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Abstract

The main subject of this work was the investigation of sintering behavior,
microstructure, mechanical properties and biocompatibility of metal injection moulded
(MIM) Ti-Nb alloys for biomedical applications. Commercially pure titanium (CP-Ti)
samples were also fabricated by MIM as a reference.

The sintering behavior of MIM Ti-Nb alloys was studied at first, in order to roughly
determine the sintering parameters in the following investigations. Dilatometry was
applied to investigate the linear shrinkage of MIM Ti-Nb samples from room
temperature to 1500 °C at a heating rate of 3 °C/min under argon atmosphere. Various
sintering parameters and Nb contents were used to investigate their influences on
microstructure and mechanical properties of MIM Ti-Nb alloys by means of density
measurements, optical microscopy (OM), X-ray diffraction (XRD), scanning electron
microscopy (SEM) and mechanical testing. Transmission electron microscopy (TEM)
and high energy X-ray diffraction (HEXRD) measurement were applied to investigate
the nature and precipitation of the unexpected titanium carbide precipitates in MIM
Ti-Nb alloys. Initial cell adhesion and cell proliferation assays of human umbilical cord
perivascular cells (HUCPV) on MIM Ti-Nb alloys were performed for biocompatibility
characterization.

The results of this work show that MIM Ti-Nb and MIM CP-Ti samples have been
successfully fabricated and the as-sintered samples show good shape retention without
distortion compared to the green sample. The sintering process of MIM Ti-Nb alloys
consists of three main steps — Ti-diffusion step, Ti-Nb-diffusion step and
Matrix-diffusion step. With increasing sintering temperatures and time, MIM Ti-Nb
alloys exhibit lower porosity and higher Young’s modulus. A higher Nb content in
MIM Ti-Nb alloys leads to an increase of carbide area fraction and porosity. The three
factors — Nb content, carbide area fraction and porosity — determine the mechanical
properties of MIM Ti-Nb alloys. An increase of Nb content and amount of carbides as
well as a lowered porosity lead to a higher tensile strength. A decrease of Young’s
modulus can be expected with higher Nb content and porosity. A high amount of
titanium carbides can result in very poor ductility, but annealing and quenching process
can significantly improve the elongation by dissolving the carbides. MIM Ti-Nb alloys

exhibit good biocompatibility, indicating their potential for implant applications.



Zusammenfassung

Das Hauptthema dieser Arbeit war die Untersuchung von Sinterverhalten, Mikrostruktur,
mechanischen Eigenschaften und Biokompatibilitit von mittels Metallpulverspritzguss
(MIM: Metal Injection Moulding) verarbeiteten Ti-Nb Legierungen fiir biomedizinische
Anwendungen. Reintitan (CP-Ti) Proben wurden ebenfalls mittels MIM als Referenz
hergestellt.

Zuniachst wurde das Sinterverhalten der MIM Ti-Nb Legierungen untersucht, um die
Sinterparameter fiir die folgenden Untersuchungen abzuschdtzen. Dilatometrie wurde
angewendet, um die lineare Schrumpfung von MIM Ti-Nb Proben beim Autheizen von
Raumtemperatur auf 1500 °C mit einer Rate von 3 °C/min unter Argon Atmosphire zu
untersuchen. Verschiedene Sinterparameter und Nb-Gehalte wurden verwendet, um
deren Einfliisse auf die Mikrostruktur und die mechanischen Eigenschaften von MIM
Ti-Nb Legierungen mit Hilfe von Dichtemessung, optischer Mikroskopie (OM),
Rontgenbeugung (XRD), Rasterelektronenmikroskopie (REM) und mechanischer
Prifung zu  bestimmen. Transmissionselektronenmikroskopie = (TEM) und
Hochenergie-Rontgenbeugung (HEXRD) wurden angewendet, um Art und
Ausscheidungsprozess der unerwarteten Titankarbide in MIM Ti-Nb Legierungen zu
untersuchen. Zur Charakterisierung der Biokompatibilitit wurden Tests beziiglich
anfanglicher Zelladhdsion und Zellproliferation von perivaskuldren Zellen der
menschlichen Nabelschnur (HUCPV) auf der Oberfliche von MIM Ti-Nb Legierungen
durchgefiihrt.

Die Ergebnisse dieser Arbeit zeigen, dass MIM Ti-Nb und MIM CP-Ti Proben
erfolgreich hergestellt werden konnen. Die gesinterten Proben zeigten eine gute
Formbestindigkeit ohne Verzerrung gegeniiber des Griinteils. Der Sintervorgang der
MIM Ti-Nb Legierungen besteht aus drei Hauptschritten — Ti-Diffusionsschritt,
Ti-Nb-Diffusionsschritt und Matrix-Diffusionsschritt. Mit zunehmender
Sintertemperatur und Zeit zeigen MIM Ti-Nb Legierungen eine abnehmende Porositét
und eine Erhéhung des E-Moduls. Ein héherer Nb Gehalt fiihrt zu einer Erhohung der
Flachenanteile von Karbiden und Poren. Die drei Faktoren — Nb Gehalt,
Karbid-Flichenanteil und Porositit — kontrollieren die mechanischen Eigenschaften von
MIM Ti-Nb Legierungen. Eine Erhohung des Nb-Gehaltes und der Menge der Karbide
sowie eine geringere Porositdt fiihren zu einer hoheren Zugfestigkeit. Eine zusitzliche
Verringerung des E-Moduls findet mit hoherem Nb-Gehalt und hoherer Porositit statt.
Eine grofle Menge an Titankarbiden fiihrt zu einer niedrigen Duktilitét, jedoch kann die
Dehnung durch Glithen und Abschrecken zur Auflosung der Karbide deutlich verbessert
werden. MIM Ti-Nb Legierungen weisen eine gute Biokompatibilitit auf und zeigen

dadurch ihr grof3es Potenzial fiir Implantat Anwendungen.
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INTRODUCTION

1. Introduction

Nowadays, it has been estimated that about 90 % of the population over the age of 40
suffers from different kinds of degenerative diseases on the bones [1]. The application
of artificial biomaterial is one of the best solutions for these problems. At present,
about 70-80 % of implants are made of metallic biomaterials [2]. Amongst the
metallic materials available for implant applications, Titanium (Ti) and its alloys are
the most attractive choice for the medical applications because of their unique
combination of properties including high strength, low density (high specific strength),
good corrosion resistance and outstanding biocompatibility [3]. The first attempt to
use Ti as implant material dates back to late 1930s [2]. Until recently, the mainstream
approach taken for the introduction of implant materials are commercially pure Ti
(CP-Ti) and Ti-6Al-4V alloy with extra-low interstitials (Ti-6A1-4V ELI), which have
been used for the manufacture of surgical implants for over 40 years [4]. However,
there are a few drawbacks of the Ti-based biomaterials that have been widely used,

i.e., CP-Ti and Ti-6Al-4V.

Firstly, the applications of CP-Ti and Ti-6Al-4V alloys are limited by the traditional
processing techniques. Biomaterials are used in different parts of the human body as
artificial valves in the heart, stents in blood vessels, replacement implants in knees,
hips, shoulders and ears. All of the above-mentioned artificial parts should exhibit
complex shapes with subtle details to conform to the human tissues. However, the
traditional producing processes are limited in manufacturing Ti and Ti alloys as
implant material due to the rather high costs of the raw material, the complex
fabrication process, and the associated geometry design constraints. Metal injection
moulding (MIM) could be an attractive choice to overcome these problems [5]. One
reason is that MIM can reduce costs due to its net-shape fabrication advantages, if
high numbers of components are produced. On the other hand, MIM offers unique

design flexibility that is not readily achievable with other fabrication processes [6-13].
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During recent years, there have been several attempts regarding the MIM of Ti and Ti
alloys. The standards ASTM F2989-13 and ASTM F2885-11 have been developed for
MIM CP-Ti [14] and MIM Ti-6Al-4V [15], respectively. CP-Ti components which
had biocompatible properties were also produced via MIM process. The tensile
strength, elongation and oxygen levels of the components met the requirements for
ASTM Grade 2 Ti [16]. Ti-6Al-7Nb alloy fabricated by MIM exhibited properties
similar to those of the wrought materials [17]. Sidambe et al. [18] produced
Ti-6Al-4V specimens by MIM using a water soluble binder. Ferri et al. [19] and Obasi
et al. [20] investigated the influence of microstructures and processing parameters on

mechanical properties of a Ti-6Al-4V alloy processed by MIM.

Secondly, Ti-6Al-4V and CP-Ti are reported to have either cytotoxicity or
biomechanical incompatibility as implant materials [3, 21]. The vanadium and
aluminium in the Ti-6Al-4V alloy are found to be basically cytotoxic to cells and
might be associated with long-term health problems, including neurological disorder
and poor osseointegration [22]. In addition, long-term studies have revealed that the
CP-Ti (pure o) and Ti-6Al-4V (a+P) alloys prevent the sufficient load being
transferred to adjacent bone, because they have much higher Young’s modulus
(100~120 GPa) than bones (4~30 GPa) [23, 24]. Such a biomechanical
incompatibility is called “stress shielding effect”. It usually results in bone resorption
and eventual implant loosening [25]. As for Ti alloys, the B-phase exhibits about
60~80 GPa of Young’s modulus, which is much lower than that of the a-phase
(100~120 GPa) [26]. Therefore, the P or near-B Ti alloys, such as
titanium-molybdenum (Ti-Mo) alloys [27], titanium-tantalum (Ti-Ta) alloys [28] and
titanium-hafnium (Ti-Hf) alloys [29] have been developed recently. Niobium (Nb) is
not only an important B-phase stabilizer, but also highly biocompatible [30]. Some
studies have reported that Ti-Nb alloys can exhibit a elastic modulus of about 50~60
GPa, which is much closer to that of human bones when compared to other binary

Ti-based alloys [31-33]. They have thus attracted increasing attention as promising
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implant materials.

As a consequence, an investigation about Ti alloys without cytotoxic element
additions fabricated by MIM is required. In this framework the identification of the
microstructure, mechanical properties and biocompatibility of the MIM parts is

necessary.

1.1 Scope of the work

In the present work, the microstructure, mechanical behavior and biocompatibility of
CP-Ti and a series of Ti-Nb alloys fabricated by MIM are investigated, where the
MIM CP-Ti samples were produced as a reference. Experiments were performed to
determine the sintering behavior of the MIM Ti-Nb alloys, as well as the effect of
sintering parameters and Nb content on the microstructure and mechanical behavior
of the MIM CP-Ti and Ti-Nb alloys. Additionally, the titanium carbide precipitation in
the MIM Ti-Nb alloys has been observed for the first time. In order to identify the
formation mechanism and the nature of the titanium carbides, detailed investigations
about the composition, microstructure and relevant phase diagrams were performed.
The biocompatibility of MIM CP-Ti and Ti-Nb alloys was also investigated by in

vitro cell adhesion and proliferation tests.
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2. State of the art

2.1 Ti and Ti alloys for biomedical applications

The first paper about Ti written by a 30-year-old English clergyman and mineralogist
named William Gregor dates back to 1791. In 1795, a German chemist called Martin
Heinrich Klaproth borrowed the name from “the Titans”, the first sons of the earth,
and named the element as “Titanium” [34]. The industrial production of titanium
started from the 1940s [34]. Alloy development progressed rapidly from about 1950s
stimulated by the recognition of the strengthening effect of aluminum (Al) additions.
A major breakthrough was the appearance of the Ti-6Al-4V, which is still the most

important Ti alloy at present [35].

Ti is a transition metal (atomic number 22) with an atomic structure lsz, 2s2, 2p6, 3s2,
3p®, 3d%, 4s”. The 3d” and 4s” electrons are highly reactive, so Ti can rapidly form a
tenacious oxide layer on the surface under air. The remaining electrons are relatively
stable and tightly bound. Such a property contributes to the metal’s excellent
biocompatibility. In its elemental form, Ti exists as a hexagonal close-packed (HCP)
structure (a-phase) up to the P transus temperature (882 °C), and transforms to a body
centered cubic (BCC) structure (B-phase) above this temperature [35]. Therefore, Ti
alloys are classified as either o, near-a, a+f, near- or  depending on their room
temperature phase constitution. The B transus temperature of Ti can be influenced by
the addition of alloying elements. The elements, which are termed as a-stabilizers
(such as O, N and Al), can stabilize the a-phase. The addition of these alloying
elements results in a higher B transus temperature. In contrast, the alloying elements
which stabilize B-phase, including Nb, Ta, V and Mo, are known as B-stabilizers,
because the addition of them into Ti leads to a decrease of the [ transus temperature.
Zr and Sn do not have significant influence on the stability of either a-phase or

B-phase, but can form solid solutions in Ti. Thus, such elements are called neutral



STATE OF THE ART

elements. a and near-a Ti alloys exhibit excellent corrosion resistance, but they show
much higher stiffness than the human bones. o+ Ti alloys show high strength due to
the presence of both a-phase or B-phase. While, near-p or B Ti alloys exhibit a
combination of relatively high strength and low Young’s modulus [36], moreover, B Ti

alloys properties can be adopted / tailored by proper heat treatment.

The implant materials must fulfill the following requirements: corrosion resistance,
biocompatibility, osseointegration, Young’s modulus similar to that of bones, high
strength, good processability and availability [35]. Compared with various groups of
candidates for biomedical applications, such as stainless steels, commercially pure Nb
(CP-Nb), commercially pure Ta (CP-Ta) and CoCr-based alloys, Ti and its alloys
show a better combination of all the properties above. Zitter and Plenk [37] pointed
out that the most corrosion resistant materials are Ti and its alloys, CP-Nb, and CP-Ta,
followed by wrought CoCr-based alloys and stainless steel under normal conditions in
human body fluid. Ti and its alloys can form protective nonconductive oxide layers on
the surface, so the permanent Ti-based implants are highly biocompatible in human
body [38]. Ti and Ti alloys usually have a Young’s modulus of 80~120 GPa, which is
among all permanent metallic biomaterials the closest to that of bone (10~30 GPa)
[39]. In tensile and fatigue strength, Ti and its alloys are equal or even higher than
others [40]. At present, all current processing methods are possible to fabricate Ti and
its alloys as biomedical materials. Concerning the costs of the products, Ti and its
alloys belong to the same group as stainless steel, whereas, CoCr-based alloys, CP-Nb
and CP-Ta are more expensive [36]. Owing to these properties, the use of Ti and its

alloys in the biomedical field has become a well established area.

Three types of Ti-based materials, i.e., CP-Ti, a+f alloys and B alloys, have been used
for biomedical parts. The first successful clinical application of CP-Ti as plates and
screws for the fixation of bone fractures goes back to 1951 [41]. In the early 1970s,

the standard alloy Ti-6Al-4V was introduced into implant application, owing to its
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high strength. In the middle of 1970s, the extra-low interstitial (ELI) quality was
introduced to the Ti-6Al-4V alloy. From the 1980s, a number of Ti alloys as
biomaterials have been developed. Table 2.1-1 presents some of these Ti alloys

developed for implant applications with different standards [4, 14, 42, 43].

Table 2.1-1 Ti alloys for biomedical applications

Composition Condition Standard
Pure Ti (Grade 1, 2, 3, 4) Wrought ASTM F67 /1SO 5832-2
Ti-6Al-4V Wrought ISO 5832-3
Ti-6Al1-4V ELI Wrought ASTM F136
Ti-6Al-4V ELI Forged ASTM F620
Ti-6Al-4V ELI Metal injection moulded ASTM F2885-11
CP-Ti Metal injection moulded ASTM F2989-13
Ti-6Al-7Nb Wrought ASTM F1295
Ti-5Al1-2.5Fe Wrought ISO/DIS 5832-10

2.1.1 Ti-Nb alloys for biomedical applications

CP-Ti and Ti-6Al-4V are still used in most biomedical applications today. However,
the mismatch in elastic modulus between the two materials (100~120 GPa) and the
bone (4~30 GPa) prevent the stress transfer to adjacent bone. This usually leads to the
“stress shielding effect”, i.e., death of the bone cells around the implant and thus to
bone resorption and implant loosening [1, 23, 24]. For Ti alloys, the Young’s modulus
of B-phase (60~80 GPa) is much lower than that of a-phase (100~120 GPa) [26, 42].
In addition, although some alloying elements such as V, Ni and Al are used to
strengthen the Ti alloys, they can exhibit cytotoxicity to cells and cause long-term
health problems [22, 44]. As a consequence, 3 or near-f3 Ti alloys without cytotoxic

element additions have been developed to overcome the limitations [45-49].
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Fig. 2.1-1. The Ti-Nb phase diagram [50].

Nb has good biocompatibility and osteoconductivity [21]. The addition of Nb in Ti
alloys also does not show toxic effect on the cells [51, 52]. Nb is not only highly
biocompatible, but also acts as an important B-phase stabilizer in Ti alloys. Fig. 2.1-1
presents the Ti-Nb binary phase diagram [50]. A significant -stabilizing effect can be
observed. For instance, with 22 wt. % addition of Nb into Ti, the B transus
temperature decreases from 882 °C to 721.5 °C. Thus, Nb is promising to decrease the
Young’s modulus of Ti alloys. It is reported that the Nb addition in Ti alloys is more
efficient than other B-stabilizing elements in reducing the elastic modulus [31, 32].
Handa et al. [53] investigated the dependence of Young’s modulus on Nb content in
Ti-Nb alloys. A minimum of the Young’s modulus has been found when the Nb
content is around 16 wt.%. Besides the influence of Nb on Young’s modulus of Ti
alloys, a strength-improvement has also been observed with Nb addition [54].
Consequently, increasing attention has been paid to the Ti-Nb alloys as promising
implant materials. For instance, a biomedical Ti-24Nb-4Zr-8Sn alloy has been

developed [55]. It exhibits a tensile strength of around 660 MPa, Young’s modulus of
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53 GPa and over 10 % Elongation.

2.1.2 Biocompatibility of Ti alloys for biomedical applications

The biocompatibility of Ti and its alloys, e.g., CP-Ti and Ti-6Al-4V alloys, has been
extensively investigated [56, 57]. In vitro tests are necessary before any in vivo
implantation, to determine biocompatibility-related parameters, such as cell adhesion

and cell proliferation on implant materials.

Cell adhesion experiments reveal the union of cells to the surface of implant materials
in an early stage. The early adhesion of cells is essential for further cell proliferation
and cell differentiation [58]. The chemical composition of the implant should be
non-cytotoxic, otherwise the cells will die. For example, different cytotoxicity
behaviors were observed in a series of Ti alloys with varying alloying elements [59].
The presence of Cu in Ti alloys caused cytotoxic effects, while, the Ti alloys with
addition of the elements, such as Nb, Ta and Zr, showed good cell adhesion. Open
porosity and interconnection dimensions are considered to be beneficial to cell
ingrowth and bone osteointegration [60]. The pore sizes between 100 and 400 pm in
porous implant materials were found to be necessary for blood and nutrient supply
within the grafts [61]. Besides, material surfaces play an essential role in determining
the cell recruitment, cell adhesion, cell proliferation and cell differentiation. For
instance, improved adhesion and proliferation behaviors of human bone marrow

stromal cells on Ti-6Al1-4V samples with rougher surface were observed [62].

2.2 Metal injection moulding process

The attempts to use the shaping advantages of injection moulding in producing metal
or ceramic parts date back to the 1920s. However, until 1979, major attention had not

been given to the process, which is known as powder injection moulding (PIM) at
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present. From the 1980s, PIM has been regarded as a leading net-shape technique. It
successfully combines the advantages of the powder metallurgy technique with the
injection moulding process. There are five key factors for the suitability of PIM for
any application — high final properties, tight tolerances, materials flexibility, low
production costs and shape complexity. As for the ceramics production, the process is
termed “ceramic injection moulding” (CIM); if metals are used, the process is named
as “metal injection moulding” (MIM) [6]. The MIM process requires four steps —
formation of the feedstock, injection moulding, debinding process, and sintering.
Initially, selected metal powders are mixed with binders to obtain the feedstock. The
polymeric binders are used in shaping the powders and holding them in place until
bonding during sintering process. The feedstock is then granulated and injection
moulded into the desired shape. The heated binders impart viscous flow of the
feedstock to aid forming, die filling, and uniformity of packing. Usually, one
component of the binder is removed in the following chemical debinding process. The
final step is thermal debinding and sintering in a single furnace run. Fig. 2.2-1

displays the principle of the MIM process performed at HZG.

MIXING AND INJECTION CHEMICAL THERMAL DEBINDING
KNEADING MOULDING DEBINDING AND SINTERING
POWDER + BINDER / \ \ / \
GREEN BROWN

FEEDSTOCK SAMPLE SAMPLE AS-SINTERED
. SAMPLE

Fig. 2.2-1. A schematic diagram of the MIM processing steps at HZG.

Nowadays, a lot of metals and alloys such as copper, gold, bronze and tungsten are
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available to be manufactured by the MIM process. MIM of ferrous materials
including stainless steel and Fe-Ni steel is a well established fabrication technique.
The consumption of stainless steel powders covers over 50% of the total amount of
metal powders used for MIM. However, albeit the MIM process has been applied to
Ti in various forms since the late 1980s, the production of Ti and Ti alloys by MIM is
still a speciality in the field of MIM processing [8], owing to the principal difficulties
in the MIM processing of Ti. For example, the availability of suitable Ti powders and
feedstock is still poor. In addition, MIM parts manufacturers encounter further
challenges connected to the high sensitivity of Ti to O, which can lead to highly brittle
products [15]. Fortunately, there are two ASTM standards with acceptable chemical
composition levels and minimal tensile property values for the most common
Ti-6Al-4V alloy (ASTM F2885-11) and unalloyed Ti components for surgical implant
applications (ASTM F2989-13).

2.2.1 Powders

In MIM technology, a particle is defined as the smallest unit of a powder that cannot
be subdivided by simple mechanical methods. The particle morphology is very
important for successfully controlling of the MIM process. There are three parameters
in terms of particles that dominate the features of final products: particle size, particle
shape and packing density [6]. Finer particles lead to faster sintering and smaller
moulding defects, but slower debinding. The irregular particles show better shape
retention of moulded parts during debinding than the spherical particles, but the
densification is more difficult. A wide particle size distribution increases the packing
density, but may lead to an inhomogeneous microstructure. Besides the geometry
parameters, the chemical composition of particles is another important concern,
because the particles with high impurity levels can be fatal to the mechanical
properties, especially the ductility, of final products. Consequently, the characteristics

of an idealized MIM powder can be summarized as follows [63]:

10
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a) tailored particle size distribution;

b) small mean particle size for rapid sintering;

c) dense but no agglomeration;

d) low impurity levels, especially O, C and N contents;

e) predominantly spherical or equiaxed particle shape.

Presently, there are three types of Ti-based powders which are widely used: sponge
fines, hydride-dehydride (HDH) and gas-atomized (GA) powder [7]. The GA powders
are more expensive than the other two kinds. However, the GA powders which are
spherical exhibit better packing density and lower impurity levels compared to the
sponge fine and HDH powders. As a consequence, a typical choice for Ti MIM
powder is -325 mesh (below 45 pm) gas-atomized spherical powder with an oxygen

level below 0.20 wt.% and a carbon level below 0.05 wt.% [10].

2.2.2 Binder and feedstock

The binder plays a dominant role in obtaining a desired shape with homogeneously
packed powders and keeping the shape until the beginning of sintering. Moreover, the
binder composition and debinding techniques are the focus of many patents for MIM
processes [64]. The binder usually consists of three components: a backbone phase
providing strength, a filler polymer which can be easily removed in the first step of
debinding, and a surfactant, which is also a lubricant, to bridge between the binder
and powder. The binders for MIM production are generally categorized into five types
— thermoplastic compounds, thermosetting compounds, water-based systems, gelation

systems and inorganics [65, 66].
The feedstock used in MIM is a pelletized mixture of metal powder and binder [67].
Accordingly, the attributes of the feedstock are dictated by powder characteristics,

binder composition, powder/binder ratio, granulation or pelletization method, and

11
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mixing technique. The key features of an ideal feedstock include a low viscosity, no

voids or pores, a high elasticity and high mixture homogeneity [68].

2.2.3 Injection moulding and debinding

During the injection moulding step, temperature and pressure are varied to deliver the
feedstock, which has been melted in the heated barrel of the moulding machine, to the
mould. A reciprocating screw is usually applied to homogenize, pressurize and pack
the feedstock. The molten feedstock can be injected into the mould with a forward
thrust of the screw in the barrel. The rheological behavior of the molten feedstock
plays a significant role in controlling the properties of the final products [69]. The
viscosity of the feedstock is dependent on shear rate, temperature, powder loading,
powder characteristics and the binder system [70]. In order to compensate for the
higher viscosity associated with cooling, one of the effective options is heating the
mould. Moreover, the filling times are usually minimized to prevent the feedstock
cooling. After filling the mould, heat is extracted from the feedstock through the
mould, leading to a hardened component. An injection moulding cycle is usually
shorter than one minute. Fig. 2.2-2 presents a schematic graph of metal injection
moulding operation. The moulding parameters are contingent on particle
characteristics, feedstock viscosity, mould design, binder system, and machine
operation conditions. In order to produce defect-free components, it is desirable to use
uniform particle packing in a properly designed mould with well controlled

temperature and injection velocity [71, 72].

12
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Fig. 2.2-2. A sketch of the basic metal injection moulding operation.

After injection moulding, the binder system should be removed by a series of physical
and chemical processes, usually including chemical and thermal debinding, in order to
keep the components from distortion, cracking and contamination [73]. The chemical
debinding involves immersing the compact into a solvent so as to dissolve and
remove at least one component of the binder system, leading to a structure with open
pores. Such a highly porous structure is crucial for the subsequent thermal debinding.
The key aim of thermal debinding is to remove the residual binder under protective
atmosphere, e.g., argon. During thermal debinding, the evaporated or decomposed
binder phases are transported to the surface through the open pores. In both chemical
and thermal debinding processes, higher debinding rates are achievable at higher
temperatures, however, potential defects, such as internal cracks, distortion and
solvent trapping, tend to occur at high temperatures [74]. In order to fabricate
components with good mechanical properties, such defects should be avoided or at

least minimized by changing the debinding parameters.
2.2.4 Sintering

In MIM processing, sintering is a necessary thermal treatment after debinding to bond
the particles into a coherent, solid mass [75]. On a micro scale, pores are eliminated

during sintering. The cohesion takes place as necks between particles grow where
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they are in contact. On a macro scale, the component shrinks to a smaller dimension.
Typically, the sintering is the process where particles bond together at temperatures

below the melting point.

Surface
Diffusion

Plastic
~. Flow
~.

~

Volume |
Diffusion \
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~— e ;
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Fig. 2.2-3. The mass transport mechanisms around the neck region between two
particles during sintering. X and R are the neck diameter and particle radius,

respectively.

The basic mechanism of the sintering process has been studied to a large degree
[76-80]. The driving force for the sintering process is a reduction in the system free
energy, which is manifested by a decrease of surface curvatures and an elimination of
surface area. Fig. 2.2-3 shows the mass flow paths around the neck between particles.
During the shrinkage of pores between particles, mass flows along grain boundaries
by grain boundary diffusion, along particle surfaces by surface diffusion, across pore
spaces by evaporation condensation, and through the lattice interior by viscous flow
or volume diffusion. As stated by German [6], in general, the mass transport during
sintering can be divided in two categories for polycrystalline materials: surface
transport and bulk transport. The surface transport mechanism consists of evaporation
condensation, surface diffusion and diffusion adhesion. The surface transport
mechanism contributes to surface smoothing, neck growth and pore rounding, but do

not lead to densification since mass flow originates and terminates at the particle
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surface. In contrast, the bulk transport mechanism controls the sintering shrinkage and
the material densification. It includes lattice diffusion, grain boundary diffusion and
plastic flow. The most useful densification process for MIM products is usually grain
boundary diffusion [63]. Mass flows along grain boundaries between the near-perfect
crystal regions and into the pores, so that mass is preserved but pore space is not.
Since the densification of materials during sintering mainly depends on mass
diffusion, the parameters which determine the diffusion process inevitably have
significant influences on densification. According to Fick’s law of diffusion, the
quantity of mass flow N is proportional to diffusion time ¢ and the absolute value of
diffusion flux |J]. One of the most important factors influencing the diffusion flux J is

the diffusion coefficient D, which is given as:

_ -9 ]
D = D, exp( kT) (2.2-1)

where D, is the pre-exponential frequency factor, Q is the activation energy, k is
Boltzman’s constant, and 7 is the absolute temperature. Consequently, both

temperature and time play important roles in the densification during sintering.

Sintering is not a single mechanism process. It is usually composed of three stages [81,

82]:

» Initial stage: During this stage, the neck size ratio (X / 2R) is less than 0.3. The
pore structure is open and fully interconnected, and the pore shape is not very
smooth. The driving force for the initial sintering stage is the curvature gradient
at the neck.

» Intermediate stage: The intermediate sintering stage is an important stage for
densification, because the predominant improvement of compact properties
occurs during this stage. The driving force is the interfacial energy, including both
surface and grain boundary energy. The pores in this stage exhibit an
interconnected, cylindrical structure. The porosity is normally in the range of 8 %

to 30 %.
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» Final stage: When the porosity decreases to approximate 8 %, the cylindrical
structure of pores becomes unstable and collapse into isolated, spherical pores,
indicating the beginning of the final stage. In this stage, the densification kinetics
is very slow. Further shrinkage of samples is limited, due to the high vacancy
diffusion energy through the lattice. In addition, a coarsened microstructure is
usually observed in the final sintering stage. The grain boundary areas are high in

energy, so the grain size increases rapidly at high temperature.

The production of MIM samples may be accomplished by conventional powder
processing of pre-alloyed powders or by the processing of blended powders with
different compositions. The latter method necessarily requires the insertion of a
homogenization step in the processing sequence. Many works concerning the
production of alloys from powder blends have been described in literature [83-85].
Brand and Schatt [86] and Levin et al. [87] investigated the homogenization during
sintering in a system with unlimited and limited solubility of components, respectively.
The homogenization of the binary powder mixtures can be classified as three groups —
single-phase systems (e.g. Cu-Ni), two-phase systems (e.g. Cu-Fe) and three-phase
systems (e.g. Mo-Ni), according to the phase diagrams [88]. The homogenization
behavior of the W-5Re (wt.%) alloy produced by blending W and Re powders was
investigated [89]. No apparent Kirkendall porosity was observed in this system.
However, in the Ti-Fe alloys fabricated by blending elemental powders, the formation
of Kirkendall type pores due to the unbalanced diffusion was observed [90, 91].
Accordingly, the diffusion coefficients of the powders probably have a significant

influence on the homogenization process.

2.2.6 Hot isostatic pressing

By means of a sintering process, it is difficult to obtain components with full density.

During the final sintering stage, grain size grows significantly. The elimination of
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grain boundary regions, especially near pores, greatly inhibits further densification
[82, 92-94]. Therefore, after sintering, special techniques to remove the remaining
porosity by pressure-assisted densification techniques such as hot isostatic pressing
(HIP) are sometimes applied, so as to improve the properties of the MIM samples.
The HIP process is currently most widely used to densify the components with
porosity less than 5 % after sintering. Meanwhile, even a complex shape of the
components can be maintained during HIP [95]. There are three parameters which
play significant roles in the HIP process. The temperature for the HIP process should
be between 70 % and 85 % of the absolute melting temperature. If the temperature is
below at about one half of the melting temperature, the HIP process is no longer
effective to achieve full densification. The effective stress, i.e., the stress at the
interparticle contacts, is the second important factor during the HIP process. Pores act
as stress concentrators, so the effective stress is different from the external stress. A
low strain rate provides for more plastic deformation of the components and thus is

usually favorable to limit fracture [96, 97].

2.3 MIM Ti and Ti alloys for biomedical applications

MIM has grown significantly during the last decades owing to its capability to
economically produce complex near-net-shaped components in many engineering
alloy systems [98]. MIM has been particularly successfully applied in the biomaterial
fields, such as producing forceps, blades and jaws [99]. At present, the utilization of
Ti and Ti alloys as implant materials is limited because of the rather high raw material
costs, the complex fabrication process, and associated geometry design constraints
[84]. In order to overcome these problems, there have been several attempts to apply
MIM in the fabrication of Ti and Ti alloys as biomaterials in recent years. However,
many early attempts regarding MIM Ti and Ti alloys mainly suffer from the
unavailability of suitable powder, inadequate atmosphere during sintering at elevated

temperatures and less than optimum binders for Ti-based components [13]. Nowadays,
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suitable powders, binder systems and sintering furnaces are available, so that some Ti
and Ti alloys have been successfully fabricated by MIM process. For instance, the
processing of CP-Ti Grade 4 has been well established and numerous medical parts
are produced worldwide [100]. A water soluble binder system comprised of a major
fraction of PEG, a minor fraction of PMMA and small amounts of stearic acid was
introduced into the MIM Ti-6Al-4V fabrication [101]. The tensile strength, elongation
and oxygen levels of the final products could meet the requirements for ISO 5832-3
titanium. The Ti-6Al-7Nb alloys were manufactured by MIM using three types of
mixed powders, consisting of Ti, Nb and Ti-Al powders [17]. The mechanical
properties of the Ti-6Al-7Nb alloys were similar to that of wrought materials. Ferri et
al. [19] investigated the influence of surface quality and porosity on the fatigue
behaviour of Ti-6Al-4V components processed by MIM. A higher sintering
temperature and better surface quality was considered to be favorable. However,
albeit the mechanical properties of MIM Ti and Ti alloys have been widely discussed,

very few investigations focused on the biocompatibility.

A few parameters dominate the mechanical properties of MIM Ti and Ti alloys as
biomaterials — porosity, interstitial content and microstructure [8]. Porosity leads to a
reduced strength and elongation, so the MIM parameters should be carefully adjusted.
The sintering parameters have a significant effect on final porosity, thus the
identification of a suitable sintering temperature and time is one of the first concerns.
Besides, HIP process is often a common means to attain full density. Attention has
been paid on the impurity levels of the MIM Ti-based components [7, 102]. For
instance, yield strength > of the as-sintered MIM Ti alloys varied with the fractional

density p and oxygen equivalent O, as follows:

0,, =(420+9700,, ) p (2.3-1)
where the oxygen equivalent O,, is given as:

0,, = (wt.%0)+2(wt.%N)+0.5(wt.%C) (2.3-2)
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Ebel et al. [5] reported that in the MIM Ti-6Al-4V alloys, there is a critical O,, value
at around 0.45 wt.%, above which the ductility decreases dramatically. Besides
porosity and interstitial levels, microstructure parameters as grain grain size and phase
constitution after sintering are also important factors, because a coarse microstructure
may lead to low strength, while high amounts of a-phase always result in high

Young’s modulus.

2.4 Titanium carbide in Ti and Ti alloys

Titanium carbide (TiCy) is often introduced into the Ti-based matrix as it can improve
strength [103], wear resistance [104] and act as oxygen getter [105]. In a
Ti-25V-15Cr-2Al alloy with carbon addition, TiCy particles were observed and caused
a significant improvement of the mechanical properties [106]. Chen et al. [105] also
reported that the yield strength of Ti-15V-3Al alloy increased by about 20 % when
carbon contents increased from 0 to 0.2 wt.%. TiCy reinforced Ti-6Al-4V components
exhibited higher hardness, higher elastic modulus, higher tensile strength and better
wear resistance than wrought Ti-6Al-4V alloys, but were much less ductile at room
temperature [107]. In the Ti-Mo-C and Ti-V-C system, the volume fraction of the TiCy
precipitates was found to be the main factor for increasing strength at elevated
temperatures [108]. However, the TiCy particles can be detrimental to the ductility.
Kim et al. [107] found that the TiC particles act as sites for crack initiation and paths

for crack propagation in TiCy reinforced Ti-6Al-4V.
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3. Experimental procedures

3.1 Materials

The materials for MIM production used in this work are gas-atomized (GA) spherical
Ti powder (Grade 1 ASTM) with particle diameter <45 um, supplied by TLS Technik
GmbH, Germany, and Hydride/Dehydride (HDH) Nb powder with particle diameter <
110 um, supplied by MHC Industrial Corporation, China. Fig. 3.1-1 shows the
morphology of the Ti and Nb powders. The impurity levels including carbon, oxygen
and nitrogen contents of the powders were determined using a conventional LECO

melt extraction system. Table 3.1-1 shows the impurity levels of the powders.

Fig. 3.1-1. Scanning electron micrograph of (a) GA Ti powder; (b) HDH Nb powder.

Table 3.1-1 Impurity levels of the powders (wt.%).

O C N
Ti powder 0.0744 0.00469 0.0375
Nb powder 0.221 0.0152 0.0890

3.2 MIM process

All samples made from CP-Ti and Ti-Nb binary alloys were produced by a MIM
process. The alloys were produced by blending elemental Ti powder and Nb powder.
The powders were mixed with a polymer binder that consists of 5 wt.% stearic acid,

35 wt.% polyethylene vinyl acetate and 60 wt.% paraffin wax in a Z-blade mixer at
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120 °C for 2 h under argon (Ar) atmosphere to form a batch of feedstock materials. In

this study, all feedstock materials prepared had the same binder fraction of 31 vol.%.

After granulation, an Arburg 320S machine was used for the injection moulding of the
feedstocks. The feedstocks were injection moulded as standard “dog bone” shape
tensile specimens as shown in Fig. 3.2-1a, or rectangular-bar specimens as presented
in Fig. 3.2-1b. The “dog bone” and rectangular-bar specimens were analyzed for the

microstructure and mechanical behavior investigations.
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Fig. 3.2-1. Geometry of (a) “dog-bone” tensile specimen and (b) rectangular-bar
specimen. Typical dimensions of the as-sintered part are measured in millimeters.

The samples for biocompatibility tests, i.e., the CP-Ti and Ti-22Nb (wt.%) samples
with diameter of 10 mm, thickness of 2mm, were prepared using another injection
moulding machine (MCP-INJECTION MOULDING 100KSA, supplied by HEK
GmbH, Germany).
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The green (after injection moulding) samples were subjected to solvent extraction by
immersing them into hexane at 40 °C for 20 h in a LOMI EBA 50 debinding device.
Thermal debinding and the sintering of specimens were carried out in one cycle.
Thermal debinding was under Ar flow (500 Pa), while, the sintering process was
under vacuum (107 Pa). Sintering was conducted in a XERION XVAC 1600 furnace
with tungsten heating elements and shield packs of molybdenum. The furnace cooling

rate was controlled to be 10 °C/min.

Fig. 3.2-2 shows a green “dog-bone” sample and its as-sintered form. All the Ti-Nb
alloys were made from elemental Ti powder and Nb powder. So it is more difficult to
avoid distortion of the specimen shape compared to the use of pre-alloyed powder.
However, the as-sintered sample showed good shape retention without distortion

compared to the green sample.

Fig. 3.2-2. Injection moulded and as-sintered “dog-bone” tensile test specimens. Top:

The green sample; Bottom: The as-sintered sample

3.2.1 Nb content

The selection of the compositions of samples was based on the research of Hanada et
al. [53], in which the Young’s modulus of Ti-Nb alloys exhibits a minimum value
when the Nb content is around 15~20 wt.%. Owing to the particular significance of

Young’s modulus in Ti-based biomedical alloys, samples with four compositions —
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CP-Ti, Ti-10Nb, Ti-16Nb and Ti-22Nb (all wt.%) — were fabricated by the MIM
process described above in this work, where the CP-Ti samples were fabricated as a

reference.

3.2.2 Sintering parameters

Various sintering parameters were used in this work, in order to investigate the
sintering behavior of the MIM Ti-Nb alloys and the influence of sintering parameters

on microstructure and mechanical properties of the MIM CP-Ti and Ti-Nb alloys.

Table 3.2-1 The sintering parameters used in various sintering cycles.

Sintering temperature / °C ~ Sintering time / h Abbreviations
1500 4 1500/4
1500 2 150072
Sintering 1400 4 1400/4
processes 1400 2 1400/2
1300 4 1300/4
1100 4 1100/4
700 0.03 700/0.03

The sintering temperatures and times are presented in Table 3.2-1. The respective
sintering cycles are plotted in Fig. 3.2-3. It is important to note that the thermal
debinding cycle in each sintering process was always the same, and only sintering
temperature and time were varied. In order to differentiate the samples sintered at
different temperatures with different sintering time, the sintering parameters will
always be referred to in the form “Sintering temperature/Sintering time”. The full list
of samples as well as the respective processing parameters is shown in the “Appendix
1”. The sintering temperatures from 1300 °C to 1500 °C were selected according to

previous investigations on Ti and Ti alloys [16, 19, 98, 101, 109-112].
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Fig. 3.2-3. Different sintering cycles.
(a) 1500/4; (b) 1500/2; (c) 1400/4; (d) 1400/2; (e) 1300/4; (f) 1100/4; (g) 700/0.03.
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It is important to note that the sintering processes — 700/0.03 and 1100/4 — were only
conducted on the MIM Ti-16Nb samples, for the sake of the investigation of the initial
and intermediate sintering stage of MIM Ti-Nb alloys. Ti-16Nb (700/0.03) was heated
up to 700 °C and held for 2 min, in order to obtain a relatively stable structure after
the thermal debinding. 1100 °C is below the sintering temperatures of most Ti and Ti
alloys, thus, a microstructure representing the situation at the intermediate sintering
temperature could be expected in the Ti-16Nb (1100/4) sample. Therefore, the
Ti-16Nb (700/0.03) and Ti-16Nb (1100/4) samples are classified as the pre-sintered
Ti-16NbD alloys, and will be discussed individually in the following sections. In the
following sections, when discussing “the as-sintered CP-Ti and Ti-Nb samples”, it
means all the MIM CP-Ti and Ti-Nb samples sintered at 1300 °C, 1400 °C and
1500 °C.

Regarding the samples for biocompatibility tests, the sintering temperature was
1500 °C, and the sintering time was 4 h as shown in Fig. 3.2-3a. In order to
differentiate these CP-Ti and Ti-22Nb samples from the ones for microstructure and
mechanical properties analyses, they were named as CP-Ti (MIM-BIO) and Ti-22Nb
(MIM-BIO), respectively.

3.3 Hot isostatic pressing

In order to obtain specimens produced by MIM process with no remaining pores, a
HIP process was applied to densify components from CP-Ti (1500/4), Ti-10Nb
(1500/4), Ti-16Nb (1500/4) and Ti-22Nb (1500/4) alloys. The HIP process was
carried out in a shared titanium cycle running at Bodycote HIP N. V., Belgium. The
HIP process cycle is presented in Fig. 3.3-1. In the following sections, the samples
fabricated by MIM and exposed to the HIP process will be referred to as CP-Ti (HIP),
Ti-10Nb (HIP), Ti-16Nb (HIP) and Ti-22Nb (HIP).
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Fig. 3.3-1. HIP cycle process

3.4 Annealing and water quenching

Selected Ti-22Nb (1500/4) and Ti-22Nb (HIP) samples were encapsulated in sealed
quartz tubes under vacuum (10" Pa). The parameters of the anneal process were
determined by the calculated pseudo-binary phase diagram Ti-22Nb-C shown in Fig.
5.4-1, section 5.4.1. The anneal treatment was carried out at 641 °C (£ 3 °C) for 120 h,
followed by water quenching to room temperature with the quartz capsules broken

open in water.

3.5 Characterization of the samples

3.5.1 Dilatometry

The sintering behaviour of the MIM Ti-16Nb alloy was investigated by dilatometry,
where the MIM CP-Ti was also measured for comparison. The MIM samples made
from CP-Ti and Ti-16Nb were chemically and thermally debound followed by

pre-sintering at 700 °C for 1 h. The diameter of the samples was approximately 5
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mm with a length of 10 mm. The dilatometer used was a vertical configuration
dilatometer fabricated by LINSEIS (L70/2171). A heating rate of 3 °C/min and an
isothermal holding at 1500 °C for two hours were used. The heating and cooling
processes of the dilatometry experiments were conducted under Ar atmosphere. In
the next sections, the two samples for dilatometry are named as CP-Ti (DIL) and

Ti-16Nb (DIL), respectively.

3.5.2 Impurity levels, microstructural features and relative density

The impurity levels including carbon, oxygen and nitrogen concentrations of the
specimens were determined using a conventional LECO melt extraction system. The
CS-444 equipment was used to measure the carbon level. The TC-436AR was applied
to analyse oxygen and nitrogen contents. At least three samples were examined for
each configuration. Therefore, the impurity level values given here are averaged from

these three samples.

Optical microscopy (Olympus PMG3), scanning electron microscopy (SEM)
(Zeiss-DSM962 and Zeiss Ultra 55), energy-dispersive spectroscopy (EDS) (EDAX at
LEO 1530) in the SEM and transmission electron microscopy (TEM) (FEI Tecnai F20,
operated at 200 kV) were used for microstructural examination and compositional
analysis. Samples for optical microscopy and SEM were mechanically polished with
Si0, pastes, cleaned in successive ultrasonic baths of ethanol, and then dried. TEM
samples were prepared using a precision ion polishing system (PIPS) at -50 °C. The
grain size was determined using an imaging analysis system (Olympus Soft Image
Solution, analysis pro) by the application of a linear intercept technique according to

ASTM E112-96 as shown in Fig. 3.5-1.
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Fig. 3.5-1. Typical microstructure of MIM Ti-Nb alloys showing the grains.

The relative density of the as-sintered samples were determined by the immersion
method (Achimedes’s principle) outlined in ASTM B311. In order to determine the
bulk density without pores, specimens exposed to an additional HIP process following
the MIM production were measured as described in Section 3.3. The porosity P of the
as-sintered samples could be calculated by using:

P=(1-L5)%100% (3.5-1)

"
where ps is apparent density of the as-sintered samples and py is the apparent bulk

density of the as-HIPed samples with the same composition.

3.5.3 X-ray diffraction

Constituent phases of the samples were characterized by X-ray diffraction (XRD),
which was conducted on a Siemens D5000 diffractometer at 40 kV and 40 mA at
room temperature. The wavelength of the X-rays is fixed to the wavelength of the
copper wire inside used to generate the X-rays (1.5418 nm) and thus the diffractogram
is in 2 dimensions (theta and intensity). Fig. 3.5-2 shows the XRD machine during
operation. The database — PDF2002 of the International Centre for Diffraction Data

(ICDD) was used for phase characterization.
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F\—

Fig. 3.5-2. The XRD machine in operation.
3.5.4 Tensile test

Fig. 3.2-1a shows the geometry of samples used for the tensile experiments. All
samples were directly used in the tensile tests without any preparation. Tensile tests
were performed on a servohydraulic test machine (RM-100, Schenk-Trebel, United
States) modernized with a Zwick DUPS electronic testing system, and equipped with
a 100 kN load cell using a strain rate of 1.2 x 10” s™' to measure tensile strength,
elongation and Young’s modulus. The elongation was measured by a laser noncontact
extensometer (WS-160, Fiedler Optoelectronik GmbH, Germany). At least three

samples of each configuration were tested.

3.5.5 In situ high energy X-ray diffraction measurements

The in situ high energy X-ray diffraction (HEXRD) measurement were carried out at
the High Energy Materials Science (HEMS) beamline of the Helmholtz-Zentrum
Geesthacht at the Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany.
A specimen with a length of 10 mm for HEXRD was cut from the middle cylindrical
part of a Ti-22Nb (1500/4) “dog-bone” sample. In order to penetrate the specimen,
high energy X-rays with a photon energy of 100 keV, corresponding to a wavelength
of 2=0.124 A, with a beam cross-section of 0.5 mm x 0.5 mm. The resulting

Debye-Scherrer diffraction rings were recorded on a PerkinElmer flat panel detector
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with 2048 x 2048 pixels, pixel size of 200 um x 200 pm and exposure time of 0.5 s.
Conventional diffraction patterns were achieved by an azimuthal integration of the

Debye-Scherrer rings.

A dilatometer DIL 805A/D (Béhr-Thermoanalyse GmbH) that is especially modified
for working at the beamline was used for heating and cooling (see Fig. 3.5-3). The
sample was inductively heated under argon atmosphere during the measurement.
Cooling was achieved by heat transfer through the Al,O; rods, which hold the
specimen, and the surrounding argon atmosphere under reduced induction powers.
The temperature was controlled by a thermocouple directly spot-welded onto the
specimen. In order to prevent oxidation of the sample surface, the experiments were

performed under Ar atmosphere.

Fig. 3.5-3. The dilatometer used in the in situ HEXRD experiment.

During the heating and cooling cycle as represented in Fig. 3.5-4, diffraction patterns
were recorded every 2 s. The 15 points — Point 4 to Point O — are indicated reflecting

different time during the whole cycle.
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Fig. 3.5-4. The heating and cooling cycle used for the in sitt HEXRD experiment.
The 15 points indicated — Point 4 to Point O — reflect different times during the whole

cycle.

3.5.6 Young’s modulus characterization

The Young’s modulus of “dog-bone” specimens was determined by calculating the
slope of the stress-strain curve during elastic deformation in tensile tests. Furthermore,
resonant ultrasound spectroscopy (RUS) technique was applied to measure the

Young’s modulus of rectangular-bar samples.

RUS method was employed because of the non-destructive nature of the measurement,
simple operating procedures and simple specimen geometries. The RUS tests were
performed using an IMCE resonant frequency damping analyzer (RFDA professional).
A schematic diagram of the apparatus is shown in Fig. 3.5-5. In order to prevent any
influence on the vibration by the supports, the rectangular-bar specimen was
supported by two thin wires located at the fundamental nodes of the test specimen — a

distance of 0.224 x [ from each end, where / is the length of the specimen. An
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automatic impulser was applied to excite a mechanical vibration in the specimen by
striking lightly at the center of the specimen. A non-contacting microphone placed
above the specimen was used to detect the vibration. The RFDA was used to obtain
frequency spectra and identify between 6 and 10 overtones for each specimen. The

calculation of Young’s modulus was performed according to ASTM E 1259.

MICROPHONE
ANALYSER -~ RECTANGULAR-BAR
SPECIMEN
i )
™~ WIRE SUPPORTS

AUTOMATIC IMPULSER

Fig. 3.5-5. Diagram of the RFDA professional test apparatus.

3.5.7 Surface topography and roughness characterization

The surface properties of implant materials are widely known to influence the local
tissue response [113]. Therefore, extensive attention has been paid to the surface
characterization. The confocal laser scanning microscope (CLSM) is a new
microscopy technology used to observe morphology images without damaging the
samples. It has many advantages, including simple sample preparation and a mode of
operation that does not require vacuum conditions [114]. Thus in the present work, a
non-contact measurement using a CLSM (VK-9700, Keyence, Japan) was employed
to evaluate the surface roughness and obtain a 3-D surface topography of the
BIO-samples. For each configuration, the surface roughness was calculated by VK
Analyzer software (Keyence, Japan) according to the standard — JIS B 0601:2001
(ISO 4287:1997).
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3.5.8 Biocompatibility characterization

Besides the CP-Ti (MIM-BIO) and Ti-22Nb (MIM-BIO) samples produced by MIM
processes, Ti-22Nb samples fabricated by argon arc-melting in the furnace — Arc
Melter AM, 2414000 (Edmund Biihler GmbH, Germany) were selected as reference
in biological experiments. A Ti sponge with purity of 99.9 % (Timet Germany GmbH,
Germany) and Nb pieces (Alfa Aesar, United States) were used to fabricate these
specimens. Afterwards, the arc-melted Ti-22Nb samples were annealed at 1500 °C for
4 h, followed by cutting into disks with diameter of 10 mm, thickness of 2 mm. They
were named as Ti-22Nb (AM-BIO). The surfaces of all Ti-22Nb (AM-BIO) samples
were polished with SiO, pastes (0.05 um; Gerd Sommer, Germany), cleaned in
successive ultrasonic baths of ethanol (Merck KGaA, Germany), and then dried under
normal atmosphere at room temperature. In order to differentiate the CP-Ti
(MIM-BIO), Ti-22Nb (MIM-BIO) and Ti-22Nb (AM-BIO) samples from the ones for
microstructure and mechanical properties characterization, they are termed the

BIO-samples in the following.

All biological tests were performed with human umbilical cord perivascular cells
(HUCPV), because HUCPV cells are excellent models to determine the
biocompatibility of implant materials [115]. HUCPV isolations were approved by the
local ethical committee and derived from Wharton’s jelly of the umbilical cord were
isolated by a modified isolation protocol from Sarugaser et al. [116]. The cords were
cut into pieces of around 5 cm. The vessels from the cord pieces were isolated and
tied together at the ends with sutures, resulting in a vessel loop. They were placed in
T-175 cell culture flasks (Greiner Bio-One GmbH, Frickenhausen, Germany) and
cultured for 10 days without changing medium, which consisted of o-MEM
(Invitrogen Corporation, Karlsruhe, Germany) with 10 % fetal bovine serum (FBS;
Calbiochem, Germany) for mesenchymal stem cells (Stem Cell Technologies,

Vancouver, Canada). After observable outgrowth from the loops, the medium was
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changed every 2 days. At about 60 % confluency the cells were harvested with a cell
scraper and subcultivated in a density of 1,000 cells cm™. In the present experiments,
cells of the third to fifth passage were used. The HUCPV cells were cultivated at

37 °C under 5 % CO; and 95 % humidity controlled atmosphere.

Initial cell adhesion and cell proliferation of HUCPV on the CP-Ti (MIM-BIO),
Ti-22Nb (MIM-BIO) and Ti-22Nb (AM-BIO) samples were investigated. 50,000
HUCPYV cells in 50 pl. medium were seeded on each type of samples (n = 4;
experiment was repeated 3 times) in 12-well plates (pre-coated with 1 % agarose; Carl
Roth GmbH, Karlsruhe, Germany — to avoid unwanted adhesion artifact) and left to
adhere for 30 min. Thereafter the samples were incubated in 3 mL medium for the
remaining time (i.e., 10, 25, and 40 min). After the complete incubation time (i.e., 40,
55, and 70 min), the samples were transferred into new wells with Phosphate Buftered
Saline (PBS). The cells were detached from the samples with 0.05% trypsin - EDTA
(Merck, Germany), followed by counting cells using the cell counter system — CASY
Model TT. A qualitative analysis was performed using SEM (AURIGA, Modular
CrossBeam workstation, Carl Zeiss NTS GmbH, Germany) to observe cell
morphology after the initial adhesion. After the incubation for 40, 55 and 70 min, the
samples were fixed in 2.5 % glutaraldehyde solution (Fluka, United States), and
stained with 1% Osmium Tetroxide (Fluka, United States). Afterwards, the specimens
were dehydrated through a 2-propanol series, critical point dried by a critical point
dryer (Leica EM CPD300, Leica Mikrosysteme GmbH, Vienna, Austria). Finally, the

specimens were then viewed and photographed with the SEM.

For cell proliferation assays the methodology remains the same as the initial adhesion
experiments, but the cultures were maintained for 3 or 5 days, followed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma-Aldrich
Chemie GmbH, Munich, Germany) tests. 150 pL (1:10) MTT solution (5 mg-mL™

MTT in PBS) was added to the cell supernatant in each well. After an incubation for 4
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h in the incubator, the cells were lysed and the purple formazan crystals solubilized by
adding 1.5 mL solubilization solution (10 % sodium dodecyl sulphate in 0.01 M HCI;
Sigma-Aldrich Chemie GmbH, Munich, Germany) and overnight incubation at 37 °C
under 5 % CO; and 95 % humidity controlled atmosphere. In order to photometrically
quantify the solubilized formazan product, an enzyme-linked immunosorbent assay
(ELISA) reader (Tecan Sunrise, TECAN Deutschland GmbH, Crailsheim, Germany)

was applied at 570 nm with a reference wavelength of 655 nm.

Statistics were performed using the SigmaStat package (Systat software GmbH,
Erkrath, Germany). Standard analysis comparing more than two treatments was done
by using the one-way ANOVA (analysis of variance). Depending on the data
distribution either a one-way ANOVA or an ANOVA on ranks was performed.
Post-hoc tests were Holm-Sidak or Dunn’s versus the control group, respectively.

Statistical values are indicated at the relevant experiments.
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4. Results

4.1 Impurity levels

Due to the influence of the impurity elements O, C and N on strength and ductility
discussed in Section 2.3, the pre-sintered samples, as-sintered samples, as-HIPed
samples and as-quenched samples described in the following sections were analyzed
with respect to their content of these elements. Fig. 4.1-1 shows the dependence of
impurity levels on the composition of all these samples. The deviation in these
impurity levels from the average values was not significant, and all the compositions
showed comparable values. In terms of oxygen and carbon contents, the values were
in the range for CP-Ti Grade 2 according to ASTM F67. Since no data about O,, of
MIM Ti-Nb alloys are available from previous investigations, the results regarding
MIM Ti-6Al1-4V [112] are used for comparison. The oxygen equivalents of all these
samples were in the range of 0.33~0.41 wt.%. They are lower than the critical value
above which the ductility decreases dramatically [112]. These results indicate that the
impurity levels might not be a significant concern when comparing the mechanical

properties of the samples in the present investigation.
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Fig. 4.1-1. Impurity levels of the pre-sintered, as-sintered, as-HIPed and as-quenched
samples of the four compositions.

4.2 The pre-sintered samples and dilatometry results

Before conducting experiments on MIM Ti-Nb alloys, the sintering behavior of MIM
Ti-Nb alloys was studied at first, so that the sintering parameters in the following
investigations can be roughly determined. The MIM Ti-16Nb samples were selected

to investigate the microstructure evolution and phase transition during the sintering

process.
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4.2.1 XRD
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Fig. 4.2-1. XRD results for the Ti-16Nb (700/0.03), Ti-16Nb (1100/4) and Ti-16Nb
(1300/4) samples.

The XRD spectra of the Ti-16Nb (700/0.03) and Ti-16Nb (1100/4) samples are
displayed in Fig. 4.2-1. The Ti-16Nb (1300/4), which consists of both a-phase and [-
phase, is also plotted for comparison. Ti-16Nb (700/0.03) was composed of a-Ti and
Nb phase, whereas a trace amount of B-Ti was also found in the Ti-16Nb (1100/4)
sample. The fraction of B-Ti showed an increase from Ti-16Nb (700/0.03) to Ti-16Nb
(1300/4).

4.2.2 Optical microscopy and SEM

Fig. 4.2-2 presents the optical micrographs of the Ti-16Nb (700/0.03) and Ti-16Nb
(1100/4) samples. The Ti-16Nb (700/0.03) sample showed a bimodal microstructure,
consisting of spherical small particles (<45 pm) and irregular large particles (<110
um), which exhibited similar sizes as GA Ti powder and HDH Nb powder particles,

respectively. The microstructure of the Ti-16Nb (1100/4) sample was composed of
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irregular large particles (<110 um) and a porous matrix. The porosity of the Ti-16Nb
(1100/4) sample was measured as 11.0 %. It is important to note that no precipitates

were observed in both samples.

Smalbpatticles

Fig. 4.2-2. Optical microscopy of (a) Ti-16Nb (700/0.03); (b) Ti-16Nb (1100/4).

Fig. 4.2-3 presents the back-scattered electron (BSE) SEM micrograph of the Ti-16Nb
(1100/4) and that of the Ti-16Nb (1300/4) sample, which is displayed for comparison.
In Fig. 4.2-3a, the irregular Nb particles (white spots) characterized by EDS as shown
in Fig. 4.2-3b and the matrix composed of Ti particles (darker regions) were both
visible. The neck growth between Ti particles was notable. Albeit some distinct
residual pores (e.g. Point 4 in Fig. 4.2-3a) were found between the Ti and Nb particles,
interdiffusion between the two kinds of particles was also observed as shown in Point
B and Point C in Fig. 4.2-3a. Pores were also found in Nb particles near the
interdiffusion areas (e.g. Point D in Fig. 4.2-3a).In contrast, as presented in Fig.

4.2-3c, Ti and Nb particles were not visible in the Ti-16Nb (1300/4) sample.
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Fig. 4.2-3. BSE-SEM micrographs of (a) Ti-16Nb (1100/4) alloy, showing irregular
large particles in the porous matrix; (b) EDS results of the irregular large particle;
(c) Ti-16Nb (1300/4) alloy.

4.2.3 Dilatometry

The Ti-16Nb (700/0.03) and Ti-16Nb (1100/4) samples exhibit heterogeneous
microstructures composed of Ti and Nb particles, but there are neither visible Ti
particles nor Nb particles in the Ti-16Nb (1300/4) alloy. Thus, dilatometry
experiments were performed on the Ti-16Nb (DIL) and CP-Ti (DIL) samples, in order
to further understand the sintering behavior of the MIM Ti-Nb alloys.
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Dilatometry of the CP-Ti (DIL) and Ti-16Nb (DIL) samples: a) linear
shrinkage (S) and b) linear shrinkage rate (SR).

Figs. 4.2-4a and b present the linear shrinkage (S) and linear shrinkage rate (SR) of

both CP-Ti

(DIL) and Ti-16Nb (DIL), respectively, obtained by dilatometry

experiments. As illustrated in Fig. 4.2-4a, the shrinkage of the CP-Ti (DIL) sample

started at 625 °C, whereas that of Ti-16Nb (DIL) began at 638 °C. Fig. 4.2-4b shows
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that the SR of both samples exhibited the first maximum values of -0.0613 %/min at
928 °C and -0.0344 %/min at 939 °C for CP-Ti (DIL) and Ti-16Nb (DIL),
respectively. Afterwards, the SR of the CP-Ti (DIL) sample decreased to around
-0.05 %/min with increasing temperature until 1295 °C, above which a significant
decrease of SR was observed. On the other hand, after 939 °C the SR of the Ti-16Nb
(DIL) sample decreased to -0.0279 %/min at 992 °C, followed by a modest increase,
reaching the maximum of -0.0462 %/min at 1156 °C. As the temperature further

increased, the SR of the Ti-16Nb (DIL) sample gradually decreased.

4.3 The as-sintered samples

Based on the results of Section 4.2, the sintering temperatures 1300 °C, 1400 °C and

1500 °C were used in the following experiments.

4.3.1 Porosity

Fig. 4.3-1 shows the porosity of the as-sintered CP-Ti and Ti-Nb binary alloys. For all
compositions, porosity increased with decreasing sintering temperature and time. In
addition, the porosity decreased with lower Nb content for samples sintered at the

same temperature for the same time.
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Fig. 4.3-1. Porosity of the as-sintered CP-Ti and Ti-Nb binary alloys.

4.3.2 XRD

The samples sintered at 1500 °C for 4 h exhibited a lower porosity compared with the
samples sintered at other temperatures and times. Therefore it was assumed that these
samples exhibited the best mechanical properties of all as-sintered samples as they
were least affected by detrimental effects of porosity. Thus the major part of the
following investigations was performed on this set of specimens sintered at 1500 °C
for 4 h. The XRD spectra of CP-Ti (1500/4) and Ti-Nb (1500/4) alloys are presented
as shown in Fig. 4.3-2. All the Ti-Nb (1500/4) alloys were composed of a-phase and
B-phase, while, only a-phase was found in the CP-Ti (1500/4). It is important to note
that for the Ti-Nb (1500/4) alloys, the peak intensities of B-phase gradually increased

with higher Nb content.
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Fig. 4.3-2. XRD results for the CP-Ti (1500/4) and Ti-Nb (1500/4) alloys.

4.3.3 Optical microscopy and SEM

The optical micrographs of some as-sintered CP-Ti and Ti-Nb binary alloys are shown
in Fig. 4.3-3. Pores with various sizes and shapes were observed in all samples. CP-Ti
(1300/4) and CP-Ti (1500/4) showed round and unconnected pores, and the former
shows higher porosity than the latter. No precipitates were found in the as-sintered
CP-Ti. However, apart from the presence of irregular pores, fine acicular precipitates,
which varied between 50 pm to 100 pm in size, were observed in the as-sintered

Ti-Nb alloys.
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Fig. 4.3-3. Optical microscopy of some as-sintered samples.

Fig. 4.3-4 shows the back-scattered electron (BSE) and secondary electron (SE) SEM
micrographs of Ti-10Nb (1500/4), Ti-16Nb (1500/4) and Ti-22Nb (1500/4) samples.
As presented in Fig. 4.3-4a, b and c, the Ti-Nb (1500/4) alloys mainly consist of
Widmanstétten structures (a-phase and B-phase) with similar grain sizes of about
100~300 um. Table 4.3-1 presents the grain sizes of the Ti-Nb (1500/4) samples. The
long strip shaped precipitates were observed in addition to the pores. Most
precipitates were distributed along grain boundaries (GBs). Albeit the grain sizes of
different samples were not significantly different, an increased Nb content resulted in
more refined o+f lamellas, an effect especially pronounced in the Ti-22Nb alloy (take
note of higher magnification of Fig. 4.3-4f compared to Fig. 4.3-4d and e). As
revealed by the SE-SEM micrographs — Fig. 4.3-4d, e and f, the long strip precipitates

were composed of single smaller parts varying from about 5 um to 30 pm in size.

Ti-16Nb (1500/4)
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Ti-22Nb (1500/4)  (d) : Ti-10Nb (1500/4)
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Fig. 4.3-4. SEM micrographs of the Ti-Nb (1500/4) alloys: (a) Ti-10Nb (1500/4)
(BSE-SEM image), (b) Ti-16Nb (1500/4) (BSE-SEM image), (c) Ti-22Nb (1500/4)
(BSE-SEM image), (d) Ti-10Nb (1500/4) (SE-SEM image), (¢) Ti-16Nb (1500/4)
(SE-SEM image) and (f) Ti-22Nb (1500/4) (SE-SEM image) (Point A, B and C are
the precipitates)

Table 4.3-1 Grain size of the Ti-Nb (1500/4) samples (um).

Sample Grain size
Ti-10Nb (1500/4) 217 £ 161
Ti-16Nb (1500/4) 236 +122
Ti-22Nb (1500/4) 155+84.3

Table 4.3-2 EDS analyses of the precipitates in Fig. 4.3-4 (at.%).

C Nb Ti
Point 4 in Fig. 4.3-4d 43.37 222 55.60
Point B in Fig. 4.3-4¢ 40.90 1.99 57.10
Point C in Fig. 4.3-4f 43.04 1.80 55.16

Table 4.3-2 shows the EDS results of the precipitates marked in Fig. 4.3-4. The long

strip shaped precipitates were identified to be titanium carbides (TiCy). No
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dependence of morphology and composition of the TiCy particles on Nb content was

found.

4.3.4 Young’s modulus

RUS technique was used to measure the Young’s modulus of the as-sintered CP-Ti
and Ti-Nb binary alloys. As shown in Fig. 4.3-5, the Young’s modulus decreased with
decreasing sintering temperature and time for each composition. In contrast, the

Young’s modulus increased significantly with lower Nb content for each set of

sintering conditions.
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Fig. 4.3-5. Young’s modulus of the as-sintered CP-Ti and Ti-Nb alloys determined by
RUS method.

4.3.5 Tensile properties
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Fig. 4.3-6. Tensile properties of the CP-Ti (1500/4) and Ti-Nb (1500/4) alloys (a)

Yield strength and ultimate tensile strength; (b) Elongation and Young’s modulus.

Since only the samples sintered at 1500 °C for 4 h showed acceptable porosity, the
tensile tests were only performed on the CP-Ti (1500/4) and Ti-Nb (1500/4) samples.
The tensile properties these samples are plotted in Fig. 4.3-6. In general, the samples

with a higher Nb content exhibited less elongation and lower Young’s modulus but
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higher yield strength (YS) and ultimate tensile strength (UTS). It is important to note
that both Ti-16Nb (1500/4) and Ti-22Nb (1500/4) exhibited a rather poor ductility of
1~4 %. The Young’s modulus of the CP-Ti (1500/4) and Ti-Nb (1500/4) samples
determined from tensile tests was in the same range as that measured by the RUS

methods shown in Fig. 4.3-5.

Fine

: Wt
: Coarse . §
dimples

dimp\rle B

Fig. 4.3-7. The fracture surface of (a) CP-Ti (1500/4), (b) Ti-10NDb (1500/4), (c)
Ti-16NDb (1500/4) and (d) Ti-22Nb (1500/4), showing particles and dimples in all
Ti-Nb (1500/4) binary alloys.

dimples

Wi

Table 4.3-3 EDS analyses of the precipitates in Fig. 4.3-7 (at.%).

C Nb Ti
Point A4 in Fig. 4.3-7b 38.16 2.10 59.64
Point B in Fig. 4.3-7c 31.68 2.27 66.05
Point C in Fig. 4.3-7d 37.49 2.52 59.98

To further understand the reasons for the differences in the mechanical properties of
the CP-Ti (1500/4) and Ti-Nb (1500/4) alloys, the fracture surfaces of the failed
tensile specimens were investigated (see Fig. 4.3-7). The fracture surface of the CP-Ti

(1500/4) tensile specimen showed a honeycomb structure. All the Ti-Nb (1500/4)
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alloys exhibited a bimodal dimple structure. The size of “coarse dimples” of the Ti-Nb
(1500/4) binary alloys was similar to the pore size in the alloys. The “fine dimples”
were also observed between the “coarse dimples”. In Fig. 4.3-7b, ¢ and d, particles
were observed on the fracture surface of the Ti-Nb (1500/4) alloys. EDS results

(presented in Table 4.3-3) revealed that the particles were TiCy.

< 2 <4

‘Lensile Tensile
direction direction

Cracks Cracks  Tensile

Tensile

<&
thr(_)ugh direction through  direction

TiCx / TiCy

Tensile Tensile
Cracks direction direction
through
TiCy Cracks

/ \ »” bropagation

Fig. 4.3-8. Optical micrographs of cross-sections of (a) CP-Ti (1500/4); (b) Ti-10Nb
(1500/4); (c, d) Ti-16Nb (1500/4); (e, f) Ti-22Nb (1500/4); the cracks through TiCy
particles are marked.

In order to analyze the fracture processes of the CP-Ti (1500/4) and Ti-Nb (1500/4)

alloys, the longitudinal sections of the fractured tensile specimens were examined, as
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shown in Fig. 4.3-8. No evidence of crack initiation or propagation were observed
beneath the fracture surfaces in both CP-Ti (1500/4) and Ti-10Nb (1500/4) samples.
However, in the Ti-16Nb (1500/4) and Ti-22Nb (1500/4) samples, cracks cutting
through TiCy particles were detected beneath the fracture surfaces in all three Ti-Nb
(1500/4) samples. For instance, Fig. 4.3-8d presents such cracks in Ti-16Nb (1500/4).
TiCy particles were found lying along the fracture surfaces of the Ti-10Nb (1500/4)
samples. Besides, crack propagation from the fracture surface through TiCy particles

was observed in Fig. 4.3-8f.

4.4 The as-HIPed samples

4.4.1 XRD

+—— o phase
o—— B phase

Ti-22Nb (HIP)

30 40 50 60 70 80

20 (degrees)

Fig. 4.4-1. XRD results for the Ti-22Nb (HIP) alloys.

Fig. 4.4-1 shows the XRD spectrum of the Ti-22Nb (HIP) alloys. The Ti-22Nb (HIP)

alloy was composed of only a-phase and B-phase.
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4.4.2 Optical microscopy

The HIP process was applied to obtain fully dense samples. Fig. 4.4-2 shows the
optical micrographs of the CP-Ti (HIP) and Ti-Nb (HIP) samples. All samples
exhibited pore-free structures. The acicular precipitates were also observed in the
Ti-Nb (HIP) samples. The bulk density py of CP-Ti (HIP), Ti-10Nb (HIP), Ti-16Nb
(HIP) and Ti-22Nb (HIP) were measured to be 4.501 g/cm’, 4.792 g/em’, 4.924 g/cm’

and 5.080 g/cm’, respectively.

A

Precipitates

Precipitates Precipitates

N /

Fig. 4.4-2. Optical microscopy of (a) CP-Ti (HIP); (b) Ti-10Nb (HIP); (c) Ti-16Nb
(HIP) and (d) Ti-22Nb (HIP)

4.4.3 Tensile properties and RUS measurements

The tensile properties of the CP-Ti (HIP) and Ti-Nb (HIP) alloys are summarized in
Fig. 4.4-3. The same trends as for the CP-Ti (1500/4) and Ti-Nb (1500/4) samples
with respect to tensile strength vs. Nb content, elongation vs. Nb content and Young’s

modulus vs. Nb content were observed in the as-HIPed samples. In general, the
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as-HIPed samples showed a higher strength and Young’s modulus but similar
elongation compared with the corresponding CP-Ti (1500/4) and Ti-Nb (1500/4)
samples, whereas the elongation of the CP-Ti (HIP) was about 40% higher than that

of the CP-Ti (1500/4).
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Fig. 4.4-3. Tensile properties of the CP-Ti (HIP) and Ti-Nb (HIP) alloys (a) Yield

strength and ultimate tensile strength; (b) Elongation and Young’s modulus.
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Fig. 4.4-4 illustrates the fracture surface of the Ti-16Nb (HIP) and Ti-22Nb (HIP)
samples. The Ti-16Nb (HIP) sample presented a fracture surface with “fine dimples”
and some evidence of intergranular fracture. As shown in Fig. 4.4-4b, the particles,
which were identified as TiCx by EDS, were found on the fracture surface. A crack
was observed in a TiCy particle. In Fig. 4.4-4c, the Ti-22Nb (HIP) sample exhibited an
intergranular fracture. Fig. 4.4-4d shows the triple point of grain boundaries as
marked in Fig. 4.4-4c. The crack was found to propagate along grain boundaries. In
addition, the TiCy particles in Fig. 4.4-4d were observed adjacent to the fracture path.
It should be noted that the “coarse dimples” in Ti-Nb (1500/4) alloys were not

observed in both Ti-16Nb (HIP) and Ti-22Nb (HIP) alloys.

Triple point
o Of grain -

R O boundaries

Fig. 4.4-4. The fracture surface of (a, b) Ti-16Nb (HIP), (c, d) Ti-22Nb (HIP),
showing brittle fracture in both alloys.

In order to obtain the Young’s modulus of the CP-Ti (HIP) and Ti-Nb (HIP) alloys
with higher accuracy, the RUS method was applied. Fig. 4.4-5 presents the Young’s
modulus of the CP-Ti (HIP) and Ti-Nb (HIP) alloys measured by RUS technique,

which was comparable to the values obtained from tensile tests.
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Fig. 4.4-5. Young’s modulus of the CP-Ti (HIP) and Ti-Nb (HIP) alloys measured by
RUS technique.

4.5 TiC, precipitates

4.5.1 Carbide area fractions

Titanium carbide particles were observed in the as-sintered Ti-Nb alloys and as-HIPed
Ti-Nb alloys as illustrated in Section 4.3 and Section 4.4, respectively. The titanium
carbide area fractions in the CP-Ti (1500/4), Ti-Nb (1500/4) alloys and the Ti-22Nb
(HIP) alloy are presented in Fig. 4.5-1. The carbide area fractions increased noticeably
with increasing Nb content. The carbide area fraction was not changed by the
application of a HIP process. It is important to note that the carbide area fraction of

the CP-Ti (1500/4) was zero.
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Fig. 4.5-1. Carbide area fraction in the CP-Ti (1500/4), Ti-Nb (1500/4) alloys and the
Ti-22Nb (HIP) alloy.

4.5.2 TEM and SAED analyses

In order to investigate the nature of the TiCy precipitates, the TiCy precipitates in
Ti-22Nb (1500/4) were characterized by SAED (Selected Area Electron Diffraction)
in the TEM. Respective bright field TEM micrographs and SAED patterns of Ti-22Nb
(1500/4) are presented in Fig. 4.5-2. As shown in Fig. 4.5-2a, the TiCy precipitate is
surrounded by the matrix. Fig. 4.5-2b, ¢, d and e display the SAED patterns from the
TiCy precipitate. The TiCy exhibits a face-centered cubic (FCC) structure with a lattice

parameter of @ = 4.30 A. Between the main diffraction spots of the TiC, precipitate,

extra diffraction maxima with much lower intensity, e.g. %(IIT) and %(3 T3) ,

were observed, particularly at the [011] and [112] zone axes as presented in Fig.
4.5-2b and e. According to previous studies [117, 118], the TiCy precipitate in the

present investigation is assumed as Fd3m-Ti,C.
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Fig. 4.5-2. TEM micrograph and SAED patterns of the as-sintered Ti-22Nb (a) the
bright field image, (b-e) SAED patterns showing TiCy reflections from

(b) [011]; (¢) [T32] from [011]; (d) [123] from [011]; () [112] from [011].

Fig. 4.5-3 presents the SAED patterns from both the TiCy precipitate and the matrix
around it. As obvious form Fig. 4.5-3c, a clear crystallographic relationship between
the TiCy precipitate and its surrounding B-Ti was found. The reflections from
hexagonal close-packed (HCP) o-Ti were also observed, although only B-Ti was

found around the TiCy precipitate in Fig. 4.5-3b.
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(111)Tic//(110)p-Ti

[011]TiCK//[001]p-Ti

Fig. 4.5-3. SAED patterns of the TiCy precipitate in Fig. 4.5-2a (a)TiCy from [011];
and its surrounding matrix (b) B-Ti reflections from [001]; (c) both TiCy and B-Ti as

well as several additional diffraction spots from a-Ti.
4.5.3 In situ HEXRD analyses

To study the structural evolution of the carbides in the as-sintered Ti-Nb alloys, in situ
synchrotron HEXRD measurements for the Ti-22Nb (1500/4) were performed. Fig.
4.5-4 displays the results as evolution of the X-ray profiles during the measurement
time within the heating and cooling cycle shown in Fig. 3.5-4. The pyrometric
temperature measurements as well as the 15 points (Point A to Point O) (top) are
synchronized in time with the HEXRD spectra displayed as intensity map. The grey
scale level corresponds to a higher or lower intensity of the respective X-ray peaks of
various phases. Observing the development of such a peak over time gives a
qualitative hint if the fraction of this phase increases (increasing intensity), decreases

(reducing intensity) or dissolves (intensity vanishes).
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Fig. 4.5-4. Time evolution of X-ray diffraction spectra of the Ti-22Nb (1500/4) alloy.
The gray value in the HEXRD spectra corresponds to the diffracted radiation intensity.
On the right panel it is mark which angular position corresponds to which Bragg peak
of which phase. The 15 points — Point 4 to Point O - are presented on the top of the
HEXRD spectra.
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In order to better display the evolution of various phases intensities, a 3-dimensional
graph showing the in situ synchrotron XRD patterns of the main peaks of a, § and
TiCx phases from Point 4 to Point O is presented in Fig. 4.5-5. For the sake of
presenting more details regarding the evolution of the microstructure in the Ti-22Nb

(1500/4) alloy, sections of the Debye-Scherer rings at selected points of the whole

cycle are shown in Fig. 4.5-6.

«(002) 4.-;-1-351) 10)
N\ ek
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a(100)y,  TIC,(111) A

J ANl TiC (200)

e A

2,60 2,75 3,00
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Fig. 4.5-5. The evolution of the intensity of selected peaks of a,  and TiCy phases

from Point 4 to Point O.
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Fig. 4.5-6. Sections of the full Debye-Scherrer rings at selected points of the in situ
experiment. The origin of the reciprocal space, i.e. the common ring center, is to the
left at the bottom of each figure.

(a) Point 4; (b) Point G; (c) Point 7; (d) Point O.

The original diffraction pattern was recorded at Point 4. As shown in Fig. 4.5-5 and
Fig. 4.5-6a, the Ti-22Nb (1500/4) showed a typical a+f pattern with visible TiCy
reflections. The a-phase exhibits a hexagonal close-packed (HCP) crystal structure
with lattice parameters of @ = b =2.951 A, ¢ =4.683 A. The B-phase shows a
body-centered cubic (BCC) structure with a lattice parameter of @ =3.277 A. Albeit
the TiC reflections were observed, the volume fraction of TiC particles can hardly be
analyzed quantitatively, due to the rather low intensity of TiCy reflections compared

with that of the reflections of a-phase and B-phase. The TiCy phase presents a
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face-centered cubic (FCC) structure with a lattice parameter of @ =4.300 A.

As the temperature increased from Point 4 to Point E, the a-phase and TiCy
reflections gradually disappeared (see Fig. 4.5-5). It should be noted that the slight
shifting of reflections to the smaller angles was observed in all the phases. At Point E,
when the 1100 °C annealing started, only the B-phase reflections were visible. From
Point E to Point G, neither a-phase nor TiCy phase was detected. As shown in Fig.
4.5-6b, there were very few spots on the detector at Point G. The lattice parameter of
B-phase shifts to @ =3.315 A, which is an increase of approximately 0.04 A compared
to Point 4. During the first cooling step (from Point G to Point /), distinct reflections
of the a-phase and TiCy started to emerge. As shown in Fig. 4.5-6¢, there were more
spots on (110) Bragg reflections of the B-phase, compared with the reflection pattern
in Fig. 4.5-6b. Besides, the a(002) reflection and the B(110) reflection were observed
to be face-to-face, i.e., they were parallel to each other and lying on the same radii
vector. At the final cooling step (from Point M to Point O), the further growth of the
a-phase peak intensities was obvious. At the end of the cycle (Point O), the Ti-22Nb
(1500/4) alloy exhibited almost the same reflection patterns as the original state (Point
A). However, trace amounts of w-phase were observed as shown in Fig. 4.5-5 and Fig.

4.5-6d.

4.6 The as-quenched samples

4.6.1 XRD

The XRD spectrum of Ti-22Nb (HIP+Q) alloy is displayed in Fig. 4.6-1. Compared
with the spectrum of Ti-22Nb (HIP) shown in Fig. 4.4-1, one more phase — the
orthorhombic a” martensite was detected in Ti-22Nb (HIP+Q) besides the presence of

a and P phases. No peaks of TiCy particles were observed.
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Fig. 4.6-1. XRD results for the Ti-22Nb (HIP+Q).

4.6.2 Optical microscopy and SEM

The annealing and subsequent water quenching were applied to the Ti-22Nb (1500/4)
and Ti-22Nb (HIP) at 641 °C (£ 3 °C) for 120 h in order to dissolve the TiC particles.
Fig. 4.6-2 shows the optical micrographs of Ti-22Nb (1500/4+Q) and Ti-22Nb
(HIP+Q). Compared with the TiCy particles in the Ti-22Nb (1500/4) sample shown in
Fig. 4.3-31, both as-quenched alloys exhibited a microstructure with much lower

carbide area fraction as presented in Fig. 4.6-3.

Precipitates

Preeipitates / 1

Fig. 4.6-2. Optical microscopy of (a) Ti-22Nb (1500/4+Q) and (b) Ti-22Nb (HIP+Q).
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Fig. 4.6-3. Carbide area fractions of the Ti-22Nb (1500/4+Q) and Ti-22Nb (HIP+Q)
samples. Those of the Ti-22Nb (1500/4) and Ti-22Nb (HIP) alloys were shown for

comparison

A further analysis on the precipitates by SEM and EDS is presented in Fig. 4.6-4 and
Table 4.6-1. The precipitates in the Ti-22Nb (1500/4+Q) and Ti-22Nb (HIP+Q)

samples were TiCy particles, which were lying on the grain boundary.

A\

Precipitate

Fig. 4.6-4. SEM micrograph of the TiCy particles lying on the grain boundary of the
Ti-22Nb (1500/4+Q) sample.

Table 4.6-1 EDS analyses of the precipitate in Fig. 4.6-4 (at.%).
C Nb Ti
34.28 2.15 63.57
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4.6.3 Tensile properties

Fig. 4.6-5 plots the tensile curves of the as-quenched samples as well as the Ti-22Nb
(1500/4) and Ti-22Nb (HIP) alloys for comparison. It can be seen that after annealing
and subsequent quenching, the elongation increased significantly from less than 2.5 %
to 6~11 %, but the tensile strength, especially the yield strength decreased

dramatically. The change in Young’s modulus was not significant.

= Ti-22Nb (HIP+Q)
= Ti-22Nb (HIP)

—— Ti-22Nb (1500/4)
= Ti-22Nb (1500/4+Q)

Stress (MPa)

0 . 1 . 1 . 1 . 1 . 1 . 1
0 2 4 6 8 10 12

Strain (%)

Fig. 4.6-5. Stress-strain curves of tensile tests of the Ti-22Nb (1500/4+Q) and
Ti-22Nb (HIP+Q) samples; the curves of the Ti-22Nb (1500/4) and Ti-22Nb (HIP)
alloys were plotted for comparison.

Fig. 4.6-6 shows the SEM micrographs of the fracture surface of the as-quenched
alloys — Ti-22Nb (1500/4+Q) and Ti-22Nb (HIP+Q) after tensile testing. In Fig.
4.6-6a, the Ti-22Nb (1500/4+Q) sample exhibited a bimodal dimple structure. The
size of the “coarse dimples” was comparable to that of the pores shown in Fig. 4.6-2a.
In Fig. 4.6-6b taken at a higher magnification, “fine dimples” between the “coarse
dimples” were observed, and few TiCy particles were found in the Ti-22Nb
(1500/4+Q) sample. Fig. 4.6-6¢ shows the fracture surface of the Ti-22Nb (HIP+Q)

sample. Besides, few TiCy particles were also observed. The “fine dimples”
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homogeneously distributed on the fracture surface with size less than 10 pum as shown
in Fig. 4.6-6d. The appearance of the fracture surface hints to a predominantly ductile

fracture.

Fig. 4.6-6. The fracture surface of (a, b) Ti-22Nb (1500/4+Q), (c, d) Ti-22Nb
(HIP+Q).

4.7 Cell biology assessments

4.7.1 Surface characterization

Before performing the cell adhesion experiments, a CLSM was employed for the
topographical surface examinations and roughness measurements. Fig. 4.7-1 presents
the 3-D topographic surface images of the BIO-samples — the CP-Ti (MIM-BIO),
Ti-22Nb (MIM-BIO) and Ti-22Nb (AM-BIO) samples. The three configurations have

different surface structures.
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Fig. 4.7-1. Topographic 3-D views of the surfaces (1.41 mm % 1.00 mm) of (a) CP-Ti
(MIM-BIO), (b) Ti-22Nb (MIM-BIO) and (¢) Ti-22Nb (AM-BIO) samples. The color

scale of each profile represents the height of peaks on the surface.

The Ti-22Nb (MIM-BIO) alloy showed higher and more irregular peak dimensions
than the other two, whereas, the Ti-22Nb (AM-BIO) alloy exhibited the smoothest
surface. Such diversity between them was confirmed by the comparative Ra (average
surface roughness) and Rz (average maximum height of the profile) values as shown
in Table 4.7-1. The Ti-22Nb (AM-BIO) alloy showed a maximum peak height of
about 6.5 um, however, the profiles of the CP-Ti (MIM-BIO) and Ti-22Nb (MIM-BIO)

samples had amplitudes of around 263 pm and 269 um, respectively.

Table 4.7-1 Roughness parameters on the BIO-samples (pm)

CP-Ti (MIM-BIO)  Ti-22Nb (MIM-BIO)  Ti-22Nb (AM-BIO)

Ra 6.30 15.26 0.30
Rz 262.89 268.96 6.48
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4.7.2 Initial cell adhesion

Fig. 4.7-2a shows the cell number on the CP-Ti (MIM-BIO), Ti-22Nb (MIM-BIO)
and Ti-22Nb (AM-BIO) samples after initial cell adhesion for 10, 25 and 40 min.
Besides, in order to provide a better figure readability, statistical analyses are also
presented in Fig. 4.7-2b. The SEM photos of the cells on different samples are
presented in Fig. 4.7-3. A significantly enhanced adhesion of cells, i.e., a higher cell
number, was observed in all the BIO-samples with longer incubation time.
Furthermore, a slight preference of the cells on the materials with higher surface
roughness was found. Especially, a significant difference between the cell numbers
adhered on the Ti-22Nb (MIM-BIO) and Ti-22Nb (AM-BIO) samples incubated for
40 min could be noticed. Based on the SEM photos in Fig. 4.7-3, cells presented a
homogeneous distribution throughout all material surfaces. However, different cell
growth behaviors were observed on different samples with various incubation times.
As shown in Fig. 4.7-3b, d and f, the HUCPV cells incubated for 10 min on the CP-Ti
(MIM-BIO) and Ti-22Nb (MIM-BIO) samples appeared flat, especially around the
pores, while, the ones on the Ti-22Nb (AM-BIO) samples were still round. Besides,
with increasing incubation time, more HUCPYV cells adhered on the surface of various
samples was observed, and the cells tended to grow multilayered and cover the whole

surface.
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Fig. 4.7-2. (a) Cell number after adhesion on different materials for 10, 25 and 40 min.

(b) *Statistically significant difference (P < 0.05).
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Fig. 4.7-3. SEM photos of HUCPYV cells after adhesion on different materials for 10,
25 and 40 min.

4.7.3 Proliferation assays

The proliferation of HUCPV cells was studied after 3 and 5 days (MTT assays). Fig.
4.7-4 shows the results as well as the statistical analyses of the proliferation assays.
The MTT absorbance of cells grown on the samples after 5 days is significantly
higher than that obtained after 3 days for all the BIO-samples. Albeit the MTT
absorbance of the cells on the Ti-22Nb (MIM-BIO) samples was slightly higher than
the ones on the CP-Ti (MIM-BIO) and Ti-22Nb (AM-BIO) samples, no real great

disparities were observed between the different samples.
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Fig. 4.7-4. MTT measurements of HUCPV cell proliferation assays after adhesion on

various materials for 3 and 5 days.

*Statistically significant difference (P < 0.05).
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5. Discussion

5.1 The sintering and homogenization behavior of MIM Ti-Nb

alloys

The sintering and homogenization behavior of multicomponent systems have been
extensively investigated [119-128]. As illustrated in Section 2.2.4, there are three
models — one-phase, two-phase and three-phase binary systems describing the
homogenization behavior of various binary powder mixtures during sintering. In this
investigation, according to the Ti-Nb binary phase diagram [50] as presented in Fig.
2.1-1, the mixtures of Ti powder and Nb powder should be treated as one-phase
binary systems above the B transus temperatures (790.7 °C for Ti-10Nb, 754.6 °C for
Ti-16Nb and 721.5 °C for Ti-22Nb) during sintering.

In addition, as reported in literature [75, 129-134], the particle size distribution also
has a significant influence on the densification during sintering. In the present work,
the diameter of the Ti powder (< 45 pum) is much smaller than that of the HDH Nb
powder (< 110 pm) as shown in Fig. 3.1-1a and b. Thus, the MIM Ti-Nb samples after
debinding process can be viewed as bimodal powder mixtures. In the present
investigation, the particle sizes of the Nb particles are much larger than those of the Ti
particles. Moreover, the atomic fractions of Nb are only 5.4 %, 8.9 % and 12.7% in
Ti-10Nb, Ti-16Nb and Ti-22Nb alloys, respectively. Thus, in these Ti-Nb alloys, the
number density of Nb particles is much lower than that of the Ti particles.
Consequently, after debinding, the Ti and Nb powder mixtures can be simplified as
the structures — homogeneously dispersed coarse HDH Nb powder embedded in a

network of fine Ti powder (see Fig. 4.2-2a).

The CP-Ti (DIL) and Ti-16Nb (DIL) samples show comparable starting temperatures
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of the shrinkage as illustrated by Fig. 4.2-4. German [135] stated that the shrinkage of
the powder compact results from the change in the interparticle spacing as neck
growth takes place which is promoted by bulk transport processes. Consequently, the
comparable starting temperatures of the shrinkage of both samples indicate that the
neck growth almost took place simultaneously in both samples. According to Fig.
4.2-4, the S and SR of Ti-16Nb (DIL) at 700 °C are 0.18106 % and -0.00279 %/min,
respectively, i.e., Ti-16Nb (DIL) is still at the very beginning stage of the sintering
shrinkage at 700 °C. Thus, the Ti-16Nb (700/0.03) sample shows a microstructure
representative of the initial stage of the sintering process as presented in Fig. 4.2-2a.
The Ti-16Nb (DIL) sample exhibits two maximum linear shrinkage rates (SR) at
around 940 °C and 1160 °C, respectively; whereas the only maximum SR of the CP-Ti
(DIL) sample was observed at around 930 °C. During sintering, the intermediate stage
determines the densification of the final compact and shows the highest shrinkage rate
among the three stages of the sintering process. As illustrated in Fig. 4.2-2b and Fig.
4.2.2-a, the Ti-16Nb (1100/4) is composed of irregular Nb particles and a porous Ti
matrix with a porosity of around 11 %, indicating that the sintering of the Ti-16Nb
(1100/4) sample at 1100 °C is in the intermediate stage, and the pore elimination
mainly takes place between Ti particles rather than between Ti and Nb particles.
Consequently, it is reasonable to conclude that the maximum SR of both the CP-Ti
(DIL) and Ti-16Nb (DIL) samples at around 930~940 °C indicates the climax of the
intermediate stage of the sintering of Ti particles. At that low temperature, the isolated
Nb particles in the Ti-16Nb (DIL) sample hardly contribute to the shrinkage; in
contrast, they act as diffusion barriers constraining the shrinkage of the Ti particles in
the Ti-16Nb (DIL) sample. Therefore, the maximum SR of the CP-Ti (DIL) sample at
about 930 °C is about twice as much as that of the Ti-16Nb (DIL) sample at about

940 °C.

However, the CP-Ti (DIL) and Ti-16Nb (DIL) samples exhibit different sintering

behavior when temperature further increases. The decreased SR above 928 °C of the
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CP-Ti (DIL) sample suggests the intermediate sintering stage of the Ti particles has
ended. The significantly reduced SR after 1295 °C is an indication of initiation of the
final sintering stage. Further pore elimination in the Ti matrix is more difficult than in
the intermediate stage. In contrast, the SR of the Ti-16Nb (DIL) sample reduces from
939 °C to 992 °C. With further temperature increase, the SR of the Ti-16Nb (DIL)
sample increases again, indicating the initiation of apparent diffusion between the Ti
matrix and Nb particles. The microstructural evidence of metallurgical bonding
between the Nb particles and the matrix is observed in the Ti-16Nb (1100/4) sample
as presented in Fig. 4.2-3a. Besides, the detected trace amount of B-phase (see Fig.
4.2-1) in the Ti-16Nb (1100/4) sample is also attributed to the diffusion between the
Ti matrix and Nb particles. Cracks and distinct boundaries are still found between the
Ti matrix and Nb particles, which may not be attributed to thermal expansion, because
the coefficients of thermal expansion of Ti and Nb are very close [136, 137]. The
continuous residual pores between Ti particles and Nb particles (e.g. Point 4 in Fig.
4.2-3a) would be eliminated at higher sintering temperatures. As shown in Fig. 4.2-3a,
the presence of the crack in Point D is probably due to the unbalanced diffusion rate
and concomitant formation of Kirkendall type pores. The diffusion coefficient of Nb
in B-Ti is four to six orders of magnitude larger than that of Ti in Nb in the
temperatures range between 900 °C and 1500 °C [138-142]. Thus, the mass flow
between the two types of powder should be mainly from the Nb particles to the
surrounding Ti matrix, which leads to pores initiation between the Nb particles and Ti
matrix. Above 1156 °C, the SR of the Ti-16Nb (DIL) sample gradually decreases,
suggesting the end of the intermediate sintering stage. As presented in Fig. 4.2-3, the
Ti-16Nb (1300/4) exhibits a microstructure without visible Nb-rich regions,
suggesting that the homogenization between the Ti matrix and Nb particles has
finished at 1300 °C. As the temperature further increases, the pore elimination process
should be only dependent on the diffusion in the Ti-Nb matrix instead of Ti or Nb

particles.
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Based on the discussion above, the sintering process of the Ti-Nb alloys can be

divided into several steps as shown in Fig. 5.1-2:

Ti-diffusion step
Pores

\\

Nb particle
—~—
Ti particle
Matrix-diffusion step Ti-Nb-diffusion step . Ti-Nb region

Fig. 5.1-2. Sketches of the densification behavior in the Ti-Nb bimodal particle
mixture, showing the three steps during sintering of the Ti-Nb alloys. Pores are visible

in all the steps.

» Ti-diffusion step. The sintering process starts mainly between the Ti particles at a
relatively low temperature. In this step, the pore elimination is attributed to the
diffusion between Ti particles instead of that between Ti and Nb particles, due to
the significant difference between the diffusion coefficients of them. The bimodal
Ti-Nb system can be treated as a metal-inclusion model. The Nb particles act as
barriers against the mass flow of the Ti atoms. The shrinkage of the Ti particles is
constrained by the full density Nb particle. This leads to a stress that reduces the
shrinkage. This step consists of two stages: the initial sintering stage and
intermediate stage of Ti particles. When the sintering of the Ti matrix has almost
reached the end of the intermediate stage, the diffusion between the Ti matrix and

Nb particles becomes notable.
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» Ti-Nb-diffusion step. When the temperature increased to a certain range, at which
the neck growth between the Ti particles and Nb particles becomes apparent, the
homogenization process of the bimodal Ti-Nb mixtures started. At this time, the
sintering between the Ti particles was at the intermediate stage. Thus, the
shrinkage in this step should result from not only the diffusion between the Ti
particles, but also the mass transfer between the Ti matrix and Nb particles.
During this step, the diffusion between the Ti matrix and Nb particles is almost
unidirectional from Nb to Ti, due to the significant difference between the
diffusion coefficient of Nb atoms in B-Ti and Ti atoms in Nb. Such a strong
Kirkendall effect may lead to cracks initiation at Ti-Nb boundaries. This step is
composed of two sintering stages: the initial stage and intermediate stage between
the Ti matrix and Nb particles.

» Matrix-diffusion step. When the homogenization process between the Ti matrix
and Nb particles has finished at higher temperatures (e.g., 1300 °C for MIM
Ti-16ND), i.e., the Ti-Nb bimodal structure has transferred into the Ti-Nb matrix,
further shrinkage would be achieved by the diffusion of the Ti-Nb matrix. Since
no Nb particles or Ti particles have been observed in the Ti-Nb alloys sintered at
the temperatures of 1300 °C, 1400 °C and 1500 °C, the sintering of all these
alloys was performed in the matrix-diffusion step. It is well known that during
sintering when porosity decreases to about 8 %, the cylindrical, interconnected
pores will be unstable and tend to collapse into spherical, closed pores, indicating
the end of the intermediate stage and the beginning of the final sintering stage [82,
92, 94, 143]. Since the porosity of these alloys was lower than or at least around
8~9 %, they are already at the end of the intermediate stage and the beginning of
the final sintering stage of the Ti-Nb matrix after sintering at 1300 °C, 1400 °C

and 1500 °C.
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5.2 The influence of sintering parameters on porosity and

Young’s modulus of MIM CP-Ti and Ti-Nb alloys

A clear dependence of the porosity and Young’s modulus on the sintering temperature
and time has been observed for the CP-Ti and Ti-Nb binary alloys fabricated by MIM

process sintered at various temperatures with different sintering times.

5.2.1 The influence of sintering parameters on porosity.

According to the definition proposed by Thiimmler et al. [144], sintering is the
thermal treatment for bonding the particles into a coherent solid mass and eliminating
pores. Hence, the most directly influenced property of the MIM sample by changing
sintering parameters should be porosity. Moreover, porosity is one of the controlling
characteristics of the sintered samples. It influences various material properties,
especially the mechanical properties and biocompatibility. Since the impurity levels of
all the as-sintered samples show comparable values, and the O,, values of them are
lower than the critical value as illustrated in Section 4.1, the influence of sintering

parameters on the impurity levels will not be discussed.

A reduced porosity with increasing sintering temperature and time for every
composition is observed as presented in Fig. 4.3-1. As stated in Section 2.2.4, the pore
elimination is attributed to the bulk diffusion. Thus, the temperature — time curve of
the sintering process should definitely have a significant influence on the
densification according to Fick’s law of diffusion. Since all the sintering processes in
the present work applied the same thermal debinding, heating rate and cooling rate,
they only differ from each other by the sintering temperature and time. With
increasing sintering time at a given sintering temperature, the porosity is reduced;
while, at a higher sintering temperature, the diffusion coefficient will increase

exponentially according to Eq. 2.2-1. Thus, the change of sintering temperature
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should have more significant influence on porosity than that of the sintering time. For
instance, the porosity of Ti-16Nb (1400/4) is 6.19 %, and that of Ti-16Nb (1500/2) is
6.14 %, while, Ti-16Nb (1400/2) shows a porosity of 7.68%. The similar porosity of
both Ti-16Nb (1400/4) and Ti-16Nb (1500/2) samples indicates that the increase of
100 % sintering time (from 2 h to 4 h) and the increase of 6.0 % sintering temperature
(from 1673 K to 1773 K) have comparable effect on reducing porosity. In a word, a
higher sintering temperature and longer sintering time always lead to a decrease of
porosity for every composition in the present investigation, and the porosity is more

sensitive to the sintering temperature than the sintering time.

5.2.2 The influence of porosity on elastic modulus of MIM CP-Ti and
binary Ti-Nb alloys

As described in Fig. 4.3-5 and Fig. 4.4-5, the Young’s modulus of the as-sintered and
as-HIPed CP-Ti and Ti-Nb samples determined by the RUS technique showed a clear

dependence on the porosity. In order to investigate the relationship between the

Young’s modulus and porosity, various mathematical theories have been considered.
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Fig. 5.2-1. Dependence of the Young’s modulus of the as-sintered CP-Ti and Ti-Nb
samples on porosity. Comparison of experimental Young’s modulus (labeled as
“composition (E)”) and calculated Young’s modulus (labeled as “composition (C)”)
based on Eq. 5.2-1. For each composition, the five points from left to right represent
the samples with sintering parameters — 1500/4, 1500/2, 1400/4, 1400/2 and 1300/4,

respectively.

Based on the assumption that the porous material consists of a void phase (with zero
Young’s modulus) and a solid matrix or skeleton phase (with Young’s modulus equal
to the dense material), Pabst et al. [145] adapted a simple relationship — Eq. 5.2-1 — to

describe the dependence of Young’s modulus £ on porosity P:
E=E,(1-P) (5.2-1)

where Ej is the Young’s modulus of the full-dense material, which, in the present
work, was taken as the Young’s modulus of the corresponding as-HIPed sample. Fig.
5.2-1 presents the calculated Young’s modulus of the as-sintered samples according to
Eq. 5.2-1. Except for CP-Ti (1500/4) and Ti-Nb (1500/4) samples, the theoretical
formula yield significantly higher values compared with the experimental results.
Such a significant discrepancy probably results from the fact that Eq. 5.2-1 refers to

the influence of porosity alone, disregarding the structure differences between sintered
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and dense metals. Cobel and Kingery [146] pointed out that it is unwarranted to
simply regard the as-sintered samples as such a mixture of voids and dense material,
because the as-sintered samples usually exhibit heterogeneous structures, composed
of packed grains and bridges of lower density between them, showing different
modulus in different parts. That means the density distribution, pore shape and stress
concentration near the pores are possible causes of the discrepancy [147]. Therefore,
the good accordance between the experimental and calculated Young’s modulus of
CP-Ti (1500/4) and Ti-Nb (1500/4) samples should be attributed to the fact that these
two specimen states already exhibit homogenous structures due to the long sintering
time and especially the high sintering temperature. So their internal structure should

be most closely reassemble the model proposed by Pabst et al. [145].

The case of heterogeneous structure of as-sintered samples with arbitrary pore shapes
has been considered by Buch and Goldschmidt [148]. To obtain the Young’s modulus

from porosity, they proposed the following relationship:

15(1-v,) P
(7-5v,)+2P(4-5v,)

E=E,|1- (5.2-2)

where vy is Poisson’s ratio of the fully-dense samples. The Poisson’s ratios of Ti and
Ti-Nb based alloys were reported as approximately 0.3 [149, 150]. Thus, in the
present case, Poisson’s ratios of all the as-HIPed samples were assumed to be a
constant, i1.e., vs=0.3. Fig. 5.2-2 compares experimental results with those obtained
from Eq. 5.2-2. Albeit the calculated data of Young’s modulus of the as-sintered CP-Ti
samples differs slightly from the experimental results, the theoretical data showed
excellent agreement with the experimental Young’s modulus values of the as-sintered
Ti-Nb samples with high porosity, suggesting that the exactness of Eq.5.2-4 is

sufficient to predict the Young’s modulus of the MIM Ti-Nb samples.
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Fig. 5.2-2. Comparison of experimental and calculated data according to Eq. 5.2-2 for
the as-sintered CP-Ti and Ti-Nb samples. The experimental and calculated results are
labeled as “composition (E)” and “composition (C)”, respectively. For each
composition, the five points from left to right represent the samples with sintering
parameters — 1500/4, 1500/2, 1400/4, 1400/2 and 1300/4, respectively.

5.3 The influence of Nb content on microstructure and

mechanical properties of MIM CP-Ti and Ti-Nb alloys

According to the Fig. 4.3-1, only the samples sintered at 1500 °C for 4h exhibit a
porosity of less or at least around 5 %, which is commonly accepted as the limit
between open and closed porosity [151]. Consequently, in this section, the discussion
regarding the dependence of microstructure and mechanical properties of MIM CP-Ti
and Ti-Nb alloys on Nb content mainly focus on the CP-Ti (1500/4) and Ti-Nb
(1500/4) alloys. The CP-Ti (HIP) and Ti-Nb (HIP) alloys are also discussed for

comparison.

5.3.1 The influence on a / p phase fraction

As revealed by the XRD results shown in Fig. 4.3-2, the CP-Ti (1500/4) and Ti-Nb
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(1500/4) alloys consist of a-phase (CP-Ti (1500/4)) and a- and B-phase (Ti-Nb
(1500/4)), respectively. With increasing Nb content, the intensity of the primary o
peak decreases gradually, indicating that the proportion of a-phase declines as the Nb
content increases. Such a dependence of a-phase fraction on Nb content should be
attributable to the B-stabilizing effect of Nb on Ti alloys. Nb addition has a marked
effect in lowering the B transus temperature of Ti alloys [152-154]. As shown in Fig.
2.1-1, the Ti-Nb binary phase diagram reveals that as the Nb content increases from
10 wt.% over 16 wt.% to 22 wt.%, the [ transus temperature decreases from 790.7 °C
over 754.6 °C to 721.5 °C, respectively. Whereas, the P transus temperature of pure Ti
is 882 °C [35]. The lowered P transus temperature inevitably leads to a higher fraction

of B-phase.

5.3.2 The influence on porosity

As presented in Fig. 4.3-1, the porosity increases from about 1.6 % for CP-Ti (1500/4)
to around 5.7 % for Ti-22Nb (1500/4). Since the binder volume fractions in the CP-Ti
and Ti-Nb samples after metal injection moulding are all 31 vol.%, all these samples
should exhibit similar porosity after the debinding process. For the CP-Ti (1500/4),
both the fine particle size and high diffusion coefficient contribute to the densification,
thus, it is reasonable that CP-Ti (1500/4) exhibit much lower porosity than the Ti-Nb
(1500/4) alloys. For the Ti-Nb (1500/4) alloys, the dependence of porosity on Nb
content can be illustrated according to the bimodal Ti-Nb powder mixture model and
the corresponding sintering behavior discussed in section 5.1. During the Ti-diffusion
sintering step, the densification is mainly controlled by the mass transport between the
Ti particles. Since the Ti particles during sintering are lying beneath each other, the
undissolved Nb particles hinder the shrinkage, i.e., they act as diffusion barriers. Thus,
at the end of this step, the Ti-22Nb (1500/4) sample should exhibit the highest
porosity, due to its higher Nb powder fraction compared with CP-Ti (1500/4),
Ti-10Nb (1500/4) and Ti-16Nb (1500/4) alloys. With increasing temperature, in the
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Ti-Nb-diffusion step, the pore elimination results from both Ti-Ti diffusion and Ti-Nb
diffusion. In the Ti-Nb binary system, the diffusion coefficients of both Ti and Nb in
the alloy fall dramatically with increasing Nb content [138, 152]. Therefore, samples
with higher Nb content should show a lower densification rate in this step. At the
sintering temperature — 1500 °C, the Ti-Nb alloys should be in the Matrix-diffusion
step and become solid solutions. Further pore elimination is controlled by the
diffusion in the Ti-Nb matrix. Thus, lower Nb content also leads to a higher relative
density. In summary, a higher Nb content resulted in reduced densification rates in all

the three steps of the sintering process.

5.3.3 The influence on mechanical properties and fractography

As shown in Fig. 4.3-6, there is an obvious relationship between Nb content and
mechanical properties of the CP-Ti (1500/4) and Ti-Nb (1500/4) alloys. The CP-Ti
(1500/4) and Ti-Nb (1500/4) samples present different fracture behaviours as shown
in Fig. 4.3-7. The honeycomb structure of the fracture surface of the CP-Ti (1500/4) is
a typical feature of a ductile failure, which means that the Ti powder bonding was
metallurgically sound. The fracture surfaces of the Ti-Nb (1500/4) exhibit bimodal
structures. The “coarse dimples” have similar sizes as the pores in the Ti-Nb (1500/4)
alloys, but they are not observed on the fracture surfaces of the Ti-Nb (HIP) alloys
(see Fig. 4.4-4). Consequently, such “coarse dimples” should correlate with the pores
in the Ti-Nb (1500/4) alloys. The formation of “fine dimples” indicates the ductile
deformation of the material between the pores. The presence of TiCy particles on the
fracture surfaces may lead to the low ductility of the Ti-Nb (1500/4) samples, which is

confirmed by the observation of cracks cutting through TiCy particles (Fig. 4.3-8).
The effect of Nb addition in Ti alloys on Young’s modulus has been extensively
reported [31, 53, 155, 156]. As discussed in section 5.3.1, Nb has a strong

B-stabilizing effect on Ti alloys. So the decrease of Young’s modulus with a higher
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amount of Nb addition in the as-HIPed alloys is expected.

A strength-enhancement effect of Nb in Ti alloys has been reported in previous works
[54, 157]. From an investigation which analyzed the influence of Nb addition on the
tensile strength and elongation of arc-melted Ti-Nb binary alloys [25], it is known that
the tensile strength slightly increases from around 700 MPa to 750 MPa with Nb
content increasing from 14 wt.% to 22 wt.%, but the elongation decreases from
around 11 % to 9 %. However, in the present work, the differences in both tensile
strength and elongation between the Ti-Nb (1500/4) binary alloys were much larger.
This suggests that the mechanical properties of the Ti-Nb (1500/4) binary alloys have

not been affected by the presence of Nb alone but by additional factors.

Besides the influence of the Nb content, porosity has also played an appreciable role
in determining the Young’s modulus of the as-sintered samples. That higher porosity
results in reduced Young’s modulus has already been discussed in Section 5.2.2. As a
result, even though the Ti-10Nb (1500/4), Ti-16Nb (1500/4) and Ti-22Nb (1500/4)
alloys are o+f alloys, the specimens investigated here could exhibit a comparable or
even lower Young’s modulus than some B-Ti alloys, such as Ti-12Mo-6Zr-2Fe and
Ti-13Nb-13Zr with lower porosity [2]. Under monotonic tensile loading, the pores
reduce the effective cross-section for load bearing and act as stress concentration sites,
leading to strength and ductility decrease [151]. The CP-Ti (1500/4) samples exhibit
higher tensile strength than the CP-Ti samples produced by Sidambe et al. [16]
showing comparable O, as the former. Such a difference should result from the lower
porosity of the CP-Ti (1500/4) samples. The negative effect of porosity on tensile
strength explains the lower tensile strength of the CP-Ti (1500/4) and Ti-Nb (1500/4)
samples compared to the CP-Ti (HIP) and Ti-Nb (HIP) samples. The elongation of the
CP-Ti (HIP) exhibits an 40 % increase compared to the CP-Ti (1500/4), which is in
basic agreement with Bourcier et al. [158] that even a porosity less than 5 % in CP-Ti

can lead to a significant decrease of ductility. However, there is almost no influence of
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porosity on the ductility of the Ti-16Nb (1500/4) and Ti-22Nb (1500/4) samples,
because they show comparable low elongation as the Ti-16Nb (HIP) and Ti-22Nb
(HIP) samples. The reason lies probably in the deterioration of the ductility caused by

the TiCy precipitates, being stronger than the effect of porosity.

It has been shown that TiCy particles can increase the strength of Ti and its alloys
through precipitation strengthening [103, 105, 106, 159, 160]. In the present
investigation, the yield strength increased by 10.19 % from Ti-16Nb (1500/4) with a
carbide area fraction of around 0.92 % to Ti-22Nb (1500/4) with a carbide area
fraction of about 1.81 %, while, the increase of yield strength from the arc-melted
Ti-16Nb to arc-melted Ti-22Nb without TiCy particles was only 6.06 % [25]. Such a
different behaviour suggests that the TiCy particles make a significant contribution to
the tensile strength of the Ti-Nb (1500/4) alloys. In addition, it should be noted that
the tensile strength of the Ti-22Nb (1500/4) is close to that of the arc-melted Ti-22Nb
[25], although the former has a higher degree of porosity, indicating that the positive
contribution of the TiC precipitation has compensated for the negative influence of
the porosity. The influence of TiCy particles on Young’s modulus is not clear yet and

will be addressed in further investigation.

In both Ti-Nb (1500/4) and Ti-Nb (HIP) alloys, TiCy particles are readily visible on
the fracture surfaces as presented in Fig. 4.3-7 and Fig. 4.4-4. Cracks are found to cut
through the TiCy particles, showing the brittle nature of TiCy. On grain boundary
triple points, TiCy particle are observed lying on the fracture path along the grain
boundaries, indicating that the TiCy precipitates are the easy spots and paths for crack
initiation and propagation. Such behaviour has also been reported in TiC-reinforced
Ti-based composites [107, 161]. As shown in Fig. 4.3-8, in the Ti-16Nb (1500/4) and
Ti-22Nb (1500/4) alloys, crack initiation and propagation are observed around the
TiCy particles on the longitudinal sections of the fractured Ti-16Nb (1500/4) and

Ti-22Nb (1500/4) tensile specimens, indicating the negative effect of the TiCy

88



DISCUSSION

precipitates on fracture resistance. In summary, the poor ductility of Ti-16Nb (1500/4),
Ti-22Nb (1500/4), Ti-16Nb (HIP) and Ti-22Nb (HIP) is thus attributed to the large

amount of carbides.

The poor ductility is definitely a drawback of MIM Ti-Nb alloys investigated here for
biomedical applications. Therefore, methods to control the TiCy precipitation in the
MIM Ti-Nb alloys were investigated. A combination of annealing and subsequent

quenching was applied in order to dissolve the TiCy particles into the matrix.
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Fig. 5.3-1. The calculated binary phase diagram of Ti-C according to the
thermodynamic data of Frisk [162].

The solubility of carbon in a-Ti and B-Ti could be predicted with the underlying
CALPHAD (CALculation of PHAse Diagram) approach. The thermodynamic
parameters of the C-Ti system reported by Frisk [162] were applied for the calculation.
The calculation was conducted as part of a cooperation by Dr. Keke Chang in RWTH

Aachen University.

The calculated Ti-C binary phase diagram is presented in Fig. 5.3-1. There is a
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maximum of the carbon solubility of 0.44 % at 917.8 °C in the a-phase, and another
maximum of carbon solubility of 0.40 % at 913.9 °C in o+ field. Therefore, a
dissolution of the TiCy particles into the matrix at one of the temperatures with the
maximum carbon solubility should be possible in the binary Ti-C system. The
Ti-22Nb (1500/4) and Ti-22Nb (HIP) samples were annealed and quenched. The
reasons for the choice of the specific temperatures and times of the annealing and
quenching process will be discussed in Section 5.4.1. As presented in Fig. 4.6-2 and
Fig. 4.6-3, the amount of TiCy particles is significantly reduced after annealing and
quenching. Consequently, the annealing and quenching process is effective to
minimize the TiCy precipitation in MIM Ti-Nb alloys. The o martensite is found
after quenching as shown in Fig. 4.6-1. It has been reported that rapid cooling from
high temperatures leads to o’ martensite forming in Ti-Nb alloys with a Nb content
higher than 10.5 wt.% [163, 164]. The o’ martensite is transformed from the B-phase
[165-167]. The presence of o’ martensite usually exhibits deleterious effects on the
tensile strengths of Ti-Nb-based alloys [168, 169], since martensite reorientation
occurs at low stress levels due to the internal stress concentrations [170]. Thus, it is
probable that the o’ martensite formation plays role in lowering the tensile strength of
the Ti-22Nb (1500/4+Q) and Ti-22Nb (HIP+Q) samples compared with that of the
Ti-22Nb (1500/4) and Ti-22Nb (HIP) samples as plotted in Fig. 4.6-5. This effect
cannot clearly be distinguished from the effect of the reduced amount of TiCy
particles after quenching which should also contribute to a decrease in tensile strength.
It is important to note that the as quenched samples still exhibit much higher strength
than that of human bones (18~80 MPa) [171, 172]. So they are still promising

candidates as implant materials from the strength point of view.

Although the as-quenched samples show lower tensile strength than the Ti-22Nb
(1500/4) and Ti-22Nb (HIP) samples, the elongation has been significantly improved
after annealing and quenching. o martensite sometimes results in slightly higher

elongation [49], and the lower amount of TiCy particles also contributes to the
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remarkable ductility-enhancement. The predominantly ductile fracture surfaces of the
Ti-22Nb (1500/4+Q) and Ti-22Nb (HIP+Q) samples indicate that such low amounts
of TiC particles cannot lead to rapid crack propagation in the ductile Ti-Nb matrix.

Consequently, such an annealing and quenching process has been proved to be an
efficient way to reduce the amount of TiCy precipitates, leading to a significant

increase on ductility.

5.4 The TiC, precipitation in MIM Ti-Nb alloys

It is well known that both Ti and Nb show strong carbide forming effects [173, 174].
However, the carbide particles in the MIM Ti-Nb samples are found to be TiCy instead
of NbCy (see Table 4.3-2). TiCy exhibit formation energies ranging from -150 to -195
kJ/mol [175], whereas, the formation energy of NbCy is only -70 to -100 kJ/mol
[176-179]. Such a difference in the formation energy of TiCy and NbCy explains that
the former is more stable, leading to the preferentially precipitation of TiCy particles

in the MIM Ti-Nb alloys.

TiCx in Ti, Ti alloys and Ti matrix composites (TMCs) has been extensively
investigated, owing to its strong effects of precipitation hardening [103, 104, 106, 108]
as well as oxygen getter [105]. In most cases, TiC particles were either directly
introduced into the Ti-based alloys and composites using powder metallurgy [107], or
indirectly formed by reactions between Ti and carbon or carbon-rich compounds, such
as graphite [117, 180], diamond [181] and carbonyl iron powders [182]. In MIM Ti
alloys, the carbon content of the final products is influenced by several factors, such
as residual binder, impurity levels of powders and parameters of debinding and
sintering processes. For instance, the TiCy precipitation in the Ti-12Mo alloy
produced by powder injection moulding is attributed to the extremely high carbon

content (>0.3 wt.%) in the alloy, resulting from the residual binder [160].
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In the present investigation, all the pre-sintered, as-sintered, as-HIPed and
as-quenched samples show comparable carbon levels (see Fig. 4.1-1), which are
found to be lower than the carbon solubility in a-Ti and B-Ti according to the Ti-C
binary phase diagram as shown in Fig. 5.3-1. However, as presented in Fig. 4.3-3, Fig.
4.3-4, Fig. 4.4-2 and Fig. 4.6-2, the TiC, precipitates are observed in all the
as-sintered, as-HIPed and as-quenched Ti-Nb alloys, but not in the as-sintered and
as-HIPed CP-Ti specimens. Such a difference between the MIM Ti-Nb samples and
MIM CP-Ti samples leads to the assumption that the Nb content is probably

responsible for the unexpected precipitation of TiC particles.

In order to investigate the relationship between Nb content and the precipitation of the
carbide particles, the pseudo-binary Ti-C phase diagrams of Ti-10Nb-C, Ti-16Nb-C
and Ti-22Nb-C have been calculated using the Thermo-Calc software as shown in Fig.
5.4-1. The solubility of carbon in both a-phase and B-phase could be predicted with
the underlying CALPHAD (CALculation of PHAse Diagram) approach. The
thermodynamic parameters of the C-Nb-Ti system reported by Lee et al. [183] were
applied for the calculation. These calculations were also performed by our cooperator

— Dr. Keke Chang in RWTH Aachen University [184].
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Fig. 5.4-1. The pseudo binary Ti-C phase diagrams of Ti-10Nb-C, Ti-16Nb-C and
Ti-22Nb-C predicted using Thermo-Calc software. The shadow area shows the carbon

contents of all the MIM samples in the present investigation.

After comparing the Ti-C binary phase diagram (see Fig. 5.3-1) with the
pseudo-binary phase diagrams, an obvious decrease of carbon solubility with
increasing Nb content is found. Consequently, considering that the carbon contents of
all the as-sintered, as-HIPed and as-quenched samples are ranging between 0.05 wt.%
and 0.07 wt.%, it is reasonable that the TiCy precipitates are formed in the MIM Ti-Nb

samples.

As discussed in Section 5.1, the diffusion between Ti and Nb particles in MIM Ti-Nb
samples is not apparent until the Ti-Nb-diffusion step at relative high temperature.
The diffusion coefficients of carbon in both a-Ti and B-Ti [185] are significantly
higher than that in Nb [186]. Thus, the non-presence of TiCy particles in the
pre-sintered Ti-16Nb (700/0.03) and Ti-16Nb (1100/4) samples should be attributed to
the fact that before forming Ti-Nb matrix at elevated temperature, the carbon atoms

mainly dissolve in the Ti matrix. At higher temperatures, the diffusion from Nb
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particles into the Ti matrix leads to the formation of a Ti-Nb matrix. According to the
pseudo binary phase diagrams of Ti-10Nb-C, Ti-16Nb-C and Ti-22Nb-C in Fig. 5.4-1,
the carbon solubilities in the matrix of Ti-10Nb, Ti-16Nb and Ti-22Nb are always
higher than the carbon contents of the samples at the sintering temperatures — 1300 °C,
1400 °C and 1500 °C. Therefore, the TiCx particles only precipitated during the
cooling step, and thus did not influence the homogenization and sintering behavior at

the heating and holding steps.

According to the pseudo-binary phase diagrams, the precipitation mechanism of TiCy
particles can be illustrated. For instance, in the Ti-10Nb (1500/4), Ti-16Nb (1500/4)
and Ti-22Nb (1500/4) samples, at the sintering temperature of 1500 °C, the carbon
solubility levels in the Ti-Nb matrix are 0.307 wt.%, 0.278 wt.% and 0.251 wt.%,
respectively. Since the total carbon contents in these Ti-Nb (1500/4) binary alloys
were about 0.05~0.07 wt.%, after sintering at 1500 °C for 4 h, all the carbon should
be in solid solution as interstitial atoms and thus no titanium carbides should form.
During the cooling step, with decreasing temperature, the solubility of carbon in
Ti-10Nb and Ti-22Nb decreases, reaching a minimum of 0.051 wt.% at 812 °C for
Ti-10Nb, 0.036 wt.% at 718 °C for Ti-16Nb and 0.021 wt.% at 735 °C for Ti-22Nb.
At lower temperatures, the solubility of carbon increases to 0.161 wt.% at 723 °C for
Ti-10Nb, 0.117 wt.% at 678 °C for Ti-16Nb and 0.089 wt.% at 641 °C for Ti-22Nb.
However, as the temperature further decreases, the solubility of carbon decreases with
decreasing temperature. Thus, the precipitation of carbides would start below 1000 °C
in all the as-sintered, as-HIPed and as-quenched samples and no grain growth
inhibition effect by titanium carbides in the Ti-Nb (1500/4) alloys can be expected,

resulting in grain sizes greater than 100 um for all (see Table 4.3-1).

In order to verify the calculated pseudo binary phase diagrams, in situ synchrotron
HEXRD experiments have been performed. The applied temperature cycle is

illustrated in Fig. 5.4-2 showing the two holding temperatures in the pseudo-binary
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Ti-22Nb-C phase diagram. At the first holding temperature — 1100 °C, the carbon
solubility in the matrix is approximately 1.0 wt.%, thus the carbides should fully
dissolve at that temperature. While, the second holding temperature — 641 °C is the
maximum point of carbon solubility in the lower temperature range in the a+f phase
field with 0.089 wt.%. Consequently, if the calculated pseudo-binary Ti-22Nb-C
phase diagram is reasonable, the carbide should fully dissolve at 1100 °C, and then
precipitate during first cooling step. At the holding temperature of 641 °C, a
re-dissolution of carbides should be observed. At the end of the subsequent second
cooling step, the amount of carbides should be the same as the amount at the

beginning of the experiment.
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Fig. 5.4-2. The pseudo-binary Ti-22Nb-C phase diagram showing the two holding
temperatures — 1100 °C and 641 °C — in the in situ HEXRD experiment. The shadow

area shows the carbon contents of all the MIM samples in the present investigation.

From the in situ HEXRD one can not only determine the presence of different phases
but also the time evolution of the intensities of a particular phase. The intensity of
reflections is related to the volume fraction of the phases [187]. Fig. 5.4-3 shows the
time evolution of relative intensities of X-ray reflections of the TiCy phase in the

Ti-22Nb (1500/4) alloy during the whole temperature cycle. According to Fig. 4.5-4,
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the relative intensities of TiCy reflections at Point X — R/y — are calculated by using:

RI, =§—X><100% (5.4-1)

A
where Iy is the TiCy reflection intensity at Point X and I, is the TiCy reflection

intensity at the initial point — Point 4.

As shown in Fig. 5.4-3, during the heating step (from Point 4 to Point F), the relative
intensities of the TiCy reflections rapidly decrease from 100% to 0, indicating the fast
dissolution of TiCy particles. At 1100 °C, the relative intensities of the TiCy reflections
were always zero, suggesting that all the TiCy particles had dissolved into the matrix.
During the first cooling step from Point G to Point H, the relative intensities of the
TiC reflections increased with decreasing temperature, showing the initial
precipitation of TiCy particles. From Point H to Point / the increase of the relative
intensities of TiCy reflections is slower probably caused by the beginning of the
dissolution of TiCy particles as predicted by the pseudo-binary Ti-22Nb-C phase
diagram. During the annealing at 641 °C (from Point / to Point M), the relative
intensities of the TiCy reflections decrease from about 80% to 60%, which is an
indication of the dissolution of TiCy particles. At the final cooling step (from Point M
to Point O), the relative intensities of TiCy reflections gradually increase again to
almost 100%, suggesting that the amount of carbide at the final point — Point O is

almost the same as that at the initial point — Point 4.
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Fig. 5.4-3. Variation of the relative intensities of TiCy reflections in Ti-22Nb (1500/4)

with temperature and time.

The dissolution of TiCy particles during the second holding time at 641 °C (from
Point / to Point M) is in agreement with the prediction of the pseudo-binary phase
diagram of Ti-22Nb-C.

In order to estimate the theoretical time for carbide dissolution at 641 °C, different

models are applied based on various assumptions.

Using a diffusion-controlled model, the diffusion of C and Ti atoms leads to the
dissolution of TiCy particles into the matrix. Minkwitz et al. [185] pointed out that in
a-Ti as well as in B-Ti, the diffusion coefficient of C atoms is at least three orders of
magnitude higher than that of Ti atoms. Besides, the diffusion coefficient of C atoms
is also found to be three to four orders of magnitude higher than that of Ti atoms in
the TiCy phase [188-190]. Thus, it is reasonable to assume that the dissolution of TiCy

particles results from the diffusion of C atoms rather than that of Ti atoms.
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The diffusion of carbon atoms from the TiCy particles to the matrix should follow
Fick’s second law:

de_poe (5.4-2)
ot ox’

where ¢ is the concentration of carbon, ¢ is time, D is the diffusion coefficient of
carbon and x is the position. Because of the small volume fraction and fine scale of
carbide relative to the matrix, a 3-dimentional model is used to describe the
dissolution behavior of TiCy particles. For the isotropic dissolution of a spherical TiCy
particle with carbon concentration of ¢, and original radius of 7y into an infinite

surrounding matrix with carbon concentration of ¢, the change in carbon

concentration with time can be described as:

dc D o ac
= :75(,,2 5] (5.4-3)

where 7 is the radius of the TiCy particle at time ¢. Besides, Eq. 5.4-3 should fulfill the

boundary conditions:
c(r=r,t=0)=c, (5.4-4)
c(rt)=c (5.4-5)

where ¢; is the carbon concentration on the boundary of the TiCy particle at time ¢. Fig.
5.4-4 presents the schematic profile of the carbon concentration near a TiCy particle

according to the model.
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Fig. 5.4-4. Schematic carbon concentration profile near a TiCy precipitate during

diffusion-controlled dissolution

At a constant temperature, the diffusion-controlled dissolution of spherical particles
leads to the following expression [191]:

ar__ k(D D sio
dt 2\ r N\t o

where k is Boltzmann’s constant. Due to the complex form of this equation, it is not
possible to solve it analytically. As stated by Bj@rneklett et al. [192], Eq. 5.4-6 can be

simplified as:
2 _ 2
r-=ry —kDt (5.4-7)
Based on Eq. 5.4-7, Cai et al. [193] proposed that for such a 3-dimensional spherical

model, the relationship between time, temperature, and residual volume fraction of the

spherical particle could be given by:

2
1n[1—V,3J=1n(in+1nD—2+1nt (5.4-8)
7 kT

where V, is the residual volume fraction of the particle at temperature 7 after
dissolving for time ¢, # is a constant related to the carbon concentrations in the particle
(cp) and the matrix (cy), and Q is the activation energy. In the present work, the
residual volume fraction ¥V, of the TiCy particles can be calculated according to the

relative intensity of the TiCy reflections from Point / to Point M, which can be given
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as:

y = RL (5.4-9)

rx R ]1

where V,, is the residual volume fraction at Point X (X=J, K, L or M), RI, and RI; are
the relative intensities of the TiCx reflections at Point X and Point 7, respectively.
Since the temperature was always 641 °C during the annealing, Eq. 5.4-8 takes the

form:
2
ln(l—Vf]:lntJrA (5.4-10)

where 4 is a constant.
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Fig. 5.4-5. The relationship between the residual volume fraction V, of the TiCy
particles (at Point J, Point K, Point L and Point M) and the diffusion time ¢. The blue
dash line represents a linear fit based on the experimental results, whereas, the black

solid line is the linear fit based on Eq. 5.4-10.

Concerning the dissolution process of the TiCy particles from Point J to Point M, the
value of 4 can be directly obtained from the intercept of the linear fit to Eq. 5.4-10 as
presented in Fig. 5.4-5. However, the slope of one predicted by Eq. 5.4-10 is not in

good accordance with the experimental data. A linear fit to the experimental points

100



DISCUSSION

results in a slope of approximately 0.5 as shown in Fig. 5.4-5. This difference
indicates that there are other effects influencing the TiCy dissolution, besides diffusion

of carbon into the matrix.

According to Eq. 5.4-10, when using A=-2.26585 the theoretical time for complete
dissolution at 641 °C, i.e., V. is 0, can be calculated as 9.64 h. However, the Ti-22Nb
(1500/4+Q) and Ti-22Nb (HIP+Q) samples which were annealed at 641 °C for 120 h
still have TiCy particles as presented in Fig. 4.6-2. Such a difference suggests that the
dissolution of TiCy particles in the Ti-Nb matrix is probably controlled by some other
effects than bulk diffusion of carbon away from the dissolving carbide. It is possible
to have an interface process which proceeds slower than the diffusion-controlled
dissolution. Zhang et al. [180] noticed two to three orders of magnitude longer
dissolution time of the TiCy particles in Ti compared to estimates based on a
diffusion-controlled model. The so called uniform atomic detachment, i.e., the
debonding of TiCy into Ti and C atoms, was found to be one possible reason for the
slower dissolution rates. Thus, also in the present study the dissolution rate of the TiCy
particles is probably not controlled by the diffusion of carbon atoms, but by the
debonding of TiCy. That is, the uniform atomic detachments of TiCy might play a

significant role in the dissolution of the TiCy particles.

The HEXRD spectra shown in Fig. 4.5-4 provided the information concerning the
evolution of volume fractions of various phases during the whole solution treatment
cycle. Whereas, the Debye-Scherer rings revealed the details about the evolution of
lattice parameter, crystallographic relationship and grain size during the whole cycle.
Generally speaking, the morphology of the Debye-Scherrer rings depends on grain
shape and grain size with respect to beam size and the dimensions of the illuminated
volume. A spiky pattern is related to the reflections of relatively few large grains,
whereas, a continuous smooth ring reveals a much higher number of and therefore

much smaller grains.

101



DISCUSSION

At Point 4, the a-phase shows the same lattice parameter as a-Ti, but the lattice
parameter of the B-phase is about 0.03 A smaller than that of pure B-Ti, because the
Nb atoms, which have smaller atomic radius than Ti [194, 195], are mainly enriched
in the B-phase owing to the strong B-stabilizing effect of Nb. The lattice parameter of
the TiCy phase is exactly the same as the value obtained from the SAED results shown
in Fig. 4.5-2. The change of lattice parameter of the B-phase from Point 4 to Point G
results from the lattice expansion at high temperatures. The few spots of the B-phase
shown in Fig. 4.5-6 indicate that the alloy has completely transformed to coarse
B-grains after the annealing at 1100 °C. From Point G to Point /, more spots of (110)
suggests a smaller grain size. The face to face reflections of — a(002) and B(110) —
presented in Fig. 4.5-6¢ give evidence that a-phase forms from the B-phase and the
new formed oa-lamellae obey the crystallographic relationship of a(0001) // B(110) in
the o+ lamellar structures with respect to the parent B-grain. As shown in Fig. 4.5-4
and Fig. 4.5-6d, o-phase is only found at the end of the whole solution treatment
cycle, which might be transformed from the B-phase. Since the w-phase was not
observed in all the as-sintered, as-HIPed and as-quenched samples in the present

investigation, it is not further discussed in this work.

5.5 Biocompatibility of MIM Ti-Nb alloy

Compared with Ti-6Al-4V, Ti-Nb alloys exhibit better biocompatibility [1]. The Ti-Nb
alloys fabricated by traditional processes, e.g., arc-melting technique, have been
extensively investigated via both in vitro [51, 196] and in vivo [52, 197] tests, and no
cytotoxic or allergenic effects have ever been found concerning these alloys. However,
albeit the MIM CP-Ti has been found to be highly biocompatible [198], the
cytocompatibility of the MIM Ti-Nb alloys has not been examined. Since MIM
products usually show a chemical composition close to raw materials, it should not

affect cytocompatibility. However, some other features such as surface topography of
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the implant material could also have an impact on the biological response [198]. The
surface topography influences the rate at which bone is formed next to the surface
[199]. Besides, Ti-based implants with rougher surfaces exhibit increased pullout
strength in vivo [200]. The osteoblast-like cells have been found to be preferable to
attach to the CP-Ti with rougher surfaces [201]. Thus, the Ti-22Nb (MIM-BIO)
samples in as produced form seem particularly suitable for cell growth, owing to the

relatively higher roughness than the CP-Ti (MIM-BIO) and Ti-22Nb (AM-BIO).

In the initial cell adhesion experiments, a slight preference of cell adhesion on
materials with higher surface roughness is observed, but very few great disparities
between different samples are found as illustrated in Fig. 4.7-2. However, the cell
spreading has been significantly improved by the MIM process (see Fig. 4.7-3), which
probably results from the higher roughness of the CP-Ti (MIM-BIO) and Ti-22Nb
(MIM-BIO) samples than that of the Ti-22Nb (AM-BIO) alloy. Cell adhesion is poor
on the Ti-22Nb (AM-BIO) samples, however, it is found to be preferable around pores
on the rough surfaces of the CP-Ti (MIM-BIO) and Ti-22Nb (MIM-BIO) samples
rather than the smooth regions of the surfaces. After incubation for 40 min, the
HUCPYV cells on all the samples appear flat and multilayered, which is a sign of direct
surface adhesion. The proliferation assays show an increasing MTT absorbance of
cells with longer incubation time, which also indicates the non-cytotoxic nature of the

various samples.

Therefore, it is concluded that the MIM process improves the cytocompatibility of the

Ti-22Nb alloy, and the Ti-22Nb (MIM-BIO) samples appear to be ideally suited to

favor bone cell adhesion when used in an as-MIM surface condition.
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6. Conclusions

In the present work, a series of Ti-Nb alloys with high strength, low Young’s modulus

and high biocompatibility have been successfully fabricated via the MIM process. The

shape of the MIM CP-Ti and Ti-Nb samples has been well preserved from the green

state to the as-sintered state.

This work aims at the understanding of the sintering behavior of MIM Ti-Nb binary

alloys, the influence of sintering parameters and Nb content on microstructure and

mechanical properties of MIM Ti-Nb binary alloys, the carbide precipitation and the

biocompatibility of MIM Ti-Nb binary alloys. The results and analyses obtained from

these investigations lead to the following conclusions:

1)

2)

Owing to the different diffusion properties of Ti and Nb powders, the sintering
process of the MIM Ti-Nb alloys fabricated by blended powders consists of three
main steps — Ti-diffusion step, Ti-Nb-diffusion step and Matrix-diffusion step. At
low temperatures, mainly the diffusion between Ti particles contributes to the
pore elimination. With increasing temperature, the diffusion between Ti and Nb
powders becomes observable, leading to apparent homogenization and further
densification. At the Matrix-diffusion step, the homogenization has finished, and
the final densification is only dependent on the diffusion of the Ti-Nb matrix.
High sintering temperature and long time may be favorable, so as to minimize the

porosity of final products.

With increasing sintering temperatures and sintering time, the MIM CP-Ti and
Ti-Nb samples exhibit lower porosity. Among all the sintering procedures tested,
only the sintering parameters — 1500 °C/4 h — are found to be effective to produce

CP-Ti and Ti-Nb samples with porosity below or at least around 5 %.
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3)

4)

5)

6)

The Young’s modulus of MIM CP-Ti and Ti-Nb samples decreased with
decreasing sintering temperature and time. The model, which assumes that the
porous material consists of a void phase (with zero Young’s modulus) and a solid
matrix or skeleton phase, is only in accordance with the Young’s modulus of
samples sintered at 1500 °C for 4 h, but it predicts too high values for the other
sintering conditions. If the heterogeneous structure of as-sintered samples with
arbitrary pore shapes is taken into account, a satisfactory prediction for the
as-sintered Ti-Nb samples, especially the ones with high porosity, is possible.
Therefore, besides the porosity, the pore shape and distribution might also have a

significant influence on determining Young’s modulus of MIM Ti-Nb samples.

The increase of Nb content leads to a higher amount of B-phase and higher
porosity in the CP-Ti (1500/4) and Ti-Nb (1500/4) samples, mainly resulting from
the strong [-stabilizing effect and the low diffusion coefficient of Nb,

respectively.

The Nb content, porosity and amount of titanium carbides are the main factors to
influence the mechanical properties of the CP-Ti (1500/4) and Ti-Nb (1500/4)
samples. The higher Nb content and higher porosity result in a lower Young’s
modulus. The increase of strength with increasing Nb content correlated not only
with the higher Nb content, but also the higher amount of carbide precipitates.
Such a combined effect over-compensates the negative influence of porosity on
the strength in the as-sintered Ti-Nb alloys. The low ductility of the MIM
Ti-16Nb and Ti-22Nb samples is mainly attributed to the carbide precipitates as

revealed by the fractography.

The ductility of both Ti-22Nb (1500/4) and Ti-22Nb (HIP) samples has been
successfully enhanced removing carbides through annealing and quenching.

Consequently, by suitable heat treatment procedures the carbide precipitation can
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7)

8)

be controlled and the elongation of the MIM Ti-Nb alloys can be significantly
improved. Albeit a significant reduced tensile strength is observed in the

as-quenched samples, they still show enough strength for implant applications.

The increased precipitation of titanium carbides in the MIM Ti-Nb samples is
attributed to the decrease of carbon solubility in the matrix with increasing Nb
content which was in accordance with thermodynamic calculations using the
CALPHAD method. HEXRD measurements have confirmed the rightness of the
calculated pseudo-binary phase diagrams. The dissolution of titanium carbide in
the MIM Ti-Nb samples was probably not controlled by the diffusion of carbon

atoms, but the debonding of TiCy at the carbide matrix interface.

From the biological point of view, the MIM Ti-Nb samples exhibit better or at
least comparable biocompatibility than the MIM CP-Ti and arc-melted Ti-Nb
samples, which have been known to be highly biocompatible. The MIM Ti-Nb
samples seem to be preferable for cell spreading, probably owing to the higher
surface roughness. Thus, MIM technique is promising to produce Ti alloys, e.g.

Ti-Nb alloys, for implant application.

In summary, the results presented in this study demonstrate the feasibility to fabricate
biocompatible MIM Ti-Nb parts with sound mechanical properties. As a consequence,

the application of MIM Ti-Nb alloys as biomedical materials should be taken into

consideration by scientists and doctors.
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Appendix 1 — Abbreviations of various samples

Materials

Sample name

Processings

Sinter processing

Final processing

Classification

CP-Ti
(MIM)

Ti-10Nb
(MIM)

Ti-16Nb
(MIM)

Ti-22Nb
(MIM)

Ti-22Nb
(Argon

arc-melted)

CP-Ti (1300/4)
CP-Ti (1400/2)
CP-Ti (1400/4)
CP-Ti (1500/2)
CP-Ti (1500/4)
CP-Ti (HIP)
CP-Ti (MIM-BIO)

Ti-10Nb (1300/4)
Ti-10Nb (1400/2)
Ti-10Nb (1400/4)
Ti-10Nb (1500/2)
Ti-10Nb (1500/4)
Ti-10Nb (HIP)

Ti-16Nb (700/0.03)

Ti-16Nb (1100/4)
Ti-16Nb (1300/4)
Ti-16Nb (1400/2)
Ti-16Nb (1400/4)
Ti-16Nb (1500/2)
Ti-16Nb (1500/4)
Ti-16Nb (HIP)

Ti-22Nb (1300/4)
Ti-22Nb (1400/2)
Ti-22Nb (1400/4)
Ti-22Nb (1500/2)
Ti-22Nb (1500/4)
Ti-22Nb (HIP)

Ti-22Nb (1500/4+Q)

Ti-22Nb (HIP+Q)

Ti-22Nb (MIM-BIO)
Ti-22Nb (AM-BIO)

1300 °C for 4 h
1400 °C for 2 h
1400 °C for 4 h
1500 °C for 2 h
1500 °C for 4 h
1500 °C for 4 h
1500 °C for 4 h

1300 °C for 4 h
1400 °C for 2 h
1400 °C for 4 h
1500 °C for 2 h
1500 °C for 4 h
1500 °C for 4 h

700 °C for 2 min
1100 °C for 4 h
1300 °C for 4 h
1400 °C for 2 h
1400 °C for 4 h
1500 °C for 2 h
1500 °C for 4 h
1500 °C for 4 h

1300 °C for 4 h
1400 °C for 2 h
1400 °C for 4 h
1500 °C for 2 h
1500 °C for 4 h
1500 °C for 4 h
1500 °C for 4 h

1500 °C for 4 h

1500 °C for 4 h
1500 °C for 4 h

HIP

HIP

HIP

HIP
Quenching from
641 °C
HIP + quenching
from 641 °C

As-sintered
As-sintered
As-sintered
As-sintered
As-sintered
As-HIPed
BIO-sample

As-sintered
As-sintered
As-sintered
As-sintered
As-sintered
As-HIPed

Pre-sintered
Pre-sintered
As-sintered
As-sintered
As-sintered
As-sintered
As-sintered
As-HIPed

As-sintered
As-sintered
As-sintered
As-sintered
As-sintered
As-HIPed
As-quenched

As-quenched

BIO-sample
BIO-sample
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Appendix 2 — Properties of different samples

Sample name Young’s modulus by RUS Porosity (%)
(GPa)
CP-Ti (1300/4) 104.8 3.07
CP-Ti (1400/2) 104.9 2.98
CP-Ti (1400/4) 107.7 2.22
CP-Ti (1500/2) 108.3 2.17
CP-Ti (1500/4) 114.6 1.60
CP-Ti (HIP) 116.0 0
Ti-10Nb (1300/4) 84.2 5.61
Ti-10Nb (1400/2) 84.9 5.25
Ti-10Nb (1400/4) 86.5 4.13
Ti-10Nb (1500/2) 86.7 3.95
Ti-10Nb (1500/4) 922 3.57
Ti-10Nb (HIP) 95.1 0
Ti-16Nb (1300/4) 74.0 8.02
Ti-16Nb (1400/2) 74.7 7.68
Ti-16Nb (1400/4) 76.0 6.19
Ti-16Nb (1500/2) 76.7 6.14
Ti-16Nb (1500/4) 82.2 5.16
Ti-16Nb (HIP) 88.2 0
Ti-22Nb (1300/4) 67.8 9.17
Ti-22Nb (1400/2) 68.0 8.75
Ti-22Nb (1400/4) 70.1 7.02
Ti-22Nb (1500/2) 70.9 6.87
Ti-22Nb (1500/4) 75.0 5.79
Ti-22Nb (HIP) 82.8 0
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