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Abstract

The aim of this thesis is to investigate aspects on how additive manufacturing
(AM) contributes to functional bone implants with the use of the electron
beam melting (EBM) technology. AM manufactures parts according to
computer-aided design, and the EBM technology melts powder using an
electron beam, which acts similar to a laser beam. The topics discussed in this
thesis are related to surface roughness that originate from the melted metal
powder, and the thesis tries to define some aspects that affect implant
functionality. Process parameters steering the electron beam and
biocompatibility arising from the surface texture were the initial parts of the
PhD studies, and the other half focused on post-processing and fatigue, which
are important for medical and industrial applications. There are six studies in
this compilation thesis. They are abbreviated as P - process parameters, M -
medical applications, and F - fatigue. Studies P, M2, F2, and F3 are journal
articles, and M1 and F1 are conference proceedings.

Study P used design of experiments to investigate how process parameters
affect the surface roughness of as-built EBM-manufactured parts and
concluded that beam speed and energy (current) were the most important
parameters that influence the surface roughness.

In studies M1 and M2, EBM-manufactured specimens of cobalt-chromium
and titanium alloys were used to evaluate biocompatibility. The blood
chamber method quantified the reactions of the human whole blood in contact
with the metal surfaces, and the results showed how the as-built EBM surface
roughness contributed to coagulation and bone healing.

Rotating beam fatigue equipment was used in studies F1-F3 and study F1
discussed the size effect on fatigue loaded as-built specimens and included
specimens with different sizes and with or without hot isostatic pressing
(HIP). Study F2 compared as-built and machined specimens and study F3
investigated how Hirtisation, which is a patented electrochemical surface
treatment, and HIP affect the fatigue properties that originate from the
electrochemical polishing surface topography. The studies showed that a
decreased surface roughness increased the fatigue resistance while the stress
concentrations (K:) in the surface of EBM-manufactured specimens decreased.

The thesis concludes that EBM-manufactured as-built surfaces are suitable for
direct contact with the bone, and that HIP does not improve the fatigue
resistance of parts with as-built surfaces, where crack initiation starts at
notches.
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Svensk sammanfattning

Denna avhandling behandlar fragestidllningar inom tillverkning av
benimplantat med additiv tillverkning (Additive Manufacturing, AM), med
fokus pa EBM-tekniken (Electron Beam Melting, smaltning med elektronstrale).
Additiv tillverkning bygger produkter utifran datorkonstruerade modeller
(Computer Aided Design, CAD), och EBM-tekniken gor detta genom att smalta
ihop metallpulver med hjalp av en energirik elektronstrale likt en laserstrale.
Avhandlingen fokuserar pé ytstrukturen fran det smalta metallpulvret och
hur dess egenskaper paverkar funktionen av EBM-tillverkade produkter.
Under forsta delen av doktorandarbetet var fokus pa processparametrar som
styr elektronstrélen och biokompatibilitet, och under den senare delen har
arbetet riktats mot efterbearbetningsmetoder och utmattningsegenskaper,
vilket ar viktigt for medicinska implantat och industriell anvandning.
Avhandlingen ar skriven pé engelska och studierna som sammanlédggningen
bestar av dr dopta och numrerade med forkortningarna P-Processparametrar,
M-Medicinska applikationer och F-Fatigue (Utmattning). Avhandlingen
bestar av fyra tidskriftsartiklar kallade studie P, M2, F2 och F3 och tva
konferensbidrag studie M1 och F1.

Studie P undersokte med hjilp av férsoksplanering (Design Of Experiment,
DOE) hur processparametrarna paverkar ytgrovheten fér EBM-tillverkade
produkter och resulterade i att elektronstralens forflyttningshastighet och
energi har storst inverkan pé ytgrovheten.

Studierna M1 och M2 anvidnde kobolt-krom- respektive titanlegeringar,
tillverkat med EBM-tekniken, och undersokte biokompatibiliteten med hjélp
av blodkammarmodellen som kvantifierar blodets reaktioner vid kontakt
med metallytan. Resultaten visade att den mycket grova ytan som EBM-
tillverkade implantat har, stimulerar till koagulation och implantatinlakning.

Roterande utmattning anvéandes for studierna F1-3, och studie F1 avhandlar
hur EBM-tillverkade provstavar med olika storlekar och med eller utan
tempererad tryckbehandling (Het Isostatisk Pressning, HIP) paverkar
resultaten. Studie F2 jamforde hur den EBM-tillverkade ytan och en
maskinbearbetad yta péaverkar materialegenskaperna, och studie F3
undersokte hur Hirtisering, en patenterad elektrokempoleringsmetod, och
kombinerat med HIP pédverkar utmattningsegenskaperna. Studierna visar att
minskad ytgrovhet med elektrokempolering 6kar hallfastheten samtidigt som
spanningskoncentrationerna (Kt) minskar i ytan for EBM-tillverkade ytor.
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Avhandlingen visar att EBM-tillverkade ytor lampar sig for benkontakt och
att HIP inte forbattrar utmattningsegenskaperna om den rda ytan behalls.
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Computer-aided design

Contour offset, process parameter set
Design of experiments

Electron beam melting
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Number of contours, process parameter set
Powder bed fusion

Powder metallurgy

Rotating beam fatigue

Speed and current, process parameter set
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1 Introduction

This thesis, ‘Electron beam melting: Impact of part surface properties on metal
fatigue and bone ingrowth’, elucidates two topics: surface properties for
osseointegration of metal implants and surface features that affect fatigue
failure. These two aspects contradict each other and implant failure can occur
due to metal fatigue as well as loosening from the surrounding bone. Electron
beam melting (EBM)-manufactured titanium is the focus, and one study
includes cobalt-chromium.

1.1 Aim and research questions

To understand the impact of additive manufacturing (AM) on the state-of-the-
art industry, one must understand the types of changes that AM produces [2].
Access to the EBM technology has been the main resource for this research
aiming at the following question:

How can EBM add new value to implant manufacturing?

To limit the extent of this thesis, four research questions have been defined to
be able to build up knowledge on how AM will affect the manufacturing
industries and society, and to understand how this technology can contribute
to more effective implant manufacturing and economic growth. The research
questions are as follows:

(RQ1) Can EBM-manufactured as-built surfaces be used for bone
implants?

(RQ2) How do process parameters of EBM manufacturing affect the
as-built surface roughness and material properties?

(RQ3) How does as-built EBM surface roughness affect the high cycle
fatigue (HCF) life?

(RQ4) Can EBM-manufactured parts be used for fatigue-critical
components?

The start of my PhD studies was based on RQ], i.e. whether or not EBM can
be used for bone implants. The rest of the research questions sprung from RQ1
with an engineering perspective of usability and industrial applications as the
driving force. RQ2, which is about control of surface roughness, was based on
the fact that industries are not satisfied with the surface properties that came
with as-built EBM-manufactured parts. The research also attempted to



determine if it was possible to design a surface that suits bone implants only
by controlling the EBM process parameters.

Fatigue properties from as-built surfaces are highly important for AM design.
A limitation of this thesis is to study the bulk material with properties induced
by the surface. Research questions RQ3 and RQ4 deal with metal fatigue,
which is an engineering topic, but is an important property for load-bearing
bone implants. Bone implants have to withstand fatigue because the human
body needs dynamic movements to stay healthy.



1.2 Additive manufacturing

AM and three-dimensional (3D) printing enable fast and economic
production of complicated structures, which were impossible or difficult to
manufacture in the past [3], using a layer-by-layer approach [2]. The dominant
use of metal AM is in aerospace, automotive, medical, and dental industry [4].
EBM, which will be the focus of this thesis, is well suited for parts that cannot
be manufactured using conventional subtractive or formative technologies.
One example is the acetabular cup shown in Figure 1, which has an integrated
mesh structure.

Figure 1. Acetabular cup, courtesy of Sports Tech Research Centre

Additive manufacturing comes from adding material as opposed to
subtractive or formative manufacturing, such as turning or casting. Figure 2
illustrates how subtractive manufacturing removes material and how AM
deposits material to manufacture a product. The term 3D printing is
sometimes used to describe AM in non-technical contexts [3], but it is
generally associated with machines with low price. Historically, rapid
prototyping (RP) was the first application of AM, but currently, RP is
designated to AM processes that reduce the time required for making
prototypes [3].
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Figure 2. A) A block of material is used to subtractively manufacture a product. The
block of material becomes the desired product with a pile of waste material. B) Raw
material (feedstock) is depicted by a pile of material, which is added using AM to
manufacture a product. By using AM, little of the feed stock ends as waste. Artwork:
© BCT Technology AG (1)

In 2012, the ASTM Committee F42 defined seven AM process categories [5]:

o Binder jetting: Powder layers are glued by a liquid binder and post-
processing improves the material properties by sintering the powder
and possibly removing the binder.

o Material extrusion: Material is drawn through a nozzle and deposited
using heat. Example: fused deposition modelling.
. Direct energy deposition: Powder or wire is deposited through a nozzle

using a high-energy beam; this is commonly used to repair or add
material. The deposition can be made from different angles by using 4-
or 5-axis machines.

. Material jetting: Droplets of material are positioned using a printer head
and cured using UV light or cooled to harden. Example: polyjet [2].

o Powder bed fusion (PBF): Powder is distributed in a thin layer and melted
using high-energy beams (laser or electron beams).

o Sheet lamination: Sheets of materials are cut and bonded layer-by-layer.

o Vat photopolymerisation: A liquid photopolymer is cured layer-by-layer

using a UV laser scanning the surface.



Metal AM is performed by binder jetting, direct energy deposition, PBF, and
sheet lamination, but is it not limited to these process categories. Some
examples that use PBF are selective laser sintering, selective laser melting
(SLM), direct metal laser sintering, and EBM [4].

1.2.1 Terminology

In 2009, when this study was initiated, our department used the term free-
form fabrication (FFF), In the same year, the ASTM Committee F-42 [6] was
established and its mission was to develop standards for industrialisation of
AM. Currently, there is a standard that handles the terminology for AM, and
below is a summary of terminologies according to ASTM 52900:2015.
Vocabulary that has been used in publications and is included in this thesis or
in popular notions in communication is listed in Table 1.

Table 1 Occurring vocabulary and ASTM 52900:2015 terminology

ASTM (52900:2015) Occurring vocabulary, occasionally incorrect terminology
3D printing FFF, RP

AM FFF, RP, 3D-printing

As built As is

Build cycle Build

Build platform Build table

Feed region Powder hopper

Feedstock Raw material

Fully dense Fully melted (in relation to sintered)

Part cake Semi-sintered powder (in relation to sintered)
Post-process Post process

System Equipment

User Operator

1.2.2 Powder bed fusion

The principle of AM using PBF in metal is that powder is distributed over a
thin layer and then melted using a laser or an electron beam according to a
CAD model. Figure 3 shows a schematic illustration of the EBM system.

A laser beam can propagate in an air or a gas atmosphere, while electrons
require a vacuum to propagate. The vacuum protects the melt pool from
impurities, and laser systems often use an inert gas atmosphere during
processing. Laser and electron beam systems provide the materials in
different preconditions, which lead to different microstructures. The electron
beam requires preheating, which part cakes the powder and makes the
powder bed electronically conductive. Preheating also leads to stress relief
and the vacuum protects the alloy from impurities in the atmosphere. Laser



systems create a more quenched microstructure than electron beam systems
with their powder bed at 600-700°C for titanium, but there are also laser
systems that have preheating up to 500°C [7]. Preheating favours the
manufacture of metals that are sensitive to cracking due to heat expansion or
shrinkage.

An electron beam is controlled by electric coils and the electron beam can
move rapidly independent of moving parts; lasers are steered by
galvanometer scanners that reflect and position the laser beam. Electron
beams can run at 60 keV, at which the electrons propagate at approximately
half the speed of light. The electrons accelerate from a tungsten filament
(Arcam A series) or lanthanum hexaboride (LaBs) cathode (Arcam Q series),
and are steered by lenses, such as astigmatism lens, focus lens, and deflection
lens, which are electric coils. The latest Spectra series (Arcam) also uses a
cathode.

Both of these methods have limitations in build volume owing to the size of
the build tank and typically, machines are available in the range of 80 x 80 x
80 mm build volume to 450 x 450 x 450 mm; however, there are larger
machines [8] and there are initiatives to increase the build volume up to 2000
x 600 x 600 mm [9]. Approximately, there are 3000 laser PBF systems in the
market, while electron-beam PBF is less common with approximately 300
machines. This reflects the number of machine suppliers as well; there are a
lot more laser-PBF suppliers, and some of the biggest in the market are 3D
Systems, EOS, Concept Laser, SLM Solutions, Trumpf, and Renishaw [8]. The
main supplier of EBM systems is Arcam EBM, which introduced the first
machine on the market in 2003 [10]. There are initiatives in commercialising
competitive electron beam systems in China and Japan; however, these
systems have not yet been introduced to the Western market [11-13]. Metal
PBF is typically capable of manufacturing the materials listed in Table 2, and
EBM has six alloys available, which are listed in the section ‘EBM materials’

8].

Table 2 Metals and alloys typically available for PBF manufacturing [8]

Tool steel Nickel-based alloys Silver
Stainless steel Aluminium alloys Platinum
Titanium and titanium alloys Copper-based alloys Palladium
Cobalt-Chromium alloys Gold Tantalum
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Figure 3. Schematic image of an EBM system. Artwork: ©Arcam (2)



1.2.3 Freedom in design

Three-dimensional modelling and access to modern communication, which
allows continuous interactions and exchange of information, have impacts on
industries and make it possible to save lead time in the product development
process. For example, AM does not need any specially designed cutting tools,
which enables changes in the design and mass customisation. Digitisation,
which includes 3D scanning and 3D modelling, attributes AM as a part of the
third industrial revolution, with mechanisation as the first industrial
revolution and the intensive use of electricity as the second industrial
revolution [14].

Design for AM includes not only geometric considerations but also the
additive process, parameters of the machine, materials, post-processing, and
function of the part, according to Senior Editor Hendrixson of Additive
Manufacturing Magazine. The editor also stated that ‘true design for AM
involves trade-offs, specialisation, and even failure’ [15].

To understand the impact of AM on the state-of-the-art industry, one must
understand the types of changes that AM produces [2]. An example of a
successful change in manufacturing method is the specialised hand tool that
was redesigned from a conventional computer numerical control (CNC)
machining to AM manufacturing, which reduced the weight by 72%, lead
time by 92%, and cost by 58% [4, 16]. Three-dimensional printing is often used
for visualisation of the design process, but it could also be used for guides
within medical surgery or even for implant manufacturing in medical graded
titanium [2]. Freedom in design, which is available through AM, allows the
manufacturing of net and mesh structures, curved cooling channels, and
products with inner cavities [17] (see Figure 4).

Figure 4. Parts manufactured using AM with internal geometries that are expensive
or impossible to manufacture using subtractive manufacturing, courtesy of Sports
Tech Research Centre



In addition, structures from topology optimisation, which is a mathematical
tool that reduces component weight in a way that keeps the product strength
[18], can be manufactured using AM. Design of a specific strength, i.e.
strength to weight ratio, can be used for fuel savings and stiffness design for
osseointegration or graded properties. AM has been used to design metal
parts with low stiffness, for example, to match that of the bone [19, 20]. AM is
used for the production of complex parts [4, 20], small series [4], and mass
customisation [21]. Since 2007, the EBM-manufactured acetabular cup was
awarded with CE certification [22], and it is series-produced and clinically
available [20]. In a follow-up study containing 134 implants, all cups showed
excellent preliminary stability and good osseointegration, even in patients
with poor bone quality [20]. The mesh structure of the cup, manufactured
from Ti6Al4V, is called Trabecular Titanium™, which has a Young’s modulus
between 1-2.6 GPa, tensile strength of 86.4 MPa, porosity of 65%, and pore
diameter of 640 um [23]. In contrast, the human bone has a stiffness with an
elastic modulus of 18 GPa in the femur, whereas collagen has 1.24 GPa [24].

Figure 5. Clavicle implants (upper left) curved reconstruction plate manufactured
using EBM and (lower right) conventional reconstruction plate, courtesy of Sports
Tech Research Centre



EBM manufacturing is well suited for customisation of implants because
reconstruction plates can have a bent shape without deteriorated material
properties and the implant shape can be designed before the surgery starts,
which decreases the risk and cost of surgery, as shown in Figure 5. Dense
titanium and its alloys have an elastic modulus of 105-110 GPa and dense
CoCrMo has an elastic modulus of 230 GPa, which are approximately 10 and
20 times that of the cortical bone tissue [25]. Using metal AM, it is possible to
manufacture parts with a solid skin and a mesh core to design stiffness for
implants [26]. Patient-specific data virtual planning and bone cutting guides
can be used during surgery [27]. A mandibular reconstruction plate was
designed and manufactured using EBM; the procedure used a fibula flap and
the surgery used virtual planning [28]. In 2008 [29], an EBM-manufactured
skull implant was inserted and fixed using five screws.

Surface features are important for product functionality, and for AM parts,
the surface to volume ratio can be high, because of the way that AM can
manufacture parts with thin net and mesh structures or topology-optimised
geometries. EBM-manufactured surfaces can also have machined surfaces,
but geometries that cannot be manufactured by CNC machining cannot be
machined if they are manufactured by AM technology. Understanding the
impact of surface texture and post-processing is important to AM research.

The current quality and certification process for fatigue properties use
extensive mechanical test data and statistical methods to determine the
probability of failure. This paradigm does not fit the AM process, which may
manufacture a single or a small number of batch manufacturing [30, 31], and
standards that describe the associated tolerances, geometric specifications,
acceptable defects, and type of quality control are lacking [4].

1.2.4 Properties of EBM-manufactured surfaces

The inherent surface properties of as-built EBM-manufactured parts have
characteristics that originate from the manufacturing process. The surface
texture or topography comes from melted, partly melted, and sintered metal
beads because the feedstock (raw material) of the process is metal powder
with a typical grain size of 45-100 um [32], which is melted using an electron
beam that is run at up to 60 keV. The melt pool size depends on the process
parameters that steer the electron beam, and the melt viscosity and cooling
time affect its shape. Parts that are built with support structures have traces
from the attachments, and the powder recovery system (PRS) uses metal
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ue 6. A) Build with part cain the PRS. B atake paly removed and
recycled. C) Part cake removed and recycled, courtesy of Sports Tech Research
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powder of the same alloy to blast the loosely sintered powder grains from the
surface and remove the preheat cake. This process may affect the surfaces in
the same way as shot peening. Figure 6 shows the part cake powder that is
removed using the PRS system.

Powder removal in laser systems uses less effort, but systems that do not use
preheated powder beds need more support structures than EBM. Laser
systems use finer metal powders than EBM, which result in less coarse
surfaces and enables the use of thinner layers than those in EBM systems [30].
EBM can also manufacture using finer powder, which is described further by
Karlsson [33]. However, the process parameters have to be adapted to the
powder properties. Powder quality is important and may affect fatigue or
other product properties [30].

The part orientation affects the surface texture. Vertical surfaces have no
support attachments and the upper surface has the smoothest texture due to
gravity’s impact on the melt pool. The heat flow capacity is larger in the fully
dense melted area and through previously melted areas, rather than through
the powder cake. EBM uses a layer thickness that is usually between 0.05 to
0.1 mm, which provides a stair case effect that influences the surface
roughness differently depending on the build orientation.

The average surface roughness (Ra) is described in section 1.4.3 ‘Surface
characterisation’, and the Ravalues of EBM-manufactured surfaces have been
reported as 17.9-50 um [34-37].
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1.2.5 EBM materials

AM materials combine the theory from casting, forging, powder metallurgy
(PM), and welding in a way that was only possible in small-scale research,
while AM can manufacture on a large scale. This means that the industries
have limited knowledge on the microstructures of AM materials.
Commercially available materials for EBM are pre-alloyed metal powder of
Ti6Al4V, Ti6Al4V-ELI, commercially pure(CP)-Ti, CoCrMo, Inconel 718 [38],
and TiAl [10, 39]. Other materials that have been reported to be manufactured
by EBM in development are stainless steel 316L [40] and high-entropy alloys
[41]. In this thesis, EBM-manufactured CoCrMo and Ti6Al4V have been
studied and they will be further explained in the succeeding sections. The
future prospects of AM are fast build processes, powerful beams, large build
chambers, new materials, and material combinations [42], and EBM has the
potential to reach such prospects without major changes in the technique. For
example, the physical limitations of the electron gun extends the EBM system
limits in the Q systems today, and the productivity would increase with
thicker layers, more powerful electron beams, etc.

1.2.6 Titanium

Titanium and its alloys were introduced to the industries in the 1950s.
Titanium is used in chemical industries, such as desalination plants for
containers, pipes, and heat exchangers [43], and for dental implants [44].
Titanium alloys are used in the aerospace industry, for example, in load-
bearing constructions and in jet engines [43]. They are also used for
orthopaedic, maxillofacial, and dental implants. Titanium has better
resistance to corrosion than stainless steels in chloride solutions such as
seawater and body fluids, and it has a relatively low density of 4.51 g/cm? [45].

The strength of CP-Ti is highly affected by impurities such as atmospheric
gases, and oxygen is the most dominant solution strengthener [43]. Titanium
alloys are divided into two primary groups: with increased corrosion
resistance using palladium, and with increased strength, using for example
aluminium, together with tin, vanadium, or manganese. The strength of
titanium with 6 wt% aluminium and 4 wt% vanadium can be compared to
that of tough steels [43].

PBF Ti6Al4V parts are covered by ASTM Standard F2924-14 [46] and the
technologies use metal powder as feedstock.
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The microstructures of Ti6Al4V are fine when manufactured using EBM.
Material properties are based on fast solidification of a small melt pool to the
preheating temperature and cooling to room temperature, which occur
simultaneously in the whole part with a gas atmosphere. Laser and electron
beam technologies produce metal parts with fatigue crack growth governed
by the same features as cast and wrought Ti6Al4V [30], although for laser
manufactured parts, post-heat treatments are applied to remove residual
stresses, while EBM has a preheat process step that keeps the build at an
elevated working temperature. The laser PBF Ti6Al4V fracture toughness is
significantly improved by high-temperature treatment [47].

1.2.7 Cobalt-chromium alloys

Because of the safety requirements of medical implants, ASTM F75 CoCrMo
is used in particular owing to its high resistance to wear [48]. Wrought CoCr
alloys have been used for implants and they have higher strengths than cast
CoCr alloys, but wrought alloys generally contain a large amount of nickel,
which has a risk for allergies. ASTM F799 is a nickel-free CoCr alloy and
ASTM F75 CoCrMo is a wrought CoCr alloy composed of a cast CoCr alloy
composition[49].

EBM-manufactured CoCrMo alloy F75 can be used in orthopaedics, dental,
and aerospace applications. For orthopaedic implants, the alloy surface can
be polished to a mirror-like surface, which has high wear resistance for
articulating surfaces [50].

1.2.8 Post treatment

Removal of powder, support structures, and start plate is a necessary post-
treatment. For some applications, further post-processing by hot isostatic
pressing (HIP) and surface processing are recommended [4]. This is shown in
Figure 7.

In addition, to improve the AM process parameters, several post treatments
can be applied for improved fatigue life [51] and heat treatment is used for
PBF to form the desired microstructures, relieve residual stresses, close pores,
and/or improve the mechanical performance of the material [4]. For EBM, the
as-built microstructure grain growth, due to heat treatment, does not
necessarily mean improvement in the mechanical performance, while closing
the inner porosity removes crack initiations [47]. However, HIP does not
improve the fatigue resistance if the surface roughness is kept intact [47], and
EBM Ti6Al4V is stress relieved as-built because of preheat.
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Figure 7. (A) Hip implant with support structures on a start plate. (B) Hip implant with
support structures removed from the start plate. (C) Hip implant with removed
support structures and start plate. (D) Hip implant that has been machined and
further post-processed, courtesy of Sports Tech Research Centre

HIP has been used successfully for a number of decades in manufacturing to
densify critical components for sectors such as aerospace, medical implants,
power generation, and oil and gas expansion [52]. It is a process that densifies
metal powder, castings, and sintered products using high temperature and
high pressure. The temperature is often approximately 80% of the solidus
temperature to avoid melting [53]. The process closes inner porosities larger
than 22 pm [30] and is used for AM parts as well.

The primary HIP cycle parameters are temperature, pressure, and holding
time. The temperatures used are below the melting point, where the
equilibrium-phase composition consists of solid phases. The treatment
induces plastic deformation, creep, and diffusion on the crystal structure. HIP
is dependent on air-tight surfaces that fully dense AM parts have, but still, the
surface porosity is not removed by HIP [52].

For a specific material, there can be different HIP cycles that can achieve a
dense material because there are three parameters that affect the densification
process. For example, both cycles with low temperature and pressure with
long holding time or high temperature and pressure with short holding time
can achieve a dense material. The conventional HIP cycle coarsens the
microstructure, improves ductility, and removes inner porosity, and the cycle
can be optimised to achieve a specific microstructure. Every pore is affected
simultaneously by HIP, and an increased number of pores still result in a
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dense material after HIP treatment; however, an excessive number of pores
will lead to shrinkage. This makes it possible for a faster AM manufacturing
process, which induces a lot of pores in the as-built material but still obtains
a dense material after HIP treatment [52].

Electrochemical polishing (ECP) uses galvanic corrosion to remove parts of
the surface in a way that reduces the surface roughness [54]. Some processes
that offer ECP for AM parts are ISE® [55], Hirtisation® [56], Finish3d [57],
and a process by Abel electropolishing [58]. ISE® claims that the process
reduces friction and wear, and improves bending fatigue, tensile strength,
and corrosion resistance. Additionally, part cleanness reduces the risk of
foreign object debris and the process removes support structures [55]. The
Finish3d process increases the resistance to corrosion and resistance to wear
by reducing friction and it improves the aerodynamics [57]. Abel
electropolishing claims that their process leaves the surface free of micro-
imperfections, which can impede performance. Moreover, their process
removes initiation sites for corrosion and does not distort the shape of parts;
this is suitable for medical, aerospace, and other high-profile industries [58].
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1.3 Bone implants and osseointegration

1.3.1 Bone healing

A selection of bones or parts of bones that can be treated by orthopaedic or
maxillofacial surgery is shown in Figure 8.

The bone is a calcified living tissue with a metabolism that needs to degrade
to regenerate. Osteoblasts, osteoclasts, and osteocytes are bone cells.
Osteoclasts resorbe the bone and osteoblasts remodel the structure using
hydroxyapatite to assure longevity of the osteocytes in the calcified bones.
Bone remodelling continues throughout the human life and is dependent on
the amount of hormones, vitamin D, calcium, and phosphates. In addition, an
active lifestyle makes the bone grow stronger, because it induces micro cracks
and stress fractures, which if allowed to heal, lead to strong bone tissues [59].
The trabecular bone structure consists of trajectories and the bone structure
remodels according to topology optimisation [60], which follows ‘the law of
bone remodelling’ [61] later known as Wolf’s law.

Inflammation is necessary for bone healing because it initiates important
physiological and immune reactions [62-65]. The blood clot properties and
architecture are important, and it was hypothesised that thrombogenic
(coagulant) properties are beneficial for bone growth [66]. The implant surface
structure has an effect on the fibrin network complexity [64, 67], which is a
frame for bone growth. The fibrin network has to stick to the implant and has
space for the leukocytes (white blood cells) and osteoblasts cells to migrate to
the surface and generate new tissues [63, 68, 69].

1.3.2 Blood

Blood is a connective tissue containing erythrocytes (red blood cells),
leukocytes (white blood cells), and thrombocytes (platelets) dissolved in
plasma, as illustrated in Figure 9. Erythrocytes primarily transport oxygen,
are 40-45% of blood volume, and are typically 7 pm in diameter [70].
Leukocytes (immune cells) normally occupy less than 1% of blood volume.
They are represented by lymphocytes, monocytes, and granulocytes.
Granulocytes are the most dominant among leukocytes, represented by
basophils, which transport heparin and histamine; neutrophils, which
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Figure 9. Blood cells: (from left) erythrocyte, thrombocyte, and leukocyte. Artwork: (4)

perform phagocytosis; and eosinophils, which attack bacteria and parasites.
Monocytes represent 5-10% of leukocytes. They kill and destroy through
phagocytosis [70]. Lymphocytes are divided into B-lymphocytes, which
produce immunoglobulins, and T-lymphocytes, which kill infected cells and
are natural killer cells that identify and kill alien or infected cells [71].

Thrombocytes have a diameter of 2 um and occupy less than 0.1% of blood
volume. When they activate, they agglomerate and enhance coagulation [70].

Plasma is a water solution containing small inorganic ions such as sodium,
potassium, calcium, magnesium, chloride, and bicarbonate ions, among other
minerals. Plasma also contains organic substances such as proteins,
carbohydrates, amino acids, fatty acids, vitamins, hormones, and glucose.
Some important substances in plasma for the coagulation and immune system
are immunoglobulins, complement proteins, and coagulation factors [70].

1.3.3 Coagulation

Polypeptides, fibrinogen, coagulation factors, and thrombocytes can, under
certain circumstances, activate and build a blood clot. With a fibrin network
that entraps blood cells, a blood clot can stop blood leakage and start a healing
process [72].

Reactions during coagulation have two pathways, namely the intrinsic
pathway (also called contact activation) and the extrinsic pathway using the
tissue factor (TF), illustrated in Figure 10. The reactions of coagulation are
cascades of chain reactions.
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The extrinsic pathway starts with TF, which is the only coagulation factor not
dissolved in plasma. A damaged vessel wall will expose the TF to the plasma-
dissolved coagulation factors [73]. TF will activate FVII, which in turn
activates FX, which binds prothrombin (FII) to thrombin [72]. With the
presence of thrombin, FVIII and FV activate and thrombin formation is
amplified. FVIII, together with FIX, then activates FX [72]. Active FV and
active FX create a feedback loop with increased thrombin formation.

The contact activation pathway starts with a conformation change of FXII
adsorbed to a foreign surface as biomaterials. FXIla activates FXI together
with high molecular weight kininogen (HMWK or HK) [74], then FIX and
after that, FX will be activated. The intrinsic pathway merges with the
extrinsic pathway in thrombin formation.

Contact activation (intrinsic) pathway

Damaged
surface
Tissue factor
(extrinsic) pathway
/‘\
XII XIIa Trauma
/‘\ l
XI XIa
/_\ ‘/\
IX IXa VIIa VII
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lVa
Prothrombin Thrombin
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XIIIa
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Figure 10. Schematic overview of blood coagulation reaction cascade. Roman
numbers represent corresponding coagulation factors. Artwork: (5)
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FXa cleaves prothrombin to thrombin, which cleaves fibrinogen to fibrin
monomer, which builds fibres and a large fibrin network with entrapped
blood cells. Finally, thrombin-activated FXIII will cross link the fibrin to a
mesh [72].

Coagulation also contains inhibitors that, together with coagulation factors,
play a well-organised work. The inhibitors antithrombin (AT), Cl-inhibitor
(C1-INH), and protein C keep the clot localised and controlled [72]. AT not
only inhibits thrombin, but also inhibits FXII, FXI, FX, and FIX; C1-INH,
which was discovered as an inhibitor in the complement system, also inhibits
FXII and FXI [75] and protein C inhibits FV and FVIII [73].

1.3.4 Biocompatibility

Currently, there is still a lot of confusion between osseointegration and
hemacompeatibility, and it was said that inflammation may occur if the
reactivity of the implant material is extremely high [76]. Titanium is neither
biocompatible, in general, nor bioinert. Titanium is strongly bioactive and
leads to coagulation. Materials that induce blood coagulation are called
thrombogenic materials because of their interaction with thrombocytes and
the coagulation cascade [77]. A hypothesis is that thrombogenic properties
augment bone healing [78]. Titanium, with the presence of blood cells, will
induce coagulation and inflammation, which can lead to bone healing [66].
Inflammation is important to induce the bone healing reactions [79], and this
response of bioactive materials is beneficial for osseointegration [80].

Titanium has shown very little allergic reactions, which may be one of the
reasons that titanium has been considered as an implant material; no allergies
had been observed for titanium, niobium, and tantalum in the 1990s [76].
Recently, hypersensitivity reactions have been reported more in patients with
implants of stainless steel and CoCr than with titanium, and allergies to bone
cement have been a common reason for implant failure [81].

Contradictions in the argumentation of usage have been common. For
example, Brunette, et al. [82] argued that titanium was a good material for
prosthetic heart valves even though cases with thrombosis had been reported.
Their suggestion for future prospects of titanium in heart valves was a harder
titanium with coatings that are wear resistant and perhaps also blood
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compatible [82]. How to decrease titanium thrombogenicity to increase its
hemacompeatibility [74] is also a contemporary research topic.

Most studies on foreign body reactions have been concentrated to soft tissues
and little attention has been drawn to bones, where the reactions are different
[83]. Moreover, according to Donath, et al. [83], the definitions of levels of
biomaterials such as biotolerated, inert, and active were not based on
fundamental bone reactions. Linder [84] reported that the ‘zero reaction’
proposed by Hicks [85] as the normal response to a bone of an inert material
was made based on observations of steel in a time when pure titanium was
hardly used. Some attempts to classify biomaterials are as follows: biotolerant
materials are stainless steels, polymer methyl methacrylate, and CoCrMo
alloys; bioinert materials are alumina ceramics, zirconia ceramics, titanium,
tantalum, niobium, and carbon [86]. Bioactive materials are Ca-phosphate-
containing glasses and ceramics, and ‘titanium (?)" including the question
mark printed out in the source. In the same book [76], bioactive materials are
described by the ‘bioinert alumina ceramic’ as an example, which is suitable
for bone substitution but leads to very strong coagulation, along with a note
that the reactivation is relatively different in the bone and in blood vessels.

Bioinert materials form a layer of soft tissue [83] and do not integrate with the
bone. Orthopaedic implants that do not fit frequently use the polymer methyl
methacrylate as bone cement, which cause trauma and death of osteocytes by
the heat generated during hardening at the bone-cement interface. The
damaged bone will resorb and become a scar tissue consisting of diffrentiated
soft tissue, which eventually keeps the implant in place [87].

1.3.5 Implant surface properties

CP-titanium and Ti6Al4V, which are used in press-fitted bone implants,
sometimes add surface roughness by, for example, sandblasting and acid
etching (SLA). The post-processing treatment is used to reinforce the
osseointegration, and the SLA treatment is somewhat of a standard [44].

Metal implants with increased surface roughness for bone integration, i.e.
porous coated, manufactured with metal powder beds sintered on the surface
have been used clinically since 1977 [88]. These types of surfaces on titanium
implants can, to some extent, induce bone formation [89]. After chemical and
thermal treatments, an osseoinductive bone formation property was observed
[90], and different oxide layers exhibit properties for bone ingrowth [91].
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Titanium forms an oxide layer that protects the metal from corrosion. The
thickness of the oxide layer is from 0.5 to 10 nm [92], and it increases with heat
treatments using active gases [45]. Alpha-case can form with a thickness of 5
pm within 30 min at 600°C, and it has a negative impact on fracture toughness
and needs to be removed for the material to resist crack growth [45].

1.3.6 Metal implants

There is no perfect bone implant material, but if there was, it should have the
stiffness of bone, strength of CoCr, corrosion and biocompatibility of titanium,
and price of stainless steel [81].

Ti6Al4V is often used because it is stronger and more wear resistant than CP-
Ti, but it has a disadvantage in applications demanding good tribological
properties. However, this problem can be overcome by using coatings or other
surface engineering techniques [93] or other alloys such as CoCrMo for
orthopaedic implants. Choosing alloys for medical implants is also dependent
on the surgeon handicraft skills, and the ductility of material is important for
shaping implants.

22



1.4 Fatigue

The stages of fatigue life start by hardening of the whole specimen. The
fatigue load cycle moves the force direction relative to the dislocations and
leads to slips in the crystal structure. Fatigue hardening can lead to the same
yield strength in compression and tension, in contrast to work hardening by
plastic deformation. After a while, during fatigue, slip occurs locally in
persistent slip bands. The bands then grow wider and in the last stages, crack
initiation and crack propagation occur in the hardened bands, which then lead
to catastrophic failures [25].

Fatigue testing often uses a constant amplitude, but how cumulative loads
affect the life of a product can be estimated, for example, by using the
Palmgren-Miners rule in Equation 1:

Equation 1 Z% =1
F\O;

where oi are different stress levels, N is the number of cycles that the specimen
has been subjected to, and Nr is the predicted number of cycles to failure that
the specimen can survive at a given stress level [43].

Li et al. [30] made a thorough study on AM Ti6Al4V. They concluded that the
mechanical behaviour of this material must be better understood to utilise it
for load-bearing applications, and understanding fatigue is key before AM
technology can be used safely. Lewandowski and Seifi [94] performed a
review on material properties of AM, metal material, and properties
containing both strength and fatigue.

1.4.1 Rotating beam fatigue (RBF)

RBF is a stress-life fatigue test method. No fatigue test method covers every
aspect, and testing of components has always been important for
conventional parts, which is a challenge for non-destructive testing of EBM-
manufactured parts. The stress-life approach is more experienced than the
strain-life method and the fracture mechanic approach. The stress-life method
has lot of experiences in surface finish, load configurations, and treatments.
However, according to Bannantine, et al. [95], the method has little interest to
research because it ignores the stresses and strains in the notch root and does
not distinguish between crack initiation and propagation. Nevertheless,
stress-life is the quickest and cheapest method, and when dealing with new
materials, testing needs to be conducted to extend the experience to new
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materials. This thesis deals with fatigue but the primary purpose is to
understand how EBM manufacturing can add new value to manufacturing.
Furthermore, this thesis is limited to elucidating the surface properties from a
global perspective; thus, the method limits the ability to distinguish between
stages in fracture mechanics, i.e. crack growth and crack initiation [95]. The
method works well for designs involving long life, and industries have
adequate experience in using the method. In contrast, while knowledge about
the strain-life method and the fracture mechanics approach are not
widespread in the industries. The stress-life method is often taught at the
undergraduate level, while the other two methods are taught at the graduate
level. The reason for selecting a method is sometimes because it is ‘high tech’,
or it is overlooked due to lack of understanding [95].

For further research, the strain-life method and the fracture mechanics
approach can be used when the notch root and stress concentration factor (Kr)
have been well defined. Furthermore, the strain-life method is important for
EBM because the results can be extrapolated to complex geometries, and the
fracture mechanics approach can be used to determine the life of components
that have sharp notches [95].

Both rotating beam and axial testing have axial stress distributions, but in
bending, the stresses are high at the edges/surfaces and low in the core; this
should lead to a larger impact from the surface properties than from the bulk
material properties. Zooming in to the stress development around a
dislocation, the stress gradient in an RBF setup changes its angle, and the
stress in axial testing is the same over the whole cross section. Comparing a
small RBF specimen with a large one, the stress gradient and distribution close
to the surface should be less affected by the angle in large specimens, where
the surface is far from the core. A large sample also has a smaller stress
gradient, while an axial test has stress gradient zero [95].

1.4.2 Weibull distribution

The quality of chain links has a normal distribution. However, the quality of
chains has a Weibull distribution. In mechanics, it is common that a chain is
only as strong as its weakest link, but for fatigue, the size effect has at least
three components, namely critical volume, stress gradient, and
microstructure-size effects.

The Weibull distribution is unsymmetrical and contains a scale factor and a
shape factor. Note that the exponential and Rayleigh distributions are specific
Weibull distributions. To strengthen a chain, one can either reinforce every
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link or create stronger chains without increasing the thickness, by making
sure that the link strengths are narrowly distributed. Another consensus of
the weakest link is that longer chains, given that they are of the same quality,
are significantly weaker than shorter chains. This is also valid in fracture
mechanics, but what may be considered a ‘link’ may not be trivial.

Weibull himself provided ‘the appropriate mathematical expression for the
principle of the weakest link in the chain or more generally, for the size effect
on failure in solids’ [96]. Moreover, he pointed out that any probability of
surviving depends on not having died from any different causes, and failures
have a Weibull distribution. There are other distributions, but the Weibull and
normal distributions are the most commonly used.

1.4.3 Surface characterisation and parameters

There are many aspects of why surface roughness and surface parameters are
important. Crack initiations from surface notches, ability to adhere and have
high friction, turbulence, and aerodynamics are just a few examples. Surface
parameters are suitable tools for making comparisons in surfaces that have
somewhat similar tasks or origins, but a single or a few surface parameters
cannot carry all the information about all the properties that arises from
surface topography. When describing the surface topography of bone
implants, the amplitude descriptive surface parameters should be
complemented with spatial and hybrid parameters [97]. Amplitude surface
parameters are for example Ra and Rq, which are described in Equation 2 and
Equation 3 [98]:

, 1
Equation 2 Ra= ZfL|y(x)| dx

Equation 3 Rq= E fL y2(x)dx

where L is the scan length, and y(x) is the surface profile along the x direction.
Sm is a spatial surface parameter, which calculates the average spacing
between flanks [98]. Sk is a hybrid surface parameter, which describes the
amplitude distribution skew by calculating a positive or negative number that
relates to whether the topography has more concave or convex structures [98].
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Commercial implants are required to be characterised by using more than one
method to describe the whole surface topography [98]. Some complementary
methods for surface characterisation that are not used in this study are non-
contact laser profilometry, interference microscopy, scanning electron
microscopy, stereo-scanning electron microscopy, and atomic force
microscopy.

Ra is still the most commonly used surface parameter, and together with
information on the manufacturing process, post-processing, and the method
used to achieve the surface parameter, it is possible to draw comparative
conclusions if the methods are compatible. A drawback of Ra is that it does
not carry any information on wavelength, which is one reason for the
importance of having information on surface processing to be able to use the
information.

No attempt has been made to evaluate the mechanical load case with a
continuum mechanical approach due to non-availability of a surface
characterisation method that fully detects all features of the type of surfaces
that EBM-manufactured parts have. One method of surface characterisation
that can detect underlying cavities and overhang in the topography is micro
computed tomography.
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2 Materials and methods

2.1 Electron beam melting
2.1.1 CAD file preparation

SolidWorks (Dassault Systems) was used for the construction of specimen
STL files for all the studies. File preparation for manufacturing was then
performed using Magics (Materialise, Belgium). The software was used for
rescaling, positioning on a start plate, and support structure preparation if
necessary. Slicing the files was then made by Build Assembler (Arcam), which
converts the information into an Arcam build file (.abf) that can be handled
by EBM systems. Details on the design and file preparations of medical
implants are not covered by this thesis, but further details on implant design
are described by Cronskar [99].

2.1.2 EBM systems

The EBM process runs in a vacuum, with a pressure of 2 x 103 mbar (A2) and
4 x 10% mbar (Q10 and Q20 ), which is necessary for the propagation of
electron beams. The vacuum also hinders the melt pool from reacting with
atoms and gas molecules by creating a clean build environment.

The A2 system used at Sports Tech Research Centre was launched in 2007. It
was the first A2 machine, and it was rebuilt from an S12 system.

EBM A systems use a wolfram filament as an energy source, whereas Q
systems have a lanthanum hexaboride (LaBs) cathode. The cathode has a large
capacity, and its electron beam has a long lifetime. The physics behind the
filament and cathode is different, but the physics steering the electron beam
propagation is the same; however, the software EBM control (Arcam) has
different versions for the A and Q systems.

In the A2 systems, the filament capacity is one of the limitations, while the Q
systems are designed for industrial use and series production. The A2 systems
are easier to adapt to changes such as change of alloy in the machine. The Q20
system also takes advantage of the cathode capacity that makes it possible to
have a larger build envelope.

In 2018, a new machine, Spectra H, which focused on manufacturing of high-
temperature alloys such as TiAl, was launched. In comparison to the previous
machines, a 6 kW electron gun, which makes it possible to increase the

27



production and build volume, is incorporated [10]. A similar machine
devoted for Ti6Al4V manufacturing will be released, according to Arcam.

2.1.3 Process parameters

The process parameters are organised in themes. There are themes for every
material and different themes for each layer thickness. Ti6Al4V-gr5 and
Ti6Al4V-ELI use the same theme. A successive build cycle has to use a preheat
theme, and at least one out of the themes melt, support, and/or net.

Support structures transport heat from the melt pool, and the preheated caked
powder is also electronically conductive. A small amount of material that goes
into EBM manufacturing is wasted. The support structures are wasted, but

some part geometries can be optimised to obtain little or no support structures
[100].

Preheating, as shown in Figure 11, uses
an unfocused beam to heat the powder
bed to the elevated temperature at
which manufacturing of the part
occurs. The beam keeps it at this
temperature until the build cycle is
finished. The preheated part cakes the
powder to an agglomerated state,
where it gets electrically conductive
but still heat-insulated, and the part
cake is then removed by blasting in the
PRS (Arcam AB, Sweden).

Figure 11. Preheating, courtesy of Sports Tech Research Centre

The melt theme includes contour
melting (shown in Figure 13) and
melting of the bulk (see Figure 12). The
melt scans the bulk of the build inside
the contours, where a high energy
beam melts the metal powder through
several layers to obtain the fully dense
material properties.

Figure 12. Melting the bulk, courtesy of Sports Tech Research Centre
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Melt, support, and net themes melt the powder. Melt melts an area creating a
volume of bulk metal, support melts a line creating walls of metal, and net
melts a point creating small beams of metal. The process parameters used in
studies P and M2 were all within the melt theme. Line offset (LO) is a process
parameter controlling the position of hatching the bulk core.

2.1.4 Contours

Melting the contours is controlled from inside the melt theme but contour
melting is performed separately from bulk melting. Contours use the Arcam
MultiBeam™, which is a contour-melting strategy that separates the beam by
melting many smaller melt pools at the same time (see Figure 13).

Some process parameters that were
investigated in study P were contour
offset (CO), speed and current (SC),
and number of contours (NC), which
controlled how the outer line (the
contour) was melted. For example, by
setting NC to zero, CO and SC are
turned off. A schematic representation
of some process parameters is shown
in Figure 16.

Figure 13. Contour melting using Arcam MultiBeam™, courtesy of Sports Tech
Research Centre

2.1.5 Layer thickness

Powder deposition is steered by a powder rake, which deposits metal powder
from the feed systems to a start plate, which can be lowered. The electron
beam heats the powder according to the instruction from the .abf file.

Thick layers yield a fast build time and rough surfaces. Thin layers yield a
finer surface and longer build time. The first melt themes of EBM were 0.1
mm layers and by the time the acetabular cup was first CE certified in 2007,
0.07 mm layers were standard. Currently, 0.05 mm layers are standard for Q10,
while Q20 generally uses thicker layers than Q10 systems to speed up the
build time when manufacturing larger parts.

Studies M1 and P used 0.07 mm layers and studies F1, F2, and F3, which were
performed later, used the default process parameters at that time, namely 0.05
mm layers.
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2.2 Specimens

All specimens were EBM-manufactured apart from some reference samples
in study M2. A summary of all specimens is presented in Table 3 and the
nomenclatures used in respective studies are listed in the table.

Coin-shaped specimens were used for the blood chamber method (BCM) and
design of experiments (DOE). RBF used hourglass specimens, which are
shown in Figure 15.

2.3 Materials
2.3.1 Metal powder

EBM uses metal powder as a feedstock to manufacture parts. Spherical
powder grains are suitable for the process, because they have good flowability,
which makes it possible for the powder rake to fetch powder from the feed
region and evenly distribute it over the build surface in the build envelope.
Certified feedstock delivered from Arcam AB (Sweden) has a powder grain
size of 45-100 um, which was used in this thesis.

2.3.2 Titanium

Hydrogen and vanadium are (3 stabilisers to titanium, whereas carbon,
nitrogen, aluminium, and oxygen are a stabilisers [25]. CP-Ti melts at 1620°C
and has its 3 transus at 882.5°C, whereas Ti6Al4V has its  transus at
approximately 980°C [45].

EBM Ti6Al4V has alpha-acicular, hexagonal close packed (HCP) crystal
structure, surrounded by interfacial 3 phase (body centred cubic, BCC, crystal
structure). The fine lamellar structure can be attributed to the very high
solidification rate. HIP leads to coarsening of grains but still keeping the same
microstructure. EBM-manufactured Ti6Al4V has a coarser microstructure
than the same material from a laser process [101, 102].

At a cooling rate faster than 18 K/s, a’ martensite and (a’”’) will form; at a
slower cooling rate, ac and o (a”’) form. At 3.5 K/s, o + p form and traces of the
martensitic microstructure can be found; at a slow cooling rate, a and 3 phase
will form [103]. Table 4 presents the material data of titanium and its alloys.
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Table 3. Set of specimens used in this thesis. The nomenclatures of the specimen
and the post-processing, alloy, and research methods are listed for each study.

Specimen type in brackets means that the post-processing, EBM system, or alloy

was restricted to those specimens
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Table 4 Material data of titanium and titanium alloys [32] [104] [45]

CP-Ti (ASTMGr2) Ti6Al4V Ti6AI4V-ELI
(Donachie) (Donachie) | (EBM) (Donachie) | (EBM)
Tensile strength MPa >340 >900 1020 >830 970
0.2% Yield strength MPa >280 >830 950 >760 930
Titanium Balance Balance Balance |Balance Balance
% Aluminium 6 6 6 6
% Vanadium 4 4 4 4
% Hydrogen <0.015 <0.0125 0.003 <0.0125 |<0.003
%0Oxygen <0.25 <0.20 0.15 <0.13 0.10
%Nitrogen <0.03 <0.05 0.01 <0.05 0.01
% Carbon <0.10 <0.10 0.03 <0.08 0.03
% Iron <0.3 <0.30 0.1 <0.25 0.1
2.3.3 CoCrMo

Study M1 wused as-built EBM-manufactured CoCrMo specimens for
investigation of their surface properties.

Cobalt has an HCP crystal structure at room temperature and above 400°C, it
transforms to a face centred cubic (FCC) crystal structure [105]. Chromium
and molybdenum increase the transformation temperature, but a cobalt-rich
matrix often consists of a metastable FCC structure [106]. Table 5 presents the
material data of CoCrMo.

EBM-manufactured CoCrMo is recommended to undergo HIP treatment at
1200°C, 1000 bar argon atmosphere, and 240 min [50].

Table 5 Material data of CoCrMo [50]

F75 (ASTM) [F75 (EBM)
Tensile strength MPa >655 1050
0.2% Yield strength MPa >450 600
Cobalt Balance Balance
% Chromiunm 27-30 27-30
% Molybdenum 5-7% 5-7%
Y% Titanium <0.1 <0.01
Y%Aluminium <0.1 <0.01
% Nitrogen <0.25 0.05
%Carbon <0.35 0.20
% Iron <0.75 0.17
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2.3.4 Post-processing

Machining or turning reduces the surface roughness and creates a surface that
is similar to that of products manufactured using a lathe machine. In study
M2, CP-titanium specimens were used as reference in the BCM and in study
F2, machined EBM-manufactured specimens were used as reference.

HIP treatment of EBM-manufactured Ti6 Al4V for fatigue-loaded components
is recommended at 920°C, 100 MPa, and 120 min. In this thesis, HIP service
was ordered from Bodycote (Belgium).

Electrochemical polishing by Hirtisation was performed on specimens in
studies F2 and F3. The patented Hirtisation method, which is available from
Hirtenberger Engineered Surfaces GmbH (Hirtenberg, Austria), uses
technology from galvanic coatings to electrochemically polish surfaces. The
process is available for materials commonly used in metal AM manufacturing.
The process is well suited for AM parts because it can reach inside net and
mesh structures or geometries that are designed using topology optimisation,
which cannot be conventionally polished or machined.
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2.4 Research methods

2.4.1 Design of experiments

DOE is a tool for obtaining as much information as possible from a limited
number of trials, which might save time and cost if the trials are time-
consuming or costly. There are situations where correlations of factors affect
the outcome and the use of an investigation of a single factor in such case
would provide false results. A well-planned DOE can reduce the number of
trials while keeping the same statistical accuracy. In industry trials and
development, using DOE can lead to a stable process that can withstand noise.
Because the development of new materials is complex, understanding of the
process detail is extremely important [107]. Details on how to set up a DOE
can be found elsewhere [107].

The DOE used in study P was a 2* full factorial setup, which uses four
different parameters that were investigated. Two levels, i.e. a high and a low
level, were set for every parameter. A full factorial experiment takes into
consideration interactional effects of the parameters investigated.

2.4.2 Surface characterisation

Dektak® 6M (Veeco, USA) with a tip diameter of 12.5 pm was used for surface
profile characterisation. Ra was calculated using the software of the profiler.
Further analyses of surface data were made in Matlab (R2015a, MathWorks).

The resolution of a surface scan is
limited by the stylus diameter, and
the stylus in this thesis is in
accordance with the surface
roughness that EBM-
manufactured surfaces have, i.e.
melted metal powder grains layer-
by-layer. The stylus used is shown
in Figure 14.

Figure 14. Tip of the surface profile, which acts as a filter on the measured data

34



2.4.3 Blood chamber method

BCM is a method that uses human whole blood to characterise the early stages
of bone healing [66]. It makes it possible to identify the reactions that occur
when blood is exposed to a surface. Using this information, we can
understand the architecture of blood clot, which is the start of bone healing
and there is a hypothesis that fast blood coagulation and fast bone healing has
a correlation [108].

BCM uses fresh whole blood with a low amount of soluble heparin, which is
used within 20 min. Heparin conjugate (Corline heparin surface, CHSTM)
was used as a coating on the equipment to protect the whole blood. Heparin
conjugate mimics the inside of blood vessels that have a heparin sulphate
proteoglycans layer [109].

In preparing the experiment, blood was put into a small container (the test
chamber) and the specimen of an implant surface was put on top of it with a
clip. During the experiment, it was flipped 90° from a table and the specimen
acted as a wall in the blood-filled chamber. The implant specimen and the
blood were put in a heated cabinet on a rotating wheel at a moderate speed,
so that the blood in the chamber was in constant flow. After the experiment,
the blood reactions were stopped using ethylenediaminetetraacetic acid
(EDTA), and biochemical analysis started. Blood cell count was performed
immediately; the plasma was separated from the blood cells, and the plasma
specimens were put in a freezer at —=70°C for further analysis.
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2.4.4 Rotating beam fatigue

The RBF equipment is a stress-life method. The equipment was fabricated by
IM-Teknik (Sweden). A schematic image of an hourglass specimen is shown
in Figure 15. Forces (F) were applied parallel to the specimen longitudinal axis,
which means that the bending moment is of the same magnitude over every
cross section of the specimen.

ﬂ
—— —— L
— N ——
— " Fie==

Figure 15. The moment over the specimen is M = FL, which is equal over the whole
specimen. The specimen then rotates along its longitudinal axis. (Image not to scale)

RBF has a stress intensity ratio R =-1. Studies F1-F3 used a frequency of 2400
rounds per minute and the runout was set as 10 million cycles, which took
almost 3 days to run. The bending moment came from a force applied on
cantilever beams. The maximum stress was calculated using Equation 4.

Equation 4 Smax =

where m is the mass of the load in kg, g is the acceleration of gravity, and r is
the neck radius in m. In study F1, the equation of stress is not balanced in
terms of unit and the right side of the equation needs to be multiplied by 1 m,
to balance the units. In studies F2 and F3, the equation is corrected.
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Results

2.5 Studies on process parameters

The process parameters were investigated in study P, which was published
as a scientific article in Rapid Prototyping Journal. Study M1 and study M2 used
specimens manufactured with different process parameters and are presented
under section 3.2 (Studies on medical applications).

2.5.1 Study P

In study P, some process parameters steering the electron beam were
investigated using a 2*factor DOE with 16 experiments. The aim was to
evaluate if Ra could be influenced by changes in the process parameters. The
process parameters chosen for the study were a combination of SC of the
electron beam, contour offset (CO) between the scan lines, line offset (LO),
which is the overlap from layer to layer in the bulk, and number of contours
(NC), which represents the number of times that the contours were scanned.
The process parameters that showed the most impact on the results were
speed and current (SC) and CO, and the combination of CO and NC. Figure 16
shows a schematic image of the default process parameters and process
parameters that affect the surface roughness from the coarsest to the finest.
These parameters are displayed in Table 6.

Figure 16. Schematic image of process parameters: (Left) process parameters for
fine surface; (Middle) default process parameters; (Right) process parameters for
rough surface

Table 6. Process parameters in study P that create fine, default, and rough surface

roughness
Surface texture Fine Default Rough
NC 4 3 4
CO 0.2 mm 0.25 mm 0.3 mm
SC 700 mm/s using 12 | 700 mm/s using 12 | 280 mm/s using 5
mA* mA* mA
*( the outer contour was 280 mm/s using 5 mA)
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The effects of DOE, i.e. process parameters and their combinations, are
presented in Figure 17, which shows their normal probability plot.

Along with the 2*-factor experiment, which comprised 16 experiments, a 22-
factor experiment, which was not published in study P, was conducted. It
comprised four experiments, numbered 17-20, in Figure 18. The 2>-factor
experiment used one and no contour and investigated LO. Data points 1 to 16
were used in study P, but that study did not support the conclusion that using
no contours makes rough surfaces. Table 7 provides the complementary DOE
setup.

The data in Figure 18 show that using no contours increases the surface
roughness by more than 50%. Using contours, Ra ranges from 24 to 32 pm and
using no contours, Ra is between 42 and 44 yum.

Mormal Probability Plot
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Figure 17. Normal probability plot of the effects from Table Ill in study P. The three
points in the upper right corner represent SC, CO, and the combination of CO and
NC
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Table 7 Process parameter set of number of contours (NC) and line offset (LO) in the
22-factor experiment

Experiment | NC LO

17 0 0

18 1 0

19 0 default
20 1 default

Results of 2- and 4-Factor Experiments

20

18l Q one NC @
16

no NC
14} 4
4 NC

—_
o)
1

oo
T
1

Experirnent Nurnhber
=
1

2NC

D 1 1 1 1 1 1 1 1 1
24 26 28 30 32 34 36 33 40 42 44

Average Surface Roughness (um)

Figure 18. Average surface roughness of experiments #1-16 published in study P
and experiments #17-20 are complementary data not published before
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2.6 Studies on medical applications

Studies M1 and M2 elaborate the feasibility of using as-built EBM-
manufactured surfaces for bone integration in medical implants. Study M1
was a poster presentation at European Society on Biomaterials 2011, Dublin, and
study M2 was an article published in International Journal of Oral and
Maxillofacial Implant. The studies used BCM to evaluate if the EBM material
properties are suited for bone integration.

The first study explored the blood reactions on CoCrMo surfaces
manufactured using EBM and the latter explored the blood reactions on
titanium surfaces, also manufactured by EBM.

2.6.1 Study M1

Study M1 presented initial trials of BCM upon CoCrMo specimens
manufactured using the EBM technology. The study concluded that EBM
CoCrMo implants have thrombogenic properties that are suited for direct
contact to the bone. The specimens were ordered into groups according to the
process parameters, and the process parameter that creates the roughest
surfaces also had the most response using BCM, i.e. a larger blood clot. The
roughest samples that had Ra = 35.0 um (std 3.24 pm), were manufactured
using no contours, while the samples with Ra=28.5 um (std 2.14 pm) and 28.2
pm (std 1.75 pm) had been manufactured with process parameters using
contours. The mean thrombocyte activation on the specimens with no
contours were 93% (std 5.3%) while it was 85% (std 7.6%) and 84% (std 10.3%)
on samples manufactured with contour settings. To conclude, all the EBM-
manufactured CoCrMo samples have a level of thrombocyte activation that
indicates that they are suited for direct contact to the bone.

2.6.2 Study M2

Study M2 used as-built Ti6Al4V implants that had been manufactured using
the EBM technology. The values of the surface roughness of the specimens are
one degree larger than those that have been considered rough surfaces for
medical bone implants. The results show that they have thrombogenic
properties that are suited for direct contact to the bone. An Ra of 5 um has
been considered rough for titanium implants [97] manufactured
conventionally, and the surface roughness of the EBM-manufactured
specimens used in study M2 was between 18.6 um to 45.6 um. Using BCM,
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blood and immune protein complexes were analysed. Figure 19 shows the
titanium and polyvinyl chloride specimens after exposure to blood, while
Figure 20 shows the blood plasma specimens, which contain the blood- and
immune-protein complexes that were analysed.

The results on the generation of factor XIla-C1 inhibitor complex, factor XIa-
C1 inhibitor complex, and factor Xla-antithrombin complex show that
titanium specimens with larger Ra values and total surface area have a more
complex generation, while the generation of factor Xlla-antithrombin
complex, thrombin-antithrombin complex, and thrombocyte activation is
more uniform on the EBM-manufactured specimens. The two different
behaviours can be attributed to the fact that factor XIla-antithrombin complex
is attributed to blood clot size and that factor XIla-C1 inhibitor complex is
attributed to implant surface [75].

Figure 19. Eight EBM-manufactured titanium specimens, two machined titanium
specimens, and one PVC slide used for two wells. The specimens were exposed to
whole blood using BCM, and the red stains are coagulated blood, courtesy of Sports
Tech Research Centre

Figure 20. Blood plasma specimens after separation from blood cells of the whole
blood that was stored for further analysis
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The study discusses the influence of total surface area and proposes a new
method for deriving the value of total surface area from the two-dimensional
surface profile. The former methods with the assumption that the square of
every length of element will create a band in space with steep and broad
sections and flat and narrow sections are problematic when the area elements
are scaled according to area and not on length. The new method for
calculating the total surface area in study M2 will allow a larger contribution
to area for steep-length elements but will not allow them to reach broader than
a set width. Table 8 illustrates the different distortions that appear using three
different approximations. The comparative visualisation in Table 8 shows the
distortions in total surface area using different methods from a two-
dimensional measurement.

The first column shows that assuming that the total surface area is
proportional to the total length does not give a representative total surface
area in space. Column 3 shows that using the square of every length element
to achieve the total surface area gives a band that is allowed to swell sideways
in the steep sections. The second column shows that the method used in study
M2 does not allow the band in space to swell sideways, but it is allowed to tilt
in any direction.

Study M2 brings up the issue on whether to use CP titanium or Ti6Al4V, and
concludes that published results show an equal behaviour of titanium and its
alloy.

The study supports implant manufacturing by the EBM technology, with as-
built surfaces in direct contact with the bone.
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Table 8. Example of a surface profile and illustrations of the calculated area in
different angles. Different approaches provide different estimations on total surface

area
Total area | Total area according | Total area scaled
proportional to total | to study M2 according to area of
length every length
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2.3 Studies on fatigue

Study F1, study F2, and study F3 investigate the fatigue properties influenced
by the as-built surface roughness. The application may be for medical
implants for bone integration and industrial or aerospace products. The
results are achieved using bulk products but are of interest for net and mesh
products as well because geometries that have a large surface to volume ratio,
i.e. topologically optimised or low-density products, add new value to
products that can be manufactured using AM.

2.3.1 Study F1

Study F1 presents fatigue data of EBM-manufactured samples with as-built
surfaces and includes specimens with different sizes, i.e. different neck
diameters and different hourglass radii. An attempt to verify that a smaller
size of specimen would provide accurate results was made, because it is a size
that fits the EBM build envelope and a smaller size can allow a larger number
of specimens for statistical reasons.

For less than 10 million cycles, no plateau has been exhibited by any data set
so far according to Li et al. [30]. For this to be valid, polished surfaces must
have been used in the studies investigated, while a plateau was found in study
F1, where the as-built surface roughness was used. The plateau can be
described in different ways, for example, by having different linear
behaviours in the low cycle fatigue (LCF) region and in the high cycle fatigue
(HCEF) regions in a log-log plot.

For the larger specimens that were manufactured using the Arcam Q10
system, the knee appeared after 390 MPa and N of 10"6.12 and runouts were
found at 370 MPa stress range and lower. For the smaller specimens
manufactured using the A2 system, failure appeared below the S-N curve of
the larger specimens and equal behaviour was observed. Runouts also
appeared from 370 MPa; however, a non-statistical evaluation was performed.

The study discusses the size effect and identifies at least three different aspects:
1) critical volume or area where crack may appear [95], 2) stress gradient [95],
and 3) size-dependent microstructure.

With HIP treatment, it is shown that EBM Ti6Al4V can exhibit wrought data
of military standard [30]. The microstructures of EBM-manufactured titanium
are very fine owing to the small melt pool from the electron beam. HIP-treated
samples with no porosity have improved fatigue properties [102]. While it is
a standard for fatigue testing to use polished surfaces, it may be assumed that
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this was the case for the study by Mohammadhosseini, et al. [102]. Study F1
shows that the as-built surface structure decreases the fatigue limit in
comparison to machined surfaces and the improvement that HIP provides to
the global bulk material does not influence the surface impact on fatigue.
Greitemeier et al. [47] also showed that the surface roughness influenced the
fatigue performance and HIP treatment did not improve the fatigue resistance
of specimens with as-built surface roughness.

Many applications that are made feasible through AM have complicated
geometries, which make them expensive or impossible to surface polish using
conventional techniques. Series production of AM parts is likely to have as-
built surfaces. Therefore, even if the surface roughness induces crack
initiation, it is important to understand the surface impact.
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2.3.2 Study F2

Study F2 contributes new knowledge on as-built EBM-manufactured surfaces
by using RBF with the runout set as 10 million cycles. Studies have been
conducted to characterise fatigue by using other methods [110, 111]. For a
complete understanding of a material and its microstructure fatigue, different
methods and geometries have to be tested [95]. The roughness of EBM-
manufactured surfaces is known for its negative impact on fatigue
performance, but for some applications such as bone implants, the roughness
is used as a functional feature for bone ingrowth.

In study F2, the large EBM-manufactured as-built material specimens from
study F1 are presented with a runout at 370 MPa stress range. The same
material with a machined surface shows a calculated runout at 504 MPa and
the highest runout was detected at 400 MPa. The fatigue limit of as-built
surface roughness is 72% in comparison to the fatigue limit of machined
surfaces.

Fractographic images presented in study F2 show that crack initiation
appeared from inside the material on the machined samples and the crack
initiation of the as-built samples appeared from the surface with its
characteristic surface topography.

Rafi, et al. [111] presented an endurance limit at approximately 350 MPa
maximum stress and Greitemeier, et al. [47] at 150 MPa. Both used R = 0.1;
therefore, it may be assumed that Rafi, et al. [111] used post-treated surfaces
and Greitemeier, et al. [47] used as-built surfaces. They corresponded to the
results of study F2, but they used a stress ratio R = -1. Note that experiments
using R = -1 have a stress range that is double that of the maximum stress,
while for experiments using a positive R close to zero, the maximum stress
and stress range are the same. This makes it almost impossible to interpret
results on fatigue in reality, and to have reliable data, a product should be
tested under circumstances that mimic the product in real life.

Study F2 proposes a method for calculating the notch root radius and stress
concentration factor using the surface profile and its second derivative. The
notch root radius is important for calculations of the stress concentration
factor Ki=1+2,/d/p, where d is the depth of the notch and p is the notch root
radius. By using many standards to retrieve the material properties that are
related to failure, it is compulsory to present the K: value of the test specimens
[112, 113]. No standard exists for calculating K: for AM materials.
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Using the set of data from the surface profile, it is possible to understand the
distribution of notch root radii over the surface by using sorting algorithms.
In Figure 21, the distribution of the ‘notch root radii’ is presented in a sorted
view. Attempts to calculate K used the width of a crack at the mean line to
calculate the notch root [114, 115]. The accuracy is questionable in study F2
when the calculated notch root is smaller than the stylus tip, but the method
is a proposal to refine the approach to achieve good results, and it should be
used with finer characterisation techniques.

Study F2 presents characteristic surface profiles of the machined, as-built, and
ECP-treated specimens. The stress concentration factors can be estimated as
20.0 for EBM as-built surface topography and 8.7 for the ECP-treated surfaces.
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Figure 21. The calculated ‘one divided by notch root radius’, sorted for the machined
(_), as-built (...), and ECP-treated (---) specimens. Positive values represent valleys,
and negative values represent hills. The smallest notch root radius for EBM surface
is 1.14 um and for machined surfaces it is 20 pm
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2.3.3 Study F3

In study F3, the surface roughness impact was investigated using RBF testing
of as-built specimens in comparison to post-treated specimens. The post
treatments were ECP and some specimens were also HIP-treated, and those
were either HIP-treated before or after ECP. The specimens were tested at
three stress levels. However, the results showed a large overlapping in all of
the groups, and the results were also presented as a whole. The ECP-treated
specimens showed a significant increase in fatigue resistance compared to
those of the as-built surface roughness. Specimens that were HIP- and ECP-
treated showed an increase in fatigue resistance with mean values in the same
range as that of only ECP-treated specimens. The order in which HIP and ECP
are conducted has an effect on the surface structure optically. Specimens that
were ECP-treated last had a clear mirror shine, while specimens that were
HIP-treated last had a frosted shine. HIP treatment increased the standard
deviation of fatigue failure but did not show a distinct tendency to change the
expected value of ECP-treated specimens. Furthermore, the order of HIP and
ECP treatment did not show any distinct difference in fatigue resistance. ECP
smoothens out the surface roughness of EBM-manufactured as-built surfaces
and increases the fatigue limit. HIP treatment that closes the inner porosity
does not improve the ECP-treated samples in the fatigue regime. The results
are shown in Figure 22.
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Figure 22. Results of study F3. The results are sorted and the slope projects the
distributions. A steep curve indicates many failures in the same region. The quantiles
can be found at ordinal numbers 4, 8, and 12. The as-built specimens only had 14
specimens that were qualified for result evaluation, and those specimen failures are
placed more sparsely to cover the range of ordinal numbers from 1 to 15 (Legend:
AB - as-built; HA - HIP after; ECP - electrochemical polishing; HB - HIP before)
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3 Discussion
3.1 RQ1

Can EBM-manufactured as-built surfaces be used for bone implants?

Study M1 suggests that EBM can manufacture many implant geometries and
is a technique for customised implants. Using patient-specific data was
suggested by Stenlund et al. [116]. Cronskar et al. [99] designed clavicle
implants according to patient-specific data. The implants were EBM-
manufactured using Ti6Al4V and one was implanted successfully.

Microroughness, nanoroughness, and chemical properties have influence on
thrombogenicity. Studies M1 and M2 generally answer the question of how
the micro roughness influences thrombogenicity. The impacts of chemical
properties were demonstrated by Hong et al. [117] in a study where BCM was
used. The study showed that SLA treatment, which added hydrophobic
properties, provided better thrombogenic properties than regular SLA
treatment [78]. Palmquist et al. [118] showed that nanostructured features
affect the bone ingrowth.

Surface post-processing might be required for fatigue reasons but for
osseointegration, the as-built surfaces of EBM may be used as is according to
studies M1 and M2. Partly sintered powder grains on the surface must be
thoroughly removed, however.

3.1.1 CoCrMo alloy as implant material

Shah et al. [119] investigated CoCr mesh structures in an animal model and
concluded that the low-stiffness mesh material was as good as Ti6Al4V
manufactured by the same technique. The results by Shah et al. [119] are in
accordance with the results in study M1, which show that EBM-manufactured
implants are thrombogenic and induces healing in direct contact with the
bone.
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3.1.2 Titanium as implant material

Medvedev et al. [44] compared the fatigue properties of CP-Ti with fine- and
coarse-grained microstructures with SLA treatment. Their conclusions
suggested that fine-grained CP-titanium is stronger and better than coarse-
grained CP-Ti; thus, fine-grained CP-Ti can be a competitor to Ti6Al4V for
implants. This indicates that EBM has the preconditions to manufacture better
(than cast and wrought) implants with fine microstructures using Ti6Al4V in
a right combination of post-processing.

SLM-manufactured CP-Ti was compared to SLA-treated titanium in vitro, and
the as-built SLM surfaces were comparable or better than the SLA-treated
surfaces [120]. These results correspond to the results in study M2, where the
rougher the surfaces, the more thrombogenicity was achieved. The SLA
treatment was used to improve bone ingrowth, probably because of better
healing reactions induced by the surface roughness.

SLA treatment may also be performed on EBM-manufactured implants, but
the impact of the treatment would be affected by material hardness,
commonly similar to that shown on CP-Ti [44], where harder materials have
higher resistance to plastic deformation.

Surgeons that take decisions on treatments using bone implants have to
understand that Ti6Al4V is not a consistent material. SLA treatment of
conventionally formative manufactured Ti6Al4V surfaces is commonly
accepted, but it is not the SLA treatment itself that gives the implant its surface
properties for bone ingrowth. EBM-manufactured Ti6Al4V, which is harder
than conventionally formative manufactured Ti6Al4V, would have less
surface roughness compared to the more ductile conventionally
manufactured material when SLA-treated. AM manufacturing, on the other
hand, produces an as-built surface roughness that has been evaluated to be
equal to or better than conventionally treated SLA surfaces [120] and EBM-
manufactured implants are used successfully in hip arthroplasty [20].
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3.2 RQ2

How do process parameters of EBM manufacturing affect the as-built surface
roughness and material properties?

3.2.1 Process parameters

New control software with updates on process parameters has been available
for the EBM systems continuously. For example, currently, there is a standard
layer thickness of 50 um as well 90 um for titanium. When study P was
conducted, the thinnest layer thickness was 70 um. One question that arises
is how the results of study P can be used for future research. One way of using
the results is to draw the conclusion that putting more effort, i.e. build time
and more contours, on the surface properties leads to a more controlled
surface.

The suppliers of EBM technology have focused more on manufacturing speed,
which has been a strategic decision. If the goal would be to modify the 70 pm
theme to finer surfaces, a suggestion is to only adjust CO to 0.2 mm (narrower).
The default SC setting is already in accordance to the results of study P, which
achieved the finest surface. I would not suggest adding one more contour to
the process parameter theme because it prolongs the build time. By modifying
the theme to a coarser surface according to study P, the suggestion is to
remove the contour settings, which is confirmed by the complementary data
in Figure 18.

Study M1 confirms that removing the contours in the process parameters
would increase the surface roughness for CoCrMo. One limitation is that this
thesis only used vertical surfaces and build angle, and the amount of support
structures also affects the surface roughness.

The ordinary themes can manufacture parts, but for series production, having
customised themes could be cost-effective and will have an impact on the
surface. There are over 100 process parameters controlling EBM [33], and
there are parameters that are developed by software engineers of EBM
suppliers, which are unknown to the users. Before starting to change any
process parameter, it is important to understand how it correlates with other
parameters because the parameters may be coupled or dependent on one
another. Training at the machine supplier is recommended.

Some advantages of electron beam methods compared to laser methods are
thick layers, which yield a fast build time; large powder, which yields less
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surface impurities; and elevated temperatures, which produce stress-relieved
materials. Melt pool size affects the solidification rates [30].

Process parameters are of importance because they affect the material
properties such as residual stresses [30].

By using an improved EBM scanning strategy that melts three times in
combination with surface machining, it was possible to manufacture an L
bracket that had 99% of the fatigue properties of wrought Ti6Al4V [121].

Study F2 shows that by removing the surface roughness through machining,
the fatigue limit is improved and crack initiations no longer start from the
EBM-inherent surface properties.

3.2.2 Surface characterisation

Wennerberg et al. [122] suggested that Sa is better than Rabut on the other
hand, they pointed out the problems in using too few or too many surface
parameters in the same study. A problem of AM is that EBM-manufactured
surface roughness is considered waviness in the size range by Wennerberg et
al. [123] and by using a method, their study results corresponded to using a
low-pass cut-off filter on an AM as-built surface.

The ASTM standard on PBF AM Ti6Al4V [46] states that B46.1 surface texture
(surface roughness, waviness, and lay) [124] should be used for surface
characterisation.

3.2.3 Alloy properties

The recycled powder that was used in study F3 had an oxygen content of
0.134%, which is well within the limitations of standards where Ti6Al4V-gr5
should have an oxygen content of less than 0.20% and the same alloy with
extra-low interstitials (ELI) should have less than 0.13% oxygen. It is notable
that the price of plasma atomised ELI and gr5 powder is the same, but it is
more expensive to keep the ELI powder from oxygen contamination once it is
in the process.

Seifi et al. [125] have shown that EBM creates a tougher and stronger
microstructure than subtractive methods, and for fatigue components, EBM
Ti6Al4V-(ELI) should have even more improved ductility and fracture
toughness than EBM Ti6Al4V-gr5 [25].
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3.2.4 Build time

One layer is melted in approximately 1 to 3 min depending on the amount of
contours and bulk melt. A build height of 100-200 mm yields approximately
24 h build time, but it is largely dependent on the product geometry in the
build volume. Building the RBF specimens in study F3 took approximately 70
h and this was a long time because a large part of every build surface had a
melt theme. The coins in study P required a prolonged build time because the
parts were manufactured using different process parameters in several melt
themes in the same build cycle, and this added more preheating to the build.
For industrial manufacturing, it is recommended to consider the combination
effect of design geometry, build orientation, part stacking, theme process
parameters, and possible post-processing and how they correlate to yield a
short build cycle and post-processing time.
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3.3 RQ3
How does as-built EBM surface roughness affect the HCF life?

3.3.1 Surface roughness and fatigue

Study F2 concludes that using the as-built surface roughness reduces the
fatigue limit compared to using EBM-manufactured Ti6Al4V with machined
surfaces. However, the as-built samples seem to have a plateau behaviour in
the S-N curve. Judging by the S-N curves at HCF, the machined and as-built
samples behave differently probably due to different crack initiation
characteristics, where the as-built samples have shown crack initiation from
the surface roughness.

For applications with large surface to volume ratio, the as-built surface impact
has to be fully understood and characterised. Knowledge of surface impact on
fatigue has not been of interest because the conventional manufacturing using
PM, prior to the introduction of AM, commonly had to deal with many issues
such as shrinkage, internal porosity, residual stresses, and surface roughness.
Typical PM items manufactured using EBM have fully dense material
properties with much less inner porosity, which can be removed by HIP.
Issues with shrinkage are negligible and EBM Ti6Al4V materials have stress-
relieved properties, but the impacts of surface roughness are in accordance
with that of PM or sand-casted materials.

The melting of contours is optimised for a fine surface finish and the melting
of bulk is optimised for dense material properties. While these two strategies
contradict with each other, an option for parts that will be processed by ECP
could be to only use the bulk melting theme, which would yield a faster build
time and avoid a mismatch between bulk and contour melting.

3.3.2 Specimen size

A test rod with an applied force may be thought of as a chain. The links
keeping the ends together are the atoms, which bond together. The strength
of the rod depends on the chemical composition and microstructure,
including voids and notches. Some properties making metals stronger or
weaker are grain size and porosity.

Using different fatigue testing machinery impacts the results differently [30]
and one explanation to that could be the amount of critical testing
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volume/area. Studies F1, F2, and F3 used different types of RBF specimens
and it can be concluded that it is feasible to use a specimen size in which many
specimen can fit in the EBM build envelope. In study F1, different geometries
were presented together, and in study F3, the specimens were better adapted
to the ASTM E466 standard, which handles axial fatigue tests of metallic
materials [113].

3.3.3 Design for AM and fatigue

EBM manufacturing can add new value to small-batch or series production
using net and mesh structures and/or topology optimisation, which both
create geometries that are complex or impossible to surface machine using
conventional methods such as polishing, grinding, or turning. Zhao et al. [126]
investigated three different mesh structures under compression fatigue.
Surface roughness and pores deteriorated the compressive fatigue strength;
however, surface properties were not the dominant factor influencing the
fatigue performance [126].
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3.4 RQ4

Can EBM-manufactured parts be used for fatigue-critical components?

3.4.1 Titanium PBF standard

Standards are important because the industries need guidance on how to use
the AM technology. There is a standard for AM Ti6Al4V PBF [46]. This
standard is supposed to cover both laser and electron beam technologies. One
issue is that some components in the standard classification have to be stress
relieved. EBM Ti6Al4V is stress free due to preheating. My opinion is that it
gives the wrong impression of EBM to new readers. Moreover, the HIP
treatment is limited in that the HIP cycle, which was proposed by Bahbou and
Ackelid [127], is not supported by the current standard, nor is the HIP cycle
used by Brand], et al. [128] at 1000 bar and 843°C for 4 h followed by furnace
cooling. Seifi, et al. [125] suggested new directives on test orientation and
showed that the fracture toughness and crack growth in EBM as-built Ti6Al4V
are equal or better than those of cast and wrought.

3.4.2 Hot isostatic pressing

HIP is often suggested for AM materials to improve fatigue performance. HIP
does close inner porosity, which is an improvement for polished specimens;
however, the current heat treatment also leads to grain growth, which, in a
local perspective, decreases the yield and tensile strengths. In the case of
polished rods, HIP removes the weakest link, i.e. inner porosity. For an as-
built EBM surface with notches, the surface roughness is not removed by HIP.
Study F3 mentions a modified method proposed by Bahbou et al. [127] using
an HIP post-processing, which is adapted to EBM manufacturing, but not
supported by the ASTM standard for PBF Ti6Al4V [46].

No study on as-built surfaces has shown that HIP improves the fatigue
resistance. Study F1 showed that HIP deteriorated the fatigue resistance and
in several publications, Kahlin et al. [129], [130] stated that HIP did not
improve the fatigue resistance on parts with as-built surfaces.

Not using HIP treatment can be a cost-effective industrial solution, especially
if the design of AM tools can be used to add new product value and product
properties.
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3.4.3 Electrochemical polishing

The ECP treatment in study F3 reduced the surface roughness from as-built
EBM-manufactured Ti6Al4V and increased the fatigue resistance, which was
induced by the surface roughness.

ECP- and HIP-treated specimens were evaluated using the RBF test and the
results showed that the HIP combined with ECP treatment increased the
fatigue resistance as much as for specimens with only ECP treatment.
However, HIP and ECP had an effect on the fatigue resistance in that the
spread of failures increased compared to the specimens treated only with ECP.
With the test setup in study F3, it was not possible to draw any conclusions
on whether it is important to have HIP treatment or ECP treatment first, to
resist fatigue failure.
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3.5 Future of AM

3.5.1 New materials

AM has potential for new materials and alloy compositions optimised for the
process. Ti6Al4V has a ductility suited for wrought manufacturing while new
materials for EBM such as TiAl [131], Vibenite [132], and amorphous metal
[133] are all examples of materials where manufacturing with AM is not
dependent on high ductility.

The industries need experience in the usage of common alloy functionality
manufactured using AM before they can gain confidence in using other new
alloys. An alloy can be optimised by hindering crack growth and a potential
implant material could be titanium with indium [134].

3.5.2 Post-processing

New standards will support an HIP cycle with parameters that are optimised
for EBM manufacturing,.

Many surface polishing methods that claimed they can remove surface
roughness inside mesh structures have appeared. This is a positive
development for fatigue components and more experience and research will
be necessary.

3.5.3 Series production

AM will be used for series production that takes advantage of properties from
the design of AM. More experience and knowledge are necessary for a larger
breakthrough in series production, including more financing that supports
more experience. Industries are actually waiting for someone to take the first
leap of using AM for series production.

58



4 Conclusions

Studies M1 and M2 answer RQ1 and conclude that:

e  As-built EBM-manufactured CoCrMo has thrombogenic material
properties and can be used for medical implants in direct contact to the
bone. Using process parameters that increase the surface roughness also
increases the thrombogenicity.

*  As-built EBM-manufactured Ti6Al4V can be used for medical implants
for integration to the bone. The surface roughness of as-built titanium is
thrombogenic and can be used without post-surface treatments.

Study M1, study P, and some complementary data answer RQ2 and
conclude that:

®  Process parameters have an influence on surface roughness. The amount
of energy and speed of the spot that steers the melt pool have impacts on
surface roughness. The offset between contours is important for surface
roughness when using many contours.

e  Using no contours will increase the surface roughness (from Ra= 28 pm
to 35 um) for CoCrMo manufactured using EBM.

e  Using no contours will increase the surface roughness (from Ra= 25-30
pm to 40 pm or more) for titanium.

Study F2 answers RQO3 and concludes that:

¢  Using RBF, the as-built surface of Ti6Al4V had a fatigue resistance of 72%
compared to the fatigue resistance of machined surfaces, which were
manufactured using the EBM technology.

* A method for calculating the notch root radius of crack initiations of AM
surfaces was proposed. Using this information, Kt was approximated as
20 for as-built EBM-manufactured Ti6Al4V.

Study F1 and study F3 answer RQ3 and RQ4 with the conclusions that:

e Itis a good idea to use RBF specimens with a neck diameter of 10 mm,
which makes it possible to pack and manufacture many test bars in one
build cycle using an EBM system.

*  RBF tests on as-built specimens showed that they can have ends that are
also as-built.

59



Studies F1, F2, and F3 answer RQ4 and conclude the following:

Evaluation using the RBF test showed that ECP treatment of as-built
EBM-Ti6Al4V surface increased the fatigue resistance significantly. ECP
treatment can potentially be used to polish surface parts inside the net
and mesh structures, and the surface polishing process suits well for
design-for-AM parts.

HIP treatment, which is recommended for fatigue-critical parts, does not
improve the fatigue resistance of as-built parts where crack initiation
starts at notches.

ECP can reduce the surface roughness and increase the fatigue resistance
significantly

To material scientists, I would like to acknowledge that:

AM opens a new paradigm for PM, i.e. fully dense material properties
with surface quality in the same range as what PM has been accustomed
to. HIP treatment does not necessarily improve EBM-manufactured
material properties. A modification of the conventional HIP treatment
may improve properties of EBM-manufactured titanium alloys.

To material scientists that work with implant materials, I would like to

acknowledge that:

Titanium is strongly bioactive and leads to coagulation, which are
properties that enhance bone healing.

To non-material scientists that work with implant materials, I would like

to acknowledge that:

AM-manufactured as-built surfaces have been evaluated to be as good as
SLA-tested surfaces and alloy purity has little effect on biocompatibility,
but it influences material strength.
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5 Artwork

Permission to reproduce artwork have been requested and approved by
Arcam AB and BCT Technology AG.

Wikipedia artwork have been used that have licenses that support re-use and
re-distribution, with the understanding that Wikipedia does not constitute
professional advice [135].

(1) BCT Technology AG, Im Lossenfeld 9, 77731 Willstitt, Germany,
http://www .bct-technology.com, accessed 26 September 2018

(2) Arcam AB, Kroksléatts Fabriker 27A, SE-431 37 Molndal, Sweden,
http://www.arcam.com/technology/electron-beam-melting/hardware/ ,
accessed 23 Mars 2018

(3) Wikipedia, skelet,
https://upload.wikimedia.org/wikipedia/commons/a/ac/Human_skeleton_fr
ont_no-text_no-color.svg, accessed 26 mars 2018.

(4) Wikipedia, latelt_Red_White_Blood_cells.
https://en.wikipedia.org/wiki/Platelet#/media/File:Red_White_Blood_cells.jp
g, accessed 13 april 2018.

(5) Wikiepedia Coagulation_simple,
https://upload.wikimedia.org/wikipedia/commons/9/9f/Coagulation_simple.
svg, accessed 11 april 2018.
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