structure and there would be less machining,
which causes fewer potential crack initiation sites along the surface of the component.
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Both prostheses Co and Co-o had grains of similar sizes in both directions within the
stem, though the perpendicular direction of the stem appeared to have slightly bigger
grains. It is difficult to determine the correct grain sizes in both directions due to the large
size of the grains. More grains are needed in frame to make accurate estimates, but the
sizes of prosthesis Co were around a millimeter in the longest direction, and the grains
of Co-o measured up to a few millimeters. Having grains this large is not beneficial, as
explained in Section and the materials were therefore prone to rapid crack propaga-
tion and failure should a crack arise. The grains were more rounded at the top of the head
than on the sides for prosthesis Co, and the grains of the stem were elongated for both
prostheses Co and Co-o. The uneven grain boundaries and the dendritic microstructures
suggest the materials have been cast, so the shape of the grains were likely a result of heat
distribution and cooling rates for the prostheses. The phases found with EBSD were all
built from FCC unit cells, which aligns well with the theory in Section [3.2.2] The few
detected phases built from HCP or BCC unit cells were located at the grain boundaries.
Due to the grains having individual orientations, some misorientation is to be expected
at the grain boundaries. The image quality maps for EBSD, seen in Figure [122] show
a low quality of the electron diffraction patterns at the grain boundaries. This made it
difficult for the software to index these areas correctly. This confirms that the the HCP
and BCC phases were likely indexed incorrectly and the material consisted entirely of
FCC unit cells. For Prosthesis SS, the pattern quality was low at the grain boundaries and
in the areas with noise, which was where the aplha and chromium iron carbide phases
were detected. This leads to the conclusion that these phases were incorrecly indexed.
The material in prosthesis SS was likely only gamma phase, and was therefore austenitic
steel. This also aligns well with Section[3.2.2]

Prostheses Co and Co-o had similar microstructures obtained by etching with the Mu-
rakami etchant. The patterns were even - confirming that these prostheses were cast. The
Murakami pattern showed that the surface pattern seen in the SEM examinations, shown
in Figure[75] was obtaining a darker color that expanded with the use of this etchant. EDS
showed that the lighter parts of this pattern, pre etching, consisted of cobalt, chromium
and molybdenum, only the molybdenum content was far higher than in the bulk mate-
rial. The darker parts of the pattern, pre etching, consisted mainly of chromium. The
Murakami images from the light microscope showed that the frequency of these patterns
varied with location. The parallel cut sample of the stem had stronger coloration, in-
dicating that these patterns were possibly elongated and located similarly to the grains
illustrated in section b) of Figure [[24] The mid sections of the samples generally had
stronger patterns than the edges, towards the prosthesis surface. This indicated that the
segregation of alloy elements were more pronounced in the centre of the prosthesis. This
aligns well with the prosthesis being manufactured through casting.

7.5 Hardness and tensile properties

The stainless steel alloy presented both the hardest and the most ductile material among
the three prostheses. This was shown in hardness measurements, in the elongation within
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the tensile testing, seen in Figure [I23] and in the dimpled fracture surfaces of the tensile
test specimens, seen in Figure [51] The hardness of the sample was about 30 HV higher
at the perpendicular cross section of the stem than the parallel cross section, which was a
beneficial distribution considering the loads a prosthesis stem is subjected to. The com-
bination of ductility and overall high hardness benefited the material by allowing it to
withstand large amounts of loads and stresses before fracturing.

Prosthesis Co and Co-o both had high hardness values as well, though not as high as
prosthesis SS. There was no obvious difference in hardness within the stems in either di-
rection. It is worth noting that the large grain size of these prostheses means that each
hardness measurement only measured one or two grains, depending on the location. The
diameters of the hardness measurement indentations for prostheses Co and Co-o did not
exceed 190 micrometer, which means that a higher number of hardness measurements
would be necessary to get an estimate that is fully representative of each material as a
whole. This was also a challenge for the tensile tests.

Co-o was the most brittle of prosthesis Co and prosthesis Co-o based on the tensile test,
though they both had mainly brittle fractures when examining the tensile test fracture sur-
faces. These can be seen in Figure [52] and [56] Though prostheses Co and Co-o started
to plastically deform at approximately the same load and elongation, prosthesis Co-o had
a much lower total elongation before fracture occurred compared to prosthesis Co. The
slip lines seen in Figure 57| were also indicative of a brittle material. Looking at the frac-
tures of the tensile samples, prosthesis Co and Co-o fractured very differently. Prosthesis
Co fractured along the grain boundaries, an intergranular fracture, leaving large facets of
about half a millimeter. Prosthesis Co-o had much smaller facets that did not align with
grain boundaries. This was a brittle transgranular fracture.

The tensile tests reflected the Hall-Petch equation in the sense that prosthesis SS, that
had the smaller grains, also had the highest yield strength of the prostheses. This equation
can be seen in Equation [/l The yield strength for prostheses Co and Co-o were similar,
even though prosthesis Co-o had larger grains than prosthesis Co. This could be because
the Hall-Petch equation stops being valid for very coarse grains. Cast components typi-
cally have more pores, which aligns well with the forged stainless steel prosthesis having
the highest ultimate tensile strength. However, prosthesis SS was from a different alloy
than the other prostheses, so these results are not directly comparable.

The Young’s modulus was incorrect for all three prostheses and was abnormally low.
This was due to error sources tied to the samples and to the method in which the data was
obtained. The listed Young’s moduli were based on the stress-strain curves from the grip
separation of the machine and not from the laser video extensometer. This does not take
into account the stiffness of the sample and machine, which would give lower values for
Young’s moduli. The samples were also very small, causing large amounts of movement
within the material. This movement was not just located around the fracture sites, but
throughout the whole specimens. This is the reason that the laser video extensometer was
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not able to measure correct values, and the large amounts of deformation in the samples
could have affected the Young’s modulus based on the grip separation as well. In addi-
tion to these factors, the grains of prostheses Co and Co-o were very large, which would
mean that only a few grains were present in the cross section of the tensile test samples.
This can clearly be seen in the large facets of Figure[52] Larger samples containing more
grains would give more accurate measurements.

7.6 Further work

For further work, it would be valuable to examine multiple prostheses of the same kind
in order to reveal patterns and flaws that could be improved within the individual designs.
More background knowledge would strongly benefit this work. From the factory this in-
cludes methods and parameters for the production and properties prior to use. From the
use of the prosthesis it would be beneficial to know how long the prosthesis was in place,
how active the patient was during this time and the reason for removal.

Furthermore, it would be informative to examine the individual materials in more de-
tail. For the stainless steel alloy, it would be beneficial to try several more etchants, for
example the A3 etchant from Struers, which contains methanol and 2-Butoxyethanol, to
examine the structure in a light microscope. For the CoCrMo alloys it would be of inter-
est to find an etchant that revealed the grain structure in a light microscope. This would
allow examinations to be made at a lower magnification, making it easier to see the grain
structure as more grains would fit in each image.

For all alloys, x-ray diffraction could be used to obtain specific information about the
crystallographic structures. This combined with EBSD can give valuable information
about the phases in the material. Further, Charpy tests could be used to find the notch
tougnesses for the prostheses. It would also be beneficial to look at how the materials
interact with various environments, possibly combined with cyclic stresses as well. Cor-
rosion tests could be performed by exposing material samples to various liquids or gases.
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8 Conclusion

Two prostheses from CoCrMo and one prosthesis from stainless steel were investigated.
Both prostheses from CoCrMo had unfavourably large grains that would not impede crack
propagation well. One of these prostheses had a fatigue fracture caused by cyclic stresses
during use. The stainless steel alloy had an unfavourable grain orientation with regards to
expected potential crack propagation, and all prostheses had some corrosion. There were
signs of tribocorrosion between the femoral heads and necks for the CoCrMo prostheses.
Larger damages that likely occurred post use were found on all prostheses.
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APPENDIX A - XRF measurements

Table A: The table below lists the full results from the XRF analysis. The yellow color represents prosthesis SS, blue color represents prosthesis
Co and the green color represents prosthesis Co-o. It is assumed that the apparatus provides uncertainty with one standard deviation.

FEMORAL HEAD OF PROSTHESIS SS FEMORAL NECK OF PROSTHESIS SS
Element Measurement 1 Measurement 2 Measurement 3 Element Measurement 1 Measurement 2 Measurement 3
[wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
Mn 4.23£0.03 4.21£0.03 4.23 £0.03 Mn 2.31+0.02 2.31+0.02 2.30£0.02
Cr 20.1+0.1 20.1+0.1 20.1+0.1 Zn 0.005 +0.001 0.008 + 0.001 0.008 +0.001
Mo 2.24+0.01 2.24+0.01 2.23+0.01 Fe 33.1+0.1 33.2+0.1 33.1+0.1
Ni 9.59 +0.04 9.58 +0.04 9.55 +0.04 Ni 4.38 +0.02 4.38 +0.02 4.39+0.02
Cu 0.045 +0.007 0.053 + 0.007 0.053 + 0.007 Pb 0.009 + 0.003 0.008 + 0.002 0.010 +0.003
Nb 0.31+0.01 0.31+0.01 0.31+0.01 Sn 0.011+0.003 0.014 + 0.004 0.012 +0.004
\ 0.083 +0.006 0.085 +0.006 0.084 +0.006 Cr 15.5+0.1 155+0.1 15.5+0.1
W 0.010 +0.010 - - \ 0.059 + 0.005 0.053 +0.005 0.057 +0.005
Zr 0.002 +0.002 0.004 +0.002 0.002 +0.002 Bi 0.014 +0.003 0.011 £0.003 0.011+0.003
Fe 63.4+0.1 63.4+0.1 63.4+0.1 Ga 0.013 +0.002 0.015 +0.002 0.013 +0.002
Mo 0.86+0.01 0.86 +0.01 0.86 +0.01
Nb 0.18+0.01 0.18 +£0.01 0.18 +0.01
As 0.003 + 0.002 0.004 +0.001 0.003 +0.002
Se 0.003 + 0.001 0.007 +0.001 0.007 +0.001
Pd 0.012 + 0.003 0.014 +0.003 0.013 +0.003
In 0.023 +0.004 0.023 +0.003 0.026 +0.004
FEMORAL STEM OF PROSTHESIS SS FEMORAL HEAD OF PROSTHESIS Co
Element Measurement 1 Measurement 2 Measurement 3 Element Measurement 1 Measurement 2 Measurement 3
[wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
Mn 4.16 +0.03 4.15+0.03 4.15 +0.03 Mn 0.40 +0.02 0.40 +0.02 0.39 +0.02
Cr 19.8+0.1 19.8+0.1 19.8+0.1 Cr 28.1+0.1 28.1+0.1 28.1+0.1
Mo 2.27 £0.01 2.28+0.01 2.29+0.01 Ni 0.35 +0.02 0.32+£0.02 0.33+0.02
Ni 9.91+£0.04 9.93+0.04 9.90 +0.04 Mo 6.64 +0.02 6.63 +0.02 6.63 +0.02
Cu 0.061 + 0.008 0.065 + 0.008 0.062 + 0.007 Fe 0.43+0.01 0.45+0.01 0.45+0.01
Nb 0.35+0.01 0.34+0.01 0.34+0.01 Ta 0.024 +0.011 - -
\ 0.086 + 0.006 0.086 + 0.006 0.084 + 0.006 Nb - 0.004 +0.003 0.003 +0.003
W - 0.015 +0.009 0.015 +0.010 Co 64.0+0.1 64.1+0.1 64.0+0.1
Zr 0.002 + 0.002 0.002 + 0.002 0.004 + 0.002
As 0.015 +0.003 0.014 £ 0.003 0.016 + 0.003
Fe 63.4+0.1 63.3+0.1 63.3+0.1
FEMORAL NECK OF PROSTHESIS Co FEMORAL STEM OF PROSTHESIS Co
Element Measurement 1 Measurement 2 Measurement 3 Element Measurement 1 Measurement 2 Measurement 3
[wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
Mn 0.13 +0.03 0.12+0.03 0.086 + 0.024 Mn 0.084 +0.021 0.091 £ 0.021 0.23 +0.02
Cr 27.9+0.1 27.940.1 27.9+0.1 Cr 28.0+£0.1 28.0+0.1 27.9+0.1
Mo 7.54 +0.02 7.58 +0.02 7.51+0.03 Ni - - 0.23 +0.02
Fe 0.27 £0.01 0.27+0.01 0.28+0.01 Mo 7.27 £0.02 7.28£0.02 6.47 £ 0.02
Ti 0.014 + 0.008 0.014 + 0.008 0.014 +0.008 Fe 0.32+0.01 0.33+0.01 0.85 +0.02
Co 64.1+0.1 64.1+£0.1 64.2+0.1 \ 0.008 + 0.006 0.010 + 0.006 -
Ti 0.017 £ 0.007 0.018 +0.007 -
zr 0.007 + 0.003 0.004 +0.003 0.004 + 0.002
Co 64.3+0.1 64.3+0.1 64.3+0.1
FEMORAL NECK (TOP) OF PROSTHESIS Co-o FEMORAL NECK (BOTTOM) OF PROSTHESIS Co-o
Element Measurement 1 Measurement 2 Measurement 3 Element Measurement 1 Measurement 2 Measurement 3
[wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
Mn 0.33+0.02 0.33+0.02 0.32+0.02 Mn 0.64 +0.02 0.62 +0.02 0.65 +0.02
Fe 0.15+0.01 0.16 +0.01 0.14 +0.01 Cr 28.0+0.1 28.1+0.1 28.2+0.1
Ni 1.01+£0.02 1.01+0.02 0.94 +0.02 Ni 2.31+£0.02 2.3140.02 2.30+0.02
Cr 18.8+0.1 18.8+0.1 18.3+0.1 W 0.14+0.02 0.15 +0.02 0.051 +0.013
Co 35.6+0.1 35.6+0.1 33.9+0.1 Mo 5.90 +0.02 5.89 +0.02 5.82 +0.02
Mo 3.69 £0.01 3.70+£0.01 3.44+0.01 Fe 0.39+0.01 0.39+0.01 0.39+0.01
Nb 0.002 +0.002 0.003 +0.002 0.003 +0.002 Vv 0.010 + 0.005 0.008 + 0.005 -
Rh - 0.018 + 0.009 - Ti 0.037 £ 0.007 0.038 + 0.007 0.007 +0.007
Co 62.5+0.1 62.5+0.1 62.6+0.1
FEMORAL STEM (EXTERNAL) OF PROSTHESIS Co-o FEMORAL STEM (INTERNAL) OF PROSTHESIS Co-0o
Element Measurement 1 Measurement 2 Measurement 3 Element Measurement 1 Measurement 2 Measurement 3
[wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
Mn 0.079 £ 0.009 0.080 + 0.009 0.074 +0.009 Mn 0.72+0.03 0.71+0.03 0.70 £0.03
Fe 0.18 +0.01 0.18 +0.01 0.18 +0.01 Cr 28.2+0.1 28.2+0.1 28.2+0.1
Ni 0.64 +0.01 0.63+0.01 0.63+0.01 Ni 2.27 £0.02 2.29£0.02 2.29£0.02
Ti 0.019 + 0.004 0.021 + 0.004 0.021 + 0.004 W 0.16 + 0.02 0.15 +0.02 0.15 +0.02
Cr 13.9+0.1 13.9+0.1 13.9+0.1 Mo 5.63 +0.02 5.64 +0.02 5.63+0.02
Co 23.6+0.1 23.6+0.1 23.6+0.1 Fe 0.45+0.01 0.45+0.01 0.45+0.01
Zr 0.33+0.01 0.32+0.01 0.33+0.01 Nb 0.004 + 0.003 0.003 +0.003 0.003 +0.003
Ga 0.002 +0.001 - - Zr 0.002 + 0.002 0.003 +0.02 0.004 +0.002
Mo 1.96 £0.01 1.97 £0.01 1.97 £0.01 Co 62.6+0.1 62.5+0.1 62.5+0.1
Nb 0.002 +0.001 0.003 + 0.001 0.004 + 0.001
Rh - - 0.013 +0.005
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APPENDIX B - EDS measurements

Table B: This table lists the EDS measurements for prosthesis SS. Uncertainty for all values is £0.01%. The given error represents
error range for the determination of the correct element. *SE = Secondary electron imaging. *BSE=Backscatter electron imaging.
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COLUMN A COLUMN B COLUMN C COLUMN D (SE* image)
PROSTHESIS SS PROSTHESIS SS PROSTHESIS SS PROSTHESIS SS
(Neck) (Neck) (Neck) (Parallel cross section of stem)
Spot 1 — Dark particle pot 1 — Dark patch Spot 1 —Inside pore Spot 1 — Light area in BSE**
Element Atomic% Weight% Error Element Atomic% Weight% Error Element Atomic% Weight% Error Element Atomic% Weight% Error
(%] (%] %) %] %) (%] (%] %] (%] (%] %] (%]
c 24.24 | 1472 | 8.02 C 71.82 | 4234 | 889 o 57.13 | 42.24 | 8.93 N 24.43 | 6.98 10.76
0 54.46 | 44.06 | 10.04 o 9.51 7.47 13.25 Ne 0.14 0.13 | 24.62 Fe 2130 [ 2425 | 807
Ne 1.03 1.05 | 13.45 Cr 523 | 13.35 6.69 Al 3633 | 4530 | 4.82 Ne 5.42 2.23 [ 1165
Al 0.70 0.96 7.93 Fe 13.44 | 36.85 5.01 Ca 631 [ 1168 | 218 Al 1.00 0.55 | 10.40
Si 0.81 115 5.95 pot 2 — Dark patch Pm 0.10 0.65 12.28 Nb 18.21 | 3449 | 3.02
cl 0.68 1.23 3.49 | Element [ Atomic% [ Weight% [ Error — Insi cr 28.09 | 2978 | 6.21
B ) o Spot 2 - Inside pore
K 0.33 0.64 4.46 7264 | 43.48 897 | Flement Ato[;:]ic% We[i;*]“% E[r;;r Mn 1.54 172 | 39.47
Ca 1743 | 3531 | 1.03 o 8.40 670 | 13.60 o 4227 | 2423 | 863 Spot 2 — Light area in BSE**
Fe 031 | 087 | 677 Na 145 | 166 | 18.96 Al 3474 | 3358 | 674 Flement g
Spot 2 — Light particle Mo 0.34 1.60 25.53 Ca 5.74 8.25 2.41 9 4.88 112 | 1553
ERET || MRS || WG || S al 053 | 094 | 2008 cr 461 | 859 | 205 Fe 4733 | 5031 | 6.91
c 1691 | 497 | 1032 Cr 437 [ 1133 6.66 Mn 0.95 1.86 3.09 Ni 9.11 [ 1018 [ 1048
0 13.04 | 511 | 10.18 Mn 0.56 1.54 29.09 Fe 1048 | 2097 171 Al 0.62 032 | 30.39
cl 1.42 1.23 5.42 Fe 1075 | 29.93 5.00 Ni 1.20 2.53 3.41 Si 1.96 1.05 9.94
K 0.69 0.66 6.34 Ni 0.96 2.81 25.69 Spot 3- Edge of pore Mo 1.30 2.37 10.04
Ca 1545 | 15.16 | 2.29 Element | Atomic% | Weight% | Error cr 31.03 | 3071 | 6.38
Spot 3 - Bulk 1) %) )
cr 13.08 | 16.65 | 2.15 | Element Ato[;:]ic% We[i;*]“% E[r;’]r o 1539 | 5.49 823 Mn 3.77 3.95 | 24.70
Eu 0.88 3.27 6.64 Mo 1.19 1.99 26.97 Al 13.95 8.40 8.74 Spot 3 — Light area in BSE**
Mn 116 | 156 | 4.69 cr | 2380 | 2153 | 492 Ca 248 | 222 | 364 Flement il Al
Fe 3336 | 4562 | 1.99 Eu 1.91 5.05 36.96 Cr 16.23 | 18.84 1.80 c 5.86 155 | 13.15
Ni 4.01 5.77 3.68 Fe 65.18 | 6334 | 4.16 Mn 3.05 3.74 2.68 [9) 4.28 1.50 8.62
Spot 3 — Light particle Ni 7.92 8.09 15.85 Fe 4338 | 54.08 1.82 Fe 4248 | 5211 | 6.96
Element Atomic% | Weight% Error N Ne 12.89 5.71 12.00
i 0 i Ni 5.51 7.23 3.43
0 2951 | 1585 | 7.24 Spot 4 — Edge of pore Al 0.90 053 | 19.37
Mg 4153 | 3390 | 834 Element | Atomic% | Weights% [ Error Si 2.27 1.40 9.51
%] %) 1%)
S 0.23 025 | 11.22 Crk | 2400 | 2264 171 Mo 1.29 271 | 1438
cl 0.91 1.09 5.70 MnK | 445 4.43 2.44 Cr 27.07 | 3091 | 637
cr 632 | 11.03 [ 176 FeK | 63.28 [ 64.11 1.87 Mn 2.96 3.58 | 28.00
Mn 1.00 1.84 3.20 NiK 8.28 8.82 3.61 Spot 4 -Bulk
Fe 16.45 30.85 1.58 - Element Atomic% | Weight% Error
Spot 5 - Bulk ) 9] i
Ni 1.89 3.73 3.47 Element | Atomic% [ Weight% | Error [3 4.26 1.00 | 17.98
%) %] %]
Spot 4 — Dark particle [¢ 0.73 0.16 73.15 Fe 47.25 | 51.66 | 6.99
Element AtcE;rs\]ic% We[i;?t% E[r;;r cr 2412 22.89 1.69 Ne 8.06 3.19 13.23
c 21.84 | 574 | 1014 Mn 437 4.38 2.43 Ni 3.56 410 | 15.57
cr 18.92 | 2153 | 166 Fe 62.56 | 63.76 1.88 Al 0.56 030 | 30.20
Mn 3.43 413 2.39 Ni 8.22 8.81 3.48 Ta 0.39 139 9.29
Fe 4931 | 60.26 | 1.81 w 0.08 0.27 | 60.84
Ni 6.50 8.35 3.50 Mo 1.04 1.95 | 12.05
Spot 5 — Bulk Pb 0.17 070 | 39.17
Element Atomic% | Weight% Error Cr 31.36 31.93 6.15
%) %] %]
cr 2439 | 23.01 | 169 Mn 3.26 3.51 [ 27.64
Mn 4.49 4.48 2.42
Fe 62.64 | 63.48 | 1.88
Ni 8.48 9.04 3.47
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APPENDIX B - EDS measurements

Table C: This table lists the EDS measurements for prosthesis Co. Uncertainty for all values is 0.01%. The given error represents
error range for the determination of the correct element. *SE = Secondary electron imaging. *BSE=Backscatter electron imaging.

CEB
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COLUMN E COLUMN F COLUMN G COLUMN H (SE* image)
PROSTHESIS Co PROSTHESIS Co PROSTHESIS Co PROSTHESIS Co
(Head) (Neck) (Parallel cross section of stem) (Neck)

Spot 1 - Dark patch Spot 1 - Particle Spot 1 - Particle Spot 1 — Dark area in BSE**
Eleme Atomic% Weight% Error Element Atomic% Weight% Error Element Atomic% Weight% Error Element Atomic% Weight% Error
nt (%] %) 6] %] (%] %] %] %] %] %] (%] %]

C 90.60 | 67.55 | 6.30 0] 27.86 | 17.37 | 10.96 C 18.32 | 11.16 | 6.23 o] 70.25 | 57.58 | 6.82

Co 2.55 9.32 | 6.32 Na | 34.68 | 31.08 | 6.08 0] 63.23 | 51.32 | 9.06 Al 6.80 | 9.40 | 5.26

Si 0.88 153 | 5.83 Mg | 529 | 5.02 | 9.61 Ca | 1845|3751 | 3.57 Si 22.95 | 33.02 | 3.99

Mo 1.05 6.23 | 5.43 Mo 0.92 | 3.46 | 15.17 Spot 2 - Particle Spot 2 — Dark area in BSE**

Element Atomic% Weight% Error Element Atomic% Weight% Error
Ca | 071 | 1.78 [1606| S | 063 | 0.79 | 2272 omich | Weighuk | Eo omich | Welshe | e

Cr 421 | 13.60 | 8.12 Cl 30.61 | 42.30 | 3.10 C 96.89 | 88.16 | 4.20 0] 58.28 | 38.95 | 6.97

Spot 2 — Dark patch Spot 2 - Pore Fe 2.48 | 10.50 | 5.67 Al 7.51 8.47 6.34

{ i ight { i ight " .
-l Bl o | il -l B Si | 063 | 134 | 802 | Si |2295]2693| 481
Cc | 53.06 |3404| 755 | 0 |5757 3718 7.24 Spot 3 - Bulk cr | 497 | 1078 | 8.07

N | 1621 | 1213 |11.07 | Al | 572 | 624 | 7.46 | "™ | Mo | Mg | S | mn | 353 | 8.10 | 12.76

o) 15.92 | 13.60 | 9.41 Si 22.64 | 25.67 | 4.86 C 432 | 097 | 1550 ]| Co 2.75 | 6.78 | 15.60

Co 4.56 | 1436 | 6.42 Ti 095 | 1.84 | 22.52 0] 514 | 153 | 871 | Spot 3 - Dark area in BSE**

Si | 318 | 477 | 443 | Cr | 561 [1178 | 7.37 | Co | 4038|4436 | 567 | ™™™ | Mu | e | T

Mo 0.93 4.77 | 4.98 Mn 343 | 761 | 1251 | Cu | 1345|1593 | 847 [0) 30.71 | 12.31 | 8.07

Ca 111 237 | 7.53 Co 4.07 | 9.68 | 1490 | Si 173 | 091 | 1046 ] Al 3.38 | 2.29 | 12.86

cr | 503 [1397 ] 681 Spot 3 — Pore Mo | 291 | 520 | 607 | si |12.73] 8.96 | 7.28
Spot 3 — Dark patch fement | el | V™ | T | cr | 3208|3110 | 587 | Mo | 153 | 3.68 | 14.93
e | M | Me | % | o | 6026 | 42.26 | 7.06 Cr | 2027|2641 | 456
C | 7483 |5625| 674 | Al | 617 | 730 | 676 Co [31.39]4635] 515
0 | 1491 [ 1493|1032 | si |2537[31.23| 445 Spot 4 - Bulk
Co | 096 | 354 | 939 | Cr | 410 | 933 | 9.24 R || Gemss || WESES | B
Al | 105 | 178 | 6.00 | Mn | 4.10 | 9.88 | 12.07 0 | 458 | 133 [1611
Si | 231 | 405 | 4.69 Spot 4 — Bulk Si | 201 | 102 |18.06
Mo | 0.65 | 3.90 | 11.58 | femen | Ague | Mo | foer Mo | 2.74 | 478 | 1534
Ca | 220 | 551 [ 699 | o [ 442 | 128 | 1683 Cr | 32443060 | 4.24
cr | 308 [1003| 916 | si | 2.07 | 1.05 | 17.79 Co [58.23 6227 | 446
Spot 4 — Bulk Mo | 3.23 | 561 |10.97

s | Aemsa | weOmEs || G Cr |34.00|32.01| 4.20
c | 407 | 093 |1548| co |56.27 | 60.04 | 4.61
O | 484 | 147 | 885
Co | 4836 |53.95| 6.30
si | 238 | 127 | 864
Mo | 320 | 582 | 6.42
cr | 3715 | 3657 | 5.01

76



APPENDIX B - EDS measurements

Table D: This table lists the EDS measurements for prosthesis Co-o. Uncertainty for all values is £0.01%. The given error
represents error range for the determination of the correct element.
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COLUMN | COLUMN J COLUMN K COLUMN L
PROSTHESIS Co-o PROSTHESIS Co-o PROSTHESIS Co-o PROSTHESIS Co-o
(Neck) (Neck) (Parallel cross section of stem) (Neck)

Spot 1 - Light area of patch Spot 1 - Dark patch Spot 1 - Particle in pore, dark Spot 1 - Light particle
Element Atomic% Weight% Error Element Atomic% Weight% Error Element Atomic% Weight% Error Element Atomic% Weight% Error
%] %) %] %) %] %] %] %] %) %] %) %]
Co |28.12 2584 | 6.81 C 52.50 | 20.69 | 8.57 [0) 65.46 | 45.82 | 5.87 C 12.12 | 3.47 | 11.16
Si 10.21 | 4.47 | 5.49 6] 6.49 | 3.41 | 8.41 Br 3.95 | 13.81 | 2.78 6] 17.09 | 6.51 | 6.81
Mo | 28.70 | 42.95 | 3.07 Co | 21.24 | 41.06 | 5.89 Al 26.71 | 31.53 | 3.71 Co | 35.68 | 50.08 | 5.82
Cr 32.97 | 26.74 | 6.02 Si 1.62 1.49 7.62 Cr 3.89 8.85 7.25 Al 5.47 3.52 7.21
Spot 2 — Dark area of patch Mo 1.66 5.23 7.43 | Spot 2 - Particle in pore, dark Si 417 | 2.79 | 6.58
Element A“’[;]“"’ We[i;;“% E[’;j’ Cr 16.49 | 28.12 | 6.03 | fHement A“};"f]i‘% We[fi']"" E[’;]" Mo | 2.00 | 458 | 8.49
C 17.83 | 4.78 | 9.68 Spot 2 — Dark patch 0 67.72 | 47.14 | 6.03 Cr | 23.46 | 29.05 | 5.91
(o] 8.53 | 3.04 | 7.88 | flement ““;;:]‘"" ""e[;i;“"" E[’;;’ Br 5.07 | 17.64 | 2.61 Spot 2 - Light particle
Co 7.48 | 9.83 | 9.25 C 54.89 | 22.50 | 8.46 Al 24.17 | 28.37 | 3.78 | Fement ““};"f]“% We[;i’]“% E[’;;;’
Mo | 5.68 | 12.17 | 4.11 6] 6.80 | 3.71 | 8.41 Cr 3.03 | 6.86 | 7.67 C 4.16 | 1.01 | 15.42
Cr 60.48 | 70.17 | 4.97 Co 20.42 | 41.06 | 5.81 Spot 3 — Inside pore (6] 10.75 | 3.50 6.99
Spot 3 - Pore Si | 1.37 | 1.32 | 7.84 | Fement | memcr | wegte | B0 | Co | 45.13 | 54.04 | 6.01
S "“};‘;c" WE[‘;;“" E[’;;’ Mo 141 | 461 | 8.17 o] 61.35 | 43.06 | 6.38 Al 2.68 | 1.47 | 9.36
C 093 | 0.23 | 69.84| Cr 15.10 | 26.79 | 6.08 Al 11.41 | 13.51 | 4.20 Si 334 | 190 | 7.26
o] 4.08 | 1.32 | 9.08 Spot 3 — Pore Si 16.69 | 20.56 | 4.05 | Mo | 2.47 | 4.82 | 8.66
Co |39.79 | 47.41 | 6.19 | FHement ““};:]‘"" ""e[‘;']“* E[’;;’ Ca 3.58 | 6.30 | 5.56 Cr | 31.47 | 33.25 | 5.79
Si 2.06 | 1.17 | 9.02 C 59.69 | 26.68 | 8.31 Cr 1.80 | 4.10 | 14.83 Spot 3 — Light particle
S 18.12 | 11.74 | 4.21 (o] 7.45 | 4.44 | 870 Mn 5.18 | 12.47 | 8.82 | Flement "“’[;2]‘"" WE[L'Z’]“% E[’;;;’
Bi 0.26 | 1.12 | 2866 | Co | 16.26 | 35.64 | 5.86 Spot 4 — Inside pore C 6.81 | 1.77 | 12.79
Cr 26732810 593 [ Si | 1.62 | 1.69 | 6.45 | femert | Momick | weshe | enor |0 | 14.19 | 4.93 | 6.78
Mn 8.02 8.91 | 14.32 Mo 1.57 5.62 6.44 C 0.63 0.34 | 33.75 Co 41.77 | 53.40 | 5.89
Spot 4 — Bulk Cr 13.41 | 25.94 | 6.01 [0) 64.42 | 46.39 | 6.16 Al 2.85 | 1.67 | 9.03
HEnmt || CIED | Mg | Spot 4 - Bulk Al | 775 | 9.41 | 433 | Si | 4.82 | 294 | 6.60
C 430 | 0.98 | 15.31 | Bement ““}9’:]‘"" ""e[‘%""" E[’;;’ Si 1756 | 2220 | 3.89 | Mo | 2.05 | 4.28 | 9.14
o] 5.18 | 1.57 | 8.87 C 429 | 098 | 1521 | Ca 292 | 5.28 | 5.88 Cr | 27.51 | 31.03 | 5.90
Co | 49.27 | 54.95 | 6.08 ] 4.95 | 1.50 | 8.63 Cr 1.77 | 4.13 | 14.75 Spot 4 — Bulk
Si 299 | 159 | 7.85 Co | 50.98 | 57.10 | 6.04 Mn 495 | 12.25 | 8.74 | Bement “"’[Q]i"“ ""e[i;']‘”“ E[’;;;’
Mo 3.94 7.15 5.64 Si 2.64 1.41 8.11 (0] 5.49 1.62 8.36
Cr 34.32 | 33.77 | 5.88 Mo 2.77 5.04 6.78 Co 53.36 | 57.92 | 6.05
Cr | 34.38 | 33.97 | 5.90 Si 243 | 1.26 | 8.99
Mo | 2.62 | 463 | 7.13
Cr | 36.09 | 34.57 | 5.86
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APPENDIX C - Surface roughness measurements

Table E: The table below lists all surface roughness measurements for prostheses SS and Co. The uncertainty of the non
average measurements are all £ 1 unit at the last given decimal placement. The uncertainty of the average values are
based on a continuous uniform distribution and given with two standard deviations. The yellow color represents
prosthesis SS and the blue color represents prosthesis Co.

FEMORAL HEAD — PROSTHESIS SS FEMORAL NECK — PROSTHESIS SS
Test Ra Unit Rq Unit Rz Unit Profile Unit Test Ra Unit Rq Unit Rz Unit Profile Unit
length length
1 429.47 nm 589.98 nm 2.5061 pm 2.1447 mm 1 96.085 nm 128.73 nm 535.87 nm 463.79 Hm
2 382.96 nm 511.57 nm 22 Hm 2.2167 mm 2 101.34 nm 127.37 nm 372.23 nm 417.58 um
B 414.05 nm 537.44 nm 2.4365 Hm 2.4286 mm 3 95.596 nm 130.82 nm 525.35 nm 527.42 Hm
4 438.78 nm 566.5 nm 2.4774 Hm 2.4063 mm 4 99.507 nm 151.1 nm 686.66 nm 775.14 Hm
5 99.562 nm 146.89 nm 615.88 nm 624.26 Hm
6 101.64 nm 145.21 nm 623.99 nm 799.97 Hm
7 108.85 nm 147.78 nm 619.47 nm 772.64 um
Average 42030 nm 55050 nm 2.4+0.2 Hm Average 100+8 nm 140+10 nm 600+£200 nm
(416.32 (551.37 (2.41 (100.37 (139.70 (568.49
+32.23) +45.27) +0.18) +7.65) +13.70) +181.54)
FEMORAL STEM (TOP) — PROSTHESIS SS FEMORAL STEM (BOTTOM) — PROSTHESIS SS
Test Ra Unit Rq Unit Rz Unit Profile Unit Test Ra Unit Rq Unit Rz Unit Profile Unit
length length
1 127.21 nm 182.68 nm 590.59 nm 476.33 um 1 107.97 nm 158.1 nm 623.83 nm 768.87 Hm
2 122.31 nm 156.41 nm 645.37 nm 847.55 um 2 140.24 nm 197.69 nm 892.9 nm 705.95 Hm
3 120.29 nm 197.16 nm 706.14 nm 685.64 um 3 127.44 nm 180.22 nm 702.88 nm 644.85 Hm
4 131.72 nm 208.56 nm 727.02 nm 493.32 um 4 113.57 nm 169.51 nm 760.57 nm 725.93 um
5 119.75 nm 186.76 nm 628.97 nm 654.02 um 5 121 nm 191.59 nm 590.83 nm 490.47 Hm
6 124.53 nm 191.92 nm 963.73 nm 839.71 Hm 6 110.83 nm 155.06 nm 665.14 nm 742.21 Hm
7 134.74 nm 196.62 nm 928.15 nm 832.79 Hm 7 110.92 nm 161.97 nm 655.01 nm 730.55 um
Average 126+9 nm 190£30 nm 700200 nm Average 120+20 nm 170+20 nm 700£200 nm
(125.79 (188.59 (741.42 (118.85 (173.45 (698.74
48.65) +30.11) 4215.43) +18.63) +24.61) +174.40)
FEMORAL HEAD — PROSTHESIS Co FEMORAL NECK — PROSTHESIS Co
Test Ra Unit Rq Unit Rz Unit Profile Unit Test Ra Unit Rq Unit Rz Unit Profile Unit
length length
1 116.76 nm 158.04 nm 755.52 nm 1.0978 mm 1 469.25 nm 613.12 nm 2.5726 pm 857.06 Hm
2 139.91 nm 195.74 nm 911.95 nm 919.35 Hm 2 497.57 nm 653.15 nm 2.7765 Hm 800.51 Hm
8 143.21 nm 217.32 nm 905.34 nm 809.05 Hm B 456.25 nm 631.89 nm 2.2952 pm 777.4 Hm
4 140.18 nm 197.37 nm 866.22 nm 907 Hm 4 500.65 nm 651.27 nm 2.5855 Hm 765.46 Hm
5 133.73 nm 192.4 nm 808.35 nm 815.15 Hm 5 611.26 nm 784.04 nm 3.1399 um 657.39 Hm
6 494.86 nm 653.89 nm 2.6906 um 766.02 Hm
Average 130+20 nm 190£30 nm 850+90 nm Average 500+90 nm 700+100 nm 2.7+0.5 Hm
(134.76 (192.17 (849.48 (504.97 (664.56 (2.68
+15.27) +34.23) +90.31) +89.50) 498.68) +0.49)
FEMORAL STEM (TOP) — PROSTHESIS Co FEMORAL STEM (BOTTOM) — PROSTHESIS Co
Test Ra Unit Rq Unit Rz Unit Profile Unit Test Ra Unit Rq Unit Rz Unit Profile Unit
length length
1 315 nm 397.33 nm 1.6587 Hm 849.35 um 1 527.27 nm 656.02 nm 2.4378 um 732.33 um
2 360.9 nm 454.2 nm 1.7285 Hm 845.72 um 2 555.48 nm 707.86 nm 2.9096 Hm 678.27 Hm
B 329.44 nm 424.98 nm 1.5608 um 513.12 Hm 8 576.09 nm 728.88 nm 2.6013 um 639.04 um
4 390.13 nm 502.34 nm 1.9656 Hm 695.11 um 4 463.04 nm 613.62 nm 2.5913 um 71437 Hm
5 422.29 nm 523.24 nm 1.988 Hm 749.78 Hm 5 456.34 nm 589.13 nm 2.6099 um 614.56 Hm
6 315.63 nm 43831 nm 1.7831 Hm 791.68 um 6 380.47 nm 460.57 nm 1.7572 um 7315 Hm
Average 36060 nm 46070 nm 1.8%0.3 Hm Average 500£100 nm 600200 nm 2.5%0.7 Hm
(355.57 (456.73 (1.78 (493.12 (626.01 (2.48
+61.94) +72.69) £0.25) +112.94) +154.91) +0.67)
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APPENDIX C - Surface roughness measurements

Table F: The table below lists all surface roughness measurements for prosthesis Co-o. The uncertainty of the non
average measurements are all + 1 unit at the last given decimal placement. The uncertainty of the average values are
based on a continuous uniform distribution and given with two standard deviations. The green color represents
prosthesis Co-o.

FEMORAL NECK (TOP) — PROSTHESIS Co-0 FEMORAL NECK (BOTTOM) — PROSTHESIS Co-o
Test Ra Unit Rq Unit Rz Unit Profile Unit Test Ra Unit Rq Unit Rz Unit Profile Unit
length length
1 338.4 nm 413.9 nm 1.8029 um 854.37 um 1 315.2 nm 449.13 nm 1.8365 um 866.08 um
2 296.15 nm 363.44 nm 1.4751 um 692.08 um 2 332.44 nm 406.7 nm 1.6677 um 854.38 um
B3 328.51 nm 401.57 nm 1.5837 um 695.47 um 3] 256.55 nm 309.48 nm 1.1715 um 746.94 um
4 284.2 nm 358.3 nm 1.4913 um 697.45 um 4 316 nm 397.25 nm 1.5018 um 673.07 um
5 344.51 nm 433.76 nm 1.7745 um 7131 um 5 287.95 nm 363.72 nm 1.343 um 691.01 um
6 256.96 nm 310.65 nm 1.2649 um 787.95 um 6 33091 nm 444.15 nm 1.5557 um 753.04 um
Average 31050 nm 380+70 nm 1.6+0.3 um Average 310+40 nm 400+80 nm 1.5+0.4 um
(308.12 (380.27 (1.57 (306.51 (395.07 (1.51
+50.55) +71.08) +0.31) +43.82) +80.63) +0.38)
FEMORAL NECK (BUST) — PROSTHESIS Co-o FEMORAL STEM — PROSTHESIS Co-0o
Test Ra Unit Rq Unit Rz Unit Profile Unit Test Ra Unit Ra Unit Rz Unit Profile Unit
length length
il 301.44 nm 371.94 nm 1.5125 um 831.65 um 1 229.99 Hm 268.34 Hm 792.14 um 1.7138 cm
2 292.96 nm 404.18 nm 1.7413 um 837.77 um 2 286.45 um 347.01 um 901.62 um 2.445 cm
3 318.76 nm 392.94 nm 1.5126 um 683.9 Hm 3 264.46 um 335.2 um 1.1097 mm 2.9552 cm
4 295.18 nm 352.43 nm 1.2688 pum 696.73 um
5 347.41 nm 427.82 nm 1.5991 um 648.37 um
6 291.56 nm 390.07 nm 1.5505 um 754.08 um
Average 310430 nm 390+40 nm 1.5+0.3 um Average 260+30 Hm 320450 Hm 900+200 Hm
(307.89 (389.90 (1.53 (260.30 (316.85 (934.49
+32.25) +43.53) +0.27) +32.60) +45.42) +183.34)

79




APPENDIX D - EBSD phase maps

Table G: The table below displays phase maps for the EBSD scans of the perpendicularly cut stem section for all prostheses. The
yellow table color represents prosthesis SS, the blue table color represents prosthesis Co and the green table color represents

prosthesis Co-o.

PROSTHESIS SS (stem, perpendicular cut)

'

PROSTHES Co (stem, perpendicular cut)

PROSTHESIS Co-o (stem, perpendicular cut)

Color representation

Total Partition
Phase Fraction Fraction
B ron (Alpha) 0.010  0.010
I iron (Gamma) 0981  0.981
[] chromiumiron Carbide 0010  0.010
Color representation
Total Partition
Phase Fraction Fraction
Face Centered Cubic 0.997 0.997
HCP generic 0.003 0.003
Body Centered Cubic  0.000 0.000
Color representation
Total Partition
Phase Fraction Fraction
B Face Centered Cubic 0995  0.995
[ HCP generic 0.004  0.004
[] BodyCentered Cubic 0.001  0.001
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APPENDIX D - EBSD phase maps

Table H: The table below displays phase maps for the EBSD scans of the parallel cut stem section for all prostheses. The yellow
table color represents prosthesis SS, the blue table color represents prosthesis Co and the green table color represents

prosthesis Co-o.

Color representation

ROSTHESIS SS (stem, parallel cut)

Total Partition

Phase Fraction Fraction
I ron (Alpha) 0047 0047
I iron (Gamma) 0867  0.867

[_] chromium Iron Carbide 0.086  0.086

Color representation

p——

PROSTHESIS Co-o (stem, parallel cut)

Total Partition
Phase Fraction Fraction
I Face Centered Cubic  0.987  0.987
[ HCP generic 0011  0.0M11
[] BodyCentered Cubic 0.001  0.001
Color representation
Total Partition
Phase Fraction Fraction
I Face Centered Cubic 0.994  0.994
[ HcP generic 0.005  0.005
[] BodyCentered Cubic 0.001  0.001
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APPENDIX E - Light microscope images

Table I: The table below displays the final results of the attempts to etch prosthesis SS.
All photos are at 20x enlargement.

No etchant, head

Nital etchant, h.ead

Marble’s etchant, head Murakami’s etchant, neck

'Y

Adler’s etchant, Adler’s etchant,
Perpendicularly cut stem ( secnd) Parallel cut stem (5+10 seconds)

5
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APPENDIX F - Hardness measurements

Table J: The table below lists hardness measurement results, along with the average values, for all prostheses. The

yellow color represents prosthesis SS, the blue color represents prosthesis Co and the green color represents

prosthesis Co-o. (PA) indicates parallel cross section, (PE) indicates perpendicular cross section, (t) indicates top and
(b) indicates bottom. The uncertainty of the average values are based on a continuous uniform distribution and given
with two standard deviations.

HARDNESS PROSTHESIS SS
Placement | Test1 [HV] | Test2 [HV] | Test3 [HV] | Test4 [HV] | Test5 [HV] Average [HV]
Head 267.5+0.1 | 264.7+0.1 | 263.0+0.1 | 266.5+0.1 | 264.0+0.1 | 265+3 (265.14+ 2.60)
Neck 339.8+0.1 | 339.4+0.1 | 348.6+0.1 | 348.7+0.1 | 343.6+0.1 | 3445 (344.02+ 5.37)
Stem (PA) 354.6+0.1 | 354.1+0.1 | 347.1+0.1 | 342.7+0.1 | 332.5+0.1 | 350+ 10 (346.20 +12.76)
Stem (PE) 379.8+0.1 | 370.8+0.1 | 385.7+0.1 | 382.6+0.1 | 387.7+0.1 | 380+10 (381.32+ 9.76)
HARDNESS PROSTHESIS Co
Placement | Test1[HV] | Test2 [HV] | Test3 [HV] | Test4 [HV] | Test5 [HV] | Average [HV]
Head 322.1+0.1 | 318.8+0.1 | 311.8+0.1 | 322.1+0.1 | 328.5+0.1 | 320+ 10 (320.66 + 9.64)
Neck 320.4+0.1 | 299.9+0.1 | 302.3+0.1 | 311.1+0.1 | 314.7+0.1 | 310+ 10 (309.68 + 11.84)
Stem (PA) 298.2+0.1 | 273.0+0.1 | 299.3+0.1 | 278.4+0.1 | 285.5+0.1 | 290 + 20 (286.88 + 15.18)
Stem (PE) 302.8+0.1 | 307.7+0.1 | 292.1+0.1 | 287.8+0.1 | 296.3+0.1 | 300+ 10 (297.34 + 11.49)
HARDNESS PROSTHESIS 3 Co-o
Placement | Test1 [HV] | Test2 [HV] | Test3 [HV] | Test4 [HV] | Test5 [HV] Average [HV]
Neck (t) 346.1+0.1 | 327.6+0.1 | 350.7+0.1 | 331.1+0.1 | 335.3+0.1 | 340+ 10 (338.16 + 13.34)
Neck (b) 322.0+0.1 | 333.1+0.1 | 3386+0.1 | 336.6+0.1 | 329.5+0.1 | 330+10 (331.96+ 9.58)
Bust 333.6+0.1 | 316.8+0.1 | 315.4+0.1 | 329.3+0.1 | 316.8+0.1 | 320+ 10 (322.38 + 10.51)
Stem (PA) 309.0+0.1 | 334.3+0.1 | 326.9+0.1 | 325.0+0.1 | 313.2+0.1 | 320+ 10 (321.68 + 14.61)
Stem (PE) 303.3+0.1 | 315.3+0.1 | 291.4+0.1 | 310.9+0.1 | 307.2+0.1 | 310+ 10 (305.62 + 13.80)

Table K: The table below lists the measured diameters that the values in Table J are based on. The yellow color
represents prosthesis SS, the blue color represents prosthesis Co and the green color represents prosthesis Co-o.
(PA) indicates parallel cross section, (PE) indicates perpendicular cross section, (t) indicates top and (b) indicates
bottom. All values in Table K below has an uncertainty of £0.01 um.

Prosthesis SS

Test 2 3 4
D1 [pm] D2 [um] D1 [pm] D2 [um] D1 [um] D2 [pm] D1 [um] D2 [um] D1 [um] D2 [um]
Stem (PA) 161.68 161.68 160.82 162.80 162.43 164.41 164.78 164.16 167.38 166.57
Stem (PE) 157.04 155.43 160.82 155.43 156.85 153.20 157.10 154.19 | 156.79 152.46
Neck 165.33 165.03 165.27 165.27 163.29 162.86 164.04 162.05 | 164.84 163.66
Head 188.05 184.28 188.42 185.82 189.23 186.26 188.18 184.83 188.61 186.20

Prosthesis Co

Test 2 3 4
D1 [pum] D2 [um] D1 [pum] D2 [um] D1 [um] D2 [um] D1 [um] D2 [um] D1 [um] D2 [um]
Stem (PA) 176.66 175.98 182.17 186.38 175.30 176.66 184.40 180.56 179.26 181.12
Stem (PE) 172.89 177.03 175.18 171.96 176.42 179.88 177.65 | 181.31 175.42 178.33
Neck 169.11 171.09 173.82 177.84 173.57 176.66 171.52 173.69 169.92 173.32
Head 171.28 168.00 166.57 174.50 169.98 174.87 168.43 170.84 | 167.81 168.18

Prosthesis Co-o

Test 2 3 4
D1 [pm] D2 [um] D1 [pm] D2 [um] D1 [um] D2 [um] D1 [um] D2 [um] D1 [um] D2 [um]
Stem (PA) 173.44 172.95 164.53 168.49 166.94 169.85 171.28 166.51 175.18 168.93
Stem (PE) 174.74 174.93 173.57 169.36 178.52 178.21 173.26 172.08 174.74 172.70
Neck (t) 160.82 166.51 167.93 168.49 164.34 160.82 169.61 165.03 168.24 164.28
Neck (b) 171.83 167.50 165.77 167.87 166.82 164.10 167.25 164.65 170.53 164.90
Bust 169.92 163.48 170.91 171.22 169.42 173.44 167.75 | 167.81 170.04 172.08
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APPENDIX G - Tensile measurements

Table L: The table below lists the full results of the tensile tests performed on each prosthesis. The yellow
color represents prosthesis SS, the blue color represents prosthesis Co and the green color represents
prosthesis Co-0. The uncertainty of the average values are based on a continuous uniform distribution and
given with two standard deviations.

TENSILE PROPERTIES — PROSTHESIS SS

Value Test 1 Test 2 Test 3 Average
Ultimate tensile strength [MPa] 1175.09+0.01 | 1227.54 +0.01 | 1202.77 + 0.01 | 1200430 (1201.80+30.28)
Young’s modulus [GPa] 14.96 + 0.01 16.19 + 0.01 16.53+0.01 | 15.9+0.9 (15.89+0.91)
Yield strength at 0.2% elongation [MPa] | 565.08 +0.01 | 883.08 +0.01 | 886.35+0.01 | 800+200 (778.17+185.49)
TENSILE PROPERTIES — PROSTHESIS Co
Value Test 1 Test 2 Test 3 Average
Ultimate tensile strength [MPa] 824.06 +0.01 | 814.65+0.01 | 848.39+0.01 | 830+20 (829.03+19.48)
Young’s modulus [GPa] 15.37+£0.01 16.56 + 0.01 15.81+0.01 | 15.9+0.7 (15.91+0.69)
Yield strength at 0.2% elongation [MPa] | 535.45+0.01 | 491.64+0.01 | 468.90+0.01 | 500+40 (498.66+38.42)
TENSILE PROPERTIES — PROSTHESIS Co-o
Value Test 1 Test 2 Test 3 Average
Ultimate tensile strength [Mpa] 642.01+0.01 | 646.44+0.01 | 651.52+0.01 | 6475 (646.66+5.49)
Young’s modulus [GPa] 16.41+0.01 15.57 £+ 0.01 15.87£0.01 | 16.0+0.5 (15.95+0.48)
Yield strength at 0.2% elongation [MPa] | 482.62+0.01 | 479.72+0.01 | 484.78 +0.01 | 48243 (482.3742.92)

Table M: The table below displays the engineering stress-strain curves for all prostheses. These are based
on the grip separation in the tensile test machine.

All prostheses: Stress [MPa] / Strain [%]
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APPENDIX G - Tensile measurements

Table N: The table below displays the engineering stress-strain curves for all prostheses. These are based
on a laser video extensometer.

Prosthesis SS: Stress [MPa] / Strain [%]

1300
1200
1100
1000
900
800
700
600
500
400
300
200
100
o

5 3 1 1 3 5 7 9 11 13 15 17 19 21 23 25
Strain [%]

Test 1

Test 2

Stress [MPa]

Test3

Prosthesis Co: Stress [MPa] / Strain [%]
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