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Abstract

Titanium and titanium alloys offer various possible applications, particularly in medical technol-
ogy. The additive processing of these alloys by laser powder bed fusion enables the individual-
ization and manufacture of load-bearing, patient-specific implants. The laser powder bed fusion
process leads to characteristic material behavior and microstructures. Hence, the (a+f3) titanium
alloy Ti-6Al-7TNb, already established in conventional biomedical engineering, and the promising
metastable (3 titanium alloy Ti-24Nb-4Zr-8Sn are processed additively. They show significant dif-
ferences in the resulting microstructure and mechanical properties due to process restrictions and
their different chemical compositions. The mechanical performance of Ti-6Al-7Nb is characterized
in terms of quasi-static, low-cycle, and high-cycle fatigue behavior. The material performance,
particularly the quasi-static and fatigue strengths, can be tailored and partially improved through
various heat treatments with subsequent coating by physical vapor deposition with TiN, TiCN,
and a-C:Ag. Heat treatment of additively processed Ti-24Nb-47Zr-8Sn leads to a wide range of
material properties depending on the process route. It shows considerable potential for use as an
implant due to the low elastic modulus.

Kurzfassung

Titan und Titanlegierungen bieten vielfaltige Einsatzmoglichkeiten insbesondere im Bereich der
Medizintechnik. Die additive Verarbeitung dieser Legierungen mittels des pulverbettbasierten se-
lektiven Laserstrahlschmelzens ermoglicht die Individualisierung und Herstellung von lasttragen-
den, patientenspezifischen Implantaten. Das pulverbettbasierte selektive Laserstrahlschmelzen
fithrt, bedingt durch die besonderen prozessinhdrenten Bedingungen, zu einem charakteristis-
chen Werkstoffverhalten und Mikrostrukturen. Die (a+f3) Titanlegierung Ti-6Al-7Nb, bereits in
der konventionellen Biomedizintechnik etabliert, und die vielversprechende metastabile  Titan-
legierung Ti-24Nb-47Z1r-8Sn werden additiv verarbeitet und zeigen prozessbedingt und aufgrund
ihrer chemischen Zusammensetzungen gravierende Unterschiede in Bezug auf die sich einstel-
lende Mikrostruktur und daraus folgend auch auf die mechanischen Eigenschaften. Die mech-
anische Performance von Ti-6Al-7Nb wird hinsichtlich des auf das quasi-statischen, Kurz- und
Langzeitermiidungsverhalten charakterisiert. Mittels verschiedener Warmebehandlungen lassen
sich die mechanischen Eigenschaften einstellen und zum Teil mit anschlieender Beschichtung
durch physikalische Gasphasenabscheidung mit TiN, TiCN und a-C:Ag insbesondere in Bezug
auf die quasi-statischen Festigkeiten und Dauerfestigkeiten verbessern. Die Wéarmebehandlung
von additiv verarbeitetem Ti-24Nb-4Zr-8Sn fithrt je nach Prozessroute zu vielfaltigen Materi-
aleigenschaften. Zudem weist die Legierung durch den geringen E-Modul erhebliches Potential
fiir die Verwendung als Implantat auf.
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1 Introduction

The world is getting older! According to the medium scenario of the United Nations (UN)
global population prospects, the global population will be at 10.4 billion by the end of
the century. People continue to live longer — the global life expectancy at birth reached
72.8 years in 2019, an increase of almost nine years since 1990, and is expected to rise to
77.2 years in 2050. [1]

The size and share of the older population are increasing, also known as demographic
change, which describes the changes in population size and structure caused by changes
in birth rates, death rates, and migration [2, 3]. The causes for the demographic change
are diverse: longer life expectancy, fewer births, an aging population, smaller households,
migration, a changing population size, improvements in hygiene, health education, and
healthcare, and so forth [1, 4, 5]. The projected demographic change of the world popu-
lation is visualized in Figure 1.1.
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Figure 1.1: Age distribution of the world population by sex from 1950 to 2018 and the UN Pop-
ulation Division s projection until 2100, according to [6].

As people get older, their diseases usually increase as well. In addition to diseases such
as impending dementia and depression, cardiovascular diseases and cancer occur more
frequently with age. Unavoidably, musculoskeletal diseases and injuries also appear,
including osteoarthritis, rheumatic joint and muscle diseases, or osteoporosis. In par-
ticular, musculoskeletal diseases can be treated by improved medical care, for example,
joint arthroplasty. The aging population, accompanied by improved medical care, in-
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evitably leads to an increasing number of total joint replacements (TJR) and, therefore,
to increasing implant failure due to various complications [7, 8]. Up to now, replac-
ing damaged joints with artificial joints has been one of the most commonly performed
surgical operations [9]. The estimated need for joint replacement in the UK and the
US shows increasing numbers for primary total hip replacements (THR), total knee re-
placements (TKR), and revision THR and TKR. The number of primary operations is
growing, especially among those aged 60 years and older [10, 11]. Caused by the demo-
graphic change alone, the projected need for THR in the UK for three decades shows
estimated numbers increasing by 40 % [12]. These trends and projections are also observ-
able for dental implants in the US [13]. Likewise, hip arthroplasty continues to increase
significantly in countries participating in the Organisation for Economic Co-Operation
and Development (OECD countries). The utilization of THR in these countries will in-
crease from 1.8 million per year in 2015 to 2.8 million in the year 2050, while the mean
utilization rate (incidence) of hip implants will increase from 184 to 275 per 100,000 total
population at the same time [14].

The challenge is as follows: life expectancy, body weight, activity level, and disease in-
cidence have increased during the past decades. Therefore, the patients having a TJR
are more challenging recipients for a successful TJR [11]. One of the consequences is
a significant increase in revision surgeries — the cumulative revision frequency 20 years
after THR, including all diagnoses and reasons, is >20 %. Out of all primary revisions,
more than every fifth implant must be revised later, mainly within a few years. The
interval between multiple revisions shortens with each revision [14-16]. In addition, the
need and demands for implants for bone fractures, metastases, infections, osteoporosis,
osteoarthritis, and other diseases of the bone tissue and musculoskeletal apparatus have
increased significantly [9, 17]. Furthermore, patient-related factors (e.g., body mass in-
dex, activity, genetics, age, gender), surgical factors (e.g., experience, fixation, stability),
and implant-associated factors (e.g., design, fabrication, and material properties) are cru-
cial for durable and successful implantation and function of an endoprosthesis [18-20].
Biomaterials used as implants interact with surrounding body tissues and fluids and are
exposed to many influences [21, 22]. Conventional biomedical devices are mainly made of
stainless steel, titanium, and cobalt-chromium alloys, as these materials offer good corro-
sion resistance and high biocompatibility. In general, the wear resistance of these alloys
is comparably low. During implantation, the average life expectancy of implants with
moving parts, such as a hip implant, is about ten years, mainly due to abrasive particles
from mechanical wear [23]. In projecting TJR’s future performance, considering several
potentially opposing factors is reasonable and necessary. There have been significant
improvements in implant design and construction, materials used, surgical techniques,
and training in the past. Therefore, it is reasonable to assume that these improvements
will lead to better clinical outcomes and enhanced longevity of TJR. However, there are
also potentially opposing changes in the population needing TJR. Obese and overactive
patients are challenged with the durability of joint arthroplasty. The typical 65-year-
old patient receiving a TJR is physiologically not as old as when the joint replacement
was first introduced, and his or her expectation of longevity of joint function increases
with life expectancy. The combination of these factors raises significant new limits on
achieving lifelong joint replacement with a single operation. [11]
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2.1 Preliminaries on Titanium Alloys

Metal materials, such as copper, iron, and aluminum, have been widely produced and
used throughout the history of humankind. With the increased demands on material
properties, these materials could not meet the requirements anymore. Therefore, de-
veloping new metal materials and alloys with excellent performance is required [24].
Titanium is the ninth most common element and the fourth metal in the Earth’s crust,
behind iron, aluminum, and magnesium. The primary use of titanium is as oxide in var-
ious industries of everyday life. Nevertheless, due to the complex and costly reduction
of titanium oxide to pure titanium, titanium is rarely used [25]. However, a variety of
titanium alloys have been developed, which generally can be grouped into three major
categories: o, P, and (x+f) titanium alloys, based on their microstructure. The mi-
crostructure dictates the material properties and depends on the chemical composition
and thermo-mechanical processing routes [26].

With a density of 4.51 g/cm? for pure titanium, titanium can be classified as a light metal.
Typically, titanium is used in various technical applications, such as corrosion (e.g., tanks,
heat exchangers, reactor vessels) or load-bearing applications, such as structural compo-
nents [27]. High strength purposes can be found in the aerospace industry due to the
high weight and space limitations, increased operating temperatures, and corrosive envi-
ronments [28]. Titanium is also used in the automotive sector. Its use cases are mainly
racing and special-purpose cars, such as Formula 1, where titanium is used for engine
parts or structural components [29, 30]. Additionally, titanium is often used for biomed-
ical applications due to its superb biocompatibility, corrosion behavior, and outstanding
mechanical properties, such as reduced elastic modulus, high strength-to-weight ratio,
tailorable properties, and so on. Especially for load-bearing implants, like TJR (hip and
knee), titanium is widely used [31-34].

2.1.1 Titanium Alloys Classification

Titanium exhibits allotropic behavior and can crystallize in various crystal structures
depending on the temperature applied. Each of these crystal structures or modifications
is stable within a specific temperature range. The temperature where this transformation
occurs is called transus temperature, in particular Bqnsys temperature. [26]

The « titanium is the allotropic, low-temperature modification of titanium with a hexag-
onal closed-packed (hcp) structure. Above the so-called Piransys temperature, which
is (882 4+ 2) °C for pure titanium, the stable allotropic, high-temperature modification is
B titanium, with a body-centered cubic (bce) crystal structure [35]. The Bransus temper-
ature depends on the chemical composition and purity of the titanium [36]. A metastable,



6 2 State of Science and 'Technology

non-equilibrium ( phase can evolve in (x+f3) alloys containing a sufficiently high con-
centration of 3-stabilizers when rapidly cooled through the (x+f) phase field, see Figure
2.1. The ' phase is a supersaturated, hexagonal, non-equilibrium phase, which occurs
in some alloys by a diffusionless transformation of the § phase. The «” phase is also
a supersaturated but orthorhombic, non-equilibrium phase, which occurs in some alloys
due to a diffusionless transformation of the  phase. [35, 37]

The reason for the versatility properties of titanium lies primarily in the different crystal
structures with various properties and their proportion in the solid. Depending on their
effect on stabilizing the & or 3 phases, the alloying elements can be classified as neutral,
o- or P-stabilizers [35, 36, 38]. According to their position in the titanium lattice crystal,
the elements are interstitial (oxygen, nitrogen, carbon, hydrogen) or substitutional (e.g.,
aluminum, copper, iron, niobium, tin, vanadium, zirconium) [38, 39]. Neutral alloying
elements, such as tin or zirconium, have a negligible effect on the B4.qansus temperature.
-stabilizers lower this temperature, whereas o-stabilizers increase it (e.g., aluminum,
oxygen, nitrogen, carbon). Additionally, 3-stabilizers can be further divided into f3-
isomorphous (e.g., molybdenum, vanadium, tantalum, niobium), stabilizing the 3 phase
along all compositions, and B-eutectoid (e.g., iron, manganese, chromium, nickel, cobalt,
copper, silicon, hydrogen), leading to a eutectoid transformation of the 3 phase, see Fig-
ure 2.1. As aluminum (Al) and molybdenum (Mo) are the essential &- and (-stabilizers,
the o~ and [-stabilizing capacity of alloying elements is expressed by the calculated
Al-equivalent Alg, [40-42] and Mo-equivalent Mog, [42-45], respectively. Metastable 3
alloys typically have a Mog, >10 %, and stable alloys have a Mog, >30 %. The risk
estimation of alloy embrittlement due to the formation is given by the Alg, (>9 %) [46].

3-stabilizing

a-stabilizing neutral , .
(Al, O, N, C) (Sn, Zr) B-isomorphous BB-eutectoid
(Mo, V, Ta, Nb) (Fe, Mn, Cu, Si, H)
A
=
=
<
2
5
= a
E—
Ti

Figure 2.1: Schematic pseudo-binary phase diagrams illustrating the influence of alloying el-
ements on the phase formation for neutral elements, a-stabilizer, and B-stabilizer (isomor-
phous and eutectoid); the neutral diagram depicts titanium hcp o and bee B unit cells; the
-isomorphous diagram shows equilibrium hcp «-phase field, and bee B-phase field, metastable
w-phase field, metastable hcp o-martensite start temperature Mgo/, and orthorhombic o-
martensite start temperature Mgo”, according to [35, 46-48].

Below the Bransus temperature, the time- and temperature-dependent diffusion processes
run considerably slower. Therefore, a very fine lamellar microstructure can evolve by high
cooling rates or a very coarse lamellar microstructure by low cooling rates. The continu-
ous [ — « transformation can be isomorphic or eutectoid in alloys. The densely packed
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bee slip planes of the 3 phase {110} merge into the hep basal planes {0001} of the o
phase. The formation of « lamellae is parallel to the {110} plane. This bee-hep trans-
formation is typical and was first observed by Burgers on zirconium crystals [49]. The
orientation relation {0001}, || {110} and <1120>4 || <111>p for the sliding planes and
sliding directions merging into each other are therefore called the “Burgers-relationship®.
For titanium, this fundamental relationship was confirmed at an early stage [50, 51]. In
addition, the transformation can also occur under other complex orientation relations
that have not yet been fully explored. These are referred to as ,non-Burgers“ «. Some
authors consider that in some alloys, the ,Burgers «* acts as a precursor to the ,non-
Burgers® o and that the latter is the thermodynamically more stable variant [52, 53].
With sufficient cooling rates, single lamellae grow at the grain boundary and from the
growth front of individual lamellae packages. Diffusionless martensitic transformation
of the bece B phase into the hep « phase requires fast cooling rates from above the Mg
temperature. It results in metastable, very fine plate-like or acicular martensite forma-
tion. In contrast to ferrous materials, no significant decrease in the material’s ductility
occurs; only a slight increase in strength is achieved. Two different forms of titanium
martensite can be formed: the hexagonal o and the orthorhombic o modification; the
latter is usually formed during cooling from relatively low temperatures (<900 °C) and
exhibits good ductility [35, 54, 55]. Another athermal phase, the w-phase, can lead to
embrittlement [46].

According to the previous description, pure titanium and its alloys can be classified into
three groups: «, (a+f), and (3. Besides this classification, a more detailed subdivision
of the alloys is typical: commercially pure titanium (CP-Ti) alloy, « alloy, near-« alloy,
(a+p) alloy, near- or metastable-f3 alloy, 3 alloy, and Ti-Aluminides. Only 20 to 30 of
more than 100 available titanium alloys have reached commercial position. [26]

CP-Ti contains mainly the « phase and some impurities. According to the American
Society of Testing and Materials, CP-Ti is available in four purity grades (CP-Ti Grade
I to IV) [56]. The grades are distinguished based on their oxygen, nitrogen, hydrogen,
iron, and carbon content [57]. These impurities dictate the material properties, mainly
oxygen and iron [58]. 20 % - 30 % of the worldwide titanium consumption is covered by
CP-Ti [25].

A solid solution of the « phase forms the so-called « alloys. Due to the single & phase,
the microstructure of these alloys cannot be adjusted by heat treatments [36]. Generally,
« alloys exhibit good high-temperature properties and are used in chemical and process
engineering industries because of their superior corrosion behavior and high ductility [35].
26 % of all titanium consumption in the US titanium market is « alloys [38].

The near-« alloys contain mainly « phase with a small share of 3 phase (<10 %) due
to a small amount of B-stabilizers (1 % - 2 %) [59]. The B phase enhances strength
and processability. These alloys are a good compromise of higher strength (x+f alloys)
and creep resistance (« alloys). The commercially most applied high-temperature alloys
belong to this class and are usable up to temperatures of 550 °C [35, 36].

The (x+f) alloys are the most widely used titanium alloy (>50 %) worldwide and in
the United States (>70 %), respectively [35, 38]. These alloys contain about 4 % - 16 %
of B-stabilizing elements and typically 10 % - 14 % of 3 phase at room temperature [59].
The most widely used (x+f3) alloy is Ti-6Al-4V, covering over 56 % of the US and more
than 50 % of the global titanium consumption [25, 36, 38].

Near-f3 alloys, also called metastable-f alloys, contain a large amount of about 10 % -
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15 % P-stabilizers and only a small amount of «-stabilizers [36]. The formation of
o-martensite is suppressed at room temperature, but the (x+f3)-phase region is passed,
see Figure 2.1 [46].

About 4 % of the titanium consumption in the US is  alloys [38]. The [-stabilizers
favor the maintenance of the 3 phase in a metastable state at room temperature. The
main characteristic of these metastable 3 alloys is that they can be aged, resulting in
the precipitation of a very fine & phase distributed in the (3 matrix. These alloys can be
tailored for high strength and toughness, much higher than («+) alloys [35, 38]. With a
higher amount of {3 stabilizers, the stable 3 alloys contain only a single 3 phase, without
any o« phase formation, and can be processed at lower temperatures or can even be cold
deformable [38, 46]. The corrosion behavior is better or equal compared to (a+f3) alloys,
and the tolerance for hydrogen pickup is higher, making these alloys usable in corrosive
or hydrogen-rich environments [38].

Titanium aluminides (Ti-Al), particularly 7-TiAl- and «o-TigAl-based alloys, are ex-
periencing increasing interest in the aerospace and automotive industries due to their
superior physical and mechanical properties [26, 60].

2.1.2 Biocompatibility of Titanium Alloys

Medical devices used in the human body should be biocompatible and not harm the
human body. Biocompatibility generally describes the compatibility between a technical
and a biological system and can be divided into structural and surface compatibility [61].
In 2008, a definition for biocompatibility was proposed as follows: “Biocompatibility
refers to the ability of a biomaterial to perform its desired function with respect to a
medical therapy, without eliciting any undesirable local or systemic effects in the re-
cipient or beneficiary of that therapy, but generating the most appropriate beneficial
cellular or tissue response in that specific situation, and optimizing the clinically rele-
vant performance of that therapy“ [62]. In 2018 biomaterial experts defined as follows:
“Biocompatibility is defined as the ability of a material to perform its desired functions
with respect to a medical therapy, to induce an appropriate host response in a specific
application and to interact with living systems without having any risk of injury, toxicity,
or rejection by the immune system and undesirable or inappropriate local or systemic
effects“ [63, 64]. The degrees of biocompatibility for bone implants can be distinguished
and defined as follows [65]:

« Incompatible: release of substances in toxic concentrations or antigens that can
cause immune reactions and lead to allergies, foreign body reactions, inflammatory
reactions, necrosis, or possible rejection reactions;

o Biocompatible: release of substances in non-toxic concentrations that can lead to
encapsulation in connective tissue or weak foreign body reactions;

« Bioinert: no release of toxic substances;

« Bioactive: positive interaction with tissue differentiation and, as a consequence,
binding or adhesion of bone along the interface between the implant and recipient
tissue;

e Inductive: induction of heterotopic bone formation; and

e Conductive: material serves as a scaffold for bone deposition, but only in an
osteogenic environment.
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Non-viable materials used in medical devices are called biomaterials. These biomaterials
are intended to interact with biological systems, such as the human body [61]. Biomateri-
als, synthetic or natural, can be used in human health applications, performing functions
or replacing body parts or tissues. Additionally, these materials are used to augment, re-
pair or replace tissue, organ, or function of the human body lost through trauma, disease,
or injury [66]. Biomaterials, particularly materials for permanent implants, are developed
to have superior corrosion and wear resistance in corrosive body environments, excellent
biocompatibility, and decent material properties in load-sustaining and fatigue [67, 68].
Wear that results in wear debris can lead to inflammatory responses in the body, leading
to osteolysis (active resorption of bone matrix by osteoclasts) [69, 70]. This leads to
implant loosening due to the body “s attempt to process the wear debris [71, 72].

2.1.2.1 Classification of Biomaterials

Biomaterials are an indispensable element in improving human health and quality of
life. The most commonly used biomaterials for implants can be classified as polymers,
ceramics, and metals [73]. All three types must meet various demands. According to
Hasirci and Hasirci, the most important ones are that they should [74]:

 be biocompatible (non-toxic, non-carcinogenic, non-allergenic, etc.);

« have physical properties (density, form, topography, etc.) similar to those of the
tissue;

« have sufficient mechanical properties (compression, tensile, fatigue, wear, etc.);
« have appropriate service lives (corrosion resistance, degradation behavior, etc.);

« have chemical properties comparable to that of the tissues (hydrophilic or -phobic,
functional groups, etc.);

e be processable and sterilizable;
« have appropriate bioactivity (inert, bioactive agents, etc.); and
e be economical and available.

The used materials are chosen based on their mechanical properties depending on the
operational site. Metallic materials are suitable for load-bearing applications (every type
of load), while ceramics are used when compressive stresses appear.

Polymeric biomaterials are macromolecules and represent a versatile and essential class
of biomaterials and are widely used due to their low toxicity, biocompatible nature, ster-
ilizability, ease of fabrication, durability, flexibility, and wide range of mechanical, chem-
ical, electrical, and thermal behavior [75, 76]. The use of polymeric biomaterials depends
primarily on the requirements, function, and environment of the intended application.
Polymers are used, for example, in dental applications (e.g., implants, fillers), therapeu-
tic treatments (e.g., cardiovascular and general surgery, drugs and drugs delivery, im-
plants), contact lenses, diagnostics (e.g., gene arrays, biosensors), medical supplies (e.g.,
packaging, blood bags, surgical tools), and emerging regenerative medicine (e.g., tissue-
engineering of skin and cartilage) [73].

Ceramic biomaterials, also called bioceramics, can be synthetic or natural in origin [77].
Ceramics are inorganic solid materials consisting of metals and metalloids, mainly con-
nected by ionic bonds, e.g., oxides, nitrides, sulfides, and carbides, and can be crystalline
or amorphous. They are characterized by excellent biocompatibility, superior corrosion
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and wear resistance, high strength, hardness, and stiffness [75]. Bioceramics can be
divided into bioinert (e.g., alumina (Al;O3) and zirconia (Zr20O3)) and bioactive bioma-
terials (e.g., calcium phosphates and glasses), whereas the latter can be resorbable or
non-resorbable. Most clinical applications are related to repairing the skeletal system,
including bones, joints, and teeth, and augmenting hard and soft tissue [78§].

Metallic biomaterials are the most used biomedical materials essential in the medical
field. Most metallic biomaterials are crystalline, having a regular atomic arrangement.
Metals usually have high strength, fracture toughness, and better elasticity and stiffness
than ceramics and polymers. Their mechanical performance is specified due to disloca-
tions and crystallization. Metallic biomaterials are widely used for load-bearing implant
applications such as orthopedic, dental, and maxillofacial surgery. Additionally, metals
are also used for stents in cardiovascular surgery. The most common biomedical metals
and alloys are stainless steels, titanium, titanium-based, cobalt-based, magnesium-based,
and tantalum-based alloys. [75]

2.1.2.2 Biomedical Titanium Alloys

Titanium raised attention not only in aerospace and automotive but also in the biomed-
ical industry, mainly due to its good biocompatibility, corrosion resistance, and decent
mechanical properties [79-81]. In recent decades, titanium and its alloys have been used
as biomaterials, for example, in dentistry as machined dental implants, crowns, and
bridges [82], wrought forms [83, 84|, and as casted titanium [85, 86].

CP-Ti is widely used in the chemical industry and process engineering, mainly due to
its good corrosion resistance [87]. Mainly oxygen and nitrogen, as interstitial alloying
elements, have a significantly embrittling effect and decrease the ductility. These impuri-
ties or intentional addition of these elements affect the mechanical properties. These are
adjustable in a specific range, such as tensile strength ranging from 240 MPa - 550 MPa,
yield strength from 170 MPa - 480 MPa, and breaking elongation from 15 % - 24 % [27,
87]. Especially in a biological environment, CP-Ti has better corrosion resistance and
better biocompatibility than, for example, stainless steel [88-91]. Nevertheless, due to
the relatively low tensile strength (<550 MPa) combined with poor wear resistance, the
use of CP-Ti is limited for load-bearing implants (e.g., THR, TKR) and comprises mainly
maxillofacial and dental applications [33, 67].

The (x + B) alloys are the most widely used titanium alloys not only in the medical
industry. By adjusting, adapting, and varying the dual-phase microstructure, (ax+3) al-
loys, such as Ti-6A1-4V, Ti-5A1-2.5Fe, and Ti-6Al-7Nb, offer the possibility of achieving
balanced properties and are thus used frequently. Initially, Ti-6A1-4V was developed and
designed for aerospace applications [92]. It is the most commonly used and investigated
titanium alloy, mainly due to its well-balanced and diverse properties and, therefore,
applicable in various fields. Biomedical investigations have shown that vanadium has
hazardous potential and may lead to diseases due to its cytotoxicity [93]. Within further
development, the critical element vanadium was substituted with non-toxic iron and nio-
bium, leading to the design of Ti-6Al-7Nb and Ti-5Al-2.5Fe. In particular, Ti-6Al-7Nb
is used for biomedical applications. This alloy was developed by SULZER Medical Tech-
nology in 1978 and has been used for clinical applications since 1985 [94, 95]. Generally,
(a+) alloys have excellent biocompatibility and corrosion resistance compared to other
biomaterials used for load-bearing implants. Nevertheless, they often contain aluminum
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as an o-stabilizer. Aluminum is referred to be cytotoxic and may lead to osteomalacia,
neuropathy, and Alzheimer’s disease [96]. Another weak point of these alloys concerning
the medical application is that the elastic modulus differs from the modulus of the human
bones [97]. The mismatch in elastic modulus may lead to stress shielding, resulting in
implant failure [98, 99].

The third group of titanium alloys highlighted refers to the 3 alloys, e.g., the metastable
B-alloy Ti-24Nb-47Zr-8Sn. To meet the mismatch of elastic modulus, which is related
to stress shielding, and due to the cytotoxic contexts of the alloying elements, new
biomedical (3 titanium alloys were developed. The goal is to meet the requirements of
implant biomaterials, such as non-cytotoxicity, good mechanical properties (e.g., elas-
tic modulus and strength), an improved interface between implant and bone. Ac-
cordingly, different  titanium alloys with low elastic modulus and sufficient strength
properties were developed, e.g., Ti-12Mo-6Zr-2Fe [100], Ti-15Zr-4Nb-2Ta-0.2Pd [101],
Ti-6.8Mo-4.5Fe-1.5A1 (Timetal LCB) [46], Ti-24Nb-4Zr-8Sn [102]. Within these develop-
ments, Ti-24Nb-47r-8Sn achieved the lowest elastic modulus. The phase composition of
mainly bee B phase results in low elastic modulus (42 GPa - 50 GPa) and high strength
(up to 850 MPa), whereas the chemical composition results in good biocompatibility.
Ti-24Nb-47Zr-8Sn has superb mechanical properties, such as high strength, damping, and
super-elasticity, and shows a stress-induced martensitic transformation [102].

2.1.3 Mechanical Performance of Biocompatible Titanium Alloys

As previously described, the mechanical properties of titanium alloys are dictated by the
unique properties of the & and 3 phases, depending on the alloying elements, their volume
fraction, and spatial arrangement. The general density of titanium is reduced by light al-
loying elements, such as «-stabilizing aluminum, and increased by heavier 3-stabilizing
elements. The spatial arrangement of the phases and microstructural formation pre-
destine the mechanical properties [35]. A fine microstructure increases strength and
ductility, delays fatigue crack nucleation, and is a prerequisite for superplastic deforma-
tion. In contrast, a coarse microstructure is more resistant to creep and fatigue cracking.
Equiaxial microstructures often exhibit high ductility and fatigue strength and are ideal
for superplastic deformation. By contrast, lamellar microstructures have high fracture
toughness and better resistance to creep and fatigue crack growth. Bimodal microstruc-
tures combine the advantages of lamellar and equiaxed structures, resulting in a balanced
property profile. [26, 35]

The properties of titanium and its alloys can be improved by alloying, processing, and
composites. Alloying enables to increase the strength (e.g., precipitation hardening,
solid-solution strengthening, age hardening), generates ordered structures (e.g., inter-
metallic compounds), determines the physical properties (e.g., elastic modulus, density),
and affects the chemical behavior (e.g., corrosion). The properties can be adjusted by
different microstructures generated by various thermo-mechanical treatments (e.g., rapid
solidification, mechanical alloying, hot-isostatic pressing). [35]

Prosthesis and biomaterials are subjected to different in vivo loads and stresses, which
are individual, like the patient. The load sets vary according to the patient’s anatomy,
diseases, prosthesis design, bone quality, and implantation techniques [103-105]. There-
fore, implant failures still occur due to overloading and cracking, static and dynamic.
The acting forces can be several times higher, depending on the movement, movement
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speed, and the patient’s body weight [106]. Static material requirements, particularly for
Ti-6Al-7Nb, are concluded within the ASTM F1295-16 and ISO 5832-11 standards. The
ISO 7206 standard defines the laboratory tests and test setup to determine the endurance
properties of hip implants [107-109].

The mechanical loading on biomaterials can vary in a specific range. It is estimated
that the hip implants used in an average nonactive patient can experience 1 x 10° to
2.5 x 105 cycles of stress in a year [110]. For a mid-twenty-year-old patient with a life
expectancy of 70 to 80 years, this equals approximately 10® cycles of loading in a lifetime.
It is obvious that the loads and cycles are a function of the weight and activity level of
the patient and that the need for longtime cyclic capability in fatigue is crucial [23].
Baleani et al. summarize the load history for implanted hip prostheses within one year
for active patients. The annual activity occurrence is separated into specific activities,
such as walking, jogging, ascending and descending stairs, and stumbling. In addition,
the cycles per year [111, 112] and the maximum hip joint load corresponding to each
activity are given [113-115]. Depending on the movement, the maximum load in the hip
can reach 720 % of the patient’s body weight during stumbling. [116]

As described above, the materials used for implants are subjected to cyclic mechanical
loading. Therefore, the fatigue properties and the underlying mechanisms are essential
and explained in the following. The purpose is to briefly review the critical aspects of
the fatigue behavior of titanium alloys. Fatigue failure may be divided into three phases:
crack initiation, (micro) crack propagation, and (macro) crack growth. Typically, the
resistance of titanium against crack propagation and growth is relatively low, which is
why the crack initiation phase determines the lifetime of these alloys. In general, the
fatigue properties in terms of fatigue strength of 3 titanium alloys tend to be slightly
better than for «- or (a+f3)-alloys. Due to the hep crystal structure and, in particular,
the asymmetry between longitudinal and basal planes, the properties are anisotropic.
Here, the (3 alloys with their bce crystal structure are advantaged, but the o precipi-
tates must be considered. The fatigue behavior of titanium alloys is affected by various
aspects; nevertheless, adaptions affecting/reducing the crack initiation tendency often
have contrary effects on crack propagation and growth. Therefore, it is not trivial to
optimize all three phases at once. The possible effects of adjusting the fatigue properties
are [46]:

« Effect of the tensile strength: As generally known, the fatigue strength increases
with increasing yield /ultimate tensile strength (YS/UTS), as shown for CP-Ti and
near-« alloys with the addition of oxygen [117]. Compared to « alloys, 3 titanium
alloys have favorable properties due to the higher tensile strengths achieved by
precipitation hardening. Nevertheless, the increase in fatigue strength is limited
due to the ratio of hardened 3 matrix to soft primary « phase and precipitation-free
zones near the grain boundaries of the 3 grains [118]. Okazaki and Gotoh compared
the ratio of UTS to the fatigue strength for various titanium alloys and showed
a tendency for increasing fatigue strength with increasing UTS, but additionally
depending on the microstructure and previous processing methods [119].

o Effect of the grain size: The influence of grain size on fatigue properties is con-
tradictory concerning crack initiation and propagation. For CP-Ti, micro crack
propagation along the planar slip bands is inhibited by the coarse grains, while
coarse grains also reduce the macro crack growth resistance and the lifetime [117].
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Everaerts et al. show that increasing o grain size generally decreases fatigue life in
Ti-6Al-4V wires, as the grain size controls the slip-based or cleavage-based fracture
mechanisms [120]. As described by Wu et al., the fatigue strength of Ti-6A1-4V de-
clines with increasing « grain size in equiaxed or « lamellar microstructures [121].
Wagner et al. summarize different grain sizes and their effect on fatigue proper-
ties [122].

o Effect of the microstructure: In general, the fatigue strength decreases in the
order of bimodal, lamellar, and equiaxed microstructure [121]. Dependent on the
processing route or the heat treatment (x+{) alloys are adjustable in terms of
equiaxed or lamellar microstructure. Bimodal (x+[) microstructures show good
fatigue properties due to the crack inhibiting 3 lamellae [123]. Elongated primary o
precipitates act as crack growth paths, increasing the crack growth rate [124]. Crack
initiation often starts at intersecting planar slip bands or slip bands intersecting with
grain boundaries [125, 126]. Within (3 alloys, crack growth occurs at secondary
as-P-interfaces [124]. Changing the g precipitates is limited, so alternatively
controlled precipitation of the w phase increases crack resistance. However, the
w phase is considered to embrittle the 3 matrix [127, 128]. For single (3 phase alloys,
crack initiation is preferred at large-angle grain boundaries or grain boundaries triple
points [129, 130].

o Effect of the texture: The 3 alloys are generally isotropic due to their bcc
crystal structure. Nevertheless, o and (x+f) alloys can be anisotropic due to the
anisotropic hep crystal structure [122]. The texture of «, whether the processing
or mechanical deformation determines it, significantly affects the fatigue behavior.
The basal plane acts as the preferred crack initiation plane. Depending on the
orientation of the loading direction, the texture affects the fatigue behavior. The
texture sensitivity increases with an increasing amount of primary o and grain
size. [131-133]

« Effect of the loading situation: Titanium alloys, especially near-« and («+f3),
obtain a high sensitivity on the mean stress during fatigue tests, also known as the
anomalous mean stress effect, which is dependent on the crystallographic texture
and loading direction and is controlled by crack initiation [122]. This sensitivity
can be affected by the w particles mentioned above, as cutting the particles leads
to increased crack closure [134].

« Effect of the surface: Although the compression and introduction of near-surface
residual stresses are limited, surface treatments can improve fatigue behavior. Gen-
erally, the surface roughness, the residual stresses, and the degree of cold work or
dislocation density are modified by surface treatments [122]. The surface roughness
determines the control mechanisms of fatigue strength, crack initiation controlled
(smooth surfaces), or crack propagation controlled (rough surfaces) [135]. A hard-
ened surface layer on smooth surfaces may lead to retardation of crack initiation
due to increased strength. In contrast, no crack initiation phase is present for rough
surfaces due to the low residual ductility caused by the hardened surface layer [136].
The potential of enhancing the fatigue behavior of (x+{) alloys is better compared
to B alloys due to the higher potential for strength increase of the surface [137, 138].
Residual stresses (compressive) in the surface are favorable due to significantly re-
tarding micro crack propagation when cracks are present in the specimen [122]. In
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addition, mechanical surface treatments are not necessarily stable, and their improv-
ing effect can be removed, for example, by heat treatments. Nevertheless, surface
treatments can be used to tailor the fatigue properties of titanium components [122].

2.2 Processing of Titanium Alloys via Laser Powder
Bed Fusion

Additive Manufacturing (AM) is an emerging manufacturing technology. Material and
energy are delivered to one point to produce a solid, where the three-dimensional part
is then built layer-wise [79]. Whereas the initial usage of AM methods was generating
prototypes, the technology developments have improved the quality of the produced
parts and components to enable the use of the produced parts [139]. AM has a several
advantages: producing components almost without geometrical restrictions, avoiding
the need for tools and manufacturing them, and sustainable fabrication with a minimum
of wasted material. Concerning the lightweight design and the increasing demand for
individualized products, AM technologies have gained importance. AM can be divided
into three groups based on the raw material used:

o solid-based systems (e.g., fused deposition modeling (FDM)),
o liquid-based systems (e.g., stereolithography (SLA)), and

o powder-based systems (e.g., selective laser sintering (SLS), laser powder bed fu-
sion (LPBF)).

Within AM, the LPBF process enables the flexible processing of various metallic powder
materials. It has established itself as one of the most important technologies in the field.
The processing of metallic materials enables applications for load-bearing components
and structural parts [140, 141]. Due to the high degree of design freedom, LPBF can pro-
duce complex lightweight structures optimized for external conditions, such as external
stresses and thermal conditions. Typical application areas include lightweight structures
and components for the aerospace and biomedical sectors, such as dental crowns made
of cobalt-chromium alloys or patient-specific implants made of titanium alloys [142—-144].
In medical technology, particularly LPBF offers a cost-effective adaptation of both the
external shape and the stiffness of implants to the conditions required in individual cases
and patients, resulting in economic and medical benefits [145-148].
A commercially available LPBF system (type LT12 SLM, DMG Mori Ag, Germany) is
depicted as an example in Figure 2.2a. The left part of the machine contains the control
electronics, the computer, the laser and the optical bench. The right side includes the
powder module (so-called rePLUG) with a powder supply and process gas filtration sys-
tem. The center contains the actual process chamber. Figure 2.2b shows the essential
components of the latter and the LPBF process schematically. The powder supply stocks
the powder required for the building process. A powder feeder conveys additional powder
from the powder module into the powder supply unit during the process. The recoater
provides and uniformly distributes a defined amount of powder, depending on the layer
thickness, on the build platform. The powder overflow absorbs the excess powder of each
coating sequence, and previously formed welding spatter and process residues. The laser
beam provides the energy required for melting the powder material. The elevator with
the building platform fixes the molten and resolidified powder areas in the XY-plane
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(horizontal) and incrementally lowers the powder bed in the z-direction (vertical). In
addition, if necessary, the build platform is heated to improve bonding and reduce any
residual stresses that may occur. Two shield gas flows, one for the optical unit and one
for the volume, provide an almost inert atmosphere to avoid chemical reactions with
oxygen and nitrogen from the ambient air.

Optic Shield
Gas Flow Process Chamber

Laser Beam,

Shield Gas
Outflow,

') Recoater ') )
Volume Shield
Gas Flow
Building /
Platform 1 Powder Powder
Elevator Supply Overflow
(a) (b)

Figure 2.2: (a) DMG Mori LT12 SLM and (b) schematic illustration of the main components
of an LPBF process chamber, according to [149].

The initial basis for processing with LPBF is a 3D CAD data set of the component to be
manufactured. This is converted into the standard triangle language (STL) format. The
component is then sliced into horizontal layers, with the layer thickness set corresponding
to that in the subsequent process. The layer-related geometry information, possibly with
support structure information, is transferred to the LPBF machine. Here, the process
parameters used for melting are set and adjusted. The actual manufacturing process
consists of three iterative process steps. First, a powder layer is distributed on the build
platform using the recoater. Due to the limited packing density of the powder material,
the powder layer thickness is far greater than the later, almost fully dense manufacturing
layer thickness. Second, after powder application, local melting of the powder takes place
according to the geometry information and set process parameters. In the third step,
after the solidification of the material, the build platform is lowered by the predefined
layer thickness, and a new powder layer is applied. These steps are repeated until the last
layer has been applied and exposed. After a cooling phase, the loose, unmolten powder
is removed, the build platform is taken from the process chamber, and the finished part
is separated from the platform. The excess powder is sieved to remove the weld spatter
and process residues, dried, and can then be returned to the powder supply unit.

The following essential LPBF process parameters decisive for the part quality:

 laser power P,

e scanning speed vg,

e hatch distance hy,

 layer thickness h,,

o building platform temperature Ty, and
e scan strategy.
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The first four can be used to calculate the energy density Ey according to the following
equation:
B Vs + hs . hz‘

The temperature of the build platform represents an important parameter and reaches
approximately 300 °C in standard LPBF machines. The main reason for its use is a re-
duction in process-induced residual stresses. Nevertheless, the adjustable temperature is
relatively low compared to the melt pool temperature (2000 °C to 3000 °C), which means
that the residual stress problem remains decisive for the resulting component quality and
properties [150-152].

The scan strategy refers to the direction and sequence of individual scan vectors dur-
ing exposure. Depending on the component and geometry, it is common to use different
strategies, for example, uni- and bidirectional exposures, strip, checkerboard, or meander-
like scan patterns. This leads to reduced residual stresses or macroscopic distortion, and
detachment of the component from the platform can be avoided. In addition to strate-
gies within a layer, cross-layer strategies such as rotation of scan vectors are typical.
Furthermore, using different exposure parameters for the volume/hatch and the contour
is common. Typically, the scan speed of the contour parameters is slower in order to set
a smoother, stable melt pool. [86, 153, 154]

Ev

2.2.1 Microstructural Evolution during LPBF

The processing of powder materials by LPBF involves cyclic melting, solidification, and
remelting of the exposed material. Therefore, considering the processes occurring during
the solidification of metals is of particular importance to obtain a fundamental under-
standing of the microstructure resulting from the LPBF process. Therefore, the relevant
phenomena during solidification are summarized below.

2.2.1.1 Solidification Behavior and Texture Formation

The microstructure of metallic materials formed during solidification from the melt is
largely determined by the chemical composition and the cooling conditions during the
transition from the molten to the solid phase. The LPBF process produces a three-
dimensional part. Therefore, the thermo-kinetics vary in different directions within one
layer and across the layers of the component. Fach region in the complex LPBF pro-
cess experiences a distinct and unique thermal history. This history includes multiple
melting, solidifying, annealing, and tempering heat treatments, resulting in a unique
microstructure all over the part. During solidification in the LPBF process, dendritic
crystal growth is often observed due to constitutional supercooling [141, 155, 156]. Due
to the small beam diameter (35pm - 600 pm), the laser interacts with a tiny region of
the powder bed, and, therefore, the melt pool size is extremely small with diameters of
0.1mm - 0.2mm [157, 158]. The small spot, in turn, leads to very high power density
(>10* Ws~2), where the introduced energy and heat rapidly dissipate into the surround-
ing substrate, resulting in very high cooling rates of up to 10*Ks™! - 107 Ks™! [159,
160]. Therefore, relatively small average grain sizes are present after additive manufac-
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turing [155, 161].

Since the powder surrounding the melt pool acts mainly as a thermal insulator [162], the
heat in LPBF dissipates primarily into the underlying substrate, i.e., the build platform
or the previous molten and solidified material layers. Directional solidification occurs
comparable to welding or casting [141, 163]|. In combination with epitaxial growth, the
formation of pronounced texture is observed during the layer-by-layer buildup. While
the laser beam interacts with the material, a melt pool forms. After the energy source
leaves the area, the epitaxial growth of the partially molten grains from the substrate
or previous layer starts during solidification. The temperature gradient G, solidification
rate R, undercooling AT, and solute diffusion coefficient Dy determine the geometry of
the liquid-solid interface in terms of planar, cellular, columnar dendritic, and equiaxed
dendritic fronts. At the bottom of the melt pool, where the solidification rate is R ~ 0,
the ratio of G/R is infinite, resulting in a planar grain structure. Cellular solidification oc-
curs near the planar region when the ratio G/R decreases until G/R < AT/Dy. Further
decrease of the ratio G/R leads to columnar dendritic formation. Equiaxial solidification
typically occurs near the surface of the melt pool, where the temperature gradient is
comparatively low. In addition to the grain morphology, grain growth directions align
with the temperature gradient direction as solidification progresses. Grain growth is fa-
vored along specific crystallographic orientations. Thus, grains with the same or similar
orientation to the temperature gradient grow faster. In contrast, grains with other orien-
tations gradually stop growing due to the competitive growth of the different grains. This
competitive growth leads to unidirectional columnar grains or microstructure, typically
observed in LPBF-manufactured components. [164, 165]

2.2.1.2 Process-related Effects and Grain Growth Characteristics

The process parameters, such as laser power, scanning speed, hatch distance, and layer
thickness, significantly affect the temperature gradient, cooling conditions, and heat flow
direction, affecting the grain morphology, size, and orientation. Different studies showed
that grain size increases with increasing laser power (higher energy-induced grain coars-
ening) and decreases with increasing laser scanning speed (shorter exposure and faster so-
lidification) [166, 167]. Additionally, the cell spacing (distance between adjacent grains)
decreases with increasing scanning speed, while the misorientation angle gets uniform
[168, 169]. With decreasing hatch distance, new melt tracks remelt the center of pre-
vious melt tracks (typically small equiaxed grains due to constitutional undercooling),
leading to epitaxial grain growth [170]. Furthermore, the scanning strategies can signifi-
cantly influence grain growth and heat flow direction [150, 155, 171].

Besides process-related methods affecting grain growth, different methods can be ap-
plied to manipulate or adjust the microstructural evolution. The addition of additives
into the powder bed or the powder itself, such as second-phase nanoparticles, can lead to
nucleation sites in front of the liquid-solid interface and reduce the critical undercooling
needed for producing ideal equiaxed structures [164, 172, 173]. Various methods to ad-
just the grain structure of LPBF-fabricated parts are currently being investigated, such
as electromagnetic or ultrasonic vibration [174, 175].
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2.2.1.3 Microstructural Evolution during Additive Manufacturing of Titanium
Alloys

Within the LPBF of titanium alloys, phase transformation and evolution play a signifi-
cant role in the performance of additively manufactured components. The rapid heating
and cooling cycles during manufacturing are responsible for the microstructure and prop-
erties.

The LPBF of titanium and its alloys results in different phases, including «, B, o/, &”,
and w [176]. Powders, such as commercial Ti-6Al-4V powder, consist of o and 3 phases,
transforming to o« martensite during manufacturing [177]. As described, the process
parameters and the chemical composition can determine the formation of the various
phases in titanium alloys [178-180]. Simultaneous to phase formation, precipitation can
occur during LPBF, affecting the mechanical performance of the titanium alloys. Again,
these precipitations can be controlled, more or less, by the process parameters and es-
pecially the chemical composition of the alloys. Depending on the initial titanium alloy,
various precipitates and amounts of precipitations can form depending on the process
parameters, see Figure 2.3. [181-184]

Furthermore, in-situ heat treatments can adjust the microstructural evolution and grain
growth. Therefore, different strategies are used to manipulate the constituent phases,
tailoring the mechanical properties, for example, by in-situ decomposing &’ to « and f3
phase. [179, 185, 186]
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Figure 2.3: Correlation among the LPBF process parameters, microstructure, and as-built part
properties, according to [164].

2.2.2 Mechanical Properties of Additively Manufactured Titanium
Alloys

As the demand for LPBF processed materials increases, it is essential to understand
the process-microstructure relationship to improve process control and the performance
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of LPBF fabricated parts. The relationship between various process parameters, mi-
crostructural aspects, and the resulting bulk properties is shown in Figure 2.3 [164]. The
mechanical properties of the materials depend mainly on their microstructure, which is
strongly influenced by the AM processing conditions, characterized by repeated heating
and cooling cycles, due to the layer-by-layer manufacturing [140, 187]. After scanning
by laser, the molten pool solidifies rapidly, producing a fine-grained microstructure; dur-
ing exposure of subsequent layers, the solidified volume is repeatedly exposed to heat.
This complex thermal history can lead to metastable microstructures and compositional
phases that can vary in the component volume [140]. The resulting microstructures
depend on the chemical composition and the class of titanium alloys. Therefore, the
following explanation is divided into the main titanium alloys; &, (a+f), and f3.

The « titanium alloys, like CP-Ti, undergo an allotropic phase transformation from
high-temperature hcp (3 to low-temperature bee « at around 890°C. This transfor-
mation affects texture, microstructure, slip and twin systems, and, therefore, the me-
chanical properties [188, 189]. Depending on the process parameters, the microstruc-
ture of as-built CP-Ti consists of coarse plate-like hep o grains. With increasing laser
power and scanning speed CP-Ti consists of fine, acicular &’ martensite due to very high
cooling/heating rates [190]. As the microstructure changes, the mechanical properties
change as well. With increasing scanning speed and laser power, the hardness and tensile
strength increase due to residual stress increase, change of & phase to &’ martensite, grain
morphology, and grain refinement [190-192]. Due to their hep structure, o and « are
anisotropic. While CP-Ti has four independent slip systems (compared to five in general
polycrystalline materials), twin systems are required to maintain the compatibility of de-
formation [193, 194]. Therefore, the interaction and competition between dislocation slip
and deformation twinning influence the mechanical properties, while grain refinement af-
fects this competition. The grain refinement leads to the reduced twinning propensity in
coarse-grained hcp materials, and dislocations can be activated, improving the ductility
of hep titanium alloys [195]. A further reason for increasing the strength is the formation
of a martensitic structure. The o martensite consists of more closely spaced interfaces,
separating adjacent plates and laths, and a higher dislocation density compared to «
structure. Hence, the martensitic structure with twinned plates leads to a more effective
barrier against dislocation movement during deformation, resulting in the strengthening
of titanium [196].

For (x4 B) titanium alloys elongated columnar, prior 3 grains form during solid-
ification along the building direction of the parts [197-200]. Due to the high cooling
rates and rapid solidification process, the higher thermal gradient results in a higher
undercooling. Subsequently, the (3 grains transform mainly to the ultrafine, acicular
martensitic o phase. [140, 201, 202]. As described for « alloys, the microstructure
of (x+f) titanium is sensitive to the processing parameters, where the microstructure
varies with increasing scanning speed from equiaxed to mixed equiaxed-columnar grains
and columnar grains. The acicular structure was refined and transformed from an (o+f3)
to o phase [203]. The described aspects result in a finer microstructure, which leads to
higher static strength according to the Hall-Petch relation [140, 190]. Increasing the laser
power increases the hardness while increasing the scanning speed reduces the hardness.
Increasing scanning speed increases elongation at break while increasing the laser power
decreases the elongation. These aspects are attributed to the combined effect of grain
refinement of o’ and the formation of nano-f particles [203]. In addition, the marten-
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sitic o phase exhibits higher yield, tensile strength, and lower breaking elongation [140,
204-206).

Metastable  and B titanium alloys are promising materials for biomedical ap-
plications due to their very low Young’s modulus, superb biocompatibility, and high
strength [207]. The sensitivity of the mechanical properties concerning the process pa-
rameters is also given for these alloys. The hardness of alloys, such as Ti-24Nb-4Zr-8Sn,
decreases with increasing speed [208]. Typically, mainly 3 phase in the form of elon-
gated grains, oriented along the building direction, is present. However, small amounts
of phases such as « or &” are possible, depending on the manufacturing conditions [209,
210]. Equiaxed f grains without any « are possible as well [211]. The « phase precipi-
tates act as a dislocation barrier and may improve yield strength by blocking dislocations
[212-214]. Whereas the w phase, formed by in-situ heat treatment during the process,
reduces the elastic modulus and embrittlement [215], precipitation of the o in the
matrix lowers the elastic modulus and yield strength [212]. Additionally, the process
conditions and alloying elements significantly affect the phase transformation in 3 al-
loys [216, 217].

Generally, the additively manufactured as-built specimens tend to have higher hardness
and strength values but lower breaking elongations than conventionally manufactured
titanium alloys. As described, the rapid cooling and solidification lead to metastable
microstructures and phases. Thermal post-treatments can easily modify these to obtain
better mechanical properties. Indeed, the choice of post-treatment variant can signifi-
cantly influence the properties, such as grain size and orientation, precipitation, phase
evolution densification phenomena, and stress relief. Table 2.1 summarizes different ti-
tanium alloys’ mechanical properties compared to LPBF and conventional fabricated
processing methods.

Table 2.1: Comparison of mechanical properties (hardness and tensile properties) of different
titanium alloys processed by laser powder bed fusion (LPBF') and conventional methods; Vickers
hardness, elastic modulus E, yield strength YS, ultimate tensile strength UTS, and breaking
elongation €.

Alloy Processing method Hardness in HV  E in GPa YS in MPa UTS in MPa € in % Ref.
LPBF 261+13 106£3 555 757 19.5 [190]
LPBF - - 500 650 17 [218]
CP-Ti Sheet forming - - 170-655 240-550 15-24 [219]
Full annealed - - 432 561 14.7 [220]
Casting 169-171 108+4 523+£11 673£11 24+1 [221, 222]
LPBF 409 102-109 962-1137 1166-1267 1.7-7.6 [201, 206]
Sheet forming (ELI) - - 830 (934) 897 (863) 8 (6) [219]
Ti-6Al-4V Casting 346 110 847-999 876-1173 5-14 (67, 97, 206, 222]
Wrought 315 832-930 933-995 12.5-14 [206, 223]
Forging - - 836 908 14.5 [224]
LPBF 337+£23 105-116 868-940 967-1109 9.9-14.4 (225, 226]
LPBF 348-376 108-109  1081-1147 1227-1308 512 [227]
. - - 114 880-950 900-1050 8.1-15 [97]
Ti-6AL-TND Wrought 800-1000  900-1100  10-15 [228]
Casting 25729 - 817 933 7.1 [97, 221]
ISO 5832-11 - - 800 900 10 [108]
LPBF 21948 4941 490+16 700+6 2241 [229]
LPBF 220-230 53=£1 563£38 665+18 13.84+4.1 [208]
Ti-24Nb-4Zr-8Sn Hot rolling - 46 700 830 15.0 [230]
Hot forging 230-370 55 570 750 13.0 [231]
[232]

Warm rolling 265 56 - 1150 8
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2.3 Fundamentals of Physical Vapour Deposition

Thin films are present in our daily life. Almost every device or part includes coated
parts, such as electronics, cars, watches, tools, and glasses [233-235]. The deposition
of thin films is usually a vapor-based process. According to DIN 8580, physical vapor
deposition (PVD) is one of the coating manufacturing processes with an initial gaseous
state of the coating materials [236]. PVD is a manufacturing process for metallic and
ceramic coatings. Under physical impact in a vacuum, the material is transferred from a
source, also called the target or cathode, to the vapor phase. The material is evaporated
by various mechanisms (heating, high-energy ionized gas bombardment (sputtering), or
electron gun) in a vacuum or low-pressure gaseous or plasma environment [23].

2.3.1 Basics of Magnetron Sputtering and Deposition

The cathode sputtering process begins at low pressures with the ignition of the plasma
in a process gas atmosphere (e.g., argon, krypton, and nitrogen). During this process,
electrons move from the cathode in the direction of the anode/substrate, whereby the
process gases are positively charged by impact ionization and an electron release. The
positively charged ions, e.g., argon ions, are then accelerated to the negatively charged
cathode. As a result of the collision with the target atoms, these are atomized (detached)
and can move freely in the plasma as neutral target atoms. If these hit the surface of the
substrate, they can be adsorbed and finally form a layer through further accumulation
after nucleation and island growth. [23, 237-240]

A further development of cathode sputtering is magnetron sputtering, in which magnets
are mounted behind the target material. These form a magnetic field that is superim-
posed with the existing electric field and preferentially “traps“ electrons near the target.
The higher density of electrons leads to more frequent collisions with atoms of the pro-
cess gas, which enhances the ionization process and creates a denser plasma near the
target [241, 242]. Consequently, the electric current is one to two orders of magnitude
higher, and the electric voltage is correspondingly lower [237-240, 242]. The higher
ionization increases sputtering efficiency and rate and allows significantly lower process
pressures [237-240, 243, 244]. A low process pressure reduces the particles’ scattering on
their way to the substrate, resulting in a higher kinetic energy transfer of the particles
upon impact on the growing layer, leading to denser layers with lower porosity [240, 245].
The BIAS voltage can also influence denser layers. During coating, it is usually between
-60 V and -120 V and causes target ions and process gas ions to accelerate onto the
substrate surface. Upon collision with the coating, the kinetic energy can be transferred
to coating atoms, causing the more mobile coating atoms to reduce porous structures
and heal lattice defects [237, 240].

The film growth process typically includes several steps: nucleation, island growth, im-
pingement and coalescence of islands, formation of polycrystalline islands and channels,
development of a continuous structure, and film growth. The coating processes of ceramic
materials usually exhibit a columnar microstructure containing elongated grains [23].
Elements, molecules, and compound materials can be used to deposit films. Com-
pounds are deposited by the reaction of depositing material with the ambient gas atmo-
sphere (e.g., titanium nitride (TiN)) or with co-depositing material (e.g., titanium car-
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bide (TiC)) [246-248]. Different materials are used as PVD films depending on the appli-
cations, the desired properties, and behavior. TiN, titanium aluminum nitride (TiAIN),
chromium aluminum nitride (CrAIN), and diamond-like carbon (DLC) are commercially
used and technically matured PVD films. These coatings are applied to increase wear
and corrosion resistance, as a diffusion barrier, as a solar energy absorber or IR reflector,
etc. [23]. Additionally, PVD films are applied to improve the biocompatibility of mate-
rials for medical applications, such as TiN, TiCN, and DLC films.

2.3.2 Effects of PVD Coatings on the Material Behavior

Usually, surface modifications, such as PVD, improve the surface properties of wear,
corrosion, and oxidation for different substrate and coating materials [249-251]. PVD
thin films are applied to increase tool properties, e.g. hardness and toughness [252-254].
Furthermore, research showed that PVD films improve tribological properties and bio-
compatibility [255-257]. In addition, PVD coatings can increase tensile strength and
improve fatigue properties. The hard thin surface layer restricts the plastic deforma-
tion of the substrate with superior mechanical strength, high residual stresses, and good
adhesion between thin film and substrate. Characteristics, such as tensile strength and
fatigue resistance, are changed depending on the physical and mechanical properties of
the substrate and coating material, thickness, hardness, chemical composition, the ap-
plied stresses, and strains, etc. [258-262]

The residual stresses of PVD coatings are mechanical stresses that occur inside a mate-
rial without needing external forces. They are particularly interested in coatings since
they correlate with the maximum successful coating thickness without flaking. Addi-
tionally, they significantly influence the material’s mechanical properties [237, 238]. For
PVD coatings, lattice distortions result in residual stresses. They can be caused by layer
growth, mismatch of thermal expansion to the substrate, and lattice defects such as dis-
locations, point defects, and grain boundaries [263, 264].

The use of magnetron sputtering reaches across several industries depending on the
function of the coating. Hard, wear-resistant, low friction, oxidation, and corrosion-
resistant coatings are used, for example, in aerospace, energy, automotive, and tooling
industries [265]. Furthermore, magnetron sputtering is applied to produce coatings with
specific optical and electrical properties for the semiconductor industry, optical coatings
in the glass industry, and decorative coatings in the jewelry industry [266].

PVD coatings are often used for dry machining to achieve low wear, low friction, and
anti-sticking between the contact surfaces of tools and workpieces. Additionally, PVD
films are applied in the bipolar plates of proton-exchange membrane fuel cells, mainly
carbon and nitride-based films, due to their high electrical conductivity, as well as me-
chanical and chemical stability. [23]

In the past, materials for biomedical applications were selected based on their material
or bulk properties. Today, however, it is evident that the surface properties of a medical
device are crucial for its biomedical application. Therefore, various surface modifications
are suitable for improving biocompatibility and antibacterial activity. [267, 268]

Among others, TiN, TiCN, and DLC coatings are the most widely used [269-273]. There-
fore, these three coatings are reported in detail, in particular regarding their biocompat-
ible features:
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o TiN is a hard ceramic film with various mechanical properties regarding its stoi-
chiometry, as the microstructure is highly important for the properties. The hard-
ness is typically high, between 2000 HV to 2500 HV, whereas defects in the films,
such as voids, may lower the hardness [23]. TiN shows biocompatible features in
biomedical environments, such as non-cytotoxicity, dermal irritations, or toxic re-
sponses [274-276]. TiN films have already been used for prostheses (orthopedic
and dental), and cardiac devices, concluding that it is tolerated by the human
body [277, 278]. Nevertheless, the corrosion resistance strongly depends on the film
porosity [279]. Compared to other materials, such as cobalt-chromium or stain-
less steel, TiN-coated materials exhibit high wear resistance in some biomedical
environments [280, 281].

o TiCN coatings are usually employed due to their tribological behavior, excellent
wear resistance, high hardness, and good thermal and electric conductivity. They
are often used as protective layers in semiconductors and tools steels. The superior
corrosion resistance, non-cytotoxicity, and mechanical properties make it a promis-
ing coating material for biomedical applications. [250, 273, 282-285]

« DLC is a metastable constitution of amorphous carbon. Although DLC films are
isotropic disordered thin films without grain boundaries, they exhibit extreme prop-
erties similar to diamonds, such as hardness, elastic modulus, and chemical inert-
ness, due to sp® bonds. Various types of DLC are used, such as hydrogen-free
DLC, also called amorphous carbon (a-C), hydrogenated DLC (a-C:H), or dotted
with silicon or metals, such as a-C:Si or a-C:Ag [23]. DLC films also show good
biocompatibility, as toxicological or cytotoxic effects on cell growth were not ob-
servable [286-289]. Metal-doped DLC coatings show different results depending
on the metal used. DLC dotted with Ti promotes cell growth, while DLC dotted
with elements such as copper, silver, or vanadium, inhibits cell growth and good an-
tibacterial behavior [268, 288, 290-292]. For load-bearing applications, the reported
results on wear properties are contradictory regarding wear properties in biological
fluids [256, 287].

e Other coatings deposited by PVD have been reported. It was concluded that
TiAIN, TiN/TiAIN, tantalum nitride, and zirconium nitride, applied by different
coating procedures, showed improved biocompatibility. [293-295]






3 Motivation and Research Hypothesis

The preceding elaboration regarding the processing and application of titanium alloys
allows for summarizing a definition of an ideal biomaterial. The biomaterial should
have a biocompatible chemical composition to avoid adverse tissue reactions, and it
should not cause adverse reactions in the body and should also be neither toxic nor
carcinogenic. The material should have a specific resistance to degradation, so for use
as a permanent implant, the highest possible corrosion resistance. Both physical and
mechanical properties should be adequate to augment or replace body parts or tissues,
especially to withstand the cyclic loading of the joints. To minimize bone resorption due
to stress shielding, an elastic modulus as low as possible, comparable to that of bone, is
desirable. A high wear resistance avoids or reduces the formation of wear particles, which
can cause adverse effects such as tissue reactions. Finally, an ideal biomaterial should
be able to be formed or machined into various shapes while being relatively inexpensive
and, above all, readily available.
The results and projection needs of TJR show considerable challenges to tackle in the
future. The aging population and high growth rates of primary TJR replacements in
the younger population will, in particular, lead to rising numbers of revision surgeries
above average. The rise of joint arthroplasties will likely lead to shortcomings in health
systems (e.g., increasing waiting times, cost pressure, and limited medical access). For
this reason, timely policy interventions are necessary, such as [14]:
« increasing the quality of joint arthroplasty procedures to extend the life span of
implants and reduce the complication rates, and
o reducing the number of unnecessary surgeries for patients who can be treated equally
well with conservative, non-surgical procedures.
Concluding the previous elaboration, considerable challenges for the future of implants
and implant materials need to be mastered. Based on this, there is potential for improve-
ment, particularly in the materials used. These materials must be optimized for longevity
and their permanent use as implants, ideally tailored to the requirements and needs of the
patients. According to that, the following list specifies the main- and sub-hypotheses:
H1 LPBF-manufactured Ti-6Al-7TNb, combined with heat treatments and PVD thin
coatings, offers improved biocompatibility and mechanical performance.
H1la Additively manufactured Ti-6Al-7Nb provides superior properties compared to
conventionally manufactured material.
H1b The microstructure of Ti-6Al-7Nb is customizable by heat treatments and af-
fects the quasi-static mechanical properties depending on the heat treatment.
H1c Depending on the loading situation in low-cycle fatigue (LCF) tests, the mi-
crostructure influences the LCF properties.
H1d PVD thin coatings, particularly TiN, TiCN, and a-C:Ag, affect the material
behavior and enhance the quasi-static mechanical properties.

25
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H1le The coating systems, TiN, TiCN, and a-C:Ag, and stress-relief heat treatment
improve the LCF and high-cycle fatigue (HCF) material behavior.

H2 Alternative titanium alloys, such as the metastable g Ti-24Nb-4Z-r8Sn alloy, offer
advantages in terms of biocompatibility and material behavior compared to com-
mercially used Ti-6Al-7Nb alloy.

As can be concluded from the previous, the subsequent HT and PVD deposition can tailor
the material properties and improve the material performance and therefore is crucial for
the successful application of LPBF titanium alloys for biomedical devices. Consequently,
this work aims to understand the mechanisms and effects of microstructural changes and
PVD thin coatings. Firstly, the Ti-6Al-7TNb and Ti-24Nb-4Z-r8Sn powders are processed
via LPBF to achieve parts with high relative densities. The various conditions of the
different alloys before and after HT are microstructurally investigated and related to the
mechanical properties, including hardness, tensile properties, LCF, and HCF properties.
Additionally, the effect of PVD thin coatings on the mechanical performance, particularly
regarding fatigue behavior, is examined.
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Additively processed TiAI6Nb7 alloy for biomedical
applications

Additiv verarbeitete TiAI6Nb7-Legierung fur die
medizintechnische Anwendung

M. Hein" 2, K.-P. Hoyer" 2, M. Schaper"?

Laser beam melting (LBM) is an advanced manufacturing technology providing
special features and the possibility to produce complex and individual parts di-
rectly from a CAD model. TiAlI6V4 is the most common used titanium alloy partic-
ularly in biomedical applications. TiAIBNb7 shows promising improvements espe-
cially regarding biocompatible properties due to the substitution of the hazardous
vanadium. This work focuses on the examination of laser beam melted TiAIENb7.
For microstructural investigation scanning electron microscopy including energy-
dispersive x-ray spectroscopy as well as electron backscatter diffraction are uti-
lized. The laser beam melted related acicular microstructure as well as the corre-
sponding mechanical properties, which are determined by hardness measure-
ments and tensile tests, are investigated. The laser beam melted alloy meets,
except of breaking elongation A, the mechanical demands like ultimate tensile
strength R, yield strength R,,,, Vickers hardness HV of international standard
ISO 5832-11. Next steps contain comparison between TiAI6Nb7 and TiAl6V4 in
different conditions. Further investigations aim at improving mechanical properties
of TiAIBNb7 by heat treatments and assessment of their influence on the micro-
structure as well as examination regarding the corrosive behavior in human body-
like conditions.

Keywords: Laser beam melting / titanium alloy / TiAI6Nb7 / biomedical engineering /
implants

Das Laserstrahlschmelzen (LBM) ist eine fortschrittliche Fertigungstechnologie,
die besondere Merkmale und die Mdglichkeit bietet, komplexe und individuelle
Teile direkt aus einem CAD-Modell herzustellen. TiAI6V4 ist die am haufigsten
verwendete Titanlegierung, insbesondere in biomedizinischen Anwendungen.
TiAIBNb7 zeigt vielversprechende Verbesserungen insbesondere hinsichtlich der
biokompatiblen Eigenschaften durch die Substitution des schadlichen Vanadiums.
Diese Arbeit konzentriert sich auf die Untersuchung von selektiv laserstrahlge-
schmolzenem TiAI6Nb7. Fur mikrostrukturelle Untersuchungen werden die Ras-
terelektronenmikroskopie einschlieBlich energiedispersiver Réntgenspektroskopie
sowie die Elektronenrickstreuung eingesetzt. Die aus dem selektiven Laserstrahl-
schmelzen resultierende nadelférmige Mikrostruktur sowie die entsprechenden
mechanischen Eigenschaften, die durch Hartemessungen und Zugversuche be-
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stimmt werden, werden untersucht. Die mittels selektivem laserstrahlschmelzen
verarbeitete Legierung erfillt, mit Ausnahme der Bruchdehnung A, die mechani-
schen Anforderungen wie Zugfestigkeit R,,, Streckgrenze R,,, und Vickershérte
HV der internationalen Norm 1SO 5832-11. Die n&chsten Schritte beinhalten einen
Vergleich zwischen TiAlI6Nb7 und TiAl6V4 in verschiedenen Zustédnden. Weitere
Untersuchungen zielen auf die Verbesserung der mechanischen Eigenschaften
von TiAIBNb7 durch Warmebehandlungen und die Beurteilung ihres Einflusses auf
die Mikrostruktur sowie auf die Untersuchung des korrosiven Verhaltens unter kor-

peréhnlichen Bedingungen.

Schliisselwérter: Selektives Laserstrahlschmelzen / Titanlegierungen / TiAIBNb7 /

Biomedizintechnik / Implantate

1 Introduction

Additive manufacturing has received increasing at-
tention from academia as well as industry in the re-
cent years due to the progress in computation and
systems technology. The process has developed to
an advanced technology with high potential for
both, industrial applications and university research
[1]. Additive manufacturing is defined by DIN EN
ISO/ASTM 52900 as a manufacturing process
where parts and objects are joined of materials
from 3D model data, layer by layer [2, 3]. Com-
pared to conventional, e.g. subtractive manufactur-
ing technologies, additive manufacturing enables
the fabrication of very complex parts directly based
on a 3D Computer Aided Design model.

Laser powder bed fusion of metal parts or laser
beam melting is, regarding additive manufacturing
of metals, one of the most established technique, as
a consequence of the possibility to fabricate fully
dense metal parts with complex geometric features
and mechanical properties comparable to conven-
tionally manufactured components [1, 4, 5]. Laser
beam melting provides a wide range of advantages,
such as reduced production time, an increased man-
ufacturer flexibility and material utilization. For
small and medium batch sizes in biomedical and
aerospace industry laser beam melting is already
established. For now, challenges of the laser beam
melting technology still exist, e.g. microstructural
challenges, like anisotropy or undesired phase com-
positions, and processing challenges, like remain-
ing defects or low build-up rates [6]. Laser beam
melting enables the manufacturer to be free in de-
sign as well as to have the so called complexity-
for-free, and to produce patient-specific, individual

© 2021 The Authors. Materialwissenschaft und Werkstofftechnik published by Wiley-VCH GmbH

implants customized to each patient [7]. In laser
beam melting processes the fast heating rates, re-
spectively cooling rates, result in a characteristic
microstructure compared to conventional manufac-
tured materials [8—10]. These microstructural fea-
tures in additively manufactured materials, like ani-
sotropy or grain refinement, are strongly connected
to the prior process conditions and restrictions. By
local melting of the powder through the laser beam,
the top and some of the beneath, already solidified
layers are metallurgical bonded. Usually the used
laser scan velocity is around 500 mms '
2000 mms . In the resulting melt pool, the cooling
rate is around 10° K s7'-10° K s7!' [11]. The inter-
action period between the laser and the powder is
approximately 4-107° s—4-10"* s, resulting in a
much faster cooling compared for example to die
casting [12]. Therefore, each layer experiences cy-
clic heating and cooling, lead to a quenched and
tempered microstructure.

Biomedical materials have gained increasing at-
tention in the recent decades. According to the spe-
cific application, biomaterials can be used in differ-
ent parts of the human body. Often the biomedical
materials are used for replacing lost or diseased bi-
ological structures, to increase the life quality of a
patient [13—15]. Implants must have adequate prop-
erties, including mechanical properties like high
wear resistance, corrosion resistance, excellent bio-
compatibility, osseointegration, and non-cytotox-
icity to avoid revision surgeries [16]. Immediately
after an implant is placed, reactions between the
surface of the implant and the host tissue take
place. Here, the biocompatibility of the material
leads to success or failure of the implantation [17].
To increase the biocompatibility, toxic elements are

www.wiley-vch.de/home/muw
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avoided. Elements like titanium, niobium, mo-
lybdenum, tantalum, zirconium, gold, tungsten, and
tin are biocompatible, whereas aluminum, vana-
dium, chromium, nickel are probably hazardous el-
ements for the human body [18, 19]. Next to the
mandatory biocompatible features of the alloys, the
usage for specific applications is determined by the
mechanical properties. For the use as load bearing
implants the elastic modulus, tensile strength, elon-
gation, and fatigue strength are important factors
[20]. Titanium and its alloys possess in addition to
other biomaterials, like stainless steels and cobalt
chrome alloys, promising characteristics for bio-
medical applications based on their specific me-
chanical properties, biocompatibility features and
high corrosion resistance [21-25]. The high me-
chanical biocompatibilities, e.g. Young's modulus,
tensile strength, ductility, fatigue life, wear proper-
ties, etc., have to be adjusted to the structural prop-
erties of the human organism for the application as
implants for replacing hard tissues [23]. Adjusting
the structure, for example building porous struc-
tures, as well as microstructural adjustments of al-
lotropic titanium alloys, could lead to adequate
properties [24]. There are two allotropic forms of
titanium. The a phase is the low temperature, hex-
agonal close-packed crystal structure. Above
882 °C titanium has a body-centered cubic struc-
ture, called PB. The transformation temperature,
known as P-transus temperature, of pure titanium
either increases or decreases regarding to the alloy-
ing elements, either a stabilizers (e.g. aluminum,
oxygen, nitrogen) or [ stabilizers (e.g. vanadium,
molybdenum, niobium, iron, chromium). The larg-
est application among biomedical titanium have
(a+pB) and metastable B alloys [26-31]. TiAl6V4
and TiAI6Nb7 are the most commonly established
(o+P) titanium alloys used for biomedical applica-
tions. Typically they are used in the annealed con-
dition [14, 26, 27, 30]. Both alloy belong to the
group of (a.+ P) titanium alloys, whereas the micro-
structure depends on the cooling rates, respectively
the quenching parameters, from the  phase field at
higher temperatures and the following heat treat-
ment [32, 33]. The heat flow during the laser beam
melting process is, caused by laser beam, predom-
inantly downwards, through the previously sol-
idified alloy and substrate material, due to which
the material is heated with each laser beam scan to
above or below the B transus temperature. The mi-
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crostructure is strongly connected to the build strat-
egy and the number of layers of the parts [34]. La-
ser beam melted TiAl6V4 consists of a fine
acicular o’ martensite microstructure within prior
B-grains. The columnar B-grains transformed from
the body-centered cubic lattice to the hexagonal
close-packed o’ microstructure. TiAl6V4 is the
most common used titanium alloy in biomedical
applications. Further investigations on new (a+ f)-
type titanium alloys, more specifically TiAl6Nb7,
are being conducted. TiAlI6Nb7 possess similar or
favorable mechanical properties based on a quite
similar microstructure, as well as advantageous cor-
rosion resistance, and biocompatibility due to the
substitution of the hazardous vanadium by niobium
[35-37]. In this study, the titanium alloy TiAl6Nb7
is investigated. Laser beam melted material is ex-
amined regarding the microstructural and mechan-
ical features with the overall objective to substitute
the vanadium containing TiAl6V4 with TiAlI6Nb7.

2 Material and methods

The laser beam melted specimens for micro-
structural and mechanical characterization were
fabricated using a LT30 SLM machine (DMG
MORI AG, Germany) equipped with a continuous
wavelength fiber laser with a beam spot size of
70 pm, and a maximum power of 600 W. For data
preparation the software Magics 21 (Materialise
GmbH Leuven, Belgium) and RDesigner (DMG
MORI AG, Germany) were used. To obtain the
maximum possible material density with laser
beam melting, the specific parameters are em-
ployed, Table I. All specimens were fabricated
with a constant scanning strategy, 5 mm stripes and
a layer-wise rotation of the scanning vectors of 67°.
The process takes place in an inert argon atmos-
phere to prevent oxidation of titanium with an oxy-
gen content between 0.08 %—0.13 %.

Table 1. Laser beam melting parameter used for pro-
cessing the test specimens.

Alloy Laser Laser scan- Hatch di- Layer
power  ning speed stance thickness
w mms™' mm pm

TiAIBNb7 250 880 0.11 50
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Table 2. Chemical compositions of the powder material and the as-built TIAIBNb7 alloy in wt %; as-built characterized
by means of inductively coupled plasma optical emission spectrometry (OES) [38].

Alloy Condition Al Nb Fe o Ti Method
TiAIBNb7 ISO 5832-11 5.5-6.5 6.5-7.5 <0.25 <0.2 Bal.

TiAIBNb7 Powder 6.03 6.75 0.09 0.10 Bal. external
TiAIBNb7 as-built 5.50 6.81 0.12 0.18 Bal. OES

TiAl6Nb7 powder is supplied by TLS Technik
GmbH & Co. Spezialpulver KG (Germany). Pow-
der particles were examined concerning particle
size distribution, particle morphology and chemical
composition. The particle size distribution is in-
spected with a Mastersizer 2000 (Malvern Instru-
ments Ltd, United Kingdom) using laser diffraction
to measure the size of the particles. The determi-
nation range of the particle size is between 0.02 pm
to 2000 um. Furthermore, the chemical composi-
tions of the laser beam melted materials was meas-
ured by means of inductively coupled plasma opti-
cal emission spectrometry by Q4 TASMAN
(Bruker AXS GmbH, Germany). In addition, re-
vierlabor GmbH (Germany) investigated the pow-
der material of TiAl6Nb7 by means of x-ray fluo-
rescence analysis, combustion analysis with IR-
detection and standard carrier gas hot extraction
technique. The chemical compositions are in ac-
cordance to ISO 5832-11, Table 2 [38].

Relative density was analyzed with a digital
confocal microscope Keyence VHX5000 (KEY-
ENCE GmbH, Germany) on the basis of metallo-
graphic cross-sections. Grayscale differentiation
was used to identify and to count pores by means
of the device-specific analysis software. The sur-
face roughness was measured with an optical 3D
macroscope VR-3100 (KEYENCE GmbH, Ger-
many). The arithmetical mean roughness R, and
root square mean roughness R, were determined on
the surfaces of the as-built and electrical discharge
machined (EDM) specimens. Five specimens per
condition were measured with five line measure-
ments (length ~6.8 mm) per side. The powder
morphology as well as macroscopic observations
and classification of the fractured surfaces were in-
vestigated with secondary electron imaging on a
scanning electron microscope (SEM) Zeiss Ultra
Plus (Carl Zeiss AG, Germany). Microstructural in-
vestigations of the x-z-plane, parallel to the build
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direction of the laser beam melted alloy, is exam-
ined by means of scanning electron microscopy
equipped with an electron backscatter diffraction
unit to detect phases and textures as well as an en-
ergy-dispersive x-ray spectroscopy unit for chem-
ical characterization. The specimens were grinded
with sandpaper (grain size 2500) and subsequently
vibration polished for 12 h on a VibroMet (Buehler,
ITW Test & Measurement GmbH, Germany). The
Vickers hardness was measured on surfaces perpen-
dicular to the build direction on the laser beam
melted specimens. Indentation hardness was meas-
ured with a fully automated hardness tester KB 30
FA (KB Priiftechnik GmbH, Germany) according
to Vickers HVS5. Five specimens of each alloy were
tested with nine hardness indentations per sample.
The tensile tests were conducted at room temper-
ature. For the unidirectional, quasi-static tensile
loading examinations mini tensile specimens were
built, while other specimens were wire-cut with an
electrical discharge machined from laser beam
melted cuboids, Figure 1a, b. For both conditions
the samples were loaded in build direction parallel
to the z-axes of the specimens. Otherwise the ori-
entation of solidification direction of the molten

(a) T

(b)

Figure 1. Geometry of the tensile specimens; (a) as-built,
laser beam melted specimens; (b) wire-cut electrical di-
scharge machined specimens of laser beam melted cu-
boids; BD indicating the build direction.

t=1,
% W .
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material would be different for both types. Tensile
tests were performed by means of a servo-hydraulic
test-rig MTS 858 Table Top System equipped with
a 20 kN load cell and an extensometer 632.29F-20
(both MTS Systems Corporation, USA) with a gage
length of 3 mm. The test procedure was according
to DIN EN ISO 6892-71 displacement controlled
with a crosshead speed of 1.5 mmmin~" at ambient
temperature. Five samples for each condition were
tested to determine the mechanical properties, yield
strength R, ultimate tensile strength R,,, Young's
modulus £ and elongation at break A.

3 Results and discussion

3.1 Characterization of chemical compositions and
powder

The chemical compositions of the TiAl6Nb7 pow-
der, as well as the laser beam melted material are in
agreement with ISO 5832-711. The TiAl6Nb7
powder batch has a nominal particle size dis-
tribution comprises 26.9 um (D)) and 52.1 um
(Dgy) with a Gaussian distribution centered at
37.6 um (Ds), Figure 2b. Powder particle morphol-
ogy consists of mainly spherical particles with only
a few agglomerations on bigger particles, Fig-
ure 2a.

3.2 Microstructure of TiAlI6Nb7

The as-built microstructure is characterized by col-
umnar primary [ grains, oriented along the heat
flow direction and nearly perpendicular to the laser
beam scan vectors [14, 26, 27, 30, 32-34], Fig-

25

EN TiAIBNb7
£20

5

£ 15

g

w10

Q

E 5

So

1 10 100

Particle Size in ym

Figure 2. (a) Powder morphology (scanning electron mi-
croscope secondary electrons image) and (b) particle size
distribution of TiAIBNb7.
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ure 3. Long plates of o’ martensite were created in-
side the columnar prior B grains. Primary B grain
boundaries are indicated by the white lines. The
number of layers as well as the length of the scan
vectors and therefore the time between the single
laser passes, have a large effect on the size of the
columnar, primary B grains [34, 39]. With increas-
ing number of layers, and decreasing length of scan
vectors, respectively time between scanning the
same spot, the  grains get longer. Reheating of the
already solidified layers above B transus temper-
ature, while scanning and melting the top powder
layer, leads to epitaxial growth of columnar grains.
The laser scan results in a local melting of the sur-
face and the remelting of the previous layers above
B transus temperature [34]. If used in the as-built
conditions the unidirectional B grain growth has to
be considered due to the possible influence of the
anisotropy on the mechanical properties. The aniso-
tropy, as well as the coarser, primary j grains affect
the mechanical properties of the specimens [40].
The emerging o grain orientation is random for the
twelve a variants possibly resulting from the Bur-
ger's relationship If there is no preferred variant se-
lection, the influence of the coarse, primary 3
grains on the mechanical properties is probably
negligible [41]. The preferred crystallographic
growth orientation is approximately 45° inclined to
the build direction (z-axis), Figure 3 [33].

Zimf

Figure 3. Cross-section of scanning electron microscope
secondary electrons image of laser beam melted TiAI6Nb7
parallel to the build direction; primary B-grain boundaries
(white lines) and primarily o’ martensite lamellas.
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The electron backscatter diffraction analysis of ure 4a, b. Regarding the inverse pole figure the
the additively manufactured TiAI6Nb7 shows a fine-lamellar o grain structure is strongly oriented
very fine, acicular, lamella like structure, Fig- inside the prior B grains. The o’ grains have a width

Figure 4. Electron backscatter diffraction mapping of additively manufactured TiAI6Nb7. (a) image quality signal, (b) inverse
pole figure, white lines indicate prior B grain boundaries (c) phase map with a-Ti (red) and B-Ti (green, at tips of white ar-
rows), (d) color legend for inverse pole figure, phase map coloring and build direction, (e) homogenous distribution of alloying
element aluminum, and (f) of niobium.
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from 1 um-2 pm and a length ranging from a few
um to 60 um. The size of these fine needles is de-
creasing with increasing cooling rate during solid-
ification [11, 42, 43]. The white lines indicate the
primary  grain boundaries, Figure 4b. During sol-
idification of the molten titanium the prior B grains
begin to evolve. During solidification, the body-
centered cubic B phase preferentially grows in the
<100 > direction, and therefore the elongated, col-
umnar primary [ grains evolve [44-46]. The
< 100> direction of these grains is accordingly
parallel to the build direction. The rotation of these
grains is random, resulting in a fibre-like texture
[46]. Due to the fast cooling and passing the {3 tran-
sus temperature, these [ grains transform to o’
phase according to the Burgers relation in 12 possi-
ble orientations (transformation variants)
[41,47-49]. The electron backscatter diffraction
analyses determine the hexagonal close-packed grid
structure (o0 and o) and the body-centered cubic
structures (B). The difference between the marten-
sitic @’ and a phase is only a minimal structure dis-
tortion, which is not detectable by means of elec-
tron backscatter diffraction [50]. Due to the high
cooling rate in laser beam melting processes the
probability of the o’ formation is very high [43, 51,

Additively processed TiAIBNb7 alloy

52]. In the phase map the a phase is colored red,
respectively a’, whereas the § phase is green, Fig-
ure 4c. In the laser beam melted specimens only
small amounts of § phase can be detected (white ar-
rows). B phase should additional surround the acic-
ular o’ lamellas in form of a thin film [46, 50, 53].
The distribution of the alloying elements aluminum
and niobium, Figure 4e, f. Both alloying elements
are evenly distributed in the investigated areas. No
depletion or enrichment of any element is ob-
servable. The rapid cooling during laser beam melt-
ing, therefore, leads to a martensitic transformation
and a limitation of diffusional transformation [54].
Due to the fast cooling the alloying elements are
not able to diffuse in the metal evolving in a homo-
geneous concentration distribution [41].

3.3 Surface roughness

The arithmetical mean roughness R, as well as the
root mean square roughness R, of the different
specimens are summarized in Table 3. For one
specimen of each condition the line measurements
and the surfaces are shown in Figure 5. The rough-
ness of the as built condition is higher compared to

Table 3. Results of mechanical tests on the as-built and electrical discharge machined (EDM) TiAIENb7.

Condition R, R, Ry R, E A HV5

pm pm MPa MPa GPa %
as-built 5.1+0.4 6.6+0.6 868+48 967 +34 105+17 9.9+2.4 337+23
EDM 3.0+3.9 41+1.3 1118 +£37 1223+5 109+4 76+1.3 401+8

(b)

Figure 5. (a) Surface of an as-built specimen with red lines indicating the five measured lines for surface roughness measu-
rements; (b) surface of an electrical discharge machined specimen with red lines indicating the five measured lines for surfa-

ce roughness measurements.
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the electrical discharge machined specimens. The
roughness for the as built condition has values for
R, of 5.1 ym£0.4 ym and R, of 6.6 um4-0.6 pm.
Due to unmelted powder particles and the surface
of the layerwise fabrication the roughness is higher
than for the electrical discharge machined speci-
mens with R, of 3.0um=09pum and R, of
4.1 pm=1.3 ym, which have a smoother surface
due to the machining process [55].

3.4 Hardness of TiAI6Nb7

The measured hardness of additively manufactured
TiAl6Nb7 in as-built conditions is 337 HVS5+23
HVS and in electrical discharge machined con-
ditions 401 HV5+8 HVS5 [34]. For casted
TiAl6Nb7 the hardness is 257 HV0.05+29
HVO0.05 [22]. Regarding the material data sheet of
SLM Solutions Group AG (376 HV10+6 HV10)
the hardness of the as-built specimens is slightly
lower [56]. The hardness of TiAI6Nb7 is connected
with the grain size of the primary 3 grains, whereas
larger prior B grains transform into longer and
thicker o’ martensite laths [34]. Due to smaller, fi-
ner, acicular o’ laths and therefore hardening by
grain refinement according to the Hall-Petch rela-
tion, the hardness for the laser beam melted speci-
mens is higher than for conventionally manufac-
tured specimens and the hardness of lamellar
structures is higher than for equiaxed micro-
structures [57-61], Table 3. The hardness of the ad-
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ditively manufactured specimens is enhanced due
to an improved densification, higher residual stress-
es, the martensitic transformation to o’ instead of o
and grain refinement as a strengthening mechanism
[62]. The electrical discharge machined specimens
show almost 20 % higher hardness values, than the
as-built specimens. Due to the electrical discharge
machining process the hardness may be increased.
Metallurgical transformation like phase changes
and grain refinement, surface hardening due to hy-
drogen or oxygen embrittlement or diffusion of al-
loying elements as well as residual stress states
could favour the enhancement in hardness
[55,63-69].

3.5 Tensile properties of TiAI6Nb7

The mean values and standard deviations of the
Young's modulus E, tensile yield strength R, ulti-
mate tensile strength R, and plastic elongation A
of the two states are summarized and compared to
the international standard for implants for surgery
(ISO 5832-11), claiming minimum values for ten-
sile strength and breaking elongation, Table 3 [38].
Exemplary presentations of two stress-strain curves
for each conditions are shown in Figure 6a.

For the as-built TiAl6Nb7 the ultimate tensile
strength R, is 967 MPa+34 MPa and the yield
strength R,,, is 868 MPa+48 MPa and for the
electrical discharge machined TiAl6Nb7
1223 MPa+5 MPa and 1118 MPa+37 MPa, re-

mmR, ©ZZR,, EE=IE —e-A
1400 - 28
1200 o

7
1000 I
800 A=H=F——t=F~+
600 1
400 \Q
200
" A A
as-built EDM

Figure 6. (a) Stress-strain curves of the laser beam melted, as-built (Ti67_ab, black lines) and electrical discharge ma-
chined (Ti67_EDM, black lines) TiAI6BNb7; (b) mechanical Properties of both states, as-built and electrical discharge ma-
chined out of a cuboid specimens (EDM) as well as minimum values for TiAI6Nb7 according ISO 5832-11 (ISO) [38]; mean
values and standard deviations of ultimate tensile strength R,, (filled bars), yield strength R, (striped bars), Young's modu-
lus E (checkered bars) and breaking elongation A (black line).
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spectively. The martensitic structure of the laser
beam melted alloy leads to similar and higher me-
chanical properties regarding ultimate tensile and
yield strength compared to wrought products
(R,, =984 MPa—1024 MPa; R, =933 MPa-
952 MPa), as well as compared to casted products
(R, =933 MPa, R, , =817 MPa), especially with
an o dominant equiaxed microstructure [7, 20, 23].
Nevertheless, the laser beam melted specimens
lacked significantly in ductility and therefore plas-
tic elongations are small [24, 25]. The different ma-
terial behavior can be explained by the different
microstructures, which have a strong impact on the
mechanical properties of the alloys. Typically, in
conventional material, the size and morphology of
the o grains determine the mechanical properties,
while in laser beam melted material the colony size
and the size of the o or rather o’ laths control the
properties. Plastic deformation tends to be the
movement of dislocations. The conventional mate-
rial with the larger o grain size enables the de-
formation with less dislocation pile ups, whereas
the smaller grain size in the laser beam melted ma-
terial increases the dislocation pile ups [70]. As
demonstrated by the Hall-Petch equation, there is
an inverse relation between grain size and yield
strength, resulting in the higher yield and ultimate
tensile strength and the lower ductility of the laser
beam melted specimens. Due to high cooling rate
during laser beam melting and the resulting micro-
structure, a brittle material behavior occurs [24, 71,
72]. The increased mechanical properties of the la-
ser beam melted specimens is caused by the higher
residual stresses, the martensitic transformation
during cooling to o’ instead of a, as well as grain
refinement as a strengthening mechanism [62]. As
compared with TiAl6Nb7 castings, the properties
of the laser beam melted specimens exceed the
properties of casted specimens [22, 72]. According
to ISO 5832-11, the mechanical properties of
TiAl6Nb7 for biomedical applications should be at
least 900 MPa (R,,), 800 MPa (R,,) and 10 % (A)
[38]. The different states only meet the require-
ments in some points. The laser beam melted
TiAl6Nb7 has adequate values for tensile and yield
strength, but not for the elongation. A comparison
of the required demands to the determined mechan-
ical properties for both states is summarized, Fig-
ure 6b. The investigations showed, that the Young's
moduli of the alloy vary within a certain range be-

© 2021 The Authors. Materialwissenschaft und Werkstofftechnik published by Wiley-VCH GmbH

Additively processed TiAIBNb7 alloy

tween 105 GPa—116 GPa. Comparative values giv-
en in the literature according to ASM International
Handbook is for TiAI6Nb7 105 GPa [38, 73]. The
differences in stiffness of the two states may be in-
fluenced by the different distribution and levels of
residual stress in the microstructure. Laser beam
melted specimens tend to have high residual stress-
es due to the heat flow. The residual stresses in
larger specimens are lower due to a better heat flow
through a larger area, than in a small area, e.g. of
an as-built tensile specimen. There is a strong de-
pendency on the length of the scan vectors [74, 75].
The electrical discharge machined specimens have
a significantly higher yield strength and ultimate
tensile strength than the as-built specimens. The
microstructure of the as-built specimens is strongly
affected by the heat flow through the small ex-
posure area as well as through the edge and the
contiguous, non-melted powder surrounding the
specimen [74, 75]. The microstructure of the elec-
trical discharge machined specimens is affected
less. Due to the subsequent machining after the la-
ser beam melting process there is no influenced
edge region, taking into account, that the rough sur-
face and micro notches of the as-built surface are
nuclei for crack initiation [76, 77]. The reasons for
hardness enhancement could also influence the me-
chanical properties. Metallurgical transformation,
surface hardening as well as the residual stress
states could have an effect on the increased me-
chanical properties of the electrical discharge ma-
chined condition [55, 63—-69]. The strength to hard-
ness correlation for casted TiAl6V4, based on
empirical relationships, is in good agreement, with
the obtained results [78, 79]. For the as-built and
the electrical discharge machined specimens the de-
viations between the experimental tensile strength
R, op (=967 MPa) and the tensile strength calcu-
lated from the hardness R,, .. gv_rm (= 1024 MPa),
respectively, R, o, (~1223 MPa) and R,, . nv—rm
(=~ 1127 MPa), are quite large, but can be used as a
approximation. Probably due to the process con-
ditions the deviations occur. The hardness is
strongly impacted by the underlying microstructure
and the local crystallographic orientation of the o
phase [78, 79]. As the laser beam melted specimens
do not fulfil the demanded requirements for appli-
cation as chirurgical implants according to ISO
5832-11, there are a few possibilities to increase
the breaking elongation [38, 80]. The breaking
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elongation can be increased by heat treatments
which reduce the internal stresses [81]. Heat treat-
ments could also lead to a homogeneous, decreased
stress distribution inside the whole specimens, and
to a partially decomposition of the o’ martensite
into equilibrium laminar a and B phases and there-
fore, to a relaxation of the tensed crystal lattice and
to a decreased residual stress state [82—84]. Anoth-
er possible thermomechanical treatment is hot iso-
static pressing, minimizing residual porosity and
fuses unmelted particles to increase the mechanical
properties as described for TiAl6V4 [85]. Due to
heat and thermomechanical treatments the average
grains size increases. Sliding effects are mainly de-
tected between grains and therefore, the breaking
elongation will increase [86]. Another reason of in-
creased breaking elongation is the presence of P
phase titanium. An increased amount of body-cen-
tered cubic B titanium improves the ductile behav-
ior [83, 86].
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3.6 Fracture surfaces

After performing the tensile tests, secondary elec-
tron imaging on a scanning electron microscope
was conducted to characterize the fractured surfa-
ces. Both conditions, as-built and electrical dis-
charge machined, show similar results, therefore
only the fracture surface of the as-built specimens
is shown. Additively processed titanium often ex-
hibits brittle material behavior due to martensitic
phase transformation. Nevertheless, TiAl6Nb7
demonstrates mainly ductile material and fracture
behavior, Figure 7. The propensity of cleavage
fracture decreases with decreasing grain size, so the
fracture surface of the laser beam melted materials
show cleavage facets with high amounts of dimples
at the grain boundaries [87]. Fractured surfaces
show small, shallow dimples on quasi-cleavage
fracture surfaces, and transgranular facets, confirm-
ing the minor brittle fracture behavior of the addi-
tively processed material. Concentric features, as a

Figure 7. Scanning electron microscope-secondary electrons images of tensile fracture surface of the as-built TIAIBNb7; (a)
overall view; (b) enlarged view from the boxed region in (a); (c) enlarged view of the boxed region in (b); (d) concentric defect

(gas pore).
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result of the laser beam melting, like pores, un-
melted powder particles and defects occur on frac-
ture surfaces in laser beam melted and electrical
discharge machined conditions, Figure 7a, b, d.
These build defects are typically perpendicular to
the build direction and pulled apart by the tensile
load.

4 Conclusions

Different aspects of the titanium alloy TiAl6Nb7

have been addressed. The microstructure, chemical

composition, as well as the mechanical properties
like tensile strength and hardness were investigated.

The following conclusions were made from these

investigations:

e The microstructure shows fine, acicular o’ mar-
tensite laths, which have growed inside the pri-
mary [ grains. These prior B grains are elongated
as a result of the epitaxial growth in build direc-
tion due to the layer wise fabrication during the
laser beam melting process. The size and ori-
entation of the o’ martensite laths are determined
by size and growth direction of prior B grains,
which form due to the high energy input in the
laser beam melting process.

e Only minor deviations in the chemical composi-
tions regarding the powder and the laser beam
melted material are noticeable. The compositions
are within the range of ISO 5832-11.

¢ The indentation hardness, yield strength and ulti-
mate tensile strength tends to be higher in the la-
ser beam melted specimens compared to the con-
ventional  materials due to  different
microstructures. A finer microstructure leads to
increased strength values due to grain-boundary
strengthening. Decreasing grain sizes and there-
fore increased dislocation pile ups inside the
grains lead to reduced breaking elongation.

e Small, shallow dimples on quasi-cleavage frac-
ture surfaces, and transgranular facets, confirm-
ing the ductile behavior of the additively proc-
essed materials, characterize the fracture surface
of the laser beam melted TiAI6Nb7.

Further investigations have to be conducted for
biomedical applications of the alloy. The next steps
are the ascertainment of differences between laser
beam melted TiAl6Nb7 and TiAl6V4 as well as
differences between conventionally and additively
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manufactured material. Different heat treatments
and the resulting effects on the mechanical behav-
iour as well as the fatigue performances of these al-
loys will be investigated. Grain size and phase frac-
tion have to be adapted, to fulfil the required
properties. Corrosion properties in body-like con-
ditions will be determined in further investigations.
Furthermore, there will be examinations on apply-
ing physical vapour deposition coatings by the In-
stitute of Materials Engineering (TU Dortmund,
Germany) and their effects especially on fatigue
and mechanical performance as well as on the bio-
compatible features. The biocompatibility of differ-
ent coatings will be evaluated by determining cell
viability and cell proliferation by the Department of
Pharmacology, Toxicology and Pharmacy (TiHo
Hanover, Germany).
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Abstract: In biomedical engineering, laser powder bed fusion is an advanced manufacturing technol-
ogy, which enables, for example, the production of patient-customized implants with complex geome-
tries. Ti-6Al-7Nb shows promising improvements, especially regarding biocompatibility, compared
with other titanium alloys. The biocompatible features are investigated employing cytocompatibility
and antibacterial examinations on Al,O3-blasted and untreated surfaces. The mechanical properties
of additively manufactured Ti-6Al-7Nb are evaluated in as-built and heat-treated conditions. Re-
crystallization annealing (925 °C for 4 h),  annealing (1050 °C for 2 h), as well as stress relieving
(600 °C for 4 h) are applied. For microstructural investigation, scanning and transmission electron
microscopy are performed. The different microstructures and the mechanical properties are com-
pared. Mechanical behavior is determined based on quasi-static tensile tests and strain-controlled
low cycle fatigue tests with total strain amplitudes € of 0.35%, 0.5%, and 0.8%. The as-built and
stress-relieved conditions meet the mechanical demands for the tensile properties of the international
standard ISO 5832-11. Based on the Coffin-Manson-Basquin relation, fatigue strength and ductility
coefficients, as well as exponents, are determined to examine fatigue life for the different conditions.
The stress-relieved condition exhibits, overall, the best properties regarding monotonic tensile and
cyclic fatigue behavior.

Keywords: laser powder bed fusion; Ti-6Al-7Nb; titanium alloy; biomedical engineering; low cycle
fatigue; microstructure; nanostructure

1. Introduction

Biomedical materials often are used for replacing lost or diseased biological struc-
tures [1-3]. Implants require adequate properties, including mechanical properties, such as
high wear resistance, corrosion resistance, excellent biocompatibility, osseointegration, and
non-cytotoxicity, to avoid revision surgeries [4].

Titanium and its alloys are generally used in biomedical applications due to their
excellent biocompatibility, high corrosion resistance, and superb mechanical properties,
such as low elastic modulus and high strength. Titanium alloys are the most widely
used metallic materials for load-bearing biomedical applications [5-9]. Ti-6Al-7Nb is an
(o + B) titanium alloy with high specific strength and corrosion resistance, accompanied

Metals 2022, 12, 122. https:/ /doi.org/10.3390/met12010122
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by excellent biocompatibility, and is used as an orthopedic and dental alloy [10-12]. Ti-
6Al1-4V, which already is of high interest in the biomedical industry, is commonly used
but has slight disadvantages towards Ti-6Al-7Nb, regarding corrosion resistance and
biocompatibility [13]. Previous studies showed that elements such as titanium, niobium,
zirconium, gold, and tin are biocompatible, whereas aluminum, vanadium, chromium, and
nickel are probably hazardous elements for the human body [14,15]. Vanadium was found
to be cytotoxic and there are assumptions regarding vanadium ion release in service [16,17].
Various efforts have been carried out to address the issue of cytotoxicity of the alloying
elements of Ti-6Al-4V, for example, by replacing all the alloying elements, as in the alloy
Ti-35Nb-7Zr-5Ta [18]. Due to the hazardous vanadium in Ti-6Al-4V, the development of
Ti-6Al-7Nb, through the substitution of vanadium by niobium, offered an alternative for
load-bearing implant materials [16,19,20].

Laser powder bed fusion (LPBF), also called laser beam melting, is, regarding additive
manufacturing (AM) of metals, one of the most established techniques [21-23]. In LPBF
processes, the fast heating rates and cooling rates, respectively, result in a characteristic
microstructure and therefore characteristic mechanical properties [24-26]. Conventional
fabrication methods are limited due to manufacturing constraints producing patient-specific
implants. Through AM, or rather LPBF, extraordinary biomedical implant topologies, such
as porous and foam structures, are feasible [27-29].

Many available research results focus on the mechanical properties of different addi-
tively manufactured alloys, such as 316L, 17-4 PH, or Ti-6Al-4V [30,31]. However, there
remains a significant gap in terms of fatigue properties analysis, since most available re-
search on dynamic behavior is related to high cycle fatigue (HCF) testing and the crack
growth analysis of additively manufactured parts of steel alloys [32-36] and titanium al-
loys [37-42]. Only few studies deal with the low cycle fatigue (LCF) properties of additively
manufactured alloys in general [43—47]. Even fewer studies were performed with a focus
on post-treatments for titanium alloys. Previous studies addressed the fatigue behavior of
additively processed Ti-6Al-4V for different conditions and loading situations [38,42,48,49].
Examinations of the quasi-static behavior of Ti-6Al-7Nb are at hand but none of them
include LCF behavior [17,50-53]. In previous studies, extremely high loads were reported
during stumbling. Such load peaks during uncontrolled movements are difficult to in-
vestigate systematically. Implants are usually examined for high cycle fatigue, although
the rare extreme loads could endanger the implant. Therefore, in addition to monotonic
material characterization and high cycle fatigue tests, implants should also be investigated
at low cycles with higher load levels [54,55]. Given that the physiological—sometimes
extreme—loading during service life as an implant is cyclic, the fatigue performance of
laser beam-melted Ti-6Al-7Nb requires attention. To combine LPBF with the promising
quasi-static properties of Ti-6Al-7Nb, the microstructural and mechanical properties of addi-
tively manufactured Ti-6Al-7Nb in different conditions are investigated in this work. Heat
treatments are an additional part of this examination, to initiate microstructural changes
for the relaxation of the tensed crystal lattice and the beneficial crack growth behavior,
as well as to achieve a homogenous, decreased residual stress state [56-58]. Generally,
titanium alloys are heat-treated due to high residual stresses as well as due to the brittle
o/ -phase, occurring after LPBE. Moreover, thermal post-treatments induce an improvement
of the quasi-static mechanical properties of different titanium alloys [52,59]. To sum up,
since there is a lack of studies addressing fatigue behavior, it is necessary to focus on an
investigation of the microstructure under different conditions, as-built and heat-treated,
and their effect on quasi-static and LCF behaviors.

2. Materials and Methods
2.1. Manufacturing Procedure, Materials, and Mechanical Characterization
The specimens were fabricated using an LT12 SLM machine (DMG MORI AG, Biele-

feld, Germany) with a beam spot size of 35 um. For data preparation, the software Ma-
terialise Magics (Version 21.1, Materialise GmbH, Munich, Germany) was applied. To
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obtain dense material with LPBF (relative density ¢ > 99.9%), the following parameters
were used: laser power P = 227 W, laser scanning speed v = 1.675 mm s~1 hatch distance
h = 0.077 mm. A constant scanning strategy of 5 mm stripes by layer-wise rotation of
the scanning vectors of 67° alongside a defined layer thickness of 50 um was applied. As
contour parameters, a laser power P. = 123 W and a scanning speed v = 0.512 mm s~
were applied. The Ti-6Al-7Nb powder is supplied by ECKART TLS GmbH (Bitterfeld,
Germany). The Ti-6Al-7Nb powder particles were examined concerning particle size dis-
tribution (PSD) with a Mastersizer 2000 (Malvern Panalytical GmbH, Kassel, Germany)
using laser diffraction. The powder batch had a nominal PSD comprising 26.9 um (Dy)
and 52.1 um (Dgp) with a log-transformed normal distribution centered at 37.6 um (Dsp),
see Figure la. Different heat treatments were performed under a vacuum atmosphere.
Recrystallization annealing (HT1 = 925 °C for 4 h) was conducted to obtain equiaxed «
with [ at grain boundary triple points, § annealing (HT2 = 1050 °C for 2 h) to receive Wid-
manstdtten « + (3 colony structures, and stress relieving (HT3 = 600 °C for 4 h) to decrease
the undesirable residual stresses due to the LPBF process, as well as a decomposition of
the martensitic «’ to o-phase [59,60]. The heat treatment process routes are presented in
Figure 1c. The powder morphology was investigated employing the scanning electron
microscope (SEM) Zeiss Ultra Plus (Carl Zeiss AG, Oberkochen, Germany). The powder
consists of mainly spherical particles with a few agglomerations on bigger particles, see
Figure 1b. Microstructural investigations were accomplished with the SEM equipped with
an electron backscatter diffraction (EBSD) unit to detect phases and corresponding grain
orientations. EBSD data was post-processed using the MATLAB-based (Version R2019a
9.6, The MathWorks, Inc., Natick, MA, USA) toolbox MTEX (Version 5.6.0) [61]. MTEX is a
free available toolbox for analyzing and modelling crystallographic textures. Microscopic
observations and classification of the fractured surfaces for quasi-static and fatigue tests
were also carried out using SEM. Microstructural study of samples on nanoscale was under-
taken by transmission electron microscopy (TEM). For TEM, thin-slice samples (~ 400 um)
were cut by Struers Sectom-5 (Struers GmbH, Willich, Germany) and further polished to a
thickness of ~ 100 pum. At last, 3 mm diameter circular disc samples were punched from
the thin samples. Twin jet electropolishing of the thin foils was performed with the Struers
Tenupol-5 (Struers GmbH, Willich, Germany) using an electrolyte containing perchloric
acid (60 mL), butanol (340 mL), and methanol (600 mL). Electropolishing was executed at a
voltage of 21 V, a current of 35 mA, and a temperature of —22 °C. TEM investigations were
executed using a cold field emission gun equipped with JEOL JEM-ARM 200F (JOEL Ltd.,
Tokyo, Japan). TEM, high-resolution TEM (HRTEM), and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images were taken. Energy
dispersive spectroscopy (EDS) was performed during HAADF-STEM imaging. EDS maps
were collected with a 30 nm step size with 10 s dwell time per step. The crystalline phase
composition of Ti-6Al-7Nb was characterized through X-ray diffraction (XRD; D8 Advance,
Bruker, Madison, W1, USA) using a Cu-K« radiation source (A = 0.154187 nm) operating at
a current of 40 mA and a voltage of 35 kV. The as-built and heat-treated Ti-6Al-7Nb parts
were measured in -0 geometry within a scanning range from 26 = 30° to 26 = 90° applying
a step width of 0.035° and an exposure time of 1.5 s per step. All tests for mechanical
characterization were performed at an ambient temperature. Tensile specimens were built
according to Figure 1d. The loading direction was parallel to the building direction (BD) of
the samples.
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Figure 1. (a) Particle size distribution of Ti-6Al-7Nb; (b) powder morphology (SEM image);
(c) schematic overview of the different heat treatments conducted—recrystallization annealing (HT1),
 annealing (HT2), and stress relieving (HT3), as well as the Biransus temperature for the alloy;
(d) geometry and building direction (BD) of tensile and fatigue specimens.

All tensile specimens were blasted with high-grade Al,O3. The blasting material
corresponded to a particle size of 70 um-250 pum, used at 4 bar air pressure with a SMG 25
DUO (MHG Strahlanlagen GmbH, Diisseldorf, Germany). The tensile and LCF tests were
performed utilizing a servo-hydraulic test-rig MTS 858 table-top system (MTS Systems
Corporation, Eden Prairie, MN, USA) equipped with a 20 kN load cell and an extensometer
632.29F-30 (MTS Systems Corporation, Eden Prairie, MN, USA). The tensile test procedure
corresponded to a displacement-controlled execution with a crosshead speed of1.5 mm
min~ !, according to DIN EN ISO 6892-1. The LCF tests were strain-controlled, at total strain
amplitudes €4 of 0.35%, 0.5%, and 0.8%, with a R-ratio of —1 (compression-tensile fatigue),
and a strain rate of 6 x 1073 s~1. At least three specimens per condition were tested
with both monotonic and cyclic tests for each strain amplitude. The monotonic material
properties, such as Young’s moduli E, tensile yield strengths Rp,o,2, ultimate tensile strengths
Rm, and plastic elongations A, were obtained from the static tensile test. The determination
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of the fatigue material constants requires the performance of several fatigue tests under
cyclic loading and a R-ratio of —1. Cyclically loaded materials often have unstable and
changing stress amplitude during the test, due to cyclic hardening or softening. Therefore,
the stress amplitude for the stabilized state must be used, which occurs at the half number
of cycles to fracture. The plastic strain amplitude can either be calculated with the stress
amplitude, the Young’s modulus and the total strain amplitude (see Equation (4)), or by
measuring the thickness of the recorded stable hysteresis loop recorded during the fatigue
tests [62—-65]. For evaluation of the total stress amplitude, o,, from the S-N curves, the
Basquin relation is suitable, as follows:

So _

5 0y = O‘,f . (2Nf)b. (1)

In Equation (1), o’; delineates the fatigue strength coefficient and b is the fatigue
strength exponent. This equation fits the high-stress and low-stress fatigues [66]. For a
better description of the high-stress fatigue region, the dependence between the number
of reversals to failure 2N¢ and the plastic strain amplitude Aep /2, also called the Coffin—
Manson relation, is used to describe the total fatigue life, as follows:

Ae
—P = (2N, @)

with the fatigue ductility coefficient, ¢’¢, and the fatigue ductility exponent, ¢ [66-68]. The
total strain amplitude, Aea /2, can be divided into two components, the plastic strain
amplitude, Aep/2, and the elastic strain amplitude, Aee/2. The total strain amplitude,
Ae /2, of fatigue life curves is described as the sum of elastic and plastic strain amplitude,
as follows, by Suresh [69]:

Aepn  Aee | Agp

2 2 "2 ©)

Agc/2 is described by Hooke ‘s law as the quotient of 0, to the Young’s modulus E
as follows:

Aee Ao o0

2 " 2E E’ @

Together with the modified Basquin equation and the Coffin-Manson relation, com-
bining Equations (1)—(4), one obtains the following;:

/
(&
A= (Np"+ s (2N (5)

The first and second terms on the right-hand side of Equation (5) are the elastic €. and
plastic ¢, components, respectively, of the total strain amplitude ¢4. Equation (5) can be
used as the basis for the strain life approach to fatigue design. For determination of the
fatigue life, a schematic illustration of the as-built condition is presented in Figure 2. The
intersection of the curves for €. and ¢p, describes the transition point, where the plastic
and elastic strains are identical. From this point, the LCF life is governed more by elastic
than plastic strain. For the as-built condition this point is around 110 cycles, see Figure 2.
According to the Coffin-Manson-Basquin approximation, one is able to predict the fatigue
life depending on the applied strain amplitude for the different conditions [66-68,70].
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Figure 2. Example of the Coffin-Manson-Basquin curve according to Equation (5) for the as-
built condition.

2.2. Biocompatibility Investigations

Two different surface conditions were analyzed to determine the optimum surface
roughness for biocompatibility. On the one hand, the as-received surface was investigated
without any post-treatment (NT). On the other hand, the surface was post-treated utilizing
blasting with high-grade Al,O3 (ab). Blasting lead to rougher surfaces and to an increased
surface area, resulting in faster osseointegration and higher survival rates for moderately
rough implant surfaces: this was demonstrated by clinical studies [71-75]. The surface
roughness was measured with an optical 3D macroscope VR-3100 (KEYENCE GmbH,
Neu-Isenburg, Germany). The arithmetical mean roughness, Ra, and average roughness,
Rz, were determined on the surfaces of the untreated and blasted specimens. A total of
5 specimens per condition were measured with 5 line measurements (length ~ 6.8 mm)
per side.

2.2.1. Cytocompatibility Testing

Biocompatibility studies were performed with different cell types. Therefore, murine
fibroblasts (L-929; CLS Cell Lines Service, Eppelheim, Germany), human osteosarcoma
cells (HOS 87070202; European Collection of Authenticated Cell Cultures, Merck, Ger-
many), and human umbilical vein endothelial cells (HUVEC; Promocell, Heidelberg, Ger-
many) were used. L-929 cells were grown and passaged in RPMI-1640 medium (Biochrom
GmbH, Berlin, Germany), while HOS cells were grown and passaged in Eagle’s MEM
(EMEM)/Hanks’ (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). Both media were sup-
plemented with fetal calf serum (FCS) superior (10%, Biochrom GmbH, Berlin, Germany)
and penicillin/streptomycin (1%, Biochrom GmbH, Berlin, Germany). The EMEM /Hanks’
medium was also supplemented with non-essential amino acids (1%, Biochrom GmbH,
Berlin, Germany) and L-glutamine (2 mmol, Biochrom GmbH, Berlin, Germany). HUVEC
cells were grown and passaged in an endothelial cell grown medium kit (Promocell, Hei-
delberg, Germany) and were supplemented with penicillin/streptomycin (1%). All cell
lines were grown and passaged in cell culture flasks or multi-well plates (Greiner Bio-One,
Frickenhausen, Germany). For passaging, a trypsin (0.05%)/ethylene-diamine-tetraacetic
(0.02%) acid solution (Biochrom GmbH, Berlin, Germany) was used. The cells were plated
with a density of 50,000 cells per well in 24-well culture plates. After hot air sterilization of
the test samples, the cells were seeded on the top of the samples (=5 x 5 mm?), which were
embedded in agarose (2%, Agarose NEEO, Carl Roth GmbH + Co. KG, Karlsruhe, Ger-
many) in respective culture mediums. After 72 h incubation (in a humidified atmosphere at
37 °C and 5% CO»), cell proliferation was determined. Therefore, a crystal violet staining
(CV) assay was performed [76]. After 72 h, the cells were fixed with glutaraldehyde (2%,
Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) in phosphate-buffered saline (PBS)
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for 20 min. Subsequently, the supernatant was removed, and the cells were stained with
CV (0.1%, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) in deionized water. After
30 min, the pigment was removed, and the samples were removed from the agarose. After
washing with deionized water, the test samples were air-dried. For 1 h, Triton X-100 (2%,
Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) in deionized water was added, so
that CV was dissolved from the cells. Finally, the supernatant was transferred in a 96-well
microtiter plate and the absorbance was determined at 570 nm using a 96-well microplate
reader (MRX microplate reader, Dynatech Laboratories, Denkendorf, Germany). The ex-
periments were carried out six times. Furthermore, the supernatant of L-929 and HOS
was analyzed of the cytokine Il-6 expression (R&D Systems DuoSet, R&D Systems Inc.,
Minneapolis, MN, USA).

2.2.2. Antibacterial Examinations

To analyze the bacterial behavior on test samples, two different samples were used—
Escherichia coli (ATCC 25922) and Staphylococcus aureus (ATCC 25923). The bacteria were
cultivated on Columbia agar plates with sheep blood (7%, Fisher Scientific GmbH, Schwerte,
Germany) for 24 h. The test samples were also embedded in agarose (2%, Agarose LM,
Gerbu Biotechnik GmbH, Gailberg, Germany). Bacteria (10~° CFU ml~!) were seeded
on the test samples. After 48 h of incubation at 37 °C, cell proliferation was analyzed,
similarly to the cell proliferation, with a CV assay. The experiment was performed in four
biological replicates.

3. Results and Discussion
3.1. Microstructure and Nanostructure of as-Built and Heat-Treated Ti-6Al-7Nb

The microstructure of (x + 3) titanium strongly depends on the cooling rates and the
quenching parameters, from the -phase field at higher temperatures and the following
heat treatment, respectively [77,78]. Figure 3 shows EBSD maps of the Ti-6Al-7Nb alloy
after additive manufacturing and subsequent heat treatments. The EBSD map of the addi-
tively processed Ti-6Al-7Nb shows a very fine, acicular microstructure, see Figure 3a,c. The
fine-lamellar o grain structures are strongly oriented inside the prior B grains. The size of
these fine needles decreased with an increased cooling rate during solidification [37,79,80].
Figure 3b shows the reconstructed parent 3 grains using MTEX software. During solidifica-
tion, the bce B-phase preferentially grows in the <100> direction; therefore, the elongated,
columnar primary (3 grains evolve parallel to the BD [81-83]. The resulting anisotropy
and primary {3 grains affect the mechanical properties of the specimens [84]. Due to the
fast cooling and passing the Prransus temperature, these B grains transform to «'-phase,
according to the Burgers relation, in 12 possible transformation variants [81,85-87]. Due
to the high cooling rate, the probability of &’ formation is very high [37,88,89]. The rapid
cooling leads to a martensitic transformation and a limitation of diffusional transforma-
tion [90]. Figure 3¢ shows the cross-section perpendicular to the BD. Areas with similar
crystallographic orientations are observable inside the grain boundaries of the probable
parent 3 grains. Figure 3d demonstrates the microstructure for post-treatment HT1. An
unexpected, coarse lamella-like microstructures evolved instead of equiaxed grains [60].
The microstructure is dependent on the initial microstructure and dislocations before the
heat treatment. HT2 results in a coarse microstructure and huge grains due to tempera-
tures above Byansus and grain growth. The grain orientation seems random, see Figure 3e.
Figure 3f exhibits the microstructure after stress relief treatment (HT3). Only minor changes
in the microstructure occurred compared with the as-built condition. Areas with similar
grain orientation are present and the prior 3 grain boundaries are noticeable. The detected
phase distribution of «, o/, and B titanium, respectively, is summarized in Table 1.
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Figure 3. (a) Inverse pole figure (IPF) of as-built Ti-6Al-7Nb; (b) 3 parent grain reconstruction of
(a); IPF of as-built (top view) (c); HT1 (d); HT2 (e); and HT3 (f) Ti-6Al-7Nb; and (g) color legend for
inverse pole figure.

Figure 4 summarizes the TEM images, the HRTEM images, and the fast Fourier
transformation (FFT) pattern of the as-built sample. The «’ martensite laths are visible
in Figure 4a. The width of the lath (dark contrast in Figure 4a) is 280 nm. Figure 4b is
the FFT pattern from the white circular area in Figure 4a. Figure 4c is the FFT pattern
from the yellow circular area in Figure 4b. The diffraction pattern confirms the hexagonal
crystal structure of « martensite in both laths. In addition, an HRTEM image of the
interface between two laths (black square region in Figure 4a) is presented in Figure 4d.
The red line highlights the interface between the two «’ martensite laths. Figure 4e is the
magnified HRTEM image of the black square region in Figure 4d. The (0111) plane of one
lath intersects the (1010) plane of another lath at 45°. Furthermore, Figure 4f shows the
HAADF-STEM image and Figure 4g the EDS maps of the as-built sample. Here, laths of
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a’ Ti(1010)

10 nm

o martensite are apparent. The EDS maps of the black square region in Figure 4g show
that no segregation of alloying elements is observable, and the titanium, aluminum, and
niobium distribution is homogenous in the laths.

7=(7253)
(1103)

(0111)

7=(2423)

(1102)

(1010)

o Ti0111)

al Ficin Lo

S nm

Figure 4. (a) TEM image of the as-built sample; (b,c) FFT pattern taken from the white and yellow
circular areas in (a); (d) HRTEM image of the black square region in (a), the red line shows the
boundary between two «'-martensite laths; () HRTEM image of the black square region in (d);
(f) HAADF-STEM image of the as-built sample; (g) EDS maps of the black square region in (f).

Figure 5 shows the TEM images, HRTEM images, and diffraction pattern of the HT3
sample. The « laths are apparent in Figure 5a. In Figure 5a, some « laths are relatively
coarse (=170 nm). However, the o laths are relatively fine (= 40 nm). In this context,
Figure 5b shows an HRTEM image taken from the region within the black square in
Figure 5a. The lattice plane of two « laths is identified as (1010). The red lines point out the
boundary between two « laths. For a deeper insight, Figure 5d is the magnified view of the
black square region in Figure 5b. The interplanar spacing of the (1010) planes are measured
as ~ 0.252 nm. However, the two (1010) planes are misoriented by 18°. The diffraction
pattern in Figure 5c confirms the zone axis to be (1211). Again, the diffraction pattern shows
the (1010) planes to be misoriented by 18°. Figure 5e shows the HAADF-STEM image and
EDS maps of the stress relief treated sample, where « laths are visible. Finally, Figure 5f
is the EDS maps of a triple junction between three o laths from the black square region in
Figure 5e. An enrichment of niobium and a depletion of aluminum is observed at the triple
junction. The « lath boundary regions are enriched in niobium and depleted in aluminum.
This leads to the white contrast in the HAADF-STEM image in Figure 5e.
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Figure 5. (a) TEM image of the HT3 sample; (b) HRTEM image from the black square area in (a), the
red line indicates the boundary between two a-laths; (c) FFT pattern from the black square area in (b);
(d) HRTEM image from the black square in (b); (e) HAADF-STEM image of the HT3 sample; (f) EDS
maps of black square region in (e).

Figure 6 shows XRD patterns for the as-built and heat-treated Ti-6Al-7Nb samples.
The XRD pattern of the sample in the as-built condition is characteristic for the hexagonal
close-packed (hcp) o / « structure of titanium alloys. Due to the hexagonal structure of both
the o and o phases with similar lattice parameters, a separation or distinction between
both phases based on XRD is not possible [59]. Since additively manufactured alloys are
characterized by high local cooling rates, the o’ martensitic phase is assumed as dominating
component, based on the findings of Xu et al. [52]. Stress relief heat treatment at 600 °C
does not lead to any significant microstructural changes in the sample HT3, since the &’ —
a + B transformation is known to start at higher temperatures (=760 °C) [59]. As shown
for sample HT1, recrystallization annealing at 925 °C leads to the formation of the bcc
B-structure of Ti and probably to a decomposition of &' to «. HT2 treatment was carried
out above the Bransys temperature and did result in decomposition of the as-fabricated
o / a-phase [59]. Therefore, the B-phase is formed in the HT2 treated specimens. This is
in good agreement with reported transformations and temperatures between 735 °C and
1050 °C for the o — P reaction [59]. Post-treatment HT1 and HT2 lead to a decrease in the
o« / «-Ti peak width, indicating grain growth. For the samples HT1 and HT2 additional
peaks were observed between 20 = 42-45°. Due to the large width of the peaks, several
similar phases with small differences in stoichiometry are most likely. As reported by
Bolzoni et al., titanium and aluminum can form binary phases, e.g., titanium aluminates,
above 660 °C due to diffusion processes [91]. Therefore, the formation of small fractions of
TizAl, TiAl, and/or TiAlj is concluded for the heat treatments HT1 and HT2.
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Figure 6. XRD patterns of as-built and heat-treated Ti-6Al-7Nb samples.

Table 1. Phase fraction detected by means of EBSD and results of quasi-static and fatigue tests of
the LPBF fabricated, as-built, and heat-treated Ti-6Al-7Nb, including the minimum values regarding
standard ISO 5832-11 [92].

B RPO.Z Rm E A

B ) )
State  Condition o . Phase [MPal [MPal [GPal %] o b e c
ab asbuilt  97.0% 3.0% 940+ 14  1109+3 10543 144409 87 0102 76504 —1518
HT1 925°C/4h 98.3% 1.7% 870 £ 11 934 +7 108 + 6 88+23 49.9 —0.027 191.97 —1.166
HT2  1050°C/2h  97.8% 2.2% 71844 79146 11543 120411 522  —0036 10103 —0719
HT3  600°C/4h  97.7% 2.3% 104549 1110410  116+2 125409 1007 —0097 13984 —1.167
150 - - - 800 900 - 10 - - - Z

3.2. Mechanical Properties of Ti-6Al-7Nb

Figure 7 displays the results for different mechanical properties of the monotonic
tensile tests with images of fracture surfaces. The stress—strain curves for the monotonic test
are presented in Figure 7a. For the different conditions, the mean values of Young “s moduli,
E, tensile yield strengths, Rpo,2/ ultimate tensile strengths, Ry, and plastic elongations,
A, are compared to the international standard for implants for surgery ISO 5832-11 in
Figure 7c and Table 1 [92]. The martensitic structure of the additively processed (« + {3)
titanium leads to high values for the mechanical properties regarding ultimate tensile and
yield strength compared with wrought and conventionally processed materials, especially
with an a-dominant equiaxed microstructure [7]. The different material behavior might be
explained by the different microstructures and phase composition, which have a strong
impact on the mechanical properties. Typically, in conventional material, the size and
morphology of the & grains determine the mechanical properties, while in LPBF the colony
size and the size of the « or rather o laths control the properties. Plastic deformation tends
to be the movement of dislocations. Conventional material with larger « grains enables
the deformation with less dislocation pileups, whereas the smaller grains in the additively
processed material increase the dislocation pileups [93]. The tensile properties are, inter alia,
caused by the higher residual stresses, the martensitic transformation during fast cooling to
the o’ instead of the o phase, and grain refinement as a strengthening mechanism described
by the Hall-Petch equation [94]. The Young s moduli vary within a certain range between
105 GPa-116 GPa. Due to heat treatments and microstructural changes, the average grain
size increases. Sliding effects are mainly detected between grains; therefore, the breaking
elongation should increase [95]. Another reason for changes in breaking elongation is
the presence of 3 titanium. An increased amount of bec § titanium should improve the
ductile behavior [57,95]. EBSD phase analysis showed the highest fraction of {3 titanium for
as-built conditions (3.0%), the lowest fraction for HT1 (1.7%), and between for HT2 (2.2%)
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and HT3 (2.3%), in accordance to the breaking elongation, see Figure 7c. According to the
XRD analysis only for HT1 and HT2 {3 titanium is verified and may, therefore, explain the
lower tensile strength for these conditions but not the reduced breaking elongations.
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Figure 7. (a) Stress—strain curves of the as-built and heat-treated samples; (b) SEM images of the
tensile fracture surface of an as-built Ti-6Al-7Nb specimen; (c) mechanical properties of the different
conditions including minimum values for Ti-6Al-7Nb according to ISO 5832-11 (ISO) [92]; (d) SEM
images of a characteristic LPBF defects, lack of fusion with unmelted powder particles (left) and gas

pore (right), on a tensile fracture surface of an as-built Ti-6Al-7Nb specimen.

The e 5-N¢ plots for the different conditions are approximated with the Coffin-Manson—
Basquin relation based on the elastic and plastic strain superposition explained in Figure 2.
The results are depicted in Figure 8a. The approximations represent the relation between
the total strain e and the fatigue life N of Ti-6Al-7Nb alloy in different conditions. The
Coffin-Manson—-Basquin fatigue life approximation are determined as follows:

€A, as_built = 765.04 - (2Ng) 118 4 0.8545 . (2N;) 102, ©)
eanT1 = 191.97 - (2Nf)_1'166 4 0.4616 - (2Nf)—0~027; %
e, 12 = 10.103 - (2Nf) "7 4-0.4535 - (2N;) 0%, ®)

ea, HT3 = 139.84 - (2Nf) %7 1 0.8677 - (2Ny) 7. ©)
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Figure 8. (a) Coffin-Manson-Basquin plots for Ti-6Al-7Nb samples in as-built, HT1, HT2, and HT3
conditions; (b) SEM images of a fracture surface of an as-built Ti-6Al-7Nb fatigue specimens, with
fatigue striations, probably oriented perpendicular to the crack growth direction.

Figure 8a depicts the fatigue life of the different conditions. The fatigue performance
for higher strain amplitudes (2N < 102 reversals) of the as-built condition is better, com-
pared with the HT1, HT2, and HT3 conditions. The fatigue performance in LCF range
is connected to the monotonic tensile performance in terms of tensile strength. Higher
strengths tend to lead to higher, tolerable strain amplitudes and higher fatigue life. Fa-
tigue strength is generally high as higher monotonic strength hinders microplasticity and
eventually local damage [42]. The curves of the as-built HT1 and HT3 conditions intersect
around 10 cycles and are comparable up to 10* cycles. While the performance for higher
strain amplitudes (2Ng < 10* reversals) for the HT2 condition is the worst, the performance
gets better for lower strain amplitudes. As the process-induced pores and defects are
not affected by these post-treatments, other causes are likely to be decisive, such as the
microstructures or residual stresses. For post treatment HT2 the reduced strength and the
microstructural notches could lead to accumulation of local damage and finally results in
early crack initiation [42]. The fatigue crack growth behavior of post-treated Ti-6Al-7Nb is
affected by the microstructure. Depending on the crack growth direction and grain long
axis different crack growth rates are probable [96-98]. For lower strain amplitudes, the three
heat-treated conditions show superior fatigue behavior compared with the as-built condi-
tions, attributed to the reduced residual stresses and microstructural features [52,56-59,94].
Corresponding to the fatigue ductility exponent ¢, the heat-treated specimens show smaller
gradients, while the as-built condition has the lowest value resulting in the shortest fatigue
life. HT1 and HT3 exhibit close fatigue ductility exponent ¢ and, therefore, are probably
favorable for HCF applications.

In general, due to miniaturization of samples the fatigue and monotonic tensile be-
havior could be affected [42]. The monotonic material properties, such as Young s moduli
E, tensile yield strengths Ry, ultimate tensile strengths Rm, plastic elongations A, the
fatigue parameters—such as fatigue strength coefficients o’y and exponents b—and fatigue
ductility coefficients ¢’ and exponents ¢, of the Coffin-Manson-Basquin equation, are
given in Table 1.

3.3. Fracture Behavior

The fracture surface of the as-built Ti-6Al-7NDb alloy demonstrates mainly ductile frac-
ture behavior, see Figure 7b. The propensity of cleavage fracture decreases with decreasing
grain size. Therefore, the fracture surface of the additively processed materials shows
cleavage facets with high amounts of dimples at the grain boundaries [58]. These fractured
surfaces show small, shallow dimples on quasi-cleavage fracture surfaces, and transgran-
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ular facets, confirming the minor brittle fracture behavior of the additively processed
specimens. Features, as a result of the LPBF fabrication, such as pores, unmelted powder
particles, and defects occur on fracture surfaces in as-built and heat-treated conditions, see
Figure 7d. These build defects typically are perpendicular to the build direction and pulled
apart by the tensile load during monotonic and fatigue tests [99,100]. The fracture surfaces
of fatigue tests tend to be smoother for lower strain amplitudes. Distinct fatigue striations,
perpendicular to the crack growth direction, can be detected for all conditions and strain
amplitudes, see Figure 8b. The striations are close to the probable crack initiation spot.
Typical forced rupture areas are difficult to spot.

3.4. Characterization of Roughness, Cytocompatibility, and Antibacterial Effects

The roughness of the specimens without surface treatment (NT) exhibits values for Ra
of 7.5 £ 0.3 um and Rz of 49.6 & 2.2 um. Due to unmelted powder particles and the surface
of the layer-wise fabrication, the roughness of NT specimens is higher than for the blasted
specimens (ab) with Ra of 4.8 £ 0.2 pm and Rz of 34.3 + 1.2 um, which have smoother
surfaces, on account of the mechanically post-processed treatment.

There was no effect of cell proliferation of the two examined samples on murine L-929
cells and human HUVEC cells. A slight tendency of diminished cell proliferation was
observed in human HOS cells on blasted Ti-6Al-7Nb. Thus, the examined samples show
a proper biocompatibility behavior for the different cell lines, used in the present study,
see Figure 9. Furthermore, no increase in cytokine release of I1-6 was detected (data not
shown). Concerning antibacterial effects, E. coli proliferation was not influenced by the
different samples, while the proliferation of S. aureus was reduced by the blasted surface of
Ti-6Al-7Nb, see Figure 9.
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Figure 9. (a) Effects of different surfaces on the proliferation of L929, HOS and HUVEC cells after 72 h
incubation, and (b) bacterial proliferation of E. coli and S. aureus after 24 h incubation; OD = optical
density at 570 nm; n = 4-6.

As described by Schweikl et al., blasting with Al,Oj3 particles led to incorporation
of Al into the outer surface layers [101]. Therefore, the increased concentration of Al
on the specimens’ surfaces could result in decreasing the proliferation behavior of HOS
cells and S. aureus [102-104]. Rough sandblasted surfaces with sharp ridges and edges
could influence the proliferation and it seems to appear that the quality of cell contact
on rough surfaces is related to the minimum width of the cavity [101]. As reported in
various studies, blasting leads to the presence of severely plastic deformed layers and,
therefore, to strain-hardening, as well as to compressive residual stresses [105-107]. Due
to the antibacterial effect regarding the proliferation of S. aureus and because of probably
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better fatigue properties of blasted specimens, the specimens for the mechanical tests were
blasted with Al,Oj3 particles.

4. Conclusions

The microstructure and the monotonic and fatigue behaviors of additively processed
Ti-6Al-7Nb were investigated. Different surface conditions were examined regarding
biocompatible properties, such as cytocompatibility and antibacterial effects. The following
conclusions can be drawn from these investigations:

e  Ti-6Al-7Nb shows significantly different microstructures in the as-built, stress-relieved,
recrystallized, and B-annealed conditions. While the o / o structure is dominant within
the as-built state, the formation and precipitation of the 3-phase are manageable by a
vacuum heat treatment above 925 °C as analyzed using XRD and EBSD.

o There are significant differences in the monotonic tensile properties of the various con-
ditions. Concerning the ISO values, the as-built and stress-relieved conditions (HT3)
are favorable. Tensile and yield strength, as well as breaking elongation, are higher
than the demanded values, but the specimens’ dimensions have to be considered. HT1
and HT2 do not fulfill the requirements, probably due to the present -phase. Heat
treatments, such as HT1 and HT2, can significantly affect the microstructure and may
tend to soften the lattice structures and decrease the residual stresses and, therefore,
lead to significantly reduced tensile strength.

e  LCF life is higher for lower strain amplitudes in the heat-treated specimens than in
as-built conditions, which can be attributed to decreased residual stresses as well as to
microstructural differences. HT2 shows the highest fatigue life for lower strain ampli-
tudes, while the as-built condition has higher service life for higher strain amplitudes.
Regarding overall performance, quasi-static results, and LCF performance, stress relief
treatment (HT3) is favorable. The material behavior for HCF loading still has to be
determined.

e  Transgranular facets characterize the fracture surface of the additively processed Ti-
6Al-7Nb, confirming the ductile behavior. Small, shallow dimples on quasi-cleavage
fracture surfaces are visible. Fatigue fracture surfaces are characterized by fatigue
striations and remaining forced rupture surfaces. Defects may have less impact on
quasi-static but a high impact on fatigue behavior.

e Both surfaces, the untreated and the blasted, show good biocompatibility in different
cell types (fibroblasts, osteosarcoma cells, and endothelial cells). Only a slight anti-
proliferative effect was observed for blasted Ti-6Al-7Nb in osteoblasts. An increase in
cytokine release of I1-6 was not observed.

e Blasting with high-grade Al,Oj3 is preferable regarding biocompatibility and anti-
bacterial effects. Blasted Ti-6Al-7Nb exhibits an antibacterial effect against S. aureus in
comparison with not post-treated Ti-6Al-7Nb. E. coli was able to grow on both surfaces
of Ti-6Al-7Nb similarly. On account of remaining aluminum on the blasted surface,
glass bead blasting could be taken into consideration.
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The tensile and fatigue properties of laser powder bed fused Ti-6Al-7Nb are improved by physical vapor depo-
sition (PVD). Thin coatings of titanium nitride (TiN), titanium carbonitride (TiCN), and silver-containing
amorphous carbon (a-C:Ag) are deposited by magnetron sputtering. Tensile and strain-controlled low-cycle fa-
tigue tests with various total strain amplitudes are performed. The coatings increase the tensile strength and
decrease the breaking elongation. The low-cycle fatigue performance of the PVD-coated conditions, except for

the a-C:Ag coating, is improved. The coatings considerably enhance tensile strength and fatigue resistance due to
their high residual compressive stresses and increased surface hardness.

1. Introduction

Additive manufacturing (AM), also known as 3D printing, is an
advanced manufacturing technique, where the material is added layer
by layer to form complex geometries and structures, based on 3D data
[1]. Various AM techniques are available, such as stereolithography,
selective laser sintering, and selective laser melting, also known as laser
powder bed fusion (LPBF) or laser beam melting. Numerous materials,
like ceramics, polymers, metals, and even living cells, can be processed
[2]. Besides the opportunity for near-net-shape fabrication of complex
parts, which cannot be produced with conventional manufacturing
methods, AM technologies can be cost-effective, time-saving, and
resource-saving [3,4].

Due to these advantages, AM technologies are increasingly used in
the biomedical industry, mainly because of the possibility of individu-
alizing medical devices [5,6]. Specific biomedical implant topologies,
such as porous or foam structures, can be manufactured by LPBF [7-9].
For load-bearing applications, like hip and knee implants, metallic ma-
terials - e.g., titanium and its alloys, stainless steels, and cobalt-
chromium alloys - are often used [10-12]. Because of their excellent
biocompatibility, high corrosion resistance, and outstanding mechanical
properties - like increased strength and fracture toughness, plus low
elastic modulus - titanium and its alloys are used in biomedical

applications [13-17]. Ti-6A1-4V was initially developed for aeronautical
applications and is the most frequently used titanium alloy in the
biomedical field. Although this alloy exhibits superb corrosion proper-
ties, the effect of its alloying elements is questionable, concerning the
cytotoxicity and the impact on aseptic loosening [18-22]. For this
reason, Ti-6Al-7Nb was established as an alternative to Ti-6Al-4V for
load-bearing implants. Substituting vanadium with niobium resulted in
increased corrosion resistance and biocompatibility, with similar me-
chanical properties to Ti-6Al-4V [21,23,24].

Several studies focus on the mechanical properties of different,
additively processed alloys, such as steel or titanium alloys [25,26].
High-cycle fatigue (HCF) analysis is usually applied for implants, and
sometimes extreme loading could occur through stumbling and
endanger the implant. In addition to HCF and monotonic material
characterization, implants should be examined at low cycles with higher
load levels, imitating the physiological loading during service life
[27,28]. In terms of fatigue analysis of additively manufactured alloys,
there is still a lack of knowledge since most available research is related
to HCF and crack growth analysis of titanium [29-34] and steel [35-39].
So far, little research has analyzed the low-cycle fatigue of additively
manufactured alloys [40-44]. Other studies addressed the fatigue
behavior of additively processed titanium alloys, such as Ti-6Al-4V
[30,34,45,46] and Ti-6A1-7Nb [47].
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Under physiological loading, artificial titanium-based implants show
high friction and low wear resistance against various counterpart ma-
terials [48]. Some functional physical vapor deposition (PVD) thin
coatings, such as titanium nitride (TiN), titanium carbonitride (TiCN),
and amorphous carbon (a-C; also referred to as diamond-like carbon,
DLC) based coating systems, can be applied on titanium for biomedical
applications, thus improving the tribological behavior and tailoring the
biocompatible features significantly [49-52]. Different studies show
that PVD thin coatings on bulk or wrought material enhance the fatigue
performance for LCF and HCF [53-57]. The hard surface layer possesses
high mechanical strength, good adhesion to the substrate, and high
compressive residual stresses and, therefore, inhibits the plastic defor-
mation on the substrate material. As a result, PVD coatings improve the
tensile and fatigue properties [55,58-61].

The PVD deposition of bio-functional thin coatings on additively
manufactured Ti-6Al-7Nb alloys is an innovative approach to enhance
wear resistance, biocompatibility, and mechanical properties, particu-
larly the LCF behavior. Therefore, TiN, TiCN, and Ag-containing a-C (a-
C:Ag) coatings are deposited on LPBF processed Ti-6Al-7Nb. The effects
of the PVD coatings on the monotonic tensile and LCF behavior of laser
beam melted Ti-6Al-7Nb are focused and analyzed.

2. Experimental details

The (¢ + p) titanium alloy Ti-6Al-7Nb was used to produce the
specimens by LPBF. The powder was supplied by ECKART TLS GmbH
(Bitterfeld, Germany). The chemical compositions of the powder and the
as-built samples, as well as the powder particle investigations, are pre-
sented in previous examinations [62]. The chemical composition of the
powder was: 6.03 wt% Al, 6.75 wt% Nb, 0.09 wt%Fe, and 0.1 wt%O, Ti
is balanced and in agreement with ISO 5832-11 [63]. The powder par-
ticle morphology was mainly spherical, with a nominal Gaussian parti-
cle size distribution between 26.9 pm (D10) and 52.1 pm (D90),
centered at 37.6 pum. The powder was dried by cyclic, alternating
evacuation and flooding with argon to reduce the relative humidity to
below 5%. An LT12 SLM machine (DMG MORI AG, Bielefeld, Germany)
with a beam spot size of 35 ym was used for specimen fabrication. The
software Magics (Version 21.1, Materialise GmbH, Munich, Germany)
was used for data preparation. The following parameters were applied
for low porosity and high relative density: laser power P = 185 W, laser
scanning speed v = 1,675 mm s~!, hatch distance h = 0.077 mm. A
constant scanning strategy of 5 mm stripes by layer-wise rotation of the
scanning vectors of 67° alongside a layer thickness of 50 pm was applied.
A laser power Pc = 123 W and scanning speed vc = 512 mm s-1 were
applied as contour parameters. The process took place in an inert argon
atmosphere with an oxygen content between 0.08% and 0.13% to pre-
vent the oxidation of titanium. The building platform temperature was
kept at 200 °C. All specimens were subsequently blasted with high-grade
Al;03. The blasting material had a particle size of 70 pm-250 pm, used
at 4 bar air pressure with an SMG 25 DUO (MHG Strahlanlagen GmbH,
Diisseldorf, Germany). Before the PVD deposition, the Ti-6Al-7Nb sub-
strates were cleaned in an ultrasonic ethanol bath for 30 min.

The PVD coatings were deposited in a magnetron sputtering process
using an industrial device CC800/9 Custom (CemeCon AG, Wiirselen,
Germany). Three different coatings were applied: TiN, TiCN, and a-C:Ag.
TiN had a chemical composition of 49.1 + 0.2 at.% Ti and 50.9 + 0.2 at.
% N, whereas TiCN had 38.4 + 1.5 at.% Ti, 30.4 & 0.5 at.% C, and 31.2
+ 1.0 at.% N [64]. Interlayers of Ti for TiN and bilayered Ti/TiN for
TiCN were grown to improve the adhesion. The amorphous carbon
coating a-C:Ag containing 7.5 at.% Ag was deposited with a chemically
graded titanium carbide (Ti,Cy) interlayer [51].

The residual stresses of the different PVD coatings were determined
from the substrate curvature using Stoney’s equation [65]. P-doped Si
wafers with a preferred orientation along the (100) plane served as
substrate material for this analysis. The radius of curvature of the coated
silicon wafers was measured using a contour measurer MarSurf XC 20
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(Mahr GmbH, Gottingen, Germany). For the evaluation of the hardness,
an Agilent Nano Indenter G200 (Agilent Technologies Inc., Santa Clara,
CA, USA) with a Berkovich indenter was employed. An indentation
depth of approximately 10% of the PVD coating thickness was defined to
minimize the effects of the interlayers and substrate. A total of 49 in-
dentations (7 x 7) were performed on each coating to calculate an
average hardness value. The hardness measurements were performed on
metallographically lapped and polished surfaces to avoid roughness
effects on the measures [66]. The adhesion of the PVD coatings on the
sandblasted Ti-6Al-7Nb substrates was evaluated in Rockwell C inden-
tation tests according to DIN 4856 [67]. A load of 588.6 N (weight of 60
kg) was applied to generate the Rockwell C indents. The adhesion of the
PVD coatings was classified into the adhesion classes from HF1 (excel-
lent adhesion) to HF6 (poor adhesion).

The monotonic tensile and LCF tests were performed using a servo-
hydraulic MTS 858 tabletop test system equipped with a 661.19F-03
load cell (capacity 15 + 0.15 kN, MTS Systems Corporation, Eden
Prairie, MN, USA). An extensometer 632.29F-20 was used for the tensile
tests, and an extensometer 632.29F-20 was used for the LCF tests (gage
length 3 mm, +8% + 0.08%; both MTS Systems Corporation, Eden
Prairie, MN, USA). A displacement-controlled execution with a cross-
head speed of 1.5 mm min~! was used for the tensile tests, according to
DIN EN ISO 6892-1 [68]. The strain-controlled LCF tests were per-
formed according to ASTM E606, with total strain amplitudes e5 of
0.35%, 0.5%, and 0.8%, with an R-ratio of R = —1 (compression-tensile
fatigue), and a strain rate of 6 x 1073571 [69]. For the tensile tests, five
specimens per condition were assayed. For the LCF tests, at least three
specimens per condition were examined at each strain amplitude. The
monotonic material properties, such as Youngs moduli (E), tensile yield
strengths (YS), ultimate tensile strengths (UTS), and elongations at
fracture (A), were obtained from dog-bone test specimens. All specimens
were loaded along the initial building direction. The ratio “cross-section
to gauge length” in the tested specimens was less than 5.65, which is the
standard value for tensile specimens [68]. Thus, the elongation values
should be critically considered.

Several fatigue tests under cyclic loading were required to determine
the fatigue material constants. Due to cyclic hardening or softening,
cyclically loaded materials often have unstable and changing stress
amplitude during the test. The stress amplitude for the stabilized state
was used, which was determined to be at the half number of cycles to
fracture. In addition to the Youngs moduli E determined by the tensile
tests, the Youngs moduli (Ercr) were determined for the different con-
ditions at their stabilized hysteresis loops. The plastic strain amplitude
can either be calculated or determined by measuring the thickness of the
stable hysteresis loop recorded during fatigue testing [70-73]. The
Coffin-Manson-Basquin approximation was used to predict the fatigue
life depending on the applied strain amplitude for the different condi-
tions. By combining the modified Basquin [74] and the Coffin-Manson
relation [75,76] one obtains the approximation [77]:

o't
5

er = = (2N))° + &' (2Ny)¢ )

with the total strain amplitude €5, fatigue strength coefficient o', the
Young's modulus E, the number of reversals to failure 2Ny, the fatigue
strength exponent b, the fatigue ductility coefficient €', and the fatigue
ductility exponent c. The summands in Equation (1) are the elastic €. and
plastic &, components, respectively, of the total strain amplitude e5. The
equation can be used as a basic strain-life approach to fatigue design
[47,74-78].

The interface between the PVD coatings and the substrate, the
nanoindentations, and the fracture surfaces of the monotonic and low-
cycle fatigue tests were investigated employing the scanning electron
microscope (SEM) Zeiss Ultra Plus (Carl Zeiss AG, Oberkochen,
Germany).
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3. Results

The morphology of the different PVD coatings and SEM micrographs
of the Rockwell C indents on the PVD-coated Ti-6Al-7Nb substrates are
depicted in Fig. 1 (a-c). The stress state of the PVD coatings was analyzed
using Stoney’s equation. It is worth mentioning that this method de-
termines the macroscopic stresses of the entire coating structure. The
coating surface of the coated silicon wafers was convex, indicating
compressive stresses for all PVD coatings. The TiN and TiCN coatings
exhibit residual stresses of —0.32 + 0.01 GPa and —0.59 + 0.04 GPa.
The addition of carbon to TiN is generally linked with an increase in
compressive stresses due to the high lattice strain caused by the sub-
stitution of nitrogen atoms with larger carbon atoms in the cubic TiN
lattice structure [79]. For a-C:Ag, a value of —1.15 £+ 0.03 GPa was
determined in a previous study by the authors for Ag-containing a—C
coatings [51]. The silver addition to a-C reduces the compressive
stresses, but the magnitude of the stresses remains higher compared to
TiN and TiCN. The hardness of the as-built Ti-6Al-7Nb samples is 5.3 +
0.3 GPa (540 + 31 HV). The PVD thin coatings increase the hardness.
For a-C:Ag coating the hardness is 13.2 + 1.3 GPa (1346 + 133 HV), for
TiCN 9.6 + 0.9 GPa (979 + 92 HV), and for TiN 17.8 + 1.4 GPa (1815 +
143 HV) [64]. The TiN, TiCN, and a-C:Ag layers exhibit a high adhesion
strength on the sandblasted substrates without any adhesive failure. For
all thin coatings, the adhesion class corresponds to HF1, see Fig. 1 (d-f).

The geometry and building direction of the tensile specimens is
presented in Fig. 2 (a). No delamination between the coating and sub-
strate was observed under monotonic tension or cyclic loading. Fig. 2 (b)
depicts conditions of the different PVD coatings after the tests. Fig. 2 (c)
summarizes the stress—strain curves of the monotonic tensile tests. The
Youngs moduli of the coated specimens are higher. The mean YS and
UTS are higher for the coated conditions, whereas the average breaking
elongation is lower than for the as-built state. TiCN coating improves the
monotonic tensile behavior and results in the highest YS and UTS of all
conditions, and the highest elongation at fracture for the coated vari-
ants, slightly below the as-built samples. a-C:Ag coated samples show
the lowest YS and UTS among the PVD-coated samples, but a higher
elongation at break than TiN coated specimens. The monotonic material
properties are given in Table 1.

The results of the LCF tests, which are the cycles to failure N¢ over
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total strain amplitudes e,, are presented in Fig. 3 (a). With increasing
strain amplitude, the cycles to failure decrease for all conditions. The
mean lifetime of the as-built state is the lowest among all strain ampli-
tudes compared to the PVD-coated conditions. The standard deviation of
the a-C:Ag coated specimens at a strain amplitude of 0.5% is relatively
high, compared to the other deviations. The e5-N¢ plots of the different
conditions are approximated with the Coffin-Manson-Basquin relation,
see Fig. 3 (b). The approximations characterize the relation between the
total strain €5 and the fatigue life N of the different conditions. The
Coffin-Manson-Basquin fatigue life approximations are determined as
follows:

Easbuin = 765.04-(2N;) " 4 0.8545- (2N;) 1 @
ey = 985.18-(2Ny) "+ 1.6743-(2N;) ®)
eamion = 390.42-(2N;) " 4 1.6384-(2N;) @
Enra-cag = 180.95-(2N;) 17 4 1.2492-(2N;) ®)

Fig. 3 (b) depicts the fatigue life curves of the different conditions.
The approximations show an increased lifetime among all PVD coatings
between 10% and 10 reversals and between the strain amplitudes e,
(0.35% —0.8%), respectively.

The fatigue properties in terms of the fatigue strength coefficients ¢'¢
and exponents b and fatigue ductility coefficients €'r and exponents ¢ of
the Coffin-Manson-Basquin equation are given in Table 1. Correspond-
ing to the fatigue ductility exponents c, the PVD-coated specimens show
larger gradients. The TiN coating results in the highest fatigue ductility
coefficients €’s. The TiN and TiCN coatings exhibit the highest fatigue
strength coefficients ¢'s. Regarding the fatigue strength exponent b, the
as-built condition has the largest gradient. In terms of the overall per-
formance in the tested reversals range for 102 < 2Nf < 104, the coated
conditions are to be favored, corresponding to the Coffin-Manson
approximation. The PVD-coated specimens, except for the a-C:Ag
coating, show a larger fatigue ductility coefficient €'y, compared to as-
built Ti-6A1-7Nb. The initial slopes are smaller for PVD-coated condi-
tions, represented by lower fatigue ductility exponents c. Among all
conditions, the fatigue strength coefficients ¢'¢ are higher for the PVD-

Fig. 1. Secondary electron images of PVD-coatings on Ti-6Al-7Nb substrate with different interlayers (IL) and surface layers (SL); (a) TiN-SL on Ti-IL; (b) TiCN-SL on
bilayered Ti-IL and TiN-IL; and (c) a-C:Ag-SL on chemically graded Ti,Cy-IL; backscattered electron images of nanoindentation on different coatings with adhesion

classification for (d) TiN, (e) TiCN, and (f) a-C:Ag.
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Fig. 2. (a) Geometry and building direction (BD) of tensile and fatigue specimens; (b) overview of different PVD coatings on Ti-6Al-7Nb specimens after tensile
testing, coatings from left to right: as-built, TiN, TiCN, a-C:Ag; (c) stress—strain curves of the as-built and PVD-coated samples.
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Table 1
Results of hardness measurements [64], monotonic tensile and fatigue tests of the LPBF fabricated, as-built, and PVD-coated Ti-6Al-7Nb, including the minimum values
regarding standard ISO 5832-11 [63].

Condition Hardness YS UTS A E Ercr o's b e'¢ c

(GPa) (MPa) (MPa) (%) (GPa) (GPa)
as-built 53+0.3 940 + 14 1109 + 3 144+ 09 105+ 3 147 £ 8 89.7 —-0.102 765.04 -1.518
+TiN 178+ 1.4 1055 + 20 1175 + 10 10.9 + 1.0 117 £5 143 £3 195.9 -0.177 985.18 —-1.507
+TiCN 9.6 £ 0.9 1107 £13 1207 + 8 133+ 1.7 116 £2 143 £3 190.1 -0.170 390.42 -1.323
+a-C:Ag 13.2+1.3 984 £ 9 1141 + 4 129+ 1.0 109 £1 141 £6 136.2 —0.142 180.95 -1.28
I1SO - 800 900 10 - - - - - -
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Fig. 3. (a) Cycles to failure for different conditions and strain amplitudes; (b) Coffin-Manson-Basquin plots for Ti-6Al-7Nb samples in as-built and PVD-
coated conditions.

coated samples. In contrast, the fatigue strength exponents b are lower, fracture, see, for instance, Fig. 5 (d). In contrast to the monotonic tests’
resulting in a reduced fatigue performance for higher cycles. surfaces, the LCF tests’ fracture surfaces depict distinct fatigue striations,

The fracture surfaces of the monotonic tensile tests show similar, highlighted by white arrows in Fig. 5 (e) and (f). The cracks typically
mainly ductile fracture behavior for all conditions since the substrate propagate perpendicular to the fatigue striations and from the crack
material is similar (Fig. 4 (a-c)). The fracture surface is divided into two initiation spot. Since cracks often start at the outer surfaces and prop-
areas, a primarily forced fracture in the inner fracture surface areas and agate to the center, the crack growth direction can be assumed, see black

a ductile fracture at the outer regions, see Fig. 4 (d-f). Fig. 4 (d-f) also arrows in Fig. 5 (e) and (f). Characteristic LPBF defects, like gas pores
depict the TiN, TiCN, and a-C:Ag PVD coatings at the edges of the and unmelted powder particles, are visible in all conditions and on all
fracture surfaces. fracture surfaces (Fig. 5 (f)).

The SEM images of the LCF tests also indicate divided fracture sur-
faces (Fig. 5 (a-c)). Here, the inner surfaces mainly consist of forced
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Fig. 4. SEM images of the tensile fracture surfaces of (a) TiN-; (b) TiCN-; and (c) a-C:Ag coated Ti-6A1-7Nb; (d) close-up of the orange box in (a) with markings of the
TiN coating; (e) close-up of the blue box in (b) with markings of the TiCN coating; and (f) close-up of the pink box in (c) with markings of the a-C:Ag coating. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. SEM images of the LCF fracture surfaces of (a) TiN-; (b) TiCN-; and (c) a-C:Ag coated Ti-6Al-7NDb tested with different total strain amplitudes; (d) close-up of
the orange box in (a) depicting the residual fracture face; (e) close-up of the blue box in (b) with fatigue striations (white arrows) and probable crack grow direction
(black arrow); and (f) close-up of the pink box in (c¢) with fatigue striations (white arrows), probable crack grow direction (black arrow), and pore with unmelted
powder particles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

The hardness of the PVD coatings is significantly higher than that of
the substrate material. The TiN, TiCN, and a-C:Ag layers exhibit high
adhesion on the sandblasted Ti-6Al-7Nb substrate (adhesion class HF1).
In a previous study, these PVD coatings exhibited a sufficiently good
adhesion on the additively manufactured Ti-6Al-7Nb alloy with polished
surfaces, with TiN, TiCN, and a-C:Ag having the adhesion classes HF1,
HF3, and HF4, respectively [64]. The improved adhesion behavior is
related to the rough, sandblasted surface since the roughness asperities

ensure a mechanical interlocking of the thin coatings on the substrates
[80].

In this study, the tensile and LCF samples are manufactured and
blasted with the same parameters. Process-induced defects and a similar
microstructure are present in the as-built and PVD-coated specimens and
can therefore be neglected. The miniaturization of samples could affect
fatigue and monotonic tensile behavior [34].

The monotonic tensile properties of all conditions fulfill the required
ISO values [63]. These are comparable to each other and tests with the
same geometry, but the comparison to the ISO values remains difficult.
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The deposition of PVD coatings increases the YS and UTS in all coated
states, accompanied by a decreased elongation at fracture. The effect of
the coatings on the mechanical properties can be explained by changes
in the structural surface state. The microplastic deformation in the
subsurface layer leads to an increased dislocation density close to the
surface, suppressing the movement of slip bands. This results in a barrier
to the occurrence of dislocations on the surface and the formation of
inhibited groups of dislocations, which again results in the appearance
of internal compressive stresses working against dislocations formation
and decreasing the effect of applied tensile stresses [58].

Similar to the monotonic tensile behavior and expectably based on
the average service life, the TiCN coating presents the best fatigue per-
formance in the tested strain amplitude range. For higher strain ampli-
tudes and lower reversals (2Nf < 102 reversals), the fatigue performance
can only be approximated rudimentarily. For high strain amplitudes, the
as-built condition and the TiN coating reveal the best performance,
although the TiCN coating shows the best monotonic and fatigue per-
formance in the tested strain amplitude range. According to the fatigue
ductility exponents c, the as-built condition would be favorable for
lower reversals (2Nf < 10) and higher strain amplitudes, respectively.
Concerning higher reversals (2N; > 10%), the as-built condition is pref-
erable due to the larger fatigue strength exponent b. The larger fatigue
ductility coefficients €'¢ of the PVD coatings, except for a-C:Ag, result in
better fatigue performance for fewer cycles.

As the standard deviation of the a-C:Ag coated specimens at a strain
amplitude of 0.5% is relatively high, particular attention should be given
to the DLC coating. Although the coatings seem to have a predominantly
positive effect on fatigue behavior, the a-C:Ag coating results and other
studies show adverse effects. Bai et al. observed a reduction of the fa-
tigue limit of Ti-6Al-4V coated with CrAIN and TiN coatings, due to
impeded deformation at the beginning of fatigue tests and cracks
inducing micro damages. These cracks typically initiate in the coating
and propagate to the substrate [81]. Sundaram observed a slightly
coating-induced fatigue degradation in Ti-6Al-4V due to DLC coatings
[82]. Costa et al. showed decreasing fatigue life for coated conditions
with TiN, CrN, and a-C:H:W (tungsten-containing amorphous carbon)
compared to the base material. Nevertheless, the DLC coating results in
the highest fatigue strength among the three coatings due to lower
defect density, considering the sputtering technique, and a Cr interlayer,
acting as fatigue crack propagation barrier [83]. In this study, the
coatings were applied with the same sputtering technique, therefore, the
defects density should be equivalent. As the a-C:Ag coating contains Ag
nanocrystallites [51], these particles may act as crack nucleation sites,
resulting in a decreased fatigue performance. In the case of an engi-
neering application or mechanical design, the most critical case or worst
test result should be assumed rather than the average life. However, in
the case of LCF loading, applying the a-C:Ag coating should be avoided
as it appears to harm the fatigue performance.

The surface conditions play a significant role in fatigue behavior.
Mechanical surface treatments improve fatigue life by altering the
roughness, hardness, and residual stress state [84]. The LCF perfor-
mance is usually strongly connected to the monotonic tensile perfor-
mance in terms of UTS, where higher strength leads to higher, tolerable
strain amplitudes and higher fatigue life. The PVD-coated specimens,
except for the a-C:Ag coating, show a superior LCF performance
compared to as-built and heat-treated Ti-6Al-7Nb, due to microstruc-
tural changes and different surface conditions [47,84]. The fatigue
strength is generally increased as higher monotonic strength hinders
microplasticity and eventually local damage [34]. Studies show im-
provements in the LCF behavior by PVD coatings. These enhanced
properties are attributed to the residual compressive stresses resulting
from the coating deposition process and its hardening effect [55]. Other
studies confirm the adverse effects of PVD coatings on LCF performance.
Costa et al. performed fatigue tests with coated specimens, claiming
decreased fatigue performance through arc evaporated coatings by
coating defects and voids as crack nucleation sites. Nevertheless,
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processes with lower defect densities, like magnetron sputtering and
ductile interlayer, improve performances [83]. According to Baragetti
et al., the brittle nature of the coatings might generate cracks, which
could behave like micro notches for the substrate [85]. PVD coatings
may lead to decreased fatigue performance for smooth surfaces. In the
case of rough, as-built, and blasted surfaces, as desired for biomedical
applications [47], the PVD coatings increase the monotonic tensile
properties and improve fatigue performance.

5. Conclusions

In this study, PVD thin coating surface modifications were applied to
improve the mechanical properties of Ti-6Al-7Nb for biomedical appli-
cations. Various PVD coatings, namely TiN, TiCN, and a-C:Ag, were
deposited on laser beam melted, blasted Ti-6Al-7Nb. The tensile and
fatigue properties of Ti-6Al-7Nb could be enhanced to a certain extent
after surface modification. The effect of depositing TiN, TiCN, and a-C:
Ag PVD coatings on the hardness, monotonic tensile, and LCF perfor-
mance of LPBF Ti-6Al-7Nb has been determined experimentally. The
findings can be summarized as follows:

e The hardness of PVD-coated specimens has increased by factor 2 to 3,
compared to the uncoated substrate material. TiN coating possesses
the highest hardness.

The TiN, TiCN, and a-C:Ag layers exhibit high adhesion on the
sandblasted Ti-6Al-7Nb substrate (adhesion class HF1).

The PVD-coated conditions reveal better strength characteristics
compared to the as-built condition. Among the PVD coatings, TiCN
shows the highest tensile strength, with slightly lower elongation at
break compared to the as-built state.

The deposition of PVD coatings leads to increased fatigue strengths.
The PVD thin coatings improve the average number of cycles to
failure for all tested strain amplitudes by 60% (TiN), 95% (TiCN),
and 39% (a-C:Ag), as compared to the uncoated substrate material by
altering the hardness and residual stress state. The a-C:Ag coated
specimens show significant deviation for the medium strain ampli-
tude (0.5%) even below the level of the as-built condition.

Concluding, the investigations underline that PVD coatings are
highly effective in improving the tensile performance of additively
manufactured Ti-6Al-7Nb. The PVD coatings enhance the fatigue per-
formance, except for the medium strain amplitude of the a-C:Ag coated
specimens. In summary, PVD coatings can be advantageous in the design
of load-bearing implants. In a crucial application, such as an implant or
prosthesis in the human body, the most critical load case or the worst-
case scenario should be decisive. Accordingly, the a-C:Ag coating
should only be considered to a limited extent in such an application
since the influence of this coating does not seem to be consistently
positive on the material behavior.
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Abstract: Load-bearing permanent implants, such as hip or knee joint replacements, are permanently
loaded in the human body and must withstand considerable high loading cycles. The characteristic
properties of additively manufactured Ti-6Al-7Nb, manufactured by laser powder bed fusion (LPBF),
such as a rough surface and high residual stresses, have a detrimental effect on the fatigue behavior
of such components. Functional physical vapor deposition (PVD) coatings and heat treatments offer
the possibility to influence these properties. For this reason, the effects of stress-relief heat treatment
(SR; 600 °C/4 h) and three PVD coatings (titanium nitride (TiN), titanium carbonitride (TiCN), and
silver-containing amorphous carbon (a-C:Ag)) on the mechanical properties, in terms of high-cycle
fatigue, are identified. Wohler curves are determined and the staircase procedure ascertains the
fatigue strengths. The fatigue strengths increase compared to the as-built condition by 105.4% (SR),
44.2% (TiN), 31.1% (TiCN), and 2.6% (a-C:Ag). Fracture surfaces are analyzed by scanning electron
microscopy and show LPBF characteristic defects such as pores. The surfaces are partially divided
into forced and fatigue fracture, the latter characterized by fatigue striations. Overall, PVD coatings,
and especially SR, lead to an improved high-cycle fatigue behavior.

Keywords: laser powder bed fusion; Ti-6Al-7Nb; titanium alloy; biomedical engineering;
high-cycle fatigue

1. Introduction

Additive manufacturing (AM) encompasses various near-net-shape manufacturing
techniques, including binder jetting, direct energy deposition, and laser powder bed fu-
sion (LPBF). In these techniques, complex geometries and structures are formed layer by
layer [1]. Thereof, LPBF is the most established method for AM of metals [2-4]. With it,
it is possible to fabricate cost-effective and economic near-net-shape parts that are nor-
mally quite challenging to fabricate via conventional methods [5,6]. Accordingly, this
technique has many applications in different sectors, such as aerospace, automobile, and
biomedical. In the latter, LPBF has especially great potential in arthroplasty to produce
patient-specific prostheses, such as hip or knee implants [7,8]. These load-bearing implants
use various metallic materials, such as stainless steel alloys, cobalt-chromium alloys, or
titanium alloys [9-11]. Compared to other biomaterials, titanium and its alloys have ex-
cellent mechanical properties—high specific strength, favorable lower elastic modulus,
and excellent biocompatibility [12-16]. Despite the variety of used alloys, there is still
room for enhancement. For instance, replacing alloying elements can further enhance
biocompatibility [17-19]. Comparing Ti-6Al-4V vs. Ti-6Al-7Nb, in the former alloy, re-
placing the cytotoxic vanadium with niobium further enhances the local biocompatibility,
increases corrosion resistance, and at the same time, preserves the mechanical properties,
such as tensile strength [20-22]. This makes the Ti-6Al-7Nb alloy the optimal candidate as
a biomaterial. However, like other additively manufactured alloys, achieving optimal me-
chanical properties of Ti-6Al-7Nb requires further optimization. Various research focused
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on the mechanical performance of additively manufactured alloys, such as steels (316L,
17-4 PH) or titanium alloys (Ti-6Al-4V, Ti-6Al-7Nb, Ti-24Nb-4Zr-85n) [23-27]. Some of
those studies focus on fatigue properties in terms of low-cycle fatigue (LCF) and high-cycle
fatigue (HCF), as well as crack growth analysis of additively manufactured specimens of
steels [28-33] and titanium alloys [34-40], with no further processing steps. One of these
processing steps is applying functional physical vapor deposition (PVD) thin coatings.
This technique is very beneficial since it improves strength, wear, tribological properties,
corrosion resistance, and biocompatibility [41-44]. Different layer types are appropriate
for biomedical applications, including nitride-based coatings, such as titanium nitride
(TiN) or titanium carbonitride (TiCN), and amorphous carbon (a-C) [45,46]. In the latter,
antibacterial activity and cell proliferation can be tailored by adding silver particles and
adjusting the chemical composition of the silver-containing amorphous carbon coating
(a-C:Ag) [44]. Although these improve wear properties, PVD coatings may reduce fatigue
life by creating crack-initiating sites. Subsequently, instead of three stages for failure to
occur, just two are required: propagation and saturation [47]. However, PVD coatings
may also introduce compressive residual stresses. These compressive stresses enhance
fatigue performance and they, therefore, can potentially increase fatigue life [48]. Therefore,
PVD coatings were successfully applied on different base materials to increase the fatigue
performance. For example, Puchi-Cabrera et al. deposited a-C (diamond-like carbon; DLC)
and TiN on 1.4404 stainless steel. Compared to base steel, these coatings increased both
fatigue life and limit. This increase was due to compressive residual stresses and good
adhesion to the substrate, which delayed crack initiation [49,50]. Fatigue properties were
also improved in other base steel alloys. For example, Jacome et al. deposited TiCN, boron
carbonitride (BCN), and chromium aluminum nitride (CrAIN) on 1.1191 steel [51]. As
stated before, deposition does not necessarily improve fatigue life at all times, depending
on the layer chemical composition, substrate, layer thickness, and fatigue stress amplitude
(low vs. high). In some cases, fatigue properties deteriorate. For example, Ferreira et al.
deposited tungsten (W), tungsten nitride (WN), tungsten titanium (WTi), and tungsten tita-
nium nitride (WTiN) on 1.7225 steel to enhance mechanical properties. In these trials, while
only the WTi coating increased fatigue life at low amplitudes, all coatings decreased fatigue
life at high amplitudes [52]. Therefore, it can be deduced that the interaction between the
deposited layer and the substrate could affect the resulting properties. Consequently, to
study the influence of substrate material on fatigue properties, Baragetti et al. deposited
chromium nitride (CrN) on 1.4462 duplex stainless steel, 1.2343 tool steel, and EN AW-6082
aluminum alloy. In this work, while CrN increased the fatigue limit of the coated steel
specimens, no enhancement in the coated aluminum specimens was detectable [48]. This
increase in the former can be attributed to the increase in the critical crack length resulting
from the coating adhering well to the substrate [53]. This does not necessarily mean that
other types of layers could adhere well to steel. Another coating seems to affect its fatigue
life negatively. DLC coating, for example, decreases the fatigue properties. The use of
these coatings could, nonetheless, improve other properties, such as corrosion resistance
and corrosion fatigue [54]. Therefore, optimizing a certain alloy requires careful selection
and finetuning of the deposited layer. The encouraging results and versatility of PVD
coatings led it being employed for other alloys. For example, it can improve titanium alloys’
performance and properties. Compared to the base materials, Gopkalo et al. showed that
coatings with TiN, chromium (Cr), (Cr+TiN), (TiC)N, (TiAl)N on Ti-6Al-4V, Ti-10V-2Fe-3Al,
Ti-5A1-2.55n, and 1.4541 steel alloy could increase fatigue life [55]. Nonetheless, depending
on the titanium alloys, other coatings can, however, have adverse effects. For example,
Costa et al. showed that TiN, CrN, and DLC coatings deposited on a Ti-6Al-4V substrate
could decrease fatigue performance [56,57]. This seems to be consistent with Bai et al. [58].
They showed TiN or CrAIN decreases the fatigue limit of Ti-6Al-4V by approximately
38%. In all these tests, the integrity of the deposited layer is essential to enhance fatigue
properties. The resulting defects in the coating can act as crack-initiation locations.
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Despite all the benefits and versatility of PVD to biomedical applications, there is a
lack of research on the effects of PVD coatings on additively manufactured materials. Ac-
cordingly, this research aims to bridge this knowledge gap, particularly for the biomedical
Ti-6Al-7Nb titanium alloy. In this research, the effects of various deposited PVD coatings—TiN,
TiCN, and a-C:Ag—on the mechanical behavior in terms of HCF are investigated.

2. Materials and Methods

Gas-atomized pre-alloyed powder of (x + )-phase Ti-6Al-7Nb was used to study the
effects of PVD on the fatigue performance of samples manufactured using LPBF. ECKART
TLS GmbH (ECKART TLS GmbH, Bitterfeld, Germany) provided this powder. A previous
publication studied and reported its morphology and chemical composition [25]. Before
fabricating the samples, different steps were employed. First, a pre-processing drying step
was used to reduce residual humidity. The resulting powder relative humidity was below
5%. Following this step, Materialise Magics software (V 21.1, Materialise GmbH, Munich,
Germany) was utilized for data and building job preparations. These build jobs were
performed in LT12 SLM machine (DMG MORI AG, Bielefeld, Germany). It is equipped
with a 1067 nm Nd:YAG laser source with power up to 400 W and a 35 um spot diameter.
This machine uses an inert argon atmosphere with an oxygen content between 0.08 and
0.13% to prevent undesired oxidation and contamination of the melt pool. Depending on
the region, contour, or hatch, two constant parameter sets were used to obtain the fatigue
samples” high relative densities, see Table 1. The hatch was exposed with 5 mm stripes,
rotated layer by layer by 67°. During this process, the building platform temperature was
kept at 200 °C.

Table 1. LPBF parameters for the hatch and contour of Ti-6Al-7Nb; 5 mm stripe exposure, rotated
layer by layer by 67°; constant building platform temperature at 200 °C.

Parameter Sets

Layer Thickness tin pm  Laser Power Pin W  Scanning Speed inms~1  Hatch Distance h in mm

Hatch
Contour

50 185 1.675 0.077
50 123 0.512 -

The dimensions and geometry of the fatigue specimens were fabricated according to
Niendorf [59], see Figure 1a. Simulation showed that stress distribution in the notch root is
homogenous and without any significant stress gradients. The specimens, therefore, can be
considered notch free and are applied for HCF tests [59]. As described by Hein et al., shot
peening with Al,O3 may be beneficial in terms of antibacterial effects and low-cycle fatigue
performance [60]. Therefore, all specimens were blasted with high-grade Al,O3. For that,
an SMG 25 DUO (MHG Strahlanlagen GmbH, Diisseldorf, Germany) machine was used.
The utilized Al,O3 particle sizes ranged from 70 to 250 pm. These particles were blasted on
the surface with an air pressure of 4 bar. The as-built specimen is depicted in Figure 1b.
Additionally, stress-relief heat treatment (SR) was employed. SR was implemented under
vacuum at 600 °C for 4 h to reduce residual stresses, characteristic of the LPBF process,
and decomposition of o’ to « phase [61,62]. The SR specimen is shown in Figure 1c. This
treatment is implemented for one condition to determine the effect of SR on the HCF
behavior as it is beneficial for quasi-static and low-cycle fatigue performance [60].

The PVD coatings were deposited on the substrate via magnetron sputtering using
a CC800/9 Custom (CemeCon AG, Wiirselen, Germany). The TiN and TiCN coatings
were deposited with Ti targets and bipolarly pulsed with a cathode power of 4 kW at a
mid-frequency of 50 kHz. For TiN, an interlayer of Ti was applied by sputtering Ti targets
in a reactive-free atmosphere, following the introduction of reactive N to the deposition
chamber. The TiCN coating was deposited with a bilayered Ti/TiN interlayer. The surface
layer of TICN was sputtered in a reactive atmosphere by keeping the N, flow constant and
injecting acetylene (C,Hj) into the chamber. During the deposition of the TiN and TiCN
coatings, the bias voltage was set to —70 V, the base pressure was 5 mPa, and the working



78

4 Publications

Crystals 2022, 12,1190

40f18

pressure was Ar controlled and kept constant at 450 mPa. The chamber was heated with
a heating power of 5 kW, which equals about 400 °C. The a-C:Ag coating was deposited
with a chemically graded titanium carbide (TixCy) interlayer, deposited by simultaneously
sputtering Ti and graphite targets. A detailed explanation of the deposition process is
provided in [63]. The a-C:Ag coating was deposited with two graphite targets with Ag
pellets, bipolarly pulsed at a mid-frequency of 20 kHz, with an average cathode power of
2 kW and a bias voltage of —100 V. The base pressure was 5 mPa and the working pressure
was Ar controlled and set to 300 mPa. The chamber was not actively heated during the
deposition of a-C:Ag, but the chamber temperature was about 120 °C due to the plasma.
A detailed description of the a-C:Ag deposition process is given in [44]. Tillmann et al.
summarized the properties of the three deposited coatings [43]. The different conditions
are depicted in Figure 1—as built (Figure 1b), stress relieved (Figure 1c), TiN (Figure 1d),
TiCN (Figure le), and a 7.5 at.% silver-containing a-C coating (a-C:Ag, Figure 1f).

38

10.25

1.5

(@)

(b) (0) (d) (e) ()

Figure 1. (a) Geometry and build direction (BD) of the fatigue specimens; overview of specimens
in different conditions (b) as built; (c) stress relieved (SR); (d) titanium nitride (TiN); (e) titanium
carbonitride (TiCN); (f) silver-containing amorphous carbon (a-C:Ag).

The surface roughness of the specimens was measured using the tactile profile method.
In it, the diamond tip is equipped with a profilometer Hommel Etamic T8000 (Jenoptic AG,
Jena, Germany). According to DIN EN ISO 4288, five roughness measurements were
performed per specimen [64]. Ten specimens per condition were evaluated to determine
the average roughness depth, Rz, and the arithmetical mean roughness, Ra.

Regarding the HCF, two kinds of testing could be used: stress-controlled loading and
strain-controlled fatigue testing. As healthy bones usually respond to different types of load-
ing by elastic stress and strain [65], stress-controlled testing is a good way to test prostheses.
Accordingly, ambient temperature HCF tests were performed with sinusoidal loading on a
high-frequency testing machine ElectroForce3550 (Bose Corporation ElectroForce Systems
Group, Eden Prairie, MN, USA) according to DIN 50100 [66]. The stress-controlled testing
was conducted using a 25 kN load cell 647.02B (MTS Systems Corporation, Eden Prairie,
MN, USA). The test was controlled via winTest Analysis software (Version 4.1, The Testo-
metric Company Ltd.; Rochdale, UK). These performed stress-controlled fatigue tests had a
stress ratio of R = —1 (completely reversed cycling) and a test frequency of 100 Hz using
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hydraulic wedge grips. The specimens were axially loaded parallel to the build direction
(BD) with a sinusoidal loading. In these tests, a maximum number of cycles Ng was set
at 107 cycles. The fatigue behavior was determined based on the Wohler curve by testing
different stress amplitudes between finite life and long-life strength range. To describe the
finite life strength range, the following equation is used:

N = C-(0,) & 1)

where k is the Wohler line slope and C is the location parameter, which is the theoretical
tolerable number of cycles at a stress amplitude of o, = 1 MPa. The curve was determined
by decreasing the stress amplitude step by step. For each stress state, three specimens were
tested. Using a statistical approach, the probability of survival, Pg, or the probability of
failure, Py, was ascertained. A scatter band can be obtained by performing several tests
at the same stress amplitude. This scatter band is an extension of the Wohler curve with
the failure probability of 10% (Pg10%), 50% (Pgso%), and 90% (Pggge,). The Wohler curve
transforms into a horizontal line, which describes the long-life fatigue strength, or. The
fatigue strength was determined by the staircase test procedure (SC). The SC, according to Hiick,
is a fast and robust method to determine the average endurance limit/fatigue strength [67].

Fracture surfaces and surface analyses allow conclusions to be drawn about the failure
of specimens. Features are detectable, which can provide information about the failure
causes. The fracture surfaces of the HCF specimens were investigated using a scanning
electron microscope (SEM) Zeiss Ultra Plus (Carl Zeiss AG, Oberkochen, Germany). The
SEM images were created by the use of secondary electrons (SE) and an in-lens detector. The
fracture surfaces were classified into forced and fatigue fractures. The interface between the
PVD coatings and the substrate was also inspected to obtain information on delamination
or crack origins in or near the coatings.

3. Results and Discussion
3.1. Roughness

As described by Nakatani et al., the surface roughness significantly affects the fatigue
performance in terms of fatigue strength [68], particularly HCF behavior. The surface
roughness was measured to study the effect of PVD coatings on the roughness and de-
termine the influence of the roughness on the overall fatigue performance. While in the
as-built condition, the mean roughness depth, Rz, is 33.12 & 3.76 um, and the arithmetic
average roughness, Ra, is 4.64 &= 0.45 um; for the SR condition, Rz is 30.77 & 0.87 um, and
Ra is of 4.52 & 0.24 um. For the nitride-based PVD coatings, Rz is 33.74 + 1.98 um, and
Ra is 4.80 + 0.23 um for TiN, and 32.11 + 1.78 um as well as 4.63 + 0.22 um for TiCN,
respectively. The a-C:Ag PVD coating possesses an Rz of 32.73 £ 2.70 pm and an Ra of
4.65 + 0.35 um. The results indicate that PVD coatings have little to no effect on the Ra
and Rz values. As a near-net-shape coating procedure, the PVD coating does not alter the
surface roughness; therefore, the fatigue properties in terms of roughness variations will
not change [69]. Nonetheless, the SR heat treatment slightly reduces the roughness and
may enhance the fatigue performance [68,70,71]. In general, the roughness is comparable
to former research and may be beneficial and preferred for biomedical applications in
terms of cell growth [60]. As the roughness values of all conditions are in a certain range
(Rz = 30.77 um-33.12 um; Ra = 4.52 um—4.80 um), it can be assumed that the different
roughness values do not cause the significant differences in fatigue behavior.

3.2. High-Cycle Fatigue

To obtain information on the effect of the different conditions and coatings on the
fatigue behavior, in terms of fatigue strength and long-term fatigue strength, HCF tests
were performed for several cycles from 10* to 10”. The HCF test results are tabulated in
Table 2.
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Table 2. Overview of the fatigue test results of the as-built, SR, TiN-coated, TiCN-coated, and a-C:Ag-
coated conditions, with different stress amplitudes, o,, and cycles to failure, N, for different test
procedures, Wohler curve and staircase test procedure (SC), 107 = run-outs.

Condition As-Built SR +TiN +TiCN +a-C:Ag
Test Oa N O, N 02 N Oa N O, N
1 400 9243 400 30,576 400 14,141 400 12,244 400 11,259
2 400 9456 400 30,292 400 13,121 400 10,483 400 9294
3 400 8123 400 30,201 400 15,663 400 10,624 400 9131
4 350 11,462 300 97,779 300 26,428 300 16,029 300 17,525
5 350 9979 300 73,048 300 20,530 300 18,132 300 12,786
6 350 10,211 300 86,040 300 17,525 300 19,386 300 12,477
7 300 13,979 300 74,281 200 76,525 200 62,671 200 41,585
8 300 13,462 200 1,250,876 200 71,204 200 51,996 200 45,665
9 300 13,782 200 764,148 200 77,222 200 57,180 200 31,088
10 200 39,514 200 945,842 150 152,991 150 137,682 150 85,630
11 200 42,166 200 675,594 150 171,897 150 144,485 150 100,463
Wohler 12 200 31,930 175 107 150 168,327 150 117,362 150 102,704
13 100 486,130 175 107 125 107 125 107 125 139,143
14 100 396,010 175 107 125 107 125 306,679 125 114,243
15 100 560,428 - - 125 107 125 107 125 138,871
16 150 69,036 - - - - 125 107 100 268,655
17 150 91,714 - - - - - - 100 390,224
18 150 66,932 - - - - - - 100 328,678
19 125 205,157 - - - - - - 75 107
20 125 137,410 - - - - - - 75 107
21 125 128,867 - - - - - - 75 107
22 75 107 - - - - - - - -
23 75 107 - - - - - - - -
24 75 107 - - - - - - - -
1 98 257,290 192 369,262 131 107 144 184,074 99 417,474
2 90 107 183 107 137 169,586 137 196,359 90 107
3 98 411,817 192 460,000 131 245,437 131 354,125 99 390,952
4 90 429,664 192 107 125 107 125 256,334 90 107
SC 5 82 107 200 107 131 107 119 107 99 430,847
6 90 107 - - 137 107 125 107 90 107
7 98 9,519,363 - - 144 205,177 131 298,425 99 289,494
8 - - - - - - 125 281,170 - -
9 - - - - - - 119 270,714 - -

The HCF test results are summarized in Figure 2. Figure 2 shows double-logarithmic
stress-life plots (stress amplitude over cycles to failure). The test points for the Wohler
curves (solid points) and the staircase test procedure (SC, open points) are illustrated.
Specimens that withstand the loading over 107 cycles are classified as run outs. Run outs
are indicated by black, horizontal arrows. In addition, failure bands described by the
failure probability curves Pgjge,, Prse,, and Proge, are plotted. The diagrams present the
different conditions (Figure 2 (a) as built, (b) SR, (c) TiN, (d) TiCN, and (e) a-C:Ag) as well
as the overview of the Pgsq, curves for all conditions (Figure 2f). The curves of the as-built
and a-C:Ag-coated conditions are similar in terms of the fatigue strength, indicated by
the horizontal solid and dash-dot-dot lines in Figure 2f. TICN (dash-dot horizontal line)
and, in particular, TiN (dashed horizontal line) coatings improve the fatigue performance,
resulting in higher fatigue strength, compared to the uncoated, as-built condition (solid
horizontal line), demonstrated in Figure 2f. SR heat treatment significantly improves the
fatigue strength (dotted horizontal line) compared to all other conditions, see Figure 2f. The
Wohler line slope k describes the slope in the fatigue strength range. The slopes are similar
for the as-built and the coated specimens; they range between 2.5 and 2.7 and only the
fatigue strength is higher for the coated samples. For the SR condition (Figure 2b), the slope
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is at 5. Therefore, the curve is less steep and the fatigue strength is significantly higher than
all other conditions.
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Figure 2. Experimental stress-life curves of the different conditions showing the results of the Wohler
tests (filled symbols) and staircase tests (SC, hollow symbols); failure bands described by the failure
probability curves Pgyge,, Prsge, and Prgge,; horizontal arrows indicate the run-out specimens (after
107 cycles); (a) as-built condition; (b) SR condition; (c) PVD coated with TiN; (d) PVD coated with
TiCN; (e) PVD coated with a-C:Ag; (f) comparison of the failure probability curves Pgsge, of the
different conditions.
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The fatigue strength op of the as-built condition (Figure 2a) is similar to the a-C:Ag
condition (Figure 2e) with 92.6 MPa and 95.0 MPa, respectively. The fatigue strength of of
the TiCN-coated state (Figure 2d) is 121.4 MPa and above the as-built and a-C:Ag-coated
conditions. The TiN-coated condition (Figure 2c) has the highest fatigue strength of of
133.5 MPa. For the SR condition, the fatigue strength of is 190.2 MPa and more than
two-times higher than for the initial, as-built condition. SR treatment results in a 42%
increase in fatigue strength compared to the highest fatigue strength of the PVD-coated
samples. The cycles at the knee point of the 50% failure probability curve are slightly lower
for the a-C:Ag coating (298,870 cycles) compared to the as-built condition (385,153 cycles),
see solid and dash-dot-dot arrows in Figure 2f, respectively. Although the TiN-coated
condition has the highest fatigue strength among the coatings, the knee point cycles are
lower (210,470 cycles), see dashed arrow in Figure 2f. The knee point of the TiCN-coated
condition is at 214,018 cycles, see dash-dot arrow in Figure 2f. For the SR condition, the
cycles at the knee point are at 1,025,238 cycles (see dotted arrow in Figure 2f) and the k
value is about two-times higher than for all conditions. The higher the Wohler line slope,
in general, the better the fatigue strength characteristics. The results of the fatigue tests are
summarized in Table 3.

Table 3. Overview of the fatigue properties of the as-built, SR, TiN-coated, TiCN-coated, and a-C:Ag-
coated conditions; fatigue strength, o, cycles at the knee point, N of the failure probability curves,
Pgsgo,, Wohler line slope, k.

Condition As-Built SR +TiN +TiCN +a-C:Ag
o in MPa 92.6 190.2 133.5 1214 95.0
Nk 385,153 1,025,238 210,470 214,018 298,870
k 2.7 5.0 2.6 2.6 2.5

3.3. Fracture Analysis

The fracture analysis is performed for the different conditions after fatigue testing. The
analysis is used to determine the failure causes and mechanisms. Concerning the various
coatings, the characteristics of the coatings and the crack initiation points are of special
interest. Fatigue fracture surfaces often have typical observable characteristics, such as crack
origins and fatigue striations. The fatigue fracture surface of an as-built specimen is shown
in Figure 3a. The fracture surface is divisible into three areas, separated by dotted lines in
Figure 3a. The area between both lines depicts the final, forced fracture area. The fatigue
crack seems to be nucleated on both sides of the final fracture. The Roman numerals (I-V)
indicate multiple possible crack nucleation sites where the crack initiation likely begins.
As the fatigue test progresses, the multiple cracks may grow together to form one critical
crack. The divided fracture surface—fatigue fracture (right) and a residual forced fracture
(left)—is depicted in Figure 3b. Typically, the higher the stress amplitude, the larger the
forced fracture area. The fatigue fracture surface is shown in Figure 3c. Fatigue striations
are observable on the fatigue fracture surface (right side in Figure 3b,d, white arrows) and
are perpendicular to the crack propagation direction (indicated with a red arrow). Distinct
fatigue striations are observable for all conditions and stress amplitudes. The residual
fracture surface typically shows areas with forced transgranular facets associated with
brittle fracture mechanisms and ductile fracture with dimples (Figure 3e, black arrows).
Defects, characteristic of the LPBF process, are often perpendicular to the build direction
and pulled apart by loading. Typical defects are, for example, pores and unmelted powder
particles, which are depicted in Figure 3f,g, respectively. These defects are detrimental
when it comes to fatigue performance of additively manufactured specimens, as they are
probable fatigue crack initiation points [40,72-74].
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Figure 3. SEM images of a fatigue fracture surface on an as-built Ti-6Al-7Nb fatigue specimen;
(a) overview image of the fracture surface, forced fracture occurs between the dashed, black lines;
(b) fracture surface from the black square in (a), divided by the dashed line into fatigue fracture (right
of the dashed line) and residual forced fracture (left of the dashed line); (c) fatigue fracture surface
from the blue square in (a); (d) detailed view of the red square in (c) of the fatigue striations (white
arrows) and the probable crack propagation direction (red arrow); (e) detailed view on the residual
forced fracture surface with shallow dimples (black arrows) resulting from ductile material behavior;
(f) laser powder bed fusion (LPBF) characteristic gas pore; (g) LPBF characteristic lack of fusion defect
with unmelted powder particle.
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Figure 4a shows the fracture surface of a TiN-coated specimen. The fracture surface
is divided into the fatigue fracture (left side) and the forced fracture area surrounded
by the dashed line. Crack nucleation sites are probably on the left side of the fracture
surface, marked with red circles in Figure 4a. The crack can originate at different spots
and propagate to a single fatigue crack. The crack propagation direction is marked with a
red arrow in Figure 4a,b. Figure 4b shows the magnified area within the black rectangle in
Figure 4a. Fatigue striations are visible, which are perpendicular to the crack propagation
direction, see white arrows in Figure 4b. Figure 4c depicts a coated powder particle on the
surface of the specimens. PVD coatings are known to be near-net shaped, which reproduce
the underlying surface topography and roughness [69]. The particle is probably partially
melted on the back side. The PVD coating of undercuts, such as the back side of the
particle, is challenging [75]. As a result, the surface gets inhomogeneous from right to left
(substrate on the right), probably due to a thinner coating on the undercut side of the coating
direction (left to right). The TiN coating shows a smooth fracture surface, see Figure 4d,e.
In Figure 4d, the TiN coating is highlighted by the dashed, yellow lines, whereby the visual
appearance of the fractured coating differs from the fatigue fracture surface of the substrate
on the left side. After a fracture, occasional artifacts, such as cracks through the coating, are
observable, see Figure 4e. The thickness of the coating is around 3 pum, but the Ti interlayer
described by Tillmann et al. is not observable [43]. Figure 4f shows the morphology of the
TiN coating, which consists of angular and edgy, pyramid-like structures [76].

Figure 5 shows the SEM images of the TiCN coating, including fracture surfaces.
Figure 5a shows that the fracture surface may be divided into the fatigue fracture (left
side) and the forced fracture area (dashed line). The red circles indicate the probable crack
nucleation sites (Figure 5a). The crack may originate from different spots, typically from
defects, such as pores or cracks, and propagate to a single fatigue crack. A red arrow marks
the possible crack propagation direction in Figure 5a,b. Figure 5b shows the magnified
area within a black rectangle in Figure 5a. In Figure 5b (white arrows), several fatigue
striations are visible, which are usually perpendicular to the crack propagation direction.
The fracture surface of the Ti-6Al-7Nb, subsequently coated with TiCN, shows, similar
to the other conditions, characteristic fatigue fracture features, such as fatigue striations,
see white arrows in Figure 5b,c. The TiCN coating is highlighted with black arrows in
Figure 5¢c and dashed, yellow lines in Figure 5d. The fracture surface is in the bottom area of
Figure 5d. A closeup of the TiCN coating shows the multilayer layout of the TiCN coating,
consisting of the Ti interlayer (Ti-IL), the TiN interlayer (TiN-IL), and the TiCN surface layer
(TiCN-SL) in Figure 5e. At this position, the coating is around 1.74 pm thick. The TiCN
coating has a hemispherical structure, also described as a cauliflower-like appearance, see
Figure 5f [77,78].

The fracture surface of a specimen with diamond-like carbon a-C:Ag coating, including
LPBF characteristic defects, such as pores (Figure 6a, black arrows) and characteristic fatigue
striations (Figure 6b, white arrows), is depicted in Figure 6. Fatigue striations (white arrows)
are visible on the fracture surface, see Figure 6b—d. The areas marked with the Roman
numerals (I-1II) could be crack nucleation sites. The area (white circle) in Figure 6¢ indicates
a conspicuous spot for the crack origin. Crack initiation likely begins at different points and,
as the test progresses, the individual cracks grow together to form one crack. The probable
crack propagation direction is marked with a red arrow in Figure 6a,b. Figure 6d shows the
around 2 um thick a-C:Ag coating, see yellow arrows. The a-C:Ag coating exhibits a cluster-
like structure, commonly observed for a-C films [79]. Nano-sized particles (green arrows)
are noted coating the surface, especially in the undercut region of the powder particle.
As reported by previous studies, these particles are assumed to be Ag nanocrystallites
dispersed on the surface of the coating [44,80,81].
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Figure 4. SEM images of the fracture surface of a TiN-coated specimen; (a) overview SE image of the
fracture surface, forced fracture surface indicated with the dashed line, possible crack nucleation sites
within the red circles, where the red arrow indicates crack propagation direction; (b) SE image of
fracture surface from the black square in (a), with crack propagation direction (red arrow) and fatigue
striations (white arrows); (c) SE image of coated powder particle on the surface of the specimen;
(d) SE image of TiN coating (dashed, yellow lines) in the boundary region of the fatigue fracture
surface of the substrate (left area); (e) in-lens image of TiN surface layer (TiN-SL) at the edge of a
fractured surface (right area) after fatigue testing, showing emerged cracks in the coating; (f) in-lens
image of the TiN surface with edgy and angular, pyramid-like growth structure.



36

4 Publications

Crystals 2022, 12,1190

12 of 18

(@) (b)

|5

(0 (d)

(e) ()

Figure 5. SEM images of the fracture surface of a TICN-coated specimen; (a) overview SE image of the
fracture surface, forced fracture surface indicated with the dashed line, possible crack nucleation sites
within the red circles, the red arrow indicates crack propagation direction; (b) fracture surface from
the black square in (a), with crack propagation direction (red arrow) and fatigue striations (white
arrows); (¢) TiICN coating (black arrows) on the substrate material (right area) and fatigue striations
on the fracture surface (white arrows); (d) in-lens image of the TiICN coating (yellow dashed lines)
in the edge region of the fatigue fracture surface of the substrate (bottom area); (e) in-lens image
of TiCN surface layer (TiCN-SL), TiN interlayer (TiN-IL), and Ti interlayer (Ti-IL) at the edge of a
fractured surface (bottom area) after fatigue testing; (f) TICN surface with cauliflower-like structure.
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Figure 6. SEM images of the fracture surface of an a-C:Ag-coated specimen; (a) overview SE image of
the fracture surface, dashed line separating fatigue (left) and forced fracture (right), Roman numerals
indicating the possible crack nucleation sites, black arrows marking pores; (b) detailed view of
the blue rectangle in (a), showing the fatigue characteristic striations (white arrows) and the crack
propagation direction (red arrow); (c) overview of the fatigue fracture surface with fatigue striations
(white arrows) and LPBF characteristic defects such as pores (black arrow); (d) detailed in-lens image
of the black square in (c) showing the a-C:Ag coating on the surface (yellow arrows) and the fatigue
fracture surface (right area) with fatigue striations (white arrows), a coated powder particle on the
surface of the specimen with Ag particles (green arrows).

Fracture surfaces were analyzed to identify crack-initiation spots and to determine
whether the cracks started in the substrate or the coating. Unfortunately, the identification
of crack-initiation points is quite challenging and was not successful, probably due to
the specimen geometry (flat, rectangular) and size (miniature size) [70,82]. As the crack-
initiation points are challenging to determine, it was impossible to distinguish whether the
crack originated in the substrate or at the surface (coating). Nonetheless, where it starts
is dictated by different factors. For example, if the crack originates from the substrate,
then it is assumed to happen at defects close to the surface [83-85]. The different coatings
did not flake on the specimen surfaces. Only local delamination that occurred near the
fatigue crack was observable. As described by Tillmann et al., this confirms the assumption
that the adhesion between substrate and coating is strong, especially for the TiN and
TiCN coating [43].
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4. Conclusions

This study addresses the effects of PVD coating on the mechanical properties of
additively manufactured Ti-6Al-7Nb biomedical alloy. The change in fatigue strength
properties is determined for specimens with different substrate conditions (as-built and SR
heat-treated) and PVD-coated states (TiN, TiCN, and a-C:Ag). The results indicate PVD
coatings can improve fatigue behavior and SR heat treatment results in a more significant
improvement in fatigue performance. The findings can be summarized as follows:

e The deposition of the PVD coatings improves fatigue strength. The PVD coatings
improve the fatigue strength for all conditions by 44.2% (TiN), 31.1% (TiCN), and 2.6%
(a-C:Ag) compared to the uncoated substrate material. SR heat treatment leads to a
significant fatigue strength improvement of 105.4%.

e  The Wohler curve knee points of the PVD-coated specimens are lower than the as-built
condition and the Wohler line slopes are similar but less steep. Therefore, the Wohler
curves of the PVD-coated specimens are shifted parallel to the as-built Wohler curves
to higher fatigue strengths. An exception is the SR-heat-treated condition, which has
a higher knee point (166.2% more cycles) and two-times higher Wohler line slope.
In combination with a higher fatigue strength, this results in a significant change in
position and angle of the SR Wohler curve.

o  The fracture surfaces can be divided into fatigue fracture and forced fracture, whereby
the fatigue-forced-fracture ratio depends on the applied stress amplitude. The forced
fracture surfaces of the different conditions are characterized by transgranular facets.
Brittle and ductile fracture features, such as dimples are present on the fracture surface.

e  The fatigue fracture surfaces are characterized by fatigue striations perpendicular to
the crack propagation direction.

e  LPBF-characteristic defects (e.g., pores, unmelted powder) are visible for all conditions
and have a high impact on fatigue performance. Defects often can act as crack origins
but could not be identified. Delamination or flaking of the TiN, TiCN, and C:Ag
coatings was not observable, assuming a high adhesion of the various coatings on the
Ti-6Al-7NDb substrate.

In conclusion, this work illustrates the significant improvement in SR heat treatment
and PVD coatings on the HCF performance of additively manufactured Ti-6Al-7Nb. There-
fore, PVD coatings can be advantageous in the design of load-bearing implants. Further
research should focus on the deposition of PVD coatings on SR specimens to combine
the significant improvement in the heat treatment of the substrate with the surface im-
provement in the PVD coatings in terms of hardness, wear resistance, and tailoring of
biocompatibility features.
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Abstract: Titanium alloys, especially 8 alloys, are favorable as implant materials due to their promis-
ing combination of low Young’s modulus, high strength, corrosion resistance, and biocompatibility.
In particular, the low Young’s moduli reduce the risk of stress shielding and implant loosening.
The processing of Ti-24Nb-4Zr-85n through laser powder bed fusion is presented. The specimens
were heat-treated, and the microstructure was investigated using X-ray diffraction, scanning electron
microscopy, and transmission electron microscopy. The mechanical properties were determined by
hardness and tensile tests. The microstructures reveal a mainly § microstructure with o formation
for high cooling rates and « precipitates after moderate cooling rates or aging. The as-built and «”
phase containing conditions exhibit a hardness around 225 HV5, yield strengths (YS) from 340 to
490 MPa, ultimate tensile strengths (UTS) around 706 MPa, fracture elongations around 20%, and
Young’s moduli about 50 GPa. The o precipitates containing conditions reveal a hardness around
297 HV5, YS around 812 MPa, UTS from 871 to 931 MPa, fracture elongations around 12%, and
Young’s moduli about 75 GPa. Ti-24Nb-4Zr-85n exhibits, depending on the heat treatment, promising
properties regarding the material behavior and the opportunity to tailor the mechanical performance
as a low modulus, high strength implant material.

Keywords: laser powder bed fusion; Ti-24Nb-4Zr-8Sn; titanium alloy; biomedical engineering;
mechanical properties; microstructure; X-ray diffraction

1. Introduction

Nowadays, there is still a lack of individualized implants, facing safety and risk
concerns [1]. Individually adapted implants may reduce revision surgeries and rehabil-
itation times. They can also restore joint kinetics and improve implant fixation during
healing [2]. Patient-specific, customized implants can significantly increase the success rate
of the medical treatment of a patient [3,4]. Additive manufacturing (AM) and, specifically,
laser powder bed fusion (LPBF) provide the possibility to manufacture these customized
implants [5]. LPBF is a powder-based AM technology in which parts are built layer by layer
using a laser beam melting the specified area. This layer-wise fabrication of parts leads
to geometrical freedom, with few design constraints, and the possibility to manufacture,
economically, down to a batch size of one [6,7].

Titanium and titanium alloys are receiving increasing attention in different industries
such as aerospace and especially medical industries, due to their superior mechanical
performance, as well as their excellent corrosion resistance and biocompatibility [8-10]. For
most applications and biomedical use cases, («x + 3) phase titanium alloys, such as Ti-6Al-4V
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or Ti-6Al-7Nb, are used with the main disadvantage of a relatively high Young’s modulus
around 110 GPa, which is over 3 to 4 times higher compared to the cortical human bone [11].
Titanium alloys are often used for load-bearing implants, where this mismatch between the
implant and surrounding bone leads to stress shielding [12]. The difference in stiffness leads
to a reduced loading of the bone. Stress shielding is an adaption of bone cells to varying
stress states in the bone and, therefore, may result in bone density reduction and implant
loosening [13]. Recent studies reflect the development of titanium alloys towards low elastic
moduli accompanied by high strengths, and non-toxic and non-allergic elements [14-17].
Trying to increase the biocompatibility by substituting the toxic elements aluminum and
vanadium, and still obtaining sufficient mechanical properties, the 3 titanium alloy Ti-
24Nb-4Zr-85n (Ti2448) was developed. The Ti2448 alloy exhibits a low Young’s modulus of
42 GPa to 55 GPa and a high strength of 800 MPa to 1200 MPa, depending on processing and
heat treatment routes [18-21]. The biocompatibility and corrosion behavior are improved
through the substitution of the hazardous alloying elements with non-toxic elements
such as niobium, zirconium, and tin. Ti2448 is a promising alloy, containing non-toxic,
biocompatible elements, but is also compromised in terms of microstructural features
and mechanical properties, due to the high concentration of 3 phase stabilizing elements.
Analogous to pure titanium, the « phase has a hexagonal closed packed (hcp) structure
at ambient temperature. Above 882 °C, titanium consists of body-centered cubic (bcc)
structures, which is the 3 phase. The 3 phase becomes stable and can be maintained in the
metastable state below 882 °C by adding (3 stabilizers. The amount of 3 stabilizer to obtain
purely 3 phases at ambient temperature depends on the molybdenum equivalency Moeg,
which is an empirical rule derived from an analysis of binary titanium alloys, and can be
described as follows [22-26]:

Moeq = 1.0 Mo + 0.67 V + 0.44 W + 0.28 Nb + 0.22 Ta + 1.6 Cr + 2.5 Fe... O
— 1.0 Al [wt. %].

In general, the addition of 10 wt. % molybdenum suppresses the transformation from
B to oc upon quenching. Below a Moeq of 10, the alloy is metastable [22,26]. The effect of
molybdenum is, on the one hand, a reduction in the critical cooling rate to retain the
phase and, on the other hand, a significant reduction in the martensitic start temperature
Mg, [25]. Bania’s equation for the Moeq includes a factor for aluminum. The aluminum
equivalent Aleq is added to reflect the tendency to support the formation of the « phase
concerning the « stabilizers aluminum, tin, oxygen, and nitrogen as follows [26,27]:

Aleqg =1.0 Al +0.17 Zr + 0.33 5n + 10 O + 10 N [wt. %]. 2)

In the condition of energy disturbance, such as heat treatment and deformation, the
metastable bee B phase decomposes into the hep « phase, the hep o’ martensite phase, the
orthorhombic «” martensite, or/and the w phase [27-32]. The «’ martensite formation in
titanium alloys, in general, results in increasing tensile strength and hardness accompanied
by decreasing plasticity [33,34]. The formation of «” martensite under rapid quenching
tends to reduce hardness, tensile, and fatigue strength [18,35-38]. Additionally, the w phase
is strengthening the titanium alloy in a certain volume fraction range, but also can lead to
embrittlement [39,40]. Heat treatments of metastable 3 titanium alloys show promising
features to improve and enhance the mechanical properties and are considered for different
fields of applications, including aerospace or medical applications [22,26,41,42].

Various titanium alloys have already been manufactured by LPBE such as
Ti-6Al-4V [43-45] and Ti-6Al-7Nb [46-50]. As described, these alloys obtain high elas-
tic moduli compared to human bones, which could lead to stress shielding, and contain, in
part, hazardous elements such as aluminum and vanadium, which are referred to allergic
reactions, neurotoxic effects, and probably Alzheimer’s disease [51-53]. Therefore, in this
study, the low-modulus metastable (3 titanium alloy Ti2448 is manufactured by LPBF and
investigated. The complex phase transformation in combination with the LPBF is unknown
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and these investigations are to contribute to understanding the mechanisms. Subsequent
heat treatments are applied to modify and adjust the mechanical properties. To tailor the
material behavior and to achieve sufficient mechanical properties, different heat treatments
are conducted. Conclusively, the effects of different microstructures in the as-built and
heat-treated conditions on the mechanical behavior is determined.

2. Materials and Methods

The Ti2448 powder was gas atomized by GfE Metalle und Materialien GmbH (Ntirnberg,
Germany) and examined concerning particle size distribution with a Mastersizer 2000
(Malvern Panalytical GmbH, Kassel, Germany) using laser diffraction. The powder is
mainly spherical, see Figure 1a. It has a nominal particle size distribution between 28.5 um
(D1p) and 73.9 um (Dgp) with a log-transformed normal distribution centered at 45.9 um
(Dsg). The chemical composition of the initial Ti2448 powder was determined by the
Revierlabor (Chemische Laboratorien fiir Industrie und Umwelt GmbH, Essen, Germany)
by X-ray fluorescence analysis, combustion analysis with infrared detection, and standard
carrier gas hot extraction. The measured composition is compared to the target values and
the LPBF manufactured specimens. The chemical composition of the as-built specimens
was determined using the Bruker Q4 Tasman optical emission spectrometer (OES, Bruker
AXS GmbH, Karlsruhe, Germany).

7
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Figure 1. (a) SEM image of the morphology of initial Ti2448 powder, inset showing a spherical
powder particle in higher magnification; (b) schematic overview of the heat treatments (ST = solution
treatment, FC = furnace cooling, AC = air cooling, SWQ = slow water quenching in a glass ampule,
A = aging) as well as the Byansys temperature; (c) geometry in reference to the building direction
(BD) of the tensile specimens; (d) image of an as-built sample, support structure below the white
dashed line.

The specimens were manufactured using an LT12 SLM machine (DMG MORI AG,
Bielefeld, Germany) in an inert argon atmosphere containing less than 1000 ppm oxygen
to minimize oxidation of the molten pool and the risk of introducing contaminants. The
machine is equipped with a 400 W fiber laser with a spot size of 35 um. Specimens were
manufactured using a laser power P = 225 W, with a laser scanning speed v = 1.5 m s !
and hatch distance h = 0.1 mm to obtain a relative density of more than 99.5%. As the
contour parameters, a laser power P = 150 W and a scanning speed v, = 0.4 m s~! were
applied. The layer thickness was kept constant at 50 um, while the layer-wise rotation of
the scanning vectors of 67°, and 5 mm stripes were applied. The building platform was

preheated to 200 °C.
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The as-built specimens were studied and compared to heat-treated specimens to
analyze the differences in microstructure and mechanical properties. For identification
of the effects of heat treatments, four different treatments were conducted in evacuated
glass ampules in a Nabertherm furnace N41/13 (Nabertherm GmbH, Lilienthal, Germany).
Solution treatment (ST) was performed at 750 °C for 1 h for all heat treatments followed by
different cooling rates. Furnace cooling (FC), air cooling (AC), and slow water quenching
(SWQ) of the glass ampules in water were applied. Additional specimens were aged at
500 °C for 4 h after SWQ (SWQ+A) with subsequent AC, see Figure 1b [54].

The crystalline phases were analyzed by X-ray diffraction (XRD) using a D8 Advance
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) equipped with a polycapillary
parallel X-ray lens of 2 mm and a LynxEye silicon strip detector (Bruker AXS GmbH,
Karlsruhe, Germany). The specimens were ground with sandpaper (grain size 2500) and
then vibration polished for 24 h on a VibroMet (Buehler, ITW Test & Measurement GmbH,
Diisseldorf, Germany). The XRD measurements were performed with Cu-Ka1 radiation
(A = 1.5406 A) at an acceleration voltage of 40 kV and a current of 40 mA. The diffractograms
were obtained in Bragg-Brentano geometry over a scanning range of 20 within 30° and
90° with a scan step of A26 = 0.034° and an exposure time of 1 s. In addition, the lattice
parameters of the hcp &, orthorhombic o, and bec 3 phases were determined.

For microstructural and hardness investigations, the specimens were ground and
vibration polished. KOH-solution (32% H;O; 8% HO,; 60% KOH (40%)) was used for
etching the specimens from 2.5 min to 5 min. The etched specimens were investigated with
a light microscope (LiMi) Zeiss Axiophot (Carl Zeiss AG, Oberkochen, Germany). Powder
morphology and microstructure were examined with a scanning electron microscope (SEM)
Zeiss Ultra Plus (Carl Zeiss AG, Oberkochen, Germany).

Further examination of the microstructure was performed using transmission electron
microscopy (TEM). Thin foils were prepared. Slices of ~400 pm thickness were cut employ-
ing the Struers Sectom-5 (Struers GmbH, Willich, Germany). The slices were ground using
SiC abrasive papers to a thickness of ~100 pum. Then, 3 mm diameter discs were punched
out of the slices. The discs were further thinned with Struers Tenupol-5 (Struers GmbH,
Willich, Germany) using an electrolyte containing 5% perchloric acid-methanol solution at
a voltage of 21 V, a current of 16 mA, and at a solution temperature of —23 °C. TEM was
performed using a JEOL JEM-ARM 200F (JOEL Ltd., Tokyo, Japan). TEM, high-resolution
TEM (HRTEM), high angle annular dark-field scanning TEM (HAADF-STEM), and energy
dispersive spectroscopy (EDS) was performed. EDS maps were measured on selected
regions of the HAADF-STEM images with a 5 nm step size and 2 s dwell time per step.

The Vickers hardness was measured on surfaces perpendicular to the build direction
with a hardness tester KB 30 FA (KB Priiftechnik GmbH, Hochdorf-Assenheim, Germany)
according to Vickers HV5. A minimum of two specimens per condition were tested with
30 hardness indentions across the surface of each specimen.

The monotonic tensile tests were performed utilizing a servo-hydraulic test-rig MTS
858 Tabletop System (MTS Systems Corporation, Eden Prairie, MN, USA) equipped with a
20 kN load cell and an extensometer 632.29F-30 (MTS Systems Corporation, Eden Prairie,
MN, USA). The design of the miniature dogbone specimens is according to DIN EN ISO
6892-1, but does not fulfill the proportional specimen criterium [55]. The loading direc-
tion was parallel to the building direction (BD). The geometry and the BD are depicted
in Figure 1c. An as-built sample is shown in Figure 1d. The tensile test procedure corre-
sponded to a displacement-controlled execution with a crosshead speed of 1.5 mm min "
according to DIN EN ISO 6892-1 [55].

3. Results and Discussion
3.1. Chemical Composition
The chemical composition of the initial Ti2448 powder was determined and compared

to the target values and the LPBF manufactured specimens, see Table 1. The initial powder
niobium content is slightly higher than prescribed, whereas the tin content is slightly lower.
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Due to the different melting temperatures of the alloying elements, it is challenging to
obtain the desired chemical configuration of the initial powder. The contents of zirconium
and tin in the as-built specimens are in the prescribed range, the content of niobium is
above 9 wt. %. The chemical composition could be affected by the vaporization of the
alloying elements during the fabrication process [56—60]. Nevertheless, the oxygen content
could be increased due to residual oxygen in the process chamber and the oxygen affinity
of titanium at elevated temperatures [61,62]. Based on Equations (1) and (2), the Mocq is
calculated for the initial powder state to be 2.94. Based on the chemical composition of the
alloy, one may assume that the alloy is a metastable {3 to 3 rich titanium alloy [22,26].

Table 1. Chemical composition of initial powder and LPBF manufactured Ti2448 alloy in wt. %.

Condition Ti Nb Zr Sn (o] Moeq

Target Value Bal. 23.5-24.5 3.5-4.5 7.5-8.5 <0.12 2.32

Initial Powder Bal. 25.2 4.2 7.1 0.11 2.94
as-built Bal. >9.0 3.5 8.2 0.37 -

3.2. Phase Constituents and Microstructure

The microstructure of Ti2448 highly depends on the processing route and the heat
treatment. The XRD diffractograms of the LPBF processed Ti2448 in the initial powder,
as-built, and heat-treated conditions are shown in Figure 2. It can be observed that Ti2448
mainly consists of the cubic B phase (space group Im3m) and, depending on the condition,
also contains low amounts of the hexagonal « phase (space group P63 /mmc), orthorhom-
bic oe” martensite (space group Cmcm), or presumably hexagonal w phase (space group
P6/mmm). Compared to the 3 phase, the Bragg reflections of the remaining phases are
broader, indicating a high degree of microstrain (deformed crystal lattice) and /or small
grain sizes [63,64]. The Ti2248 powder contains the «” phase next to the 3 phase. For
Ti2248 in the as-built state, the Bragg reflections of the 3 (200) and (3 (211) planes show a
shoulder formation towards higher angles, indicating a superposition with another Bragg
reflection. At these angles, the Bragg reflections may originate from the w phase. A clear
assignment is not possible due to the overlapping and broad reflections. Contrarily, the
heat-treated Ti2248 alloys possess either the «” or o phase. The microstructure and sub-
sequent transformation behavior are highly sensitive to the chemical composition and
various cooling rates from the (3 phase field. In general, metastable 3 decomposes in the o
(hep), the o martensite (hep), the «” martensite (orthorhombic), and the w phases [27-30].
The transformation can be tailored by employing heat treatments, thereby controlling the
content of {3 stabilizers in the 3 phase through the cooling conditions [64—66]. For niobium
concentrations less than 13 wt. % in Ti-Nb alloys, the o/ martensite is usually present [37].
Therefore, the Ti2248 alloy with its higher niobium content is expected to contain the w or
«” phase inside a 3 matrix. With decreasing temperature, the instability of the bec lattice in
3 phase alloys increases. As described by Moffat and Larbalestier for Ti-Nb alloys, the o”
and w phases compete to evolve in an unstable lattice [67]. The 3 phase decomposition
is determined by the quench rate, while the two decomposition modes to «” or w phase
are mutually exclusive, due to the different transformation variants in metastable titanium
alloys, as observed by Duering et al. [68]. For higher cooling rates, the formation of «”
martensite is favorable, while material cooled with lower rates comprise 3 and w phase.
The lower the cooling rate, the more complete is the collapse of the {222} planes and the
larger the w precipitates should be [67]. It is assumed that the cooling condition in the
LPBF process fosters the formation of the w phase. As already proposed by Qi et al., a
continuous diffusional-displacive f — «” — « transformation may be present [69]. High
cooling rates, such as in SWQ, AC, and during the powder fabrication process, promote the
«” phase formation, while for slow cooling rates such as in FC or for aging treatments, the
o” phase was not detected, see Figure 2. The «” phase can be regarded as the intermediate
stage in between the transformation from bcc to hep. In the as-built condition, only minor
reflections of the a” phase are observable and, in addition, some of the peaks of other
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phases are broadened, probably due to the overlay with the «” phase peaks, see black
arrows in Figure 2. It is assumed, that due to insufficient undercooling during the process
and/or decomposition through in situ heat treatments, the formation of o” martensite is
inhibited, suppressed, or reversed [34,70,71]. Heat treatments, including slow cooling or
aging, enable the decomposition of «” and the precipitation of the & phase [72]. In sum-
mary, slow cooling from the 3 phase-field, as well as aging, results in the formation of «
precipitates. Higher cooling rates result in the martensitic formation of the «” phase, while
in the as-built state, at intermediate cooling rates and/or in-process heat treatment, the
formation of the w and «” phases seems to be supported, which is mutually competitive.
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Figure 2. X-ray diffractograms of Ti2448 in as-built, ST+FC, ST+AC, ST+SWQ, and ST+SWQ+A
conditions as well as the initial powder; black arrows indicating overlay of o” phase peaks in the
as-built condition; not depicted in the diagram: «” orthorhombic (111) (superposition with 3 (110)),
o orthorhombic (113) (superposition with 3 (211)); x hexagonal (002) (superposition with (3 (110)),
and « hexagonal (103) (superposition with 3 (211)).

The lattice parameters of the hcp « phase, orthorhombic oc” martensite, and bee 3 phase
of Ti2448 in different conditions were determined from the XRD diffractograms and are
summarized in Table 2. For the hexagonal w phase, the calculation of the lattice parameters
was not possible due to the overlapping of the Bragg reflections. The lattice parameter
of the B phase is in the range between 3.287 A and 3.303 A. Deviations can be caused by
distortions of the lattices, interference between phases, different chemical compositions,
and therefore various atom radii. As calculated by XRD, the o phase exhibits lattice
parameters of a = 2.959 A and c = 4.758 A for the furnace cooled condition and a = 2.959 A
and c = 4.726 A for the aged condition. The obtained values for the « and the (3 phase follow
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the results of previous studies [62,73]. The « phase lattice parameters of the furnace-cooled
determined by TEM are a = 3.191 A and ¢ = 5.045 A and deviate from the other values.
The orthorhombic o” phase shows lattice parameters of approximately a =3.1 A, b =4.9 A,
and c = 4.7 A for the XRD calculation and about a = 3.28 A,b=4.88 A, and c = 4.617 A
for the TEM analysis, which slightly differ from reported values of deformation-induced
«” martensitic transformation [74,75]. It is assumed that the thermal formation of the
«” phase differs from mechanically induced transformations, leading to slightly different
lattice parameters.

Table 2. Lattice parameters, determined by XRD, for hcp «, orthorhombic «”, and bec 3 of Ti2448
in the as-built, ST+FC, ST+AC, ST+SWQ, and ST+SWQ+A condition as well as the initial powder;
lattice parameters determined by TEM (marked in brackets).

. Hcp Orthorhombic o” Bee B
Condition a=b[A] cIAl alAl bIA] Al a=b=clAl
Initial Powder - - 3.107 4.924 4.716 3.298
as-built - - - - - 3.287
as-built (TEM) - - 3.28 4.88 4.617 3.297
ST+FC 2.959 4.758 - - - 3.303
ST+FC (TEM) 3.191 5.045 - - - 3.294
ST+AC - - 3.110 4.860 4.716 3.294
ST+SWQ - - 3.121 4.871 4.679 3.295
ST+SWQ+A 2.959 4.726 - - - 3.294

The KOH-etched surfaces of the different conditions are depicted in Figure 3. Figure 3a,b
demonstrate the as-built condition. 3 grain boundaries are observable in the LiMi and SEM
images. Laths are visible in the grains and in the inset in (a), which is presumably referred
to as the «” martensitic phase. The w phase was not detected. The air-cooled and water
quenched conditions have a similar microstructure, see Figure 3c—f, respectively. Coarse
grains are observed for both conditions. In contrast to the as-built condition, no «” phase
laths are observable in the microscopic images for the AC and SWQ condition, although
the XRD measurements suggest this. Figure 3g,h show the LiMi and SEM images of the
aged specimen. The prior 3 grains are not as clearly visible as in the other conditions. A
very fine, diffuse microstructure is visible in the LiMi, which turned out to be « precipitates
at a higher magnification in the SEM. Primary 3 grain boundaries are visible in the SEM
image of the aged condition, see Figure 3h. The initial microstructure, such as in the as-built
condition, is visible in the furnace cooled specimen, see Figure 3i. Yet, the SEM close-up
in Figure 3j indicates « precipitates similar to those in the aged specimens, but not as
homogeneous distributed. As observed by Ren et al., aging has a significant effect on
the precipitation behavior of the secondary o« phase in titanium alloys [76]. The ST+FC
specimens exhibit an irregular distribution and heterogeneous size of intra-granular «
precipitates (white arrows) with grain boundary « (black arrows), see Figure 3j. An
adapted heat treatment (ST+SWQ+A) can modify the microstructure to achieve a uniform
size and orientation (approximately 60°, white triangle) of the acicular « precipitations, see
Figure 3h. Varying the aging time and temperature can tailor the morphology of the intra-
granular « precipitates and the grain boundary « phase can be coarsened and, therefore,
adjust the mechanical behavior [76,77].

A uniform microstructure with grain sizes less than 50 nm was observed by Hao et al.
and Li et al. in cold-rolled sheets of Ti2448 [18,20]. The microstructure of hot-forged and
cold-rolled Ti2448 was investigated and compared by Li et al. [19]. The hot-forged material
consists of equiaxed (3 grains with a grain size of around 5 um, divided into subgrains
with sizes less than 1 um. Aging of the hot-forged alloy resulted in « phase precipitations
with a needle-like shape. The cold-rolled Ti2448 has a 3 + «” microstructure with coarse
grains but also nanostructured regions. Yang et al. cold-rolled previous hot-forged Ti2448
cylinder and performed subsequent solution treatment at 900 °C with water quenching
(ST) or flash treatment at 700 °C with air cooling (FT). The resulting microstructures were
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homogenous single 3 phase with grain sizes about 50 um and 7 pm, respectively [78]. The
microstructure of Ti2448 processed by warm swaging and warm rolling is presented by
Hao et al. [79]. The hot-forged alloy showed an equiaxed (3 phase microstructure with grain
sizes of 100 pm, consisting of equiaxed subgrains with sizes of around 1 pm. After warm
swaging, the microstructure became swirled marble-like, with differences from the surface
to the core. Subsequent warm rolling resulted in a homogeneous microstructure comprising
B phase with grain sizes less than 200 nm and nanosized « phase. Zhang et al. observed
a microstructure for as-hot-rolled Ti2448 with grains around tens of microns, containing
subgrains of the sizes of hundreds of nanometers, and consisting of single 3 phase without
the formation of w phase or «” martensite [21].

as-built

ST+AC ST+SWQ

ST+SWQ+A ST+FC

10 L0

Figure 3. LiMi images of KOH-etched as-built (a) inset showing the black box in higher magnification),
ST+AC (c), ST+SWQ (e), ST+SWQ+A (g), and ST+FC (i) conditions; and SEM images of KOH-etched
as-built (b), ST+AC (d), ST+SWQ (f), ST+SWQ+A (h), and ST+FC (j) conditions; building direction
(BD) for all conditions is indicated by the arrow.
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Figure 4 shows the HAADF-STEM images and EDS maps of the as-built specimen.
Figure 4a,b illustrate the nanostructure consisting of alternately o” martensite and
titanium laths. Figure 4b is the magnification of the white square region in (a). The images
prove the presence of parallel plates. The thickness of the plates varies between 42 and
85 nm. The plates are orthorhombic «” martensite phase (bright laths) and the surrounding
matrix is 3 phase (dark laths). The EDS maps for titanium, niobium, zirconium, and tin are
depicted in Figure 4c—f and are taken from the white, dashed square in (b). The composition
of the alloying elements is uniform in the «” plates and 8 matrix. This indicates the
diffusion-free nature of the orthorhombic «” martensite phase formation.

H
|

i a
i

J 100 ﬁm

Figure 4. (a) HAADF STEM image of the as-built specimen, (b) HAADF STEM image of the white
square region in (a), brighter laths are oc” martensite phase, while the surrounding area is the 3 matrix,
red, dashed lines demarcate the boundary between o” martensite and 3 phase; EDS maps from the
white, dashed square in (b) and chemical distribution of (c) titanium, (d) niobium, (e) zirconium, and
(f) tin.

HRTEM, FFT, and Fourier filtered HRTEM images of the as-built specimen from the
black, dashed square region in Figure 4b are shown in Figure 5. Figure 5a—c are from the
 phase, whereas Figure 5d—f are from the «”/f3 interface region. The HRTEM image
in Figure 5a highlights the lattice of the 3 phase. The corresponding FFT image in (b) is
captured from the [011]B zone axis and shows the 011, 200p and 211 spots. Figure 5¢
is the zoomed-in image of (a), indicating the (110)3 and (200)p planes. Figure 5d shows
the HRTEM image from the lattice fringes of the orthorhombic ” martensite phase and
{3 phase lattice planes. Figure 5e is taken from the [011](3 and [001]«” zone axis. The FFT
image in (e) presents the 011, 2003, and 211 spots as well as the 020a”, 200t”, 220",
and 110a” spots. Multiple spots are observed to overlap with each other: (i) 020« and
0118, (ii) 200" and 200 and (iii) 220«” and 2113. From the FFT image, the orientation
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relationship between the 3 and «” martensite phase is [001]ec” ||[011]B, [020]cc”||[011]B,
[220]e” ||[211]B and [200]«”||[200]B. Figure 5f illustrates a magnified HRTEM marking the
fringes from the (200)(3, (200)«”, (110), (020)«”, and (110)x” lattice planes.

<
-
.
*

-

-

-

Figure 5. HRTEM, FFT, and Fourier filtered HRTEM images from the black, dashed square region
in Figure 4b; (a) HRTEM and (b) FFT images of the 3 phase in (a), zone axis is [011]3; (c) higher
magnification Fourier filtered HRTEM image of the 3 matrix in (a); (d) HRTEM and (e) FFT images
of the «” and 3 phase in Figure 4b, zone axis in is [011]3/[001]«”; (f) higher magnification Fourier
filtered HRTEM image of the «” and {3 phase in (d).

HAADE-STEM images of the ST+FC specimens are depicted in Figure 6a,b, showing
the x and 3 phases. The « phase is present in the form of plates (white arrows) inside
the  matrix. The EDS maps in Figure 6¢c—f are taken from the region in (b), showing the
distribution of titanium, niobium, zirconium, and tin in the o« and 3 phases. A depletion
(lower color intensity) of niobium and an enrichment (higher color intensity) of titanium
is observed in the « phase, indicating a diffusional mechanism of « phase formation due
to the diffusion of mainly niobium. Zirconium and tin are stabilizing or neutral to the
{3 phase-formation of titanium [80,81]. Minor differences in the distribution of zirconium
and tin in terms of depletion can be observed between the x and  phases.

The TEM image of the ST+FC specimen depicted in Figure 7a shows the « phase plates
and the 3 phase matrix. Figure 7b illustrates the HRTEM image of the « plate taken from
the white square region in (a). Figure 7c is a magnified view of the top 3/« interface in (b).
The FFT image in Figure 7d is calculated from (c) with the zone axis of [113]3. The 00020
spot overlaps with the 1108 spot, indicating that (0002)«||(110)f. Figure 7e is a close-up
HRTEM image of the /o interface of (c), marking the fringes from the (0002)c, (110)43,
(2200)c, (121)B, and (211) lattice planes. At the B/ interface, the lattice fringe of (0002)c
is parallel to (110)3. A magnified Fourier filtered image of the 3/ « interface is presented in
Figure 7f, illustrating the (0002)«||(110)B relationship.
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Figure 6. (a) HAADF STEM image of the ST+FC specimen with o phase laths inside the 3 phase
matrix; (b) HAADF STEM image of the black square in (a), showing a higher magnification of
an o phase lath surrounded by the 3 phase; EDS maps and chemical distribution of (c) titanium,
(d) niobium, (e) zirconium, and (f) tin, demonstrating titanium enrichment inside the « phase (higher
color intensity) and titanium depletion inside 3 phase, and enrichment of niobium, zirconium, and
tin inside the 3 phase (higher color intensity) and depletion inside « phase, respectively.

Metastable 3 titanium alloys tend to decompose to the w, , and o” phases. The w
phase probably occurs at lower temperatures, as described by Ohmori et al. [82]. In the
as-built condition, the w phase was not observed during TEM investigations, but, due to the
XRD results, is assumed to be present in this condition. For the furnace cooled conditions,
nevertheless, the « phase laths probably nucleate at the w/ {3 interfaces and grow in the 3
matrix, consuming the w phase particles, as described by Ohmori et al. during quenching
from the (3 phase region. The a” martensite plates nucleated preferentially at the  grain
boundaries [82].
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Figure 7. (a) TEM image of « phase and 3 phase in the ST+FC specimen; (b) HRTEM image of the
o lath and p phase; (¢) HRTEM image of the upper «/f3 interface in (b); (d) FFT image of the area
in (c) with [113]B zone axis; (e) magnified HRTEM image of the o/ interface in (c) with the (211)B,
(121)B, (110)B, (0002)cx, and (2200)« planes marked; (f) Fourier filtered HRTEM image showing the
o/ B interface in (e) with the (110), (0002)c, and (2200)« planes marked.
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3.3. Mechanical Properties

The hardness of the additively manufactured Ti2448 in as-built and heat-treated condi-
tions is summarized in Figure 8a. In the as-built condition, the hardness is 219 + 8 HV5
and slightly lower but in good agreement with other research on LPBF-fabricated Ti2448
with near full dense (230 HV0.5 [83], 240 HV1 [54], 230 HV0.5 [84]), and lower than for
EBM-fabricated Ti2448 (255 HV [85]). For conventional conditions, the hardness varies
between 215 HV (hot-forged), 230 HV (warm swaged), and 265 HV (warm rolled) [79].
For ST+AC and ST+SWQ conditions, the hardness is slightly higher, 232 + 5 HV5 and
230 + 5 HV5, respectively, compared to the as-built condition, probably due to the pres-
ence of o” martensite [18,35-38]. The ST+SWQ+A heat treatment leads to a hardness of
290 £+ 4 HV5. The highest hardness results in ST+FC condition with 305 & 3 HV5. The
increased hardness of the aged and furnace cooled condition is assumed to be precipitation
hardening due to « precipitates formation in the  matrix [69,86]. The hardness values are
summarized in Table 3.
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Figure 8. (a) Vickers hardness for different conditions; (b) stress—strain curves of different conditions;
(c) inset of the dashed boxed in (b) presenting the nonlinear elastic behavior of the ST+AC and
ST+SWQ conditions.

The stress—strain curves of the as-built and heat-treated specimens of Ti2448 are
depicted in Figure 8b. The lowest ultimate tensile strength (UTS) of 700 £ 6 MPa and the
highest fracture elongation A of 22 + 1% were measured for the as-built condition. AC or
SWQ after ST result in similar UTS of approximately 705 MPa and elongations of around
20%. The Young’s moduli E; of the as-built, ST+AC, and ST+SWQ conditions are similar
at the beginning of the elastic deformation, until a strain of 0.5%. The tensile tests of the
ST+AC and ST+SWQ conditions show significant and continuous elastic softening with
increasing strain and, therefore, stress. The slope changes for strain values higher than 1%
to E; of approximately 14 + 0.11 GPa, see Figure 8c. The «” martensite phase is present
in these two conditions. Kolli et al. propose deformation mechanisms by conventional
slip and stress-induced transformation due to o martensite, «” martensite, w phase, and
deformation twinning, whereas the mechanisms depend on the 3 phase stability of the titanium
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alloy [42,87]. With increasing Moegq, the stress-induced deformation mechanisms follow the
sequence o — «” — w + twinning — twinning — twinning + slip — slip. With a Moeq of
around 2.94 and a niobium content higher than 13 wt. %, the alloys are expected to contain
the «” phase and the deformation mechanism is likely to be based on «” formation [37]. The
presence of metastable «” martensite or w phase can promote stress-induced transformation
and serve as nucleation sites during deformation [42,87]. As described by Furuta et al.,
both conditions show pseudo-elastic deformation. This behavior is based on stress-induced
o” martensite, which is determined through in situ XRD measurements during tensile
tests. Along with increasing tensile strain and stress, the a” phase retransforms to 3
and can be explained by reversible martensitic transformation, also known as “pseudo-
elastic deformation” [88]. Hao et al. assume stress-induced phase transformation and /or
incipient kink bands as the origin of the peculiar elastic behavior [89]. Although the
LPFB process leads to «” martensite microstructure, shown by the TEM investigations,
this exceptional pseudo-elastic deformation behavior was not detectable for the as-built
condition. The thermal history of each layer during the process may result in a characteristic
microstructure of the as-built specimen and, therefore, a unique material behavior. The
material undergoes a series of thermal cycles, where the previously fabricated material can
be partially re-melted and re-solidified [90,91]. Non-linear elastic behavior of the as-built
condition may be attributed to the microstructure, probably characterized by localized
distorted region with the elastic strain being located hierarchically in the alloy, as assumed
by Furuta et al. [88]. Subsequent aging or FC after ST led to higher strengths, 871 & 22 MPa
and 931 + 7 MPa, a significant reduction of elongations, 12 4+ 2% and 11 £+ 1 MPa, and
increased Young’s moduli E;, 76 &= 3 GPa and 73 + 1 GPa, respectively. These treatments
produce fine dispersion of « precipitates as the principal strengthening mechanism. The
aging temperature and time have a significant effect on the size and spacing of the « phase
formed and, therefore, on the mechanical performance [92].

Table 3. Comparison of average mechanical properties, including the hardness and monotonic tensile
properties, of the as-built and heat-treated Ti2448, as well as literature values including conventional
processing methods: yield strength YS, ultimate tensile strength UTS, fracture elongation A, and
Young’s Moduli E; and E,.

Condition Hardness YS UTS A E1/Ey
[HV5] [MPa] [MPa] [%] [GPa]
as-built 219+ 8 490 + 16 700 + 6 22+1 49+1/-
ST+AC 23245 362+ 7 707 £2 20+2 51+2/14+0.1
ST+SWQ 230 + 5 339 + 10 705 + 3 19+2 50 +2/14 + 0.1
ST+SWQ+A 290 + 4 819 + 27 871 + 22 1242 76 +3/-
ST+FC 305+3 805 + 11 93147 11+1 73+1/-
LPBF [83] 220-230 563 + 38 665 £+ 18 14+4 53+1/-
Hot rolled [21] - 700 830 15 46
Hot-forged [19] 230-370 570 750 13 55
Hot-forged [79] 215 - 800 18 52
Warm swaged [79] 230 - 850 14 55
Warm rolled [79] 265 - 1150 8 56

The mechanical properties are summarized in Table 3. Rapid cooling during fabrica-
tion or heat treatment results in lower strength properties. High cooling rates from above
the Prransus temperature result in the formation of the «” martensite and, consequently,
lower strength and elongation, compared to the as-built condition. Previous studies have
shown that the o martensite phase reduces hardness, tensile, and fatigue properties [36,93].
Through slow cooling or aging treatments at temperatures below Bransus, ¢ phase laths can
evolve and grow. Annealing treatments and slower cooling lead to strengthening due to
enhanced nucleation of the « precipitates [20,94]. Compared to other research on additively
manufactured Ti2448, the properties are in good agreement regarding the hardness and
UTS, whereas the YS and fracture elongation slightly differ, due to varying proportion-
ality factors concerning the specimen geometry [83]. In comparison to other processing
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routes, the different heat treatments, in particular the aging and FC, enhance the mechan-
ical properties in terms of UTS and hardness. The properties of the warm swaging and
rolling treatments are caused by the ultrafine-grained microstructures, not achievable by
the applied treatments [79]. Further work shows similar properties, depending on the pro-
cessing routes and heat treatment strategy [95], although, for the additively manufactured
Ti2448, different treatments show huge potential in improving the mechanical behavior and
properties, especially aging or FC. Besides improved UTS and YS remaining similar elonga-
tion compared to the conventional process routes, the Young’s moduli increase for these
conditions due to the presence of « precipitations. The hardness of conventional processed
Ti2448 can be outperformed by the additively processed and heat-treated conditions [19].
Nevertheless, additively manufactured and heat-treated (FC or SWQ+A) Ti2448 achieves
similar or better mechanical performances than conventional processed Ti2448 regarding
UTS and YS, with slightly increased Young’s moduli and still retained good ductility.

The possibility of in situ «” martensitic transformations during deformation of the f3
phase for air-cooled and slow water quenched specimens, during hardness or tensile tests,
could be present. The determination is challenging and would require the observation of
the specimens at the nanoscopic level during the tests. Further investigations on the stress-
induced deformation and formation of the o” phase are necessary for a comprehensive
understanding of the mechanical behavior, exclusively concerning the fatigue behavior and
the utilization as an implant alloy. In addition, the individual tailoring of the mechanical
properties by adapting the aging heat treatment parameters has to be considered for
further research.

4. Conclusions

Micro- and nanostructure, as well as Vickers hardness and monotonic tensile properties
of Ti2448 manufactured with LPBF, have been studied in the as-built state and heat-treated
conditions. Solution heat treatment at 750 °C with various cooling rates (AC, FC, and
SWQ) or ST with subsequent aging at 500 °C were performed and compared to the as-built
additively manufactured condition. The effect of different heat treatments is determined
as follows:

o The as-built condition shows mainly 3 phase containing acicular «” martensite phase,
as detected via TEM. Air-cooled and water-quenched states exhibit similar microstruc-
tures consisting of  grains, investigated by LiMi and SEM. The aged condition exhibits
a diffuse microstructure with homogeneous and uniform « precipitates inside the 3
matrix. The furnace-cooled specimens have a microstructure comparable to the aged
conditions but have heterogeneously distributed and coarser « precipitates within the
3 phase.

e  The nanostructure, determined by TEM, of the as-built condition is compared to
the furnace cooled condition, which exhibits the best tensile properties regarding
hardness, UTS, and YS. The «” martensite laths were detected inside the (3 matrix.
Based on FFT images, the orientation relationship of the a” martensite and § phase
is determined. The homogeneous distribution of alloying elements in the EDS maps
indicates a diffusion-free phase transformation during cooling. The furnace-cooled
specimens consist of « precipitates inside a 3 phase matrix. Based on crystallographic
relation, the precipitates are oriented approximately 60° to each other.

e  X-ray diffractograms are sensitive to the various heat treatments and, in particular, the
cooling rates. High cooling rates, e.g., AC, SWQ, and the powder fabrication process,
lead to the formation of the martensitic «” phase. Low cooling rates (FC) or aging
after ST result in the formation of the « phase.

e  FC or aging after solution treatment results in a microstructure containing acicular «
precipitates in the 3 matrix, leading to high tensile strength with relatively low ductility.
Phase transformation, such as stress-induced «” phase transformation, probably leads
to pseudo-elastic deformation behavior in the air-cooled and slow water-quenched
conditions. As the «” phase was not detected with XRD in the furnace cooled and
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aged conditions, a linear stress—strain relationship was observable in the elastic range.
The as-built conditions show elastic anomaly, which is attributed to the LPBF resulting
microstructure. The furnace cooled condition exhibits the best mechanical properties
regarding UTS, YS, and hardness with a slightly worse fracture elongation compared
to the aged conditions.

Controlling the development and refinement of precipitated « phase in metastable 3
titanium alloys allows the achievement of an excellent combination of strength and ductility,
including superb biocompatible properties. In this work, the furnace-cooled specimens
obtain the best mechanical properties regarding hardness, UTS, and YS. Nevertheless, the
aged condition has to be considered for further investigations regarding the possibility of
tailoring the material properties. Adapted heat treatments enable adjusting the microstruc-
tural features in terms of the « precipitates. Furthermore, in situ investigations at the
nanoscopic level should be performed to determine and understand the material behavior
and possible o” phase transformation behavior during the tensile tests of the air-cooled
and water-quenched conditions. If fully understood, the two-part Young’s modulus can be
utilized. Regarding the overall performance, Ti2448 shows promising features regarding
the tailoring of mechanical properties and applying an implant material with a low Young’s
modulus, as well as adequate and adaptable strength properties.
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5 Conclusions

This chapter summarizes and correlates the main findings of the presented publica-
tions A — E. The research hypotheses from Chapter 3 are falsified or verified accordingly,
and the resulting conclusions are presented.

The LPBF-processed Ti-6A1-7Nb in the as-built condition has higher mechanical prop-
erties in hardness, YS, and UTS in comparison to conventionally manufactured compo-
nents. On the one hand, as given for the as-built condition, a finer microstructure results
in increased strength values due to grain boundary strengthening, also known as the Hall-
Petch relation. On the other hand, the decreasing grain size shows adverse effects on the
breaking elongation. Reduced grain sizes lead to increased dislocation pile-ups within
the grains and, therefore, to reduced elongation at break. As the strength and hardness
values of LPBF processed material exceed the values of conventional Ti-6Al-7Nb, the
breaking elongation is lower. Therefore the sub-hypothesis Hla is partly confirmed by
Paper A and Paper B.

The LPBF and subsequent post-treatments, such as heat treatments, significantly af-
fect the microstructure. The as-built condition of Ti-6Al-4V and Ti-6A1-7Nb show fine,
acicular o martensite laths. These laths are formed by phase transformation during
rapid cooling from primary (3 grains. These grains first form during solidification from
the melt and are elongated along the building direction due to the layer-wise fabrication
and the resulting epitaxial grain growth. The fine acicular &’ martensite grain size and
orientation depend on the size and growth direction of the 3 grains, which depend on
the manufacturing process and the process parameters. The investigations and results
show the apparent dependence of the microstructure on the different heat treatment vari-
ants. On the one hand, the o phase and o martensite are dominant within the as-built
and stress-relieved condition. On the other hand, the 3 phase forms and precipitates
at higher temperatures during heat treatments. Particularly for temperatures above the
Biransus temperature, the grains significantly start to grow. The as-built and stress-
relieved conditions are favorable regarding YS, UTS, and breaking elongation, compared
to those heat-treated at higher temperatures with a larger amount of 3 phase. Gener-
ally, the heat treatments, especially at higher temperatures, tend to soften the crystal
lattice structures, reduce the process and phase formation induced residual stresses, and
enhance the (3 phase formation. Consequently, the mechanical properties, particularly
the strength values, are reduced. The sub-hypothesis H1b claims the possibility of tai-
loring the microstructure and quasi-static mechanical properties, which is confirmed by
the results from Paper B.

The LCF behavior is strongly related to the material strength, as the loading situa-
tion leads to plastic deformation. Additionally, the LCF performance is connected to
the residual stress state. The fatigue life is longer for heat-treated states at lower strain
amplitudes and stresses. The reduction of residual stresses and changes in the microstruc-
tures show significant improvement in the LCF regime. In contrast, the strength values
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dictate the LCF performance for higher strain amplitudes and stresses, whereas higher
strength leads to higher fatigue life. Paper B shows different LCF behavior for different
microstructures and confirms the sub-hypothesis Hlc.

The deposition of PVD thin coatings strongly affects and enhances the material behav-
ior, especially the quasi-static properties. The thin coatings, TiN, TiCN, and a-C:Ag,
exhibit high adhesion on the blasted Ti-6Al-7Nb substrate surface. The hardness of
PVD-coated surfaces is increased by the factor 2 to 3 compared to the blasted, as-built
surface of Ti-6Al-7TNb, whereas TiN thin coating results in the highest hardness. In
addition, the tensile properties are improved by PVD coatings. The PVD-coated condi-
tions have higher tensile strength (YS and UTS) but show a slightly reduced breaking
elongation compared to the as-built condition. Due to changes in the structural surface
state by increased dislocation density close to the surface, increased surface hardness
and strengthening are subjected to PVD coating-induced residual compressive stresses.
On the one hand, the material behavior is affected, particularly strength and hardness
values are higher compared to the as-built condition of Ti-6Al-7Nb. However, on the
other hand, the elongation at break is slightly reduced by the deposition of PVD thin
coatings, as presented in Paper C. The sub-hypothesis H1d, therefore, can only be par-
tially verified.

The fatigue properties illustrate the improving effect of PVD thin films on the mechani-
cal behavior of Ti-6Al-7Nb. Besides the quasi-static properties, the LCF properties can
be enhanced to a certain extent by applying PVD coatings. The deposition of PVD
coatings significantly improves the LCF performance. The average number of cycles
to failure is increased for all conditions and all strain amplitudes within the LCF tests.
Mainly by altering the surface hardness, the plastic deformation and, therefore, the crack
initiation near the specimen’s surface is delayed. Changes in the residual stress states
in terms of increased compression stresses lead to crack closure tendencies at the crack
tips during crack growth. Based on the same mechanisms, the HCF properties are also
improved compared to the as-built condition of Ti-6Al-7Nb. The fatigue strength is
enhanced by 2.6 % to 44.2 % by PVD coatings. The most significant improvement in
fatigue performance (4+105.4 %) is generated by stress relieving. The improvement in
HCF performance can be attributed to recovery processes leading to reduced process-
induced stresses. The sub-hypothesis Hle that PVD thin coatings and stress-relieving
can improve LCF and HCF behavior is confirmed by Paper C and Paper D. On the one
hand, the fatigue life within the LCF and HCF regime is increased; on the other hand,
the fatigue strength is improved.

Overall the main hypothesis H1, that LPBF-manufactured Ti-6Al-7Nb in combination
with HT and PVD thin coatings offers improved biocompatibility and mechanical per-
formance, is mainly confirmed. Additionally to the effects and improvements in the me-
chanical performance described above, Ti-6Al-7Nb shows good biocompatibility on the
as-built and blasted surfaces for different cell types, such as fibroblasts, osteosarcoma
cells, and endothelial cells. Within the biological investigations, no cytokine release of
Interleukin-6 (I1-6) was observable for any conditions. Il-6 is a cytokine involved in a va-
riety of biological functions, in particular in immune responses and inflammation. Only
slightly anti-proliferative effects on osteoblasts and anti-bacterial effects against Staphy-
lococcus aureus were observable on blasted Ti-6Al-7Nb, probably due to the aluminum-
containing blasting material.

The LPBF-processed Ti-24Nb-4Zr-8Sn alloy shows significantly different microstructures
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and mechanical properties than Ti-6Al-7Nb. In the as-built state and after solution
treatment with following air-cooling or slow water quenching, the microstructure com-
prises mainly 3 phase with sporadic acicular «” martensite. This structure results from
the high cooling rates of these conditions. For the lower cooling rates, such as furnace
cooled or the subsequently aged condition, the microstructure contains o« precipitates
within the (3 matrix. The former condition has heterogeneously distributed and coarser
« precipitates compared to the aged condition. As the strengthening mechanisms for
metastable 3 titanium Ti-24Nb-4Zr-8Sn are primarily based on precipitation harden-
ing due to the « precipitates, the x-containing conditions exhibit a significantly higher
strength. The o precipitates also have an embrittling effect, resulting in a relatively low
ductility and decreased breaking elongation. During the deformation of Ti-24Nb-4Zr-8Sn,
a stress-induced phase transformation of &” occurs, leading to a pseudo-elastic deforma-
tion behavior of the solution-treated and air-cooled or water-quenched conditions. This
phase transformation results in a divided elastic modulus (50 GPa — 14 GPa), which is
promising in reducing stress shielding. For Ti-24Nb-4Zr-8Sn, the mechanical properties
(strength, elastic modulus) can be adjusted by heat treatments due to tailoring the o
precipitates size in the 3 matrix. The main hypothesis H2 claims that the metastable
Ti-24Nb-4Z-r8Sn alloy has advantages regarding biocompatibility and material perfor-
mance compared to Ti-6A1-7Nb. As the mechanical properties do not achieve the re-
quirements according to the standards for Ti-6Al-7Nb, they are still promising in terms
of tailoring and adjusting to the needs of implant material. As the chemical composition
does not contain hazardous elements, such as aluminum or vanadium, it can be assumed
that the biocompatibility is similar or better compared to Ti-6Al-7Nb. Therefore hy-
pothesis H2 is neither verified nor falsified.

In terms of overall performance, quasi-static and fatigue material behavior, the stress-
relieved conditions show the most favorable properties. The investigations underline the
features of PVD coatings and their significant improvement of the quasi-static and fa-
tigue properties of Ti-6Al-7Nb. This work indicates the significant advancement of the
mechanical properties of additively manufactured Ti-6Al-7Nb in combination with post-
treatments, such as stress relief heat treatments or deposition of PVD coatings. The
Ti-24Nb-4Zr-8Sn alloy shows promising approaches regarding its tailoring of mechanical
properties and which is helpful for further biomedical applications. Nevertheless, the
deposition of functional PVD coatings in combination with heat treatments is the most
promising method to improve mechanical and biocompatible performance for the design
of load-bearing implants.
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