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ABSTRACT

PROCESSING OF TITANIUM NIOBIUM SHAPE MEMORY ALLOYS BY
HOT PRESSING

Al-ZANGANA Nuaman Jasim Filamarz
M. Sc. Thesis, Mechanical Engineering Department
Supervisor: Assoc. Prof. Dr. Tarik AYDOGMUS
January 2018, 101 pages

For the production of Ti-Nb alloys, generally the casting methods (vacuum
induction melting or vacuum arc remelting) have been used up to now. Since the
melting temperatures of pure Ti and Nb are extremely high (1668 and 2477°C,
respectively), it is not economical to produce Ti-Nb alloys by casting. In the case of
powder metallurgy, it is possible to produce these alloys economically at much lower
temperatures (less than melting temperature of Ti) completely in solid state. In the
present study, Tiz4sNbys alloys were produced using pure Ti and pure Nb powders by
combination of hot pressing and high temperature sintering for the first time. The
influence of processing temperature and time on density, microstructure, and
mechanical behavior were investigated. Density measurements showed that hot pressing
at 800 °C provides full density. XRD and SEM investigations revealed that amount of 3
phase formed increases with increasing sintering time. In addition to main phase B, little
amount of a phase and a very small amount of pure Nb was observed in the
microstructure. Mechanical properties were measured by means of uniaxial compression
and Micro Vickers indentation tests. The results indicated that 4hr of sintering at 1200
°C exhibited the highest value of hardness (336 HV), elastic modulus (44 GPa), yield
strength (894 MPa), and compression strength (1178 MPa).

Keywords: Hot pressing, Mechanical testing, Microstructure, Powder metallurgy,
Sintering, Titanium-Niobium alloys.






OZET

SICAK PRES YONTEMI iLE TITANYUM NiYOBYUM SEKIL BELLEKLI
ALASIMLARIN URETIMIi

Al-ZANGANA Nuaman Jasim Filamarz
Yiksek Lisans Tezi, Makine Miihendisligi Anabilim Dali
Tez Danigmani : Dog. Dr. Tarikk AYDOGMUS
Ocak 2018, 101 sayfa

Gecmisten gilinlimiize Ti-Nb alagimlarinin iiretimi i¢in genellikle dokiim
yontemleri (vakum indiiksiyon ergitme veya vakum ark ergitme) kullanilmigtir. Saf Ti
ve Nb’un erime sicakliklar1 son derece yiiksek oldugundan (1668 ve 2477 °C sirastyla),
dokim yoluyla Ti-Nb alagimlarimi tiretmek ekonomik degildir. Toz metalurjisi yontemi
ile bu alasimlari ¢ok daha diisiik sicakliklarda (Ti erime sicakligindan daha az) ve
tamamen kati1 halde ekonomik olarak iliretmek miimkiindiir. Bu ¢alismada Ti74Nb26
alagimlari, ilk kez sicak presleme ve yiiksek sicaklik sinterlemesinin kombinasyonu ile
saf Ti ve saf Nb tozlar1 kullanilarak iiretilmistir. Uretim siirecinde uygulanan islem
sicakligr ve zamaninin yogunluk, mikroyap: ve mekanik davranis lizerindeki etkileri
arastirilmistir. Yogunluk olciimleri 800 °C'de yapilan sicak presleme isleminin tam
yogunlugu sagladigim1 gostermistir. XRD ve SEM incelemeleri, sinterleme siresinin
artmastyla birlikte B faz1 olusumunun arttigin1 ortaya koymustur. Ana faz f'ya ilaveten,
mikroyapida az miktarda a faz1 ve ¢ok az miktarda saf Nb gozlenmistir. Mekanik
oOzellikler tek eksenli basma ve Mikro Vickers sertlik testleri ile belirlenmistir. Mekanik
test sonuglar1 1200 °C'de 4 saatlik sinterlemenin en yiiksek sertlik (336 HV), elastik
modul (44 GPa), akma mukavemeti (894 MPa) ve basma mukavemeti (1178 MPa)

degerlerini sagladigin1 gostermistir.

Anahtar kelimeler: Mekanik test, Mikroyapi, Sicak presleme, Sinterleme, Titanyum-

Niyobyum alagimlari, Toz metalurjisi.
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SYMBOLS AND ABBREVIATIONS

Some symbols and abbreviations used in this study are presented below, along

with descriptions

Symbols Explanation

Hcp Hexagonal close packing
Bcc Body centered cubic
Cp-T Commercially pure titanium
HV Vickers hardness
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HP Hot pressing
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SPS Spark plasma sintering
MIM Metal Injection Molding
SEM Scanning electron microscopy
XRD X-ray diffraction

BSE Backscattering electron

EDS Energy dispersive spectroscopy
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1. INTRODUCTION

Stainless steels, cobalt chromium alloys and titanium alloys are metallic
biomaterials. Ti alloys show the highest biocompatibility, high mechanical strength, and
corrosion resistance between these metallic biomaterials. Titanium and its alloys are
used in many fields such as biomedical industry and aerospace because they have
numerous favorable mechanical properties such as good fatigue strength, high wear
resistance, excellent fracture toughness and high strength to weight ratio if compared
with other materials or alloys (Elias et al., 2006; Kim et al., 2006; Afonso et al, 2007,
Bolzoni et al., 2012; Niinomi et al., 2012; Cremasco et al, 2013; Zhuravleva et al.,
2013; Yu et al., 2014; Han et al., 2015; Sharma et al., 2016).

Expensive machining operations and high cost of raw materials make acceptance
of titanium and its alloys to use in aerospace field and medical application limited.
Significant cost reductions can be achieved by using powder metallurgy (P/M)
techniques and vacuum hot pressing (VHP) to get near net shapes while reducing
machining time and material waste. To solve the toxicity problems of some additional
elements, such as Ni, Al and V new Ti alloys were suggested. Recently, the new
metastable B titanium alloys such as Ti-Nb, Ti-Ta and Ti-Zr show considerable
promise due to their superior properties, lower elastic module, higher tensile strengths,
good ductility and compositions absent of potentially cytotoxic elements (Chai et al.,
2008; Bolzoni et al., 2012; Kent et al., 2013). Ti has o phase closed packed hexagonal
crystal structure (HCP) at lower temperature, but for pure Ti according to equilibrium
phase diagram when temperatures up more than 88212 °C it suffers an allotropic
transformation to B phase body centered cubic structure (BCC). Commonly titanium
alloys are categorized as o, a+f and B alloys (Ping et al., 2006; Elmay et al, 2014).
Vanadium, Molybdenum, Tantalum and Niobium are examples of PB-isomorphs
elements and it is possible to decrease B-transition temperature more by increasing the
rate of these elements to the alloy. These elements are fully dissolvable in the Ti P
phase. Niobium is a biocompatible element acting as a § phase stabilizing element, and

reduces the Young’s modulus when added to Ti alloys; it is a non-toxi



element and is not reacted with any tissue in human body (Wang and Zheng, 2008;
Zhao et al., 2013; Zhao et al., 2015) The adding of niobium to titanium improves its
oxidation resistance while at the same time reducing the density (Sikka et al., 1993).

The concentration of Ti and Nb can effect of the physical and mechanical
properties, as well as transformation characteristics. Hardness, strength, and the melting
temperature are increased with increasing of concentration of niobium in the Ti-Nb
alloys (Kikuchi et al., 2003).

Ti-Nb alloys are generally produced by casting and forging techniques. Porosity,
rough microstructure, and composition segregation are the main defects normally
present by casting and greatly worsen the mechanical properties. Also, melting point of
Ti and Nb, 1668 and 2477°C, respectively are very high that special furnaces, too much
energy and expensive equipment’s such as vacuum are needed to produce Ti-Nb alloys
with casting method. Forging gives better mechanical properties, but high costs and low
use of raw materials sternly limit its range of application. Powder metallurgy processing
techniques on the other hand are much more economical fabrication methods to improve
the manufacturing efficiency, effective in creating small parts with complex shapes and
suitable techniques for preparation of the Ti-Nb based alloys using elemental powders,
since they require low temperature (1000-1400°C) for manufacturing (Stépan et al,
2010; Andrade et al, 2015; Cai et al., 2016). Powder metallurgy techniques can be used
to produce bulk Ti-Nb samples and allow a reduction in production costs when
compared to other processing methods since there is the possibility to avoid or limit
machining and 90% of the raw materials can be used and, when powder metallurgy
used, net-shape or near-net-shape can be achieved.

According to production process, powder metallurgy techniques can be
classified into two types as a function of the temperature at which the consolidation
process is done:

e Cold consolidation processes: pressing powder at room temperature is followed

by the sintering at high temperature.

e Hot consolidation processes: both compaction pressure and temperature are

applied at the same time to the powder. Also, full density can be achieved by hot

consolidation processes, if compared with conventional sintering.



The objective of this work is the preparation and characterization of bulk
Ti;sNbys alloys for use as metallic biomaterials. Density, final microstructure and
desired mechanical properties can be controlled by adjusting hot pressing parameters
such as pressure, temperature, and time. Mixed Ti and Nb powders were put into hollow
cylindrical graphite dies with inner diameter of 15 mm and hot pressed at 600, 650 and
800°C for 1h under a constant pressure of 50 MPa and under flowing argon gas to
produce nonporous samples with a height of 10 mm. After hot pressing at optimum
temperature, 800°C, specimens were further sintered in a vertical furnace at 1200°C for
1, 2, 3 and 4 hours to provide Nb for dissolution in Ti and accordingly to get B phase.
Effect of hot pressing temperature and time of sintering on the microstructure, density
and mechanical behavior of the samples produced were investigated by Scanning
Electron Microscopy (SEM), X-ray Diffraction (XRD), Archimedes’ technique,

uniaxial compression and micro Vickers indentation tests.






2. LITERATURE REVIEWS

2.1. Titanium and Titanium Alloys

William Gregor discovered the element metal titanium in England in 1790, but
the name of titanium was given by Klproth in 1795 (Viteri and Fuentes, 2013).
Titanium is a low density element. Its density is only 4.5 g/cm® about 60% of the
density of steel (7.9 g/cm®). It can be used with components which operate at elevated
temperatures, especially where large strength to weight ratios are required (Hermawan
et al., 2009). Ti alloys are used in medical applications, due to their excellent corrosion
resistance, high specific strength, and superior biocompatibility (Silva et al., 2009; Zhao
et al., 2013; Mohammed et al., 2014; Prashanth et al., 2016). Different types of metals
which are varying in density were shown in Figure 2.1. The density of 5 g/cm® is
separation point between light and heavy metals. The heaviest light metal among the

light metals is titanium (Leyens and Peters, 2003).

I I

1
metals

i Ilight ni'ut-:‘tals.I e Heavy
e 1
Mg i
Al :
A Tiltanium
Fe
Ni

0 2 4 6 8 10
Density [g/cm’]

Figure 2.1. Density of selected metals (Leyens and Peters, 2003).

Figure 2.2 shows that only carbon fiber reinforced plastics at temperatures below

300°C have higher specific strength than titanium alloys. The specific strength of



titanium alloys is especially attractive at high temperatures (Leyens and Peters., 2003).
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Figure 2.2. Effect of temperature on specific strength of selected materials compared
with titanium alloys (Leyens and Peters, 2003).

Inadequate wear resistance, high oxidation at raised temperatures, low hardness
and yield strength of titanium reduce the lifetime of parts and limit fields of its
application (Shymanski et al., 2015). Titanium gives excellent flexibility since its
modulus of elasticity is very low, about half that of steel, it resembles human bone
flexibility (Holz et al., 2011). Temperature, oxygen partial pressure and water vapor
content in the surrounding atmosphere are several factors which effect on oxidation
behavior of pure titanium. Titanium reacts with oxygen from the air with increasing the
temperature above 600°C and makes the TiO,. Nb or Ta alloying elements are used to
increase the resistance of titanium to oxidation (Kuncicka et al., 2014).

The main properties of Ti alloys are mechanical compatibility, biocompatibility,
safety and good corrosion stability in human body, high fatigue resistance, superior
toughness, and high specific strength, for these reasons it is widely used as biomaterials
in metallic implants and prostheses for dental and orthopedic procedures (Elias et al.,
2008; Bolzoni et al., 2012; Friak et al., 2012; Kuo et al.,2012; Mohammed et al., 2012;
Elmay et al., 2014; Guo et al., 2015; Zhao et al., 2015; Cai et al., 2016; Konopatskii et
al., 2016). Ti alloys will be widely used in industrial applications because its Young’s
modulus can be largely increased or decreased by alloy design. Fedotov and Belousov
reported that after adding Nb to Ti elastic modulus decreases as shown in Figure 2.3
(Ozaki et al., 2004).
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Figure 2.3. Adding Nb to Ti decrease elastic modulus (Ozaki et al., 2004).

Varies physical, chemical and mechanical properties of titanium alloys can be
achieved by mixing the titanium powder with several metallic elements such as
aluminum, vanadium, iron, tin, niobium, molybdenum, chromium and zirconium
(Brunette et al., 2001). Many dentistry devices like bridges, screw and abutment teeth
which are used in dental implant prosthesis components such as Osseo integrated, mini-
implant for orthodontic anchorage as shown Figure 2.4 and Figure 2.5 and zygomatic
fixture as shown Figure 2.6 can be made by using titanium and its alloys (Elias et al.,
2008).

!
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3

Figure 2.4. Dental implant components (Elias et al., 2008).



Figure 2.6. A zigomatic implant (Elias et a.l, 2008).

2.2. Ti Alloys: Structure and Properties

The body centered cubic B phase at higher temperature, and the hexagonal o
phase at low temperature are the two stable phases of Ti-based alloys, orthorhombic o"
and hexagonal ® phases also are another two metastable phases which occurring by
quenching. Ti afford an allotropic transformation at 882+2°C, at this temperature and
under pure Ti has a-phase closed packed hexagonal crystal structure (HCP), but above
88242°C it has B phase body centered cubic structure (BCC) which remains stable to
the melting temperature. The atomic unit cells of the (hcp) a phase and the (bcc) B phase
are shown in Figure 2.7. The arrangement, volume fraction, and individual properties of
the two phases o and B can mainly determine the properties of titanium alloys. The
hexagonal o is more thickly crowded and has an anisotropic crystal structure if it is
compared with the body-centered cubic  (Leyens and Peters, 2003; Kim et al., 2005;
Ping et al., 2006; Mantani and Kudou, 2013; Elmay et al., 2014; Panigrahi, 2015).
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Figure 2.7. Crystal structure of hcp o phase and bece B phase (Leyens and Peters, 2003).

A neutral, a-stabilizers, or B-stabilizers are the main classification of alloying
elements of titanium. B- stabilizing elements shift the B phase field to lower
temperatures. While o-steadying elements spread the o phase field to higher
temperatures. Sn and Zr are neutral elements. Al, C, O and N are the example of a-
stabilizing elements. - stabilizing elements are classified as - isomorphous and f-
eutectoid. V, Ta, Mo, and Nb are examples of - isomorphous elements that fully
dissolvable in the B phase. Mn, Cr, Co, Cu, Si, Fe, Ni and H are examples of the -
eutectoid elements that solubility of these elements in Ti is limited, these elements form
intermetallic phases by eutectoid decomposition of the B phase. Figure 2.8 shows the

influence of allying elements on Ti alloys phase diagrams (Leyens and Peters, 2003).

|
Bbcc P o+ B
% hex a
—————
Ti Ti

Ti
neutral a-stabilizing B-stabilizing
B-isomorphous p-eutectoid
(Sn,Zr) (ALLO\N,C) {Mo,V,Ta,Nb) {Fe,Mn,Cr,Co,Ni,Cu,Si,H)

Figure 2.8. Influence of alloying elements on Ti alloys phase diagrams (Leyens and
Peters, 2003).
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Figure 2.9 shows a three dimensional phase diagram of titanium alloys. a, o + 3
and P alloys are the main classification of titanium alloys , commercially pure titanium
alloyed with a-stabilizing and/or neutral elements. When adding a little amount of f-
stabilizing elements, the a-stabilizing referred to as near- a alloy. Strength, ductility and
toughness can be controlled for a, a +  and B alloys by controlling alloy composition,
volume fraction of constituent phases and microstructure (Leyens and Peters, 2003;
Ozaki et al., 2004). B alloys exhibit excellent formability and its strength is generally
greater than that of a+f and a-alloys. Also, they have relatively high densities (Wood,
1972).

Near a+f molastablo "

Temperature [°C]

Ti 20%V

wt. % V
f-stabilizing

Figure 2.9. Explanation of Ti alloys in three-dimensional phase diagram (Leyens and
Peters, 2003).

Nb, Ta, Mo and Zr and Sn are examples of elements used to offer B alloy and
offer an active collection of high strength and low modulus which is necessary for
biomedical titanium alloys. They do not cause sensitive reactions or inflammatory
processes, mechanical properties of these alloys can be improved by heat treatment
(Koike and Okabe, 2007; Cremasco, 2013; Kent et al., 2013).

Ti-V, Ti-Mo, Ti—Nb, Ti-Nb-Ta-Zr, Ti-Mo—Zr, are B type Ti-based alloys,
between these alloys, Ti—Nb based alloys having the lowest elastic moduli and better
shape memory effect, so they are suitable for medical applications (Ping et al., 2006;
Niinomi., 2008). Niobium is a biocompatible element acting as a -phase stabilizing
element in Ti alloys, which makes Ti—Nb based alloys attractive for implant application,
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the Young’s modulus of Ti alloys can be reduced by adding niobium. Nb doesn’t cause
any tissue reaction because it is a non-toxic element (Wang and Zheng, 2008; Zhao, et
al., 2013; Zhao et al., 2015).Using alloying elements, such as Ta or Nb increase the
resistance of titanium to oxidation and contributes to decrease of oxygen solubility and

further oxygen diffusion into the alloy (Kuncicka et al., 2014).
2.3. Ti-Nb Alloys
2.3.1. General

Titanium-—niobium alloys have no cytotoxicity, exhibits corrosion resistance
similar or superior to Ti, very good biocompatibility and elastic modulus significantly
lower than other titanium alloys for implants, these properties make it faithful and
possible candidate biomedical materials for replacing TiNi alloys (Wang and Zheng.,
2009; Farooqg et al., 2014; Andrade et al., 2015; Bonisch et al., 2015; Bonisch et al.,
2016; Prokoshkin et al., 2016). The concentration of Ti and Nb can affect the physical
and mechanical properties, as well as transformation characteristics (Stépan et a.,n.d). If
the concentration of niobium increased in the Ti-Nb alloys, hardness, strength, and the
melting temperature increase (Kikuchi et al., 2003).

2.3.2. Ti-Nb phase diagram

A homogeneous portion of a system that has identical physical and chemical
characteristics is called a phase. Every pure material is considered to be a phase, solid,
liquid, and gaseous. All kinds of phase transformations can be understood; also the
microstructure and physical properties of an alloy are controlled and enhanced by the
phase diagram (Otsuka and Ren, 1999). A variation of thermodynamic information can
be delivered by phase diagrams through equilibrium among multiple phases and
measurable data on phase distribution in a specific system (Seetharaman., 2005).

Phase diagram is very valuable to characterize the most stable relationship
between phases in alloy system. Melting, casting and crystallization information can be
found by phase diagram (Callister and Rethwisch, 2009). Equilibrium and non-

equilibrium phases are two phase transformations in titanium alloys depended on the
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content of alloying elements. The equilibrium o and  phases are usually produced
through appropriate heat treatments in suitable phase fields of the alloys and then slow
cooling to room temperature ( Pathak et al., 2014).

The equilibrium phases of the Ti-Nb system contain liquid and solid solution
which is body-centered cubic p with a complete range of solubility above 882°C and the
close-packed hexagonal o solid solution restricted to temperatures below 882°C as

shown in Figure 2.10 ( Murray, 1981).

Weight Porcent Nichuam
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Figure 2.10. Phase diagram of Ti-Nb system (Aleksanyan et al., 2012).

According to the equilibrium Ti-Nb phase diagram as shown in Figure 2.10, pure
Ti shows that the alloy with a niobium concentration up to 3% is located within the a
region at 400°C. When Nb content increased (o + ) mixture becomes stable. With
increasing the Nb content to about 40% the [ phase is stable. The two melting points
that require to converting solid bcc B phase to liquid phase for pure Ti and Nb are
1670°C and 2469°C respectively (Aleksanyan et al., 2012; Bahador et al., 2017).

2.3.3. Effects of Nb concentration on phase and microstructure

In the Ti-Nb system various metastable phases can occur due to non-equilibrium

conditions after quenching. The product from non-equilibrium depends on both the



13

cooling rate and the amount of Nb in the composition. With the increasing of Nb
content in Ti—Nb binary alloys, many metastable phases appear such as § body-centered
cubic, hexagonal o' martensite, orthorhombic a" martensite, and the supplementary
hexagonal o phase (Moffat and Kattner, 1988; Tobe et al., 2013; Wu et al., 2013).

(Hon et al., 2003) investigated that the microstructures of Ti-Nb alloys consist of
a and B phases when the ranging of the Nb content is from 14 to 34 mass%, With
increasing of Nb content, the portion of the o phase decreases and  phase increases as
shown in Figure 2.11 (a) to (f), the black (dark) regions perform a phase and the gray
(light) regions perform f3 phase.

Figure 2.11. Comparison of Ti-Nb alloys having various Nb contents which prepared
using SEM device a) 14% Nb b) 18% Nb c) 22% Nb d) 26% Nb €) 30%
Nb f) 34% Nb (Hon et al., 2003).

X-ray diffraction (XRD) can be used to analyze the phases in Ti-Nb alloys.
Figure 2.12 shows the XRD patterns of the titanium and the Ti-Nb alloys. With a
niobium concentration up to 10% peaks matching to o and/or metastable o' phase were
found. A small peak presumably corresponding to the metastable o" phase
(orthorhombic) appeared in the Ti-15%Nb. The metastable a" phase that is broad peaks
found in the Ti-20%Nb and Ti-25%NDb, peaks matching to the ® phase (hexagonal) and
the metastable B (bcc) phase were institute in the Ti-30%Nb (Kikuchi et al., 2003).
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Figure 2.12. X-ray diffraction configurations of the Ti-Nb alloy (Kikuchi et al., 2003).

(Elmay et al, 2014) investigated that a single B phase can be identified for Ti at
26% Nb alloy, and XRD peaks corresponding to the o orthorhombic martensite can be

clearly seen for Ti-24NDb alloy as shown in Figure 2.13.

(020
(1)
(022}~

]

Intensity

28 (degree)

Figure 2.13. X-ray diffraction profile of a) Ti at 26% Nb b) Ti-24Nb alloys after
solution treatment (ST) (Elmay et al., 2014).

Figure 2.14 shows X-ray diffraction with indexed patterns achieved by different

process (Cremasco.,2013). a, B and ® phases were detected in the as-cast condition. o’

martensite phase and § phase were identified after plastic deformation. When the alloys
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contain high Nb concentration and plastically deformed or rapidly cooled from high

temperature cause formation of the orthorhombic martensite phase o”.
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Figure 2.14. X-ray diffraction for Ti—-35Nb alloy subjected to different processing step
(Cremasco et al., 2013).

2.3.4. Mechanical properties

The type of material that can be used for a particular application depends on the
mechanical properties. Some importance of these properties is elastic modulus,
hardness, tensile strength and elongation (Geetha et al., 2009; Viteri and Fuentes.,
2013). Chemical composition and thermo mechanical processing determine the
mechanical behavior of titanium alloys.

The alloys with Nb concentrations of 5% and above have a higher hardness than
that of titanium, and the alloys with Nb concentrations of 10% and above also have
higher yield strength and tensile strength than those of titanium, while the elongation is
considerably lower. Young's modulus decreases as the concentrations of niobium
increase until 20%. The value for the Ti-Nb alloys with Nb concentrations from 5% to
25% are significantly lower than that for the titanium, while for the Ti- 30%Nb is
significantly higher. Ti-20%Nb and Ti-30%Nb exhibit the lowest and the highest
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Young’s modulus, respectively as shown in Figure 2.15 and Figure 2.16 (Kikuchi et al.,
2003).
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Figure 2.15. Hardness of the Ti-Nb alloys.
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Figure 2.16. Young's modulus of the Ti-Nb (Kikuchi et al.. 2003).

In a Ti-20 at % Nb alloy a large elongation of 40% was obtained. The vyield
stress and elongation decrease with increasing of Nb content from 20 at% to 26 at%
.The Ti-26 at% Nb alloy displays double yielding as shown in Figure 2.17 (Kim H. Y.
et al, 2004).
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Figure 2.17. Stress-strain curves of Ti-(20-28) at %Nb alloys obtained at room
temperature after the solution treatment at 1173K for 1.8 ks (Kim et al.,
2004).

Figure 2.18 shows the relation between elastic modulus and Nb content. From 14
to 26 mass% Nb, the elastic modulus decreases with increases of Nb content, after that
the elastic modulus increase with increases of Nb content and reached to a maximum
value at 34 mass% Nb. The decrease in the elastic modulus with the increasing Nb
content from 14 to 26 mass% is related with a gradual decrease in the ratio of the phase

in the microstructure (Hon et al., 2003).
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Figure 2.18. Elastic modulus and Nb content curve (Hon et al., 2003).
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Comparison in mechanical properties between some Ti alloys shows in Table 2.1.

Table 2.1 Mechanical Properties of Different Ti-Nb alloys (Mittal K and Kaushik ,

2016)
) Yield
Phase Tensile Modulus of
Alloys . Symbols o Strength(M

composition strength (MPa)  Elasticity (GPa)
Ti-6Al-7Nb atp A 900-1050 114 880-950
Ti-26Nb B B 420 50 350
Ti-24Nb-2Zr B C 440 62 345
Ti-22Nb-
4Zr(Super B D 480 Super-elastic 320
Elastic
Ti-20Nb-6Zr B E 470 60 365
Ti-18Nb-8Zr B F 550 75 455
Ti-16Nb-10Zr B G 520 70 485
Ti-13Nb-132Zr B H 1030 69—79 900
Ti-15Mo-3Nb B I 1020 82 1020
Ti-35.3Nb-

Metastable 3 J 597 55 547
5.1Ta-7.1Zr
Ti-35.3Nb-
5.1Ta-7.17Zr- Metastable 3 K 1010 66 976
0.400
CPTi A L 785 105 692
Bone M 90—140 10—40

2.4. Fundamentals of Shape Memory Alloy (SMA)

The ability to recover shape when a material undergoes a suitable thermo
mechanical treatment is called shape memory effect and the materials exhibiting this
behavior are called shape memory alloys (SMA) (Machado and Savi, 2003). SMAs
have two phases with different crystal structure and properties. One is called austenite

phase (A) at high temperature and low stress, and the other is called martensite phase
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(M) which has low temperature and high stress (Krishnan., 1985; Stoeckel., 1995;
Mohammed et al., 2012; Lester et al., 2015). One-way shape memory means that
materials which exhibit shape memory only upon heating, but two-way shape memory
included that material also undergoes a change in shape upon re cooling (Hodgson et al.,
1990).

Phase transformations in crystalline materials can be categorized into two
groups; one is diffusional transformation and the other is diffusionless transformation.
In the case of diffusional transformation, atoms leave one crystal structure to form
another structure by diffusion. Martensitic transformation goes to second group, it is a
phase transformation escorted with shear deformation and changing in the shape
resulting from diffusionless cooperative movement of atoms (Brunette et al., 2001).

Diffusionless transformations do not require such long range movements; in
these cases atoms are helpfully reorganized into a new, more stable crystal structure, but
without changing the chemical nature of the matrix (Duerig. et al .,1990). Thermo
elastic and non-thermo elastic are two groups of martensitic transformations. Thermo
elastic occurs in shape memory alloys but non-thermo elastic transformations occur
mostly in ferrous alloys (Aydogmus, 2010).

There are two main phenomena occurring in shape memory alloys: shape
memory effect and superelasticity. They are closely connected to each other. Both
behaviors are visible for the same material depending on the temperature. Under (As)
only shape memory effect occurs but above (Af) simply superelasticity is observed.
Both mechanisms are active partially between (A;s) and (Ay). Critical stress to induce
martensite and critical stress for slip with temperature are schematically drawn in

Figure 2.19 (Otsuka, and Shimizu, 1986). Ti—V-based alloys, Ti-Mo based
alloys and Ti—Nb-based alloys are various B -type of Ti alloys exhibiting SME and SE.
Shape memory effect and superelastic behavior appear in Ti-Nb based alloys at room
temperature in a range between (16.7- 50 wt. %) of Nb content (Kim et al., 2005; Chai
et al., 2008; Al-zain Yet al., 2010; Aleksanyan et al., 2012).
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Figure 2.19. Diagram suggesting region of shape memory effect and transformation
pseudo elasticity in temperature-stress coordinates (Otsuka and Shimizu,

1986; Otsuka and Ren, 2005).

2.4.1. Shape memory effect

SME is the phenomenon which happens in some alloys basically related with
thermos-elastic martensitic transformations. NiTi, for example consists of austenite with
a body centered cubic lattice, when it is exposed to high temperature, the austenite
transforms to martensite on the cooling. Four temperatures can be defined during this
transformation;

M;: start temperature for martensite transformation on cooling.

Mg: finish of martensite transformation.

A: start temperature for austenite transformation on heating.

Ags: finish of austenite transformation.

Temperature and stresses are two factors playing the main role in the
transformation mechanisms and represent the origin of the shape memory effect and

superelasticity. The representative stress-strain curve of (SME) and (SE) are shown in

Figure 2.20.
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Figure 2.20. Graphic of stress-strain curve exemplifying the shape memory effect
(OBCDO) and super elasticity (DEFGD) (Akselsen, 2004).

Good shape memory effect, biocompatibility, mechanical properties, and superior
cold workability are properties that are displayed by Ti-based shape memory alloys
(Horiuchi Y et al ., 2006). Some non-toxic elements, such as Nb, Zr, Ta, Sn, Mo and Pt
in Ti- based alloys exhibit shape memory effect (SME) and superelasticity (SE), which
can be used in biomedical applications (Chai et al., 2008; Al-zain et al., 2010).

2.5. Production of Ti-Nb Alloys

2.5.1. Vacuum arc melting (VAM)

The Vacuum Arc Melting is an older device as shown in Figure 2.5.1, probably
manufactured in the 1960°s (Boehm, 1998). Alloys can be shaped by using this process.
In this process metals are placed in the crucible to form alloy. Electric arc is used to
generate heating; argon gas does not react with molten metal, so it is used to fill the
chamber after evacuated. There are several problems assistant with graphite crucibles in
vacuum arc melting that eliminated using the copper molds in this process, due to the
absence of enough rousing, chemical homogeneity of the ingots requires several
remitting procedures. Ti—-Nb-Zr-Sn alloys were melted three times using a Ti—Sn
master alloy and pure Ti, Nb and Zr as raw materials by using VAM technique. Three

optical micrographs as-quenched quaternary alloys showed in Figure 2.5.2, represented
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by Ti-24Nb—4Zr-7.5Sn, Ti—24Nb—4Zr-3.5Sn and Ti—-20Nb— 4Zr—7.5Sn alloys. Single
B microstructure appear (Figure 2.5.2 (a)) or f matrix with high and low amount of the
a’’ martensite shown in (Figure 2.5.2 (b and c)). The small dark spots in Figure 2.5.2
(a)) are often observed on metallographic samples of heavily deformed p-phase titanium

alloys and are probably dislocation etch pits (Hao et al., 2006).
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Figure 2.5.1. Right side view of Vacuum Arc Melting furnace with main parts (Boehm,
1998).
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Figure 2.5.2. Characteristic graphic microstructures of water quenched quaternary Ti—
Nb—Zr-Sn alloys: (a) Ti—24Nb—4Zr-7.5Sn, (b) Ti-24Nb-4Zr-3.5Sn and
(c) Ti—-20Nb—4Zr-7.5Sn alloys (Hao et al., 2006).
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2.5.2. Vacuum induction melting (VIM)

Many complex alloys can be produced by Vacuum induction melting especially
that is used in aerospace engineering. This process takes place in a graphite crucible
inside a steel shell that is connected to a high speed vacuum system. VIM method is
also used frequently for fabrication of the Ti alloys. Generally, VIM and VAR processes
are combined to get sufficient homogenization of the melt (Capek et al., 2012).

VAR is essentially a constant voltage and constant resistance process. Heat for
remelting is generated by a DC vacuum between the electrode and the forming ingot. In
VAR, the molten metal droplets rapidly transfer from the electrode to the ingot. It is not
capable of producing a rectangular ingot; however, by means of press forging or
extrusion, rectangular billets can be made from round ingots for flat product

applications. The majority of titanium alloys is produced by the VAR process

2.6. Powder Metallurgy

2.6.1. General

A conventional powder metallurgy process consists of four basic sub-processes
namely powder production, blending or mixing, compaction and sintering (Kapil, 2016)

Powder mixing is a neutral type of mixing. It is a process in which two or more
solid substances are mixed in a mixer by continuous movement of the particles or by
hand. The length of time at which mixing is done increases the degree of mixing
(Bhawna and Agrawal, 2007). Different lubricants can be used as binder with mixed
powders. Generally, lubricant reduces die wall friction with powders and reduces
friction between powders together, so more uniform product density is achieved
(Jonsén, 2006). Three levels of homogeneity exist, large scale segregation from
stratified mixtures, partial homogenization for agglomerated, and ideal of dispersed

homogeneous structure as shown in Figure 2.5.3.
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Figure 2.5.3. Graphic explained three levels of the increasing homogeneity (German,
1994)
Powder rearrangement, die filling, and compaction are the different stages in the

die pressing process which play an important role in PM. The enclosed volume between
punches and the die is reduced during powder compaction (Jonsén, 2006).

Figure 2.5.4 shows methods of die pressing. It can be done by two processes,
single and double action pressing. The compacting pressure is highest on the edge of
pressing tools and lowest on the bottom during single pressing. Using a movable upper
and bottom punch in double action pressing makes the pressure distribution better than

single pressing, but the die walls are also affected by friction (Sktinicovam et al., 2014).

a)

Figure 2.5.4. Methods of die pressing a) single pressing and b) double pressing
(Sktinicovam et al., 2014).

Density gradients result from the pressure gradients in die pressed powder
compacts, the density gradients with two types of single and double action pressing are

shown in Figure 2.5.5 . These types of pressure applications control the density in the
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compact and its strength. The density is the lowest at the bottom of the compact and
increase towards the top in single action pressing, But, in double action pressing the
density decreases towards the center and minimum density is reached at the center of
the compact, so double action pressing is more homogenous if it compared with the
single action pressing (German, 1994).

The height to diameter ratio of the compact is another important factor effecting
the densification. Density of the compacts decreases with the increasing height to

diameter ratio as shown in Figure 2.5.6 (German, 1984).
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Figure 2.5.5. Density distribution in single and double action pressing (German, 1984).
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Mechanical and hydraulic are two main types of compacting press. The particles

of some metal powders are very hard and have limited plasticity, so rigid die
compaction is not suitable for consolidating. Hot pressing, extrusion, or hot isostatic
pressing, are other methods to process such powders (James, 2015; EIRakayby et al.,
2015).
Figure 2.5.7 shows the compaction steps in uniaxial pressing. Arrangement of particles
with considerable increase in density occurs in stage one. The contact between the
particles increases in stage two, and individual particles are deformed at higher pressure,
as a result more defined elastic-plastic deformation occurs at inter particle contact areas.
In stage three, when pressure increases, cold welding occurs between particles (Eksi and
Saritas , 2002; Sktinicovam et al., 2014; Suresh et al., 2015). Figure 2.5.8 displays the
mechanisms for processing metal powders to full density as a function of temperature.
Hot pressing or (HIP) is an example of diffusional creep processes which works at
intermediate temperature, extrusion and forging are processes which work at high strain
rates and lower temperatures. Liquid-phase sintering is low-stress process which works
at high temperature and controlled by diffusion process. Dynamic compaction and
explosive compaction are applications of ultrahigh-stress at ambient temperature which
attain high density.

Increasing pressure

Y

Figure 2.5.7. Simple view of the stages of metal powder compaction (Sktinicovam et al.,
2014).
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When metal powder is compressed and heated in a controlled atmosphere
furnace, the temperature of the furnace will be somewhat below melting point of the
metal powder but above the recrystallization temperature which is enough to allow
bonding of the particles. This process is called sintering. Normally, strength, density and
ductility increase and other mechanical properties are enhanced during sintering
(German, 1984; Suérez et al., 2013; Sktinicovam et al., 2014).

10 T
Cold plastic flow processes
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1k - Powder forging .
Powar law creep
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Yield strength l;-"lanpmg of
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- Pressure-
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sintering
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Room Temparature Melting
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Figure 2.5.8. Options for processing metal powders to full density (James, 2015).

In general, a temperature of 0.6-0.75 of the melting point for one component
system is suitable to occur sintering, but for multi-component systems, sintering is done
at a temperature near or slightly higher than the melting of a component with the lowest
melting point (Jonsén, 2006; Sktinicovam et al., 2014).

The changes of the pore structure with sintering are shown in Figure 2.5.9. The
process passes during four stage, point contact, initial stage, intermediate stage, and
final stage. The pore size decrease and approaches a cylindrical shape and the grain
boundary increases with increasing of temperature. Different developed techniques for
material sintering are shown in Figure 2.5.10.

The main purpose of sintering atmosphere is to keep the powder compacts from

oxidation. Vacuum, hydrogen or inert gases such as argon can be used to produce Ti
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and its alloys. A pre-alloyed titanium alloy powder and alloying elements or a pure
titanium powder mixture and alloying elements are the main elements to prepare the

titanium-based sintering products.

point initial intermediate final
contact stage stage stage

Figure 2.5.9. A diagram of pore structure and grain boundaries between particles during
sintering (Geeman, 1994)
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Figure 2.5.10. Different developed techniques for material sintering (Hungria et al.,
2009).

To enhance mechanical properties and high densification of titanium powders,
generally these powders must be vacuumed during sintering processes under pressure of
10 2 Pa or lower, to control the reaction between titanium and oxygen, nitrogen or

carbon (Yu et al., 2017). With decreasing of gas pressure in the sintering chamber, the
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surface contaminations are decreased on the powder particles (Guillon et al., 2014).
High densification level can be achieved using fine particles, high compaction pressure
and suitable sintering conditions (Yu et al., 2017).

Powder metallurgy is one of the available and suitable techniques for preparation
of the Ti-Nb-based alloys using elemental powders because preparation of alloys with
high content of Nb, which is a high melting point metal has difficulties with use of
conventional methods (Stépan et al., 2010).

2.7. Powder metallurgy of Ti Nb alloys

Pressing and sintering; pressing, sintering and hot working; hot pressing (HP),
hot isostatic pressing (HIP), spark plasma sintering (SPS), metal injection molding
(MIM), conventional sintering (CS), 3D printing are typical techniques used to prepare
titanium and its alloys especially Ti-Nb alloys. The pressing and sintering is technically
the simplest and economically the most attractive between all techniques above (Qian
and Schafferm, 2010).

2.7.1. Hot pressing

Hot pressing is a type of sintering which is done under pressure. Induction
heating, indirect resistance heating and direct hot presses are the three different types of
heating which can be used in hot pressing technology. Hot pressing is much slower than
the conventional press and sinter process and it has lower tolerance. In hot pressing
process, the force and the heat are applied to the specimen at the same time. In this
manufacturing process good mechanical properties can be achieved. This process
requires extreme temperature and pressure. For this reason, the mold material that is
selected must be capable to work under this condition. Graphite molds may be used for
hot pressing technique. Fine green pressed powders can be consolidate in to partially or
fully sintered components by hot pressing in elevated temperature and compressive
stress. Titanium and titanium alloys can be consolidate by using hot pressing.

Figure 2.5.11 shows hot pressing technique (Yang and Qain, 2015).
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Titanium powders can be reached with a high density in less time with using
inductive hot-pressing when compared it with pressing and sintering process (Bolzoni,
2012).

Pressure

Titansum Alloy
powder

! Induction
heating coll

Pressure

Figure 2.5.11. The hot pressing process: graphic of the device (Henriques et al., 2014).

2.7.2. Hot Isostatic Pressing (HIP)

In (HIP), a metal powder is strained using inert gas in a metal container and
heated under vacuum to remove volatile contaminants. Pressure is applied from all
directions at the same time. Powders must be processed to the point where they have no
surface-connected and interconnected porosity (James, 2015). Excellent mechanical
properties, good metallurgical bonding and 100% density can be obtained by using
(HIP) process. HIP can be used for improvement of castings, consolidating powders and
HIP provides better mechanical properties of parts than those produced by different
manufacturing processes. Grain boundary diffusion, lattice diffusion and surface
diffusion are different mechanisms of matter transport to fill the pores. In hot isostatic
pressing a combination of pressure and temperature are used to dense the porous
powders (EIRakayby et al., 2015).

HIP process was used to fabricate samples from elemental titanium and titanium
alloys with relative density as high as %99 where relative density is the ratio of the
compact density to the density of the same material without porosity (Bolzoni et al.,
2012).
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2.7.3. Spark plasma sintering (SPS)

(SPS) also known as field assisted sintering (FAST), is another sintering
technique that uses force and direct electrical current (DC) under low atmospheric
pressure to do high speed consolidation of the powder. High sintering speed, ease of
operation, and control of sintering energy, safety and accuracy are the many advantages
of SPS when compared with HP sintering, HIP or atmospheric furnace (Suarez et al.,
2013). Different types of materials can be used in SPS process like nanostructured
materials, intermetallic compound, metal matrix and ceramic matrix composites which
are difficult to sinter by common methods. SPS is alike to hot pressing technique but the
difference is the way to produce the heat and how transmitted to the sintering material
(Suarez et al., 2013; Guillon et al., 2014).

SPS is more effective for superfine and nano crystalline structured materials because
they have more surface area per volume compared to the same material that has larger
particles. Most conventional powdered material sintering technologies require pre-
forming and binders but sintering of materials by SPS processes is done without using
binders. Generally high-density powder-metallurgy products and high mechanical
properties of titanium alloys can be achieved by using SPS. Uniaxial press, punch
electrodes, vacuum chamber, DC pulse generator, temperature, and pressure measuring

units are the main parts of an SPS machine as shown in Figure 2.5.12..
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Pressure
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|
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Figure 2.5.12. Main parts for SPS device (Saheb et al., 2012).
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A high-temperature is generated, when a spark discharge appears in a gap or at
the contact point between the particles of a material. This causes evaporation and
melting on the surface of powder particles in the SPS process, and necks are formed

around the area of contact between particles as shown in Figure 2.33

Pulse current Particle

v+

Coulomb discﬁarg&a

)

k S
\\ _

Discharge
Ficure 3: DC pulse current flow through the particles.

Figure 2.5.13. DC pulse current flow through the particles (Saheb et al., 2012).

Four main stages of SPS are indicated in Figure 2.34. Process starts with
vacuuming after that pressure is applied followed by heating and sintering and finally
cooling step finishes the cycle.

Both sintering temperature and applied pressure affect the sintered density of
CP-Ti until full densification is achieved. Their influences are interconnected. Figure
2.35 shows the consolidation of CP-Ti powders (<45 um) by SPS technique under a
pressure of 60 MPa and vacuum condition and isothermal hold: 5 min at each
temperature. Increasing sintering temperature was effective before reaching 950°C but

not afterwards because of the rapid achievement of full densification.
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Figure 2.5.14. Four stages of spark plasma sintering (Saheb et al., 2012).
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Figure 2.5.15. Consolidation of CP-Ti powders by SPS (Yang and Qain, 2015).

SPS techniques were used to prepare Ti-Nb samples using pure Ti and Nb

powders. Spark-plasma sintering was used to consolidate the mixed powders into a

cylindrical billet with a diameter of 50mm and 20mm height, and the sintering was done

at a temperature of 1100°C for 60 min and under a pressure of 30 MPa under a vacuum

of 5Pa. After that to increase the solid-state inter diffusion the homogenization process
was carried out at 1500 °C for 12h.The XRD pattern of Ti-23 at% Nb for the sintered

sample shows o and B phase, after the sintering process the peak intensity of the (o)

phase decreases and P is the main phase in the alloy as shown in Figure 2.5.16

(Bahador., et al., 2017).
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Figure 2.5.16. XRD diffraction pattern of sintered sample of Ti-23 at% Nb alloy
(Bahador et al., 2017).
2.7.4. Metal injection molding (MIM)

A net-shape process for the manufacturing of high volume, very complex-shaped
parts, and high accuracy components for use in a multiplicity of industries is called as
MIM. It attracts growing interest for the processing of Ti and Ti alloys as biomaterial
(Zhao et al., 2013). MIM process shows in Figure 2.5.17.

(Itoh et al., 2007) stated that the metal injection molding (MIM) process can be
used to fabricate complex shape of Ti or its alloy parts with higher functionality and
significant cost reduction using mixed powders. Ti-6Al-7Nb alloys using 3 types of
mixed powders were produced by metal injection molding process, using mixture of
Ti+Al-Nb (Al-53.8Nb), Ti+Ti-Al+Nb (Ti-35.7Al) and Ti+Al+Nb (all particles sizes are
-45um). Figure 2.38 shows the effect of sintering temperature on the relative density of
Ti-6Al-7Nb alloy compacts for the 3 types of mixed powders. The relative density of
the powders increases with increasing sintering temperature for all types of mixed
powders. The tensile strength and elongation of the compacts using a mixture of Ti-6Al-
7Nb alloy powders increase with the sintering temperature, but it remains nearly

constant with increasing sintering temperature above 1423K as shown in Figure 2.39.
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Figure 2.5.17. MIM processes process (Zhao et al., 2013).
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Figure 2.5.18. Effect of sintering temperature on the relative density of Ti-6Al-7Nb allo
compacts for 3 types of mixed powders (Itoh et a.l., 2007).
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Figure 2.5.19. Effect of sintering temperature on the tensile properties of Ti-6Al-7Nb
alloy compacts for 3 types of mixed powders (Itoh et al., 2007).

(Zhao et al., 2015) used Ti (-325 mesh) and Nb (-120 mesh) powders to fabricate
Ti—16Nb (wt. %) alloys by metal injection molding process. The powders were mixed
with the polymer binder; all specimens were sintered at different temperatures. Sintering
temperatures ranged between 900 °C and 1500 °C with a heating rate of 5°C/min. After
reaching the sintering temperature, the samples were held for 2 h and then furnace
cooled to room temperature with a cooling rate of 10°C/min. The XRD spectra of the
Ti—-16Nb of all samples are shown in Figure 2.5.20. Figure 2.5.21 presents the
microstructural evolution of the samples sintered at temperatures from 900 °C to 1500
°C. The Ti-16Nb (900) samples were apparently composed of Ti particles and Nb
particles, resembling their original particle morphologies. High sintering temperature
and longtime effected on the microstructure and mechanical properties of alloy in final
products. The result of alloy sintered at 1500 °C showed a good grouping of high
strength and low Young’s modulus which can be used for biomedical applications.
Sintering temperature also affected the porosity of TiNb alloys fabricated by MIM

technique, the porosity decreased from about 25% to 6% as shown in

Table 2.5.1.
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Figure 2.5.20. XRD results for the Ti—16Nb alloys sintered at different temperatures
(Zhao et al., 2015).
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Figure 2.5.21. Optical micrographs of Ti—16N at (a) 900°C; (b) 1100°C; (c) 1300°C and
(d) 1500°C (Zhao et al., 2015).

Table 2.5.1 The porosity of Ti—Nb alloys fabricated by MIM and sintered at different
temperatures (Zhao et al., 2015)

Ti-16Nb Ti-16Nb Ti-16Nb Ti-16Nb

Samples
(900) (1100) (1300) (1500)

Porosity (%) 23.8£2.4 15.6+1.6 8.9+1.3 5.7+0.8
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2.7.5. Conventional sintering (CS)

Densification and grain growth occur together through atomic diffusion
mechanisms during the conventional sintering of a compacted powder. CS method
provides higher production capacity and lower cost when compared to other sintering
methods such as (HP), (SPS), and (HIP), but mechanical properties are lower compared
to other sintering methods. It is still a more attractive sintering method to produce
ceramic products, mainly due to its ease and low cost compared to other methods. In
conventional sintering of Ti and Ti alloys mixed elemental or pre-alloyed powders
requires compacting and sintered under high vacuum or Ar gas atmosphere at elevated
temperatures around (1200-1400°C) for long times usually varying in the range of 2-72
hours (Aydogmus, 2010).



3. MATERIALS AND METHODS

3.1. Powders Used

In the present study, elemental pure Ti (99.5%) and pure Nb (99.8 %) powders (both
of them -325 mesh, smaller than (45um) supplied by Alfa Aesar, Germany were used to
fabricate Ti-40Nb (wt. %) corresponding to Tiz4sNbys alloy by atomic %. SEM images
given in Figure 3.1 show the morphological properties of as-received powders. The
shapes of Ti and Nb powder particles were irregular since they were produced hydride
de hydride conversion technique. In this powder production method firstly a ductile
solid pure metal or an alloy is subjected to hydrogenation process and made brittle.
After that for granulation mechanical milling is applied. When the desired powder size
is reached milling is terminated and the powders obtained are exposed to final

dehydrogenation step and ductile, hydrogen free pure or alloy powders are attained.

(@) (b)
Figure 3.1. SEM micrographs of pure (a) Ti and (b) Nb powders.

Figure 3.2 presents the XRD results of starting raw powders. The phases existing in
the microstructure of Ti and Nb powders were pure a-Ti with a hexagonal close packed
(HCP) crystal structure and pure Nb with a body centered cubic (BCC) structure. None
of the powders contained oxide or carbide phases so that they were free from any type
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of contamination. Raw powders were stored in a glove box under high purity argon gas
as shown in Figure 3.3 to prevent oxide layer formation on their surfaces.
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Figure 3.2. XRD patterns of as-received (a) Ti powders and (b) Nb powders

3.2. Sample Production

3.2.1. Hot Pressing

Composition of the Ti-Nb alloy is selected to be TizsNbys (atomic percent)

because this composition has the lowest elastic modulus value and displays shape
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memory and superelasticity properties. Weights of raw powders were calculated
considering the selected composition and final dimensions of the cylindrical samples
(15mm in diameter and 10mm in height). It was assumed that hot pressed samples
would attain full density (zero porosity) in order to get the predetermined height or
thickness of 10 mm. Powders were weighted (5.86 g Ti and 4 g Nb) using an electronic
balance as shown in Figure 3.4 and mixed manually with the help of a binder, ethylene,
for 15 minutes to obtain a homogeneous mixture. Afterwards, the mixture was charged
into a hollow cylindrical graphite die with inner diameter of 15 mm as presented in

Figure 3.5.

Figure 3.3 The argon-filled glove box used to store Ti and Nb powders.

Figure 3.4. The electronic balance employed to measure weight of the raw powders.



42

o L sl

Figure 3.5. Graphite dies with the inner diameter of 15 mm and its accessories, top and
bottom punches

The graphite die tool filled with Ti and Nb powder mixture was put into the
pressing chamber and positioned as it can be seen in Figure 3.6. Then the door of hot
pressing chamber was closed and the chamber was vacuumed up to 107 mbar.
Following vacuuming the chamber was filled with pure argon gas. This procedure was
repeated 3 times and all the residual air was swept away from the chamber. Specimens
were heated to the hot pressing temperatures predetermined, pressed and sintered at
those temperatures simultaneously for 1 hour of constant time. Heating rate used was
10°C/min and the pressure applied during heating, pressing and cooling steps kept
constant as 50 MPa. An MSE_ M_HP_1300 model hot press was employed to obtain
full density samples and hot pressing operation was carried out at 600°C, 650°C and
800°C. All the hot pressing experiments were done under flowing argon gas atmosphere
to prevent oxidation of samples. Finally, hot pressed samples were cooled inside the
chamber slowly and taken from the chamber when the temperature decreased to 150°C.

The graphite deposited as a thin layer on the hot pressed sample surfaces were removed applying grinding

Figure 3.8.
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Figure 3.6. Location of the graphite die filled with powder mixture inside the hot
pressing chamber.
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Figure 3.7. Grinding wheel rotating type machine.
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Figure 3.8. Hot pressed Ti-Nb specimen before and after grinding.

3.2.2. High Temperature Sintering

After grinding samples were cleaned in an ultrasonic cleaner for 10 minutes to
remove possible residues and left drying. Next, samples put in an alumina (Al,Os)
crucible were further sintered at 1200 °C in a vertical tube furnace (Protherm PTF
14/50/450) for 1, 2, 3 and 4 hours under flowing argon gas to obtain desired B phase
providing Nb dissolution in Ti. Sintering temperature (1200 °C) was kept constant for
all the specimens. The vertical tube furnace and experimental set-up used for high
temperature sintering processes are shown in Figure 3.9. Having sintering completed,
the samples were cooled inside the furnace slowly and removed from the furnace at
200°C. Heating rate for sintering was 8°C/min which was lower than that of hot
pressing. Heating, sintering and cooling curves are given in Figure 3.10. Temperature-
time curve of hot pressing has also been added into that figure for comparison. Initial
linear region in the curves represent heating step where the heating rates were kept
constant as 10 and 8°C/min for hot pressing and sintering, respectively. Horizontal
second region corresponds to hot pressing or sintering time and finally the third region
shows the cooling step where the slopes of the curves at different points are variable,
not constant. This means that cooling rate is not constant during cooling; it is maximum
just after sintering completed (at the beginning of cooling stage) and decreases with

time.
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Figure 3.9. Experimental set-up including vertical tube furnace used for high
temperature sintering operations.
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Figure 3.10. Temperature-time curves of hot pressing (HP) for 1h and following
sintering (HP+S) processes for different times.

Figure 3.11 presents a picture of the sample sintered for 1 hour without using Ti
getter particles. A very thin oxide layer that can be removed by grinding easily occurred
on the surface of the sample during sintering and cooling. The sample which was
sintered at the same temperature for 2h, surface oxidation occurred was more as shown
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in Figure 3.12 compared to the sample sintered for 1h. Different colors correspond to

different oxides of Ti.

Figure 3.11. The macrograph of the sample sintered at 1200 °C for 1h without using Ti
getters.

Figure 3.12. The sample sintered at 1200 °C for 2h without using Ti getters.

In order to prevent or minimize oxidation during sintering, pure Ti sponge
particles were used as shown in Figure 3.13 as oxygen getters. Figure 3.14 shows the
sample produced sintering at the same temperature for 2h using Ti getters. Less
oxidation was observed compared to the sample sintered at the same conditions without
using Ti getters. Surface oxidation occurred was similar to one that formed on 1h
sintered sample without using Ti getters. Consequently, it was decided to use Ti getters
during sintering lasting 2h and more. Ti getters were placed just above the samples to be
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sintered. During sintering and cooling these getters behaved as sacrificing materials to
minimize oxidation and they were oxidized, Figure 3.15 instead of the samples.

Figure 3.13. Ti sponge getters used during sintering.

Figure 3.14. The sample sintered at 1200 °C for 2h using Ti getters.
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Figure 3.15. Oxidized Ti getters after high temperature (1200 °C) sintering process.

3.3. Density Measurements

Density and the porosity of the samples in hot pressed and sintered conditions
were measured using Archimedes’ principle employing an electronic precision balance
(X Precisa 321) equipped with a density determination kit by using the water

replacement (suspension) method. The device used for the measurements is shown in

Figure 3.16.
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Figure 3.16. Precision balance and the density determination Kit.

3.4. Metallographic Sample Preparation

The samples (Figure 3.17) for microstructural and mechanical characterization

were cut in the dimensions of 5x5x10 mm using electrical discharge machine systems
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(EDM), Charmilles Robofil 290 and 310, with electrical sparks between 8000-12000°C
as shown in Figure 3.18. A special liquid was used to control sparking, cooling and
flushes during cutting. Samples in compression tests were used as they were cut. For
XRD studies surface of the samples were grinded with 320 SiC papers to remove
contamination residues left after cutting operation. For micro hardness and SEM
investigations specimens were subjected to full metallographic preparation steps in
which grinding (240-1200 grinding papers), polishing (diamond suspension, 3um) and
finally etching was applied, respectively. Kroll’s reagent (3 ml HF + 6 ml HNO3 + 100

ml H,O) was used to etch the samples for about 15 seconds.

Figure 3.17. Processing of cutting samples with dimensions 5x5x10mm

3.5. Microstructure

3.5.1. X-ray Diffraction (XRD)

X-ray diffraction (XRD) as shown in Figure 3.19 is a quick method used for
phase identification of a crystalline material and it can give information on unit cell
dimensions. The diffraction pattern of a substance is its "fingerprint" allowing
identifying the substance and determining its crystalline structure. XRD analysis were
carried out using a PANalytical Empyrean model X-ray diffractometer with CuKa
radiation (A=1.540598 A) at 45 kV, 40 mA within a range of diffraction angles 26 from

20° to 90° at a scan speed of 2 degree/min.
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Figure 3.18 Two electrical discharge machines used for cutting samples.
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Figure 3.19. X-ray diffraction (XRD) device.

3.5.2. Scanning Electron Microscopy (SEM)

A scanning electron microscope is a kind of electron microscope that produces

images of a sample by scanning it with a focused beam of electrons. Several signals can
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be noticed containing information about the sample's surface topography. It can provide
a variety of imaging techniques with resolutions in the range 1 pm to 1 nm, depending
on the microscope and the signal used to form the image (Vernon-Parry, 2000).
Microscopic investigation was performed by a Zeiss Sigma 300 scanning electron
microscope equipment equipped with an EDS detector as shown in Figure 3.20. Both
secondary electron and backscattered electron modes were applied to identify the
different phases in the microstructure. Compositional analysis was done employing

EDS point analysis technique.

Figure 3.20. Scanning electron microscope (SEM).

3.6. Mechanical Tests

Mechanical tests consisted of uniaxial compression and micro hardness. Both
surfaces of the compression specimens were mechanically ground to render them
parallel. Graphite was used to reduce friction between the samples and the compression

plates and also to prevent or minimize barreling during uniaxial compression testing.

3.6.1. Micro hardness testing

A load which is applied on the indenter is not greater than 1 kg in micro
hardness tests. The hardness is evaluated by the amount of permanent deformation or
plastic flow of the material. The quantity of flow may be determined by gauging the
depth of the indentation or by measuring the area. (Chandler, 1999). Vickers hardness
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was measured on the polished specimens using a digital micro hardness tester (HVD-
1000AP) as shown in Figure 3.21. With a load of 100 grams force (981mN) and 20
second dwell time. The hardness value could be displayed directly and it did not need to
enter the length of the diagonal. Four specimens sintered at 1200 °C for variable times

were used to measure the hardness.

(b) measurement of impression
dagonals

Figure 3.21. Vickers hardness testing machine

3.6.2. Uniaxial Compression Tests

A simple and effective way to characterize material’s response to loading can
be provided by the uniaxial compression tests. The change in dimensions and resulting
load can be recorded to calculate a stress-strain profile by subjecting a sample to a
controlled compressive displacement along a single axis. Young’s modulus, yield
strength, compressive strength, elastic and plastic material properties can be determined
from the obtained curve. Uniaxial compression tests at ambient temperature (25 £ 5 °C)
were conducted using a universal Raagen tension-compression testing device. Elastic
modules were determined by applying least squares curve fitting to the linear portion of
the stress-strain diagram while yield strengths of the sintered samples were determined
using the 0.2%-offset method. Compression strengths were the maximum stresses
achieved and as a measure of ductility fracture strains were used. The testing frame used

for the experiments is shown in Figure 3.22.
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Figure 3.22. Uniaxial compression testing machine equipped with a heating-cooling
system.






4. RESULTS AND DISCUSSION

4.1. Density and Porosity

Theoretical density of TizsNbys alloy is calculated as 5.578 g/cm®. Measured
density and calculated porosity of the samples in hot pressed and sintered conditions are
shown in Table 4.1. The density of the sample hot pressed at 600 °C was only 4.52
g/cm® and its porosity was close to 17%. 50 °C increment in hot pressing temperature
decreased the porosity to 12.5% so that hot pressing temperature was increased to 800
°C providing almost full density. Hot pressing at 800 °C resulted in a porosity of only
0.85%. This little amount of porosity would be eliminated during following high
temperature sintering. Consequently, hot pressing temperature was optimized to be 800
°C and all the samples were pressed at that temperature prior to sintering. Actually, this
was the idea behind combining hot pressing with high temperature sintering. Previous
studies (Yang and Qain., 2015) present in the literature showed that, conventional cold
pressing and sintering could not eliminate the porosity. On the other hand, only hot
pressing is not sufficient for complete dissolution of Nb in Ti and accordingly getting 3
phase desired due to its limited temperature. As expected sintering carried out for
different times eliminated the porosity remained from hot pressing and full density was

achieved for all the sintering durations of 1 to 4 hours.

Table 4.1. Density and porosity of the samples produced in different condition

Specimen Density (g/cm®) Porosity (%)
600 °C 1h (HP) 4,52 16.89
650 °C 1h (HP) 4.88 12.53
800 °C 1h (HP) 5.53 0.85
1200 °C 1h  (HP+S) 5.58 0
1200 °C 2h  (HP+S) 5.59 0
1200 °C 3h  (HP+S) 5.59 0
1200 °C 4h  (HP+S) 5.60 0
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4.2. X-ray Diffraction

X-ray diffraction patterns of sintered samples revealed that f phase formed as a
result of Nb dissolution in Ti as it can be seen from Figure 4.1. In addition to main
phase B (BCC) little amount of a phase (HCP) were also detected in the microstructure.
Longer sintering times increased the intensity of B peaks while a phase peak decreased.
Even 4 hours of sintering at 1200 °C was not enough to eliminate all the a phase and to
get single B phase. Nevertheless, amount of o phase was very low which can be seen

comparing main peak intensities of two phases.
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Figure 4.1. XRD patterns of specimens hot pressed at 800 °C for 1h and then sintered at
1200 °C for different times

4.3. Scanning Electron Microscopy

Figure 4.2 presents the SEM micrographs of hot pressed samples at 600, 650 and
800 °C for 1h. Dark regions in the micrographs correspond to pure Ti phase whereas
light grey regions correspond to pure Nb. 600 and 650 °C were not sufficient for
dissolution of Nb in Ti. Almost none of the Nb was dissolved in Ti at these
temperatures as can be followed by Figure 4.2 (a) and (b). On the other hand, Nb
dissolution occurred at 800 °C and as a result of Nb dissolution B phase was also

observed (Figure 4.2c).
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Figure 4.2. SEM images of hot pressed samples at a) 600, b) 650, ¢) 800 °C for 1h.



58

EDS point analysis taken from the grey region in Figure 4.3 also confirmed 3
phase formation. Amount of Nb at that point was 23.7% by weight percentage (13.8%
as atomic percentage). Figure 4.4 represent the EDS point analysis results taken from

pure Ti region. This dark phase was consisting of 100% Ti.

100 um

210K .
18.9K
168K
14.7K
126K
10.5K Nb

84K

5.3K

4.2K

21K

0.0K
0.00 100 2.00 3.00 4,00 5.00 6.00 7.00 8.00 9.00

Figure 4.3. EDS point analysis showing Nb dissolution in Ti and § phase formation at
800 °C. (Nb: 23.7 wt. %).
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Figure 4.4. EDS point analysis showing pure Ti region (Nb: 0 wt. %).

Hot pressing performed at 800 °C not only provided almost full density but also
caused partial dissolution of Nb and B phase formation. However, aim of the study was
to obtain single B phase so only hot pressing at 800 °C for 1h was not enough to get
single B phase. High temperature sintering was also necessary for complete dissolution
of Nb in Ti. Since the temperature of hot press used in this study is limited high
temperature sintering experiments were performed in a vertical furnace capable of

working continuously at 1200 °C.
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The morphological characteristics of the sintered samples at 1200 °C for
different times after hot pressing at 800 °C for 1h were examined with the scanning
electron microscope and the microstructures are presented in Figure 4.5 to Figure 4.8.
SEM micrographs revealed that with increasing sintering time from 1h to 4h amount of
a phase decreased and the amount of B phase increased. The results were in good

agreement with those obtained from XRD.

a Phase

Figure 4.5. SEM images of Ti;sNbys alloy sintered for 1h at 1200 °C.

a Phase

D

Figure 4.6. SEM image of Tiz4sNbyg alloy sintered for 2h at 1200 °C.
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a Phase

Figure 4.7. SEM image of Tiz4sNbyg alloy sintered for 3h at 1200 °C.

o Phase .

Figure 4.8. SEM images of TizsNbyg alloy sintered for 4h at 1200 °C.

BSE mode was used in order to ensure whether undissolved pure Nb existed or
not in the microstructure of the samples since it was quite difficult to differentiate in
secondary electron mode. BSE micrographs of bulk Ti;sNbys alloys are given in
Figure 4.9 to Figure 4.12. The micrographs are similar and the microstructure consists
of the same phases. The amount of o phase is very small as detected by XRD and
secondary electron mode in SEM, B is the main phase and a little undissolved pure Nb
in white color was also observed. EDS point analysis shown in Figure 4.13proves that

all the white regions in BSE images correspond to pure Nb. Although amount of pure
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Nb decreased with increasing sintering time its complete elimination was not possible
by sintering at 1200 °C even for the longest sintering time of 4h used in the present

study.

o phase

\ Pure Nb

EHT = 15.00 kV Signal A = HDBSD 20 pm* ZEISS
WD= 6.7mm Mag= 500X

DAYTAM

eccaEan

Figure 4.9. BSE micrograph of bulk TizsNbys alloy sintered at 1200 °C for 1h.

EHT = 15.00 kV Signal A = HDBSD ZEISS
WD= 6.7 mm Mag= 252X

DAYTAM

Figure 4.10. BSE micrograph of bulk Ti;4sNbys alloy sintered at 1200 °C for 2h.
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Figure 4.11. BSE micrograph of bulk Ti;4sNbys sintered at 1200 °C for 3h.

20 ym*

EHT = 15.00 kV Signal A= HDBSD
WD= 6.9 mm Mag= 250X

DAYTAM

Figure 4.12. BSE micrograph of bulk Ti;4sNby sintered 1200 °C for 4h.
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Figure 4.13. EDS point analysis result showing undissolved pure Nb.

EDS point analysis results obtained from o and B phases in the specimens
sintered at 1200 °C for 3h are displayed in Figure 4.14and Figure 4.15, respectively as
examples. Table 4.2 gives all the results of EDS analysis. Combining EDS results and
BSE images it can be concluded that Nb distribution in B phase is quite homogeneous
and homogeneity increases with increasing sintering time. Nb distribution in o phase is
also similar for all the sintering durations. Nb content of  phase is normally should be
26% (atomic) considering starting composition, however EDS technique as a semi-
quantitative method is generally not capable of providing exact compositional
information.
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Figure 4.14. EDS point analysis result for o phase (3h sintering), Ti% (atomic) = 95.7
and Nb% (atomic) = 4.3.
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Figure 4.15. EDS point analysis result for  phase (3h sintering), Ti% (atomic) = 81.7
and Nb% (atomic) =18.3.

4.4. Micro Hardness Tests

The micro hardness values presented a clear relation with sintering duration.
Longer sintering times resulted in higher hardness as observed in Table 4.3. As
expected, 4hr of sintering at 1200 °C exhibited the highest hardness value of 332 HV.
The lowest hardness measured was 309 HV of 1h sintered sample at the same
temperature. Increase in sintering time increased the amount of B phase which is harder

than a phase and consequently, hardness value also increased.
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Table 4.2. EDS point analysis results obtained from o and B phases in the samples
sintered at 1200 °C for different times

B phase
Sintering o phase
time (h) _ ) ) ) ) )
Ti% (atomic) Nb% (atomic) Ti% (atomic) Nb% (atomic)
76.4 23.6
1 95.2 4.8
70.2 29.8
80.9 19.1
2 95.3 4.7
81.7 18.3
81.7 18.3
3 95.7 4.3
79.1 20.9
79.9 20.1
4 96.2 3.8 78.2 21.8
79.3 20.7

4.5. Uniaxial Compression Tests

The stress-strain curves of hot pressed samples obtained from compression tests
conducted at room temperature are shown in Figure 4.16. It is clear from the figure that
elastic modulus, yield strength and compressive strength increase with increasing hot
pressing temperature due to decreasing porosity. Ductility on the other hand increases
when the hot pressing temperature is increased from 600 °C to 650 °C but further
increase in temperature (800 °C) decreases the ductility and gives the lowest fracture
strain. Lower pressing temperatures could not form [ phase so only variable for
ductility is porosity. With decreasing porosity ductility increases. However, at 800 °C
porosity was almost zero and some B phase formed, therefore, ductility decreased.

Figure 4.17 presents the stress-strain curves of sintered samples at 1200 °C for
different times. The curve belonging to hot pressed sample at 800 °C for 1h is also
included for comparison. Mechanical properties obtained from these curves are

summarized in Table 4.4
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Table 4.3. Vickers micro hardness tests results

Sintering time

(h)

Measurement Hardness (HV) Mean
# Hardness (HV)

290
285
315
318 308.8
336

281
310
323
330 315
331

298
310
325
353 330.8
368

328
330
333
333 332
336

o B~ W N PO 0N PO WO DN RO, DN

All the mechanical properties enhanced as a result of sintering done at high
temperature of 1200 °C for 3 and 4 hours. Interestingly, yield strength of hot pressed
sample was higher than those of sintered for 1 and 2 hours and compressive strength
(1007 MPa) was a few tens of MPa lower. However, ductility of the hot pressed sample

was less than half of the sintered samples.
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Figure 4.16. Stress-strain curves of samples hot pressed at different temperatures for 1h.

Young’s modulus of the samples sintered for 1, 2, 3 and 4h were 40, 41, 41.4 and 44
GPa, respectively as shown in
Table 4.4. The lowest yield strength was measured to be 789 MPa for 1h sintered
sample and increased with increasing sintering time up to 894 MPa for the sample
sintered for 4h. Compressive strength values were also increased from 1020 (1h) to a
maximum of 1178 MPa (4h). Fracture strains as a measure of ductility were very similar
for all the sintering times and changing in the range of 18-21%. The value of elastic
modulus (44 GPa), yield strength (894 MPa) and compression strength (1178 MPa)
were the highest mechanical properties all obtained for 4 hours of sintering.

The relations between mechanical properties and sintering time are plotted in
Figure 4.18 and 4.19. Elastic modulus increases as the sintering time gets longer since
the extended sintering times provides better bonding between the initial powders.
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Figure 4.17. Stress-strain curves of sintered samples at 1200 °C for different times (1, 2,
3 and 4h). The curve of hot pressed sample at 800 °C for 1h (HP) is also
included for comparison.

Table 4.4. Mechanical properties of Tiz4Nbyg alloys sintered at 1200 °C for variable

Sintering tirrflemesElastic modulus Yield strength Compression  Fracture strain
(h) (GPa) (MPa) strength (MPa) (%)
1 40.1 789 1020 19,4
2 41 803 1038 18.1
3 41.4 856 1118 21.3
4 44 894 1178 19.9

However, in the present study increase of Young’s modulus was only 4 GPa
with the increment of sintering time from 1h to 4h. This is due to low elastic modulus of
B phase. a has a higher elastic modulus and longer sintering times decreased the o phase
amount. As a result, the increase in elasticity modulus was limited just too a few GPas.
Yield and compressive strengths enhanced especially after 2h of sintering. This can be
understood comparing the slope of the linear curves between 1 and 2h, and after 2h up
to 4h.As it can be seen from Figure 4.17 the slope of the both curves increase after 2h.
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Figure 4.18. Elastic modulus-sintering time relation.
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Figure 4.19. Yield and compressive strength as a function of sintering time

Figure 4.20 shows the effect of using Ti getters during sintering on the
mechanical properties of the sample sintered for 2h. Elastic modulus and yield strength

were similar for the sintering treatment done with or without Ti getters. Compressive
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strength on the other hand was slightly higher for the sample sintered without using Ti
getter particles. Ti getter usage during sintering provided a better ductility since
oxidation strengths Ti alloys while decreasing ductility. The difference in strength and
ductility of the two samples were not too much so that it can be concluded that

oxidation occurred during sintering without using Ti getters was not severe.
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200 A — With Ti getter
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0,00 0,05 0,10 0,15 0,20 0,25
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Figure 4.20. Effect of Ti getter usage during sintering at 1200 °C for 2hr on stress-strain

curves.

In Table 4.5 mechanical properties of the samples produced in the present study
has been compared to the results published already. The sample hot pressed at 800 °C
for 1h and sintered at 1200 °C for 4h exhibited the lowest Young’s modulus (44 GPa)
and highest yield strength (894 MPa). It is clear from the table that, similar
compositions (signed with bold style in the table) produced with casting methods
resulted in elastic modulus values of 45-95 GPa. Yield strength values (250-722 MPa)
on the other hand were quite low compared to the results of the present study. Hardness
values were also in the range of (188-323 HV) comparable to our result of 332 HV. As a
result it can be concluded that hot pressing following high temperature sintering is a
quite efficient method to produce bulk Ti-Nb alloys with superior mechanical

properties.



73

Table 4.5. Comparison of mechanical properties with the ones existing in the literature

Elastic Yield Hardness Fabrication
Alloy comp. Modulus strength (HV) method and Reference
(GPa) (MPa) condition
949+57 722+21 323+x15 VAM, 1000 °C/24
Ti-35Nb (wt. %) h, (FC) Cremasco,
75.2+15.7 343+1 188+4 HT,1000 °C/ 1 h, 2013
(WQ)
Ti-10Nb (wt. %)  85.249.0 55219  .........
Ti—16Nb (wt. %) 78.415.6 589+20  ......... MIM at 1550 °C/4h
Ti—22Nb (wt. %) 70.917.2 649+31  ......... Zhao et al,
Ti—10Nb (wt. %) 90.1+6.1 612436  ......... 2013
Ti—16Nb (wt. %) 82.245.0 661+14  ......... HIP at 915 °C/2h
Ti—22Nb (wt. %) 75.6£7.6 687+34  .........
58 461 ...l SSTat750°C/0.5h Wang et al
Ti-16Nb (at. %) 56 382 .. SSTat850°C/05h ' ot
60 386 ...l SST at950°C/0.5h
Ti-24Nb (at. %) 45 250 e Vaat 1223 K /
72h Elmay et
al., 2014
Ti-26Nb (at. %) 50 300 e VAN K7
Ti-5Nb  (wt. %) 127+7 ... 35827  Arc melting furnace
Ti-10Nb (wt. %) 14946 ... 338+24 different Han et al.
Ti-15Nb (wt. %) 11445 ... 413+21 temperatures 2015
Ti-20Nb (wt. %) 127¢5 ... 332+13
Ti-22Nb (at. %) 272 Plasma m?ltlng,
................... 621 HT at 1100 °C/ 12h
................. 235 Plasma melting 5
.................. 410 HT at 1100 °C /12h Stlepzagnl gt
al.
Ti-25Nb (at %6) e e 273 EBFZM
................ 244 HT at 200 °C/ 1h
................ 292 HT at 400 °C/ 1h
................. 271 HT at 600 °C/ 1h
. HP (800°C, 1h) and Present
TizaNbos 44 894 332 HTS (1200 °C, 4hr) study

HT — heat treatment; EBFZM — electron beam floating zone melting; SST-Solid

solution treated; VAM-Vacuum arc melting; HT-Heat treatment.






5. CONCLUSIONS

In this study, binary TizsNb,g alloys were produced combining, for the first time, hot

pressing with high temperature sintering. General conclusions obtained from the study

are as follows:

Density measurements (Archimedes’ technique) showed that optimum hot
pressing temperature of Ti-Nb alloys for 1h is 800 °C. Almost full density (over
99%) was achieved at 800 °C.

The microstructures of TizsNbyg alloys sintered at 1200 °C for different times
consist of small amount of o and very little undissolved pure Nb in addition to
the main phase  and amount of B increases with increasing sintering time
according to XRD and SEM investigations.

Even 4 hours of sintering at 1200 °C was not sufficient to obtain single 3 phase.
Therefore, sintering temperature should be higher than 1200 °C to get only
phase free from o and pure Nb.

Mechanical properties enhanced by increasing sintering time. 4h of sintering
exhibited the highest mechanical properties including elastic modulus (44 GPa),
yield strength (894 MPa), compression strength (1178 MPa) and microhardness
(332 HV). Ductility (18-21%) on the other hand was almost the same for all the
sintering temperatures.

Samples produced combining hot pressing and high temperature sintering were
found to be suitable in terms of mechanical properties for bone replacement
applications although they have higher elastic modulus (40-44 GPa) compared to
that of bone (> 20 GPa).
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EXTENDED TURKISH SUMMARY (GENISLETIiLMIS TURKCE OZET)

OZET

SICAK PRES YONTEMI ILE TITANYUM NiYOBYUM SEKIL BELLEKLI
ALASIMLARIN URETIMI

Al-ZANGANA Nuaman Jasim Filamarz
Yiiksek Lisans Tezi, Makine Miihendisligi Anabilim Dali
Tez Danismani : Dog. Dr. Tarikk AYDOGMUS
Ocak 2018, 101 sayfa

Gegmisten giliniimiize Ti-Nb alasimlarimin dretimi icin genellikle dokim
yontemleri (vakum indiiksiyon ergitme veya vakum ark ergitme) kullanilmistir. Saf Ti
ve Nb’un erime sicakliklart son derece yiiksek oldugundan (1668 ve 2477 °C sirasiyla),
dokim yoluyla Ti-Nb alagimlarini tiretmek ekonomik degildir. Toz metalurjisi yontemi
ile bu alasimlar1 ¢cok daha diisiik sicakliklarda (Ti erime sicaklifindan daha az) ve
tamamen kat1 halde ekonomik olarak tretmek mimkiindiir. Bu ¢alismada TizsNbyg
alagimlar, ilk kez sicak presleme ve yiiksek sicaklik sinterlemesinin kombinasyonu ile
saf Ti ve saf Nb tozlar1 kullanilarak iiretilmistir. Uretim siirecinde uygulanan islem
sicakligi ve zamanimin yogunluk, mikroyap:r ve mekanik davranig iizerindeki etkileri
aragtirtlmistir. Yogunluk olgtimleri 800 °C'de yapilan sicak presleme isleminin tam
yogunlugu sagladigin1 gostermistir. XRD ve SEM incelemeleri, sinterleme siiresinin
artmasiyla birlikte B fazi olusumunun arttigini ortaya koymustur. Ana faz B'ya ilaveten,
mikroyapida az miktarda o fazi ve ¢ok az miktarda saf Nb gozlenmistir. Mekanik
Ozellikler tek eksenli basma ve Mikro Vickers sertlik testleri ile belirlenmistir. Mekanik
test sonuglar1 1200 °C'de 4 saatlik sinterlemenin en yiiksek sertlik (336 HV), elastik
modul (44 GPa), akma mukavemeti (894 MPa) ve basma mukavemeti (1178 MPa)

degerlerini sagladigini gostermistir.

Anahtar kelimeler: Mekanik test, Mikroyapi, Sicak Presleme, Sinterleme, Titanyum-

Niyobyum alagimlari, Toz metalurjisi.






1. GIRIS

Paslanmaz celik, kobalt-krom alasimlar1 ve titanyum alasimlar1 en ¢ok kullanilan
metalik biyomalzemelerdir. Ti alasimlar1 bu metalik biyomalzemeler arasinda en ylksek
biyo-uyumluluk seviyesine, yiiksek mekanik dayanima ve asmma direncine sahiptir.
Diger malzemelere ve alasimlara gore daha iyi yorulma direnci, yuksek asmmma
dayanimi, stiin kirilma toklugu direnci ve ylksek mukavemet/agirlik orani gibi
Ozelliklere sahip olduklarindan, titanyum ve alasimlari biyomedikal endiistrisi ve
havacilik gibi pek ¢ok alanda kullanilmaktadir (Han, M.-K. et al, 2015; Kim, H. Y. et
al, 2006; Elias, L.M. et al, 2006; Niinomi, M. et al, 2012; Zhuravleva, K. et al, 2013;
Sharma, B. et al, 2016; Yu, Z.-T. et al, 2014; Bolzoni, L. et al, 2012; Afonso, C.R.M. et
al, 2007; Cremasco, A. et al, 2013).

Yiiksek makine ve hammadde maliyetleri, titanyum ve alagimlarinin havacilik ve
tip alanlarinda kullaniminin  yayginlagsmasini zorlastirmaktadir. Toz metaliirjisi
yontemleri kullanilarak ilgili maliyetler ciddi oranlarda diisiiriilebilmekte ve daha kesin
sekiller elde ederek ihtiya¢c duyulan makine islem zamanlar1 ve atik malzeme oranlari
azaltilabilmektedir. Ni, Al ve V gibi ilave elementlerden kaynaklanabilecek zehirlilik
sorunlarinin ¢éztimii i¢in de Ti alasimlart 6nerilmektedir. Son zamanlarda Ti-Nb, Ti-Ta
ve Ti-Zr gibi B titanyum alagimlar diisiik elastiklik katsayisi, yiiksek gerilim direnci, iyi
stineklik ve potansiyel olarak toksik olabilecek unsurlarin yoklugu gibi iistiin 6zellikleri
nedeniyle umut vadetmektedir (Bolzoniet al, 2012; Kentet al, 2013; Chai et al, 2008).
Saf Ti disiik sicakliklarda siki paket hegzagonal kristal (HCP) yapidaki o fazinda
bulunurken, denge faz diyagramina gore sicaklik 882+2 °C’ye ulastiginda alotropik bir
donilisime ugrayarak hacim merkezli kiibik (BCC) yapidaki  fazina doniismektedir.
Titanyum alagimlar1 genelde o, a+f ve B alasimlari olarak siiflandirilmaktadir (Ping et
al, 2006; Elmay et al, 2014). Vanadyum, molibden, tantal ve niyobyum gibi elementler
B-izomorfiklere birer 6rnek olup, bunlarin alagimdaki oranlari artirilarak B-doniisim
sicakligl diisiiriilebilmektedir. Bu elementler Ti’nin B fazinda tamamen c¢oziinebilir
ozelliktedir. Niyobyum, B fazi stabilizorii olarak islev gosterebilen ve biyo-uyumlu bir
elementtir ve Ti alagimlarina katildiginda alasimin Young katsayisini diisiiriir. Ayrica

zehirli olmayan bir element olup, insan viicudunda reaksiyona sebep olmaz (Wang, and
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Zheng., 2008). Titanyuma niyobyum eklenmesi oksitlenme direncini artirdigi gibi,
yogunlugu da azaltmaktadir (Sikka et al., 1993).

Ti ve Nb konsantrasyonlari, alasimin fiziksel ve mekanik 06zelliklerine ve
doniisiim karakteristiklerine de etki edebilir. Ti-Nb alasimindaki Nb orani artirilarak,
sertlik, dayanim, ve ergime sicaklig1 yiikseltilebilmektedir (Kikuchi et al, 2003).

Ti-Nb alagimlar1 genellikle dokim ve dovme teknikleri ile dretilmektedir.
Dokimiln neden oldugu ana kusurlar gézeneklilik, kaba mikro-yapilar, ve bilesim
ayrigsmalari olup, bunlar alasimin mekanik 6zelliklerini ciddi sekilde kotiilestirmektedir.
Ayrica, Ti ve Nb’nin ergime noktalar1 sirastyla 1668 ve 2477 °C oldugundan, dokiim
yontemlerini kullanirken ¢ok yiiksek sicakliklara ulagabilen 6zel firinlara, bagka pahali
cihazlara ve yiksek enerji tiiketimine ihtiya¢ duyulmaktadir. Dévme yontemleri daha
iyl mekanik sonuglar vermektedir ancak, yiiksek masraflari ve hammaddelerin gorece
daha bol kullanimina neden olmasi uygulama alanlarini daraltmaktadir. Ote yandan toz
metaliijisi igleme yontemleri diisiik isleme sicakliklart (1000-1400 °C) gereksinimleri
nedeniyle, liretim verimliligini artiran ve karmasik yapilarda kiiciik parcalarin iiretimine
olanak saglayan yontemlerdir (Stépén.et al, 2010; Caiet al., 2016; Andrade . et al.,
2015). Toz metalirjisi yontemleri yuksek miktarlarda Ti-Nb numuneleri Gretiminde
kullanilabilir ve makine islemlerini azaltip, ayn1 sonucu elde etmek i¢in normalde
kullanilan hammaddenin yalnizca %90’min kullanilmasina olanak saglayarak, diger
tiretim yontemlerine kiyasla iiretim masraflarinin azaltilmasini saglayabilir. Ayrica bu
yontem ile daha kesin sekilli pargalar elde edilebilmektedir.

Uretim islemlerine bagl olarak, toz metaliirji yontemleri biitiinlestirme isleminin
yapildigi sicaklik esas alinarak iki grupta toplanabilir:

Soguk biitiinlestirme islemleri: oda sicakliginda preslenen tozlar, yiiksek
sicakliklarda sinterlenir.

Sicak biitiinlestirme islemleri: tozlara ayn1 anda hem yiiksek basing hem de 1s1
uygulanir. Ayrica, sicak bitiinlestirme islemleri ile azami yogunluk elde
edilebilmektedir.

Bu ¢alismanin amaci, TizgNbys alasimlarinin sicak presleme ve sonrasinda
uygulanan yiiksek sicaklik sinterleme islemi ile Uretilmesi ve bu alasimin 6zelliklerinin
tespit edilmesidir. Yogunluk, nihai mikro-yap1 ve arzu edilen mekanik ozellikler,

basing, sicaklik ve zaman gibi sicak presleme degiskenlerinin ayarlanmasi ile kontrol
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edilebilmektedir. Bu fikirle Ti ve Nb tozlari bir karigim halinde 15 mm ¢apindaki
silindir seklindeki grafit kaliplara yerlestirilmis ve 600, 650 ve 800 °C’de 1 saat
boyunca 50 MPa basingta gozeneksiz numuneler elde etmek i¢in argon gazi altinda
sinterlenmistir. Numuneler 10 mm yiikseklikte olacak sekilde ayarlanmistir. Numuneler
islem icin en uygun 1s1 olan 800 °C’de sicak preslendikten sonra 1200 °C’de 1, 2, 3 ve 4
saat boyunca sinterlenerek Nb’nin ¢6ziinmesi ve Ti’nin [ fazina doniismesi
saglanmistir. Uygulanan sicak presleme ve sinterleme sicakliklarinin numunelerin
mikro-yapi, yogunluk ve mekanik davraniglari tizerindeki etkilerinin tespit edilmesi i¢in
Taramali Elektron Mikroskobu (SEM), X-Isin1 Kirinimi1 (XRD), Arsimet yontemi, tek
eksenli basma testi ve Vickers mikro-sertlik testi kullanilmstir.






2. TEORIK ALTYAPI

2.1. Titanyum ve Titanyum Alasimlari

Titanyum elementi 1790’da  William Gregor tarafindan Ingiltere’de
kesfedilmistir, ancak titanyum ismi Klproth tarafindan 1795’de konulmustur (Viteri,
and Fuentes., 2013). Titanyum diisiik yogunluklu bir elementtir. Yogunlugu yalnizca
4.5 glem® olup, bu deger ¢eligin yogunlugunun (7.9 g/cm®) yalmzea %60’ma denk
gelmektedir. Yiiksek sicakliklarda c¢alismasi gereken ve Ozellikle yiiksek
dayanim/agirlik orani gerektiren pargalarda kullanilabilmektedir (Hermawan,H. et al.,
2009; Hermawan et al., 2009 ). Ti alasimlar1 kusursuz asinma direngleri, yliksek 6zgiil
dayanimlar1 ve istiin biyo-uyumluluklart nedeni ile tipta da kullanilmaktadir (Zhao et
al, 2013). 5 g/cm®liikk yogunluk degeri, agir ve hafif metallerin ayrildigi sir olarak
belirlenmistir. Hafif metaller arasinda en agir metal titanyumdur (Leyens,. and Peters.,
2003).

Titanyum alagimlarinin ana 6zellikleri mekanik ve biyo-uyumluluk, givenlilik,
insan viicudunda yiiksek asinma direnci, yiiksek yorulma direnci, iistiin dayaniklilik ve
yuksek 6zgul mukavemet olup, bunlar nedeniyle metalik implantlarda ve ortopedik ve
dis protezlerinin tiretiminde tercih edilmektedirler (Cai. et a., 2016). Young katsayilar
cesitli alasimlar tasarlanarak arzu edilen sekilde artirilip azaltilabildiginden, titanyum
alagimlar1 ayn1 zamanda endiistriyel uygulamalarda da yaygin sekilde kullanilmaktadir.
Fedotov ve Belousov, Ti’ye Nb eklenerek elastik katsayisinin azaltilabilecegini

belirtmiglerdir.
2.2. Ti Alasimlari: Yapi ve Ozellikleri

Yiiksek sicakliklarda hacim merkezli kiibik B faz1 ve diisiik sicakliklarda siki
paket hegzagonal o fazi, Ti esasli alagimlarin iki kararli fazmi teskil ederken,
(ortorombik) a" ve hegzagonal o fazlar1 da, su verme ile elde edilen iki yar1 kararh fazi
olusturmaktadir. Ti, 882+2°C alotropik bir degisime ugrar; bu sicakliga kadar (HCP)
yapida bulunan o fazi, 882+2°C iizerine ¢ikildiginda (BCC) B fazina doniisiir; bu faz

ergime noktasina kadar stabil kalmaktadir. Iki fazin dizilim, hacim oram ve kendilerine
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has ozellikleri titanyum alagimlarinin da 6zelliklerine etki etmektedir. (Leyens, and
Peters., 2003; Elmay et al, 2014; Ping et al, 2006; Kim et al, 2005; Mantani,. and
Kudou., 2013; Panigrahi, A., 2015; Bhadeshia,n.d).

2.3.  Ti-Nb Faz Diyagram

Bir sistemin esit fiziksel ve kimyasal 6zellikler gosteren homojen kismina faz
denmektedir. Tim saf malzemelerin kati, sivi ya da gaz fazinda olduklar1 kabul
edilmektedir. Faz diyagramlari kullanilarak her tiirden faz doniisiimleri anlasilabilecegi
gibi, bir alasimin mikro-yapisi ve fiziksel 6zellikleri de anlasilabilmektedir (Otsuka, and
Ren1999). Herhangi bir sisteme ait termodinamik bilginin bir varyasyonu da bu faz
diyagramlar1 tarafindan cok sayidaki fazin dengesi ve faz dagilimlarimin Olgiilebilir
verileri araciligi ile aktarilabilmektedir (Seetharaman., 2005).

Bir alagim sisteminin en kararli halinin tespit edilebilmesi i¢in faz diyagramlari
azami 6nem arz etmektedir. Ergime, kaliplama ve kristallesme bilgileri faz diyagramlari
kullanilarak elde edilebilir (Callister, and Rethwisch., 2009). Denge ve dengesiz hal
fazlari, titanyum alagimlarinin 6ge elementlerine gore degisen iki faz donlisimini
temsil etmektedir. a ve B fazlar arasindaki denge, alagimlarin uygun faz alanlarinda 1s1l
islemler kullanilarak ve ardindan oda sicakligina sogumaya birakilarak saglanmaktadir (

Pathak et al, 2014).

2.4. Nb Miktarmin Faz ve Mikro-Yapiya Etkileri

Ti-Nb sisteminde farkli hizlarda sogutmanin sonucunda ortaya c¢ikabilen
dengesizlik nedeniyle ¢esitli yari-kararli fazla olusabilmektedir. Bu esitsizliklerden
meydana gelecek nihai iirliniin 6zellikleri hem soguma hizina hem de bilesimdeki Nb
miktarina baghdir. Ti-Nb alasimindaki Nb igeriginin artmasi B, o', o" ve az miktarlarda
o fazi gibi yar kararli fazlarin ortaya ¢ikmasina neden olmaktadir (Wu et al, 2013,
Moffat, and Kattner., 1988;Tob et al, 2013).
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2.5. Mekanik Ozellikleri

Herhangi bir uygulamada kullanilacak malzemenin tiirli mekanik o6zelliklerine
baglhidir. Bu 6zelliklerden 6nemli olan bazilar1 elastik katsayi, sertlik, gerilim dayanimi
ve uzama Ozelligidir (Geetha etl., 2009). Kimyasal bilesim ve termo-mekanik islemler
titanyum alagimlarinin davraniglarina etki edebilmektedir.

%5 ve Uzerinde Nb igerigine sahip olan alasimlarin titanyumdan daha yiiksek
sertligi olmakta ve %10 ve lizerinde Nb iceren alagimlar saf titanyuma gore daha yiiksek
akma ve ¢ekme dayanimina ve belirgin sekilde daha diisiik uzama o6zelligine sahip
olmaktadir. %?20’ye varana kadar, niyobyum orani arttik¢a, Young katsayisi
azalmaktadir. Nb yogunlugu %S5 ile %25 arasinda olan Ti-Nb alagimlarinin Young
katsayisi, saf Ti’ye gore belirgin sekilde daha diisiikken, %30 ve {izerindeki Nb

oranlarina sahip alagimlarinki belirgin sekilde daha yiiksektir.

2.6.  Toz Metallrjisi

Toz karistirma dogal tiir bir karistirma teknigidir. Bu yontemde iki veya daha
fazla kati madde bir karistirict yardimi ile ya da el kullanarak siirekli sekilde
karigtirllmaktadir. Karigtirma siiresinin artmasi karisma derecesini de artirmaktadir
(Bhawna and Agrawal., 2007). Farkli kayganlastiricilar tutturucu olarak kullanilip bu
tozlara karigtirilabilir. Genellikle kayganlagtiricilar tozlarin hem birbirleri ile hem de
kalip duvarlari ile olan siirtlinmesini azaltir, bdylece daha muntazam bir yogunluk elde
edilmektedir (Jonsén ., 2006). Homojenligin ii¢ seviyesi vardir: katmanlh karigimlar igin
gecerli olan yiiksek Olgcek ayrisma, cokeltili karisimlar i¢in gegerli olan kismi
homojenlik ve sekil 2.23’da gosterildigi ilizere daginik homojen adi verilen ideal

homojenlik.
2.7.  Ti-Nb Alasimlarmin Toz Metalurjisi
Presleme ve sinterleme; presleme, sinterleme ve sicak isleme; sicak presleme

(hot pressing, HP), sicak izostatik presleme (HIP), kivilcim plazma sinterleme (SPS),

metal enjeksiyon kaliplama (MIM), konvansiyonel sinterleme (CS) ve 3D yazdirma
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titanyum alasimlarinin, Ozellikle Ti-Nb alasimlarinin  hazirlanmasinda genelde
kullanilan yontemlerdir. Presleme ve sinterleme yukarida sayilan yontemler arasinda
teknik olarak en basit ve ekonomik olarak en cazip yontemdir (Qian and
Schaffer.,2010).

2.7.1. Sicak presleme

Sicak presleme basing altinda gerceklestirilen bir sinterleme yontemidir.
Indiiksiyon 1sitmasi, dolayli rezistans isitmasi ve dogrudan sicak presleme, sicak
presleme teknolojisinin ti¢ farkli uygulama tiiriinii teskil etmektedir. Sicak presleme
konvansiyonel preslemeden olduk¢a yavas bir sinterleme siirecidir ve daha diisiik
tolerans seviyesine sahiptir. Sicak presleme iglemlerinde, numuneye ayni1 anda hem gii¢
hem de 1s1 uygulanmaktadir. Bu yaklasim ile iyi mekanik Ozellikler elde
edilebilmektedir. Ote yandan bu yaklasim asir1 yiiksek sicakliklara ve basinca ihtiyag
duymaktadir. Bu nedenle segilen kalip malzemesinin bu sartlarda calismaya uygun
olmasi gerekmektedir. Grafit kaliplar bu is i¢in uygundur. Baslangi¢ tozlar1 yiiksek 1s1
ve basing sayesinde sinterlenen bilesenlere kismen veya tamamen biitiinlesebilmektedir.
Titanyum ve titanyum alagimlart bu sekilde sicak presleme ile biitiin haline
getirilebilmektedir. Sekil 2.35 sicak presleme teknigini gostermektedir (Yang and Qain
., 2015).

Titanyum tozlar1 indiiktif sicak presleme kullanilarak, yalin presleme ve
sinterleme yontemleri ile elde edilenden daha yiiksek bir yogunlukta ve daha kisa siirede

alasim haline getirilebilmektedir (Bolzoni, 2012).



3. MATERYAL VE YONTEM

3.1. Kullanilan Tozlar

Bu calismada element olarak Alfa Aesar, Almanya’dan tedarik edilmis saf Ti
(99.5 %) ve saf Nb (99.8 %) tozlarn (her ikisi de -325 mesh, 45um’den kiiciik)
kullanilarak, atomik yiizdesi Tiz4Nbyg olan titanyum alasimi elde edilmistir. Sekil 3.1°de
verilen SEM sonuglar1 elde edilen tozlarin morfolojik ozelliklerini gostermektedir.
Hidrat-dehidrat doniisim yontemi ile elde edildiklerinden, Ti ve Nb tozlarmin
sekillerinin diizensiz olduklar1 goriilmektedir. Bu toz iiretim yonteminde 6nce siinek
kat1 saf metal ya da alasim hidrojenleme siirecine tabi tutularak kirillgan hale getirilir.
Bundan sonra mekanik 6giitme uygulanarak parcalama yapilir. Istenilen toz ebadimna
ulagildiginda 6giitmeye son verilir ve elde edilen tozlar nihai dehidrojenez siirecine tabi

tutularak, siinek, hidrojensiz saf element veya alagim tozlar1 elde edilmis olur.

3.2. Numune Hazirlanmasi

3.2.1. Sicak presleme

Alasimim Ti-Nb kompozisyonu TizsNbys (atomsal yiizde) olarak belirlenmistir,
zira bu kompozisyon en diisiik elastik katsayr degerini vermekte ve sekil hafizasi ve
stiperelastiklik gibi 6zellikler gostermektedir. Ham tozlarin agirliklart bu ylizde goz
oniine alinarak hesaplanmis ve silindir seklindeki kaliplarin son ebatlar1 15 mm ¢ap ve
10 mm yikseklik olarak belirlenmistir. Ongériilen 10 mm yiiksekligi elde edebilmek
icin sicak pres numunelerinin azami yogunluga (sifir gozeneklilik) ulasacaklari
varsayllmistir. Tozlar elektronik terazi ile tartilmis (5.86 g Ti ve 4 g Nb) ve homojen bir
yapt elde etmek icin sekil 3.4’te gosterildigi sekilde bir baglayic1 olarak etilen
kullanilarak 15 dakika karistirilmistir. Ardindan karisim sekil 3.5°te gosterildigi tlizere
15 mm capinda bos silindir grafit kaliba alinarak 1 saat siire ile 600, 650 ve 800°C

sicakliklarinda 50MPa basing altinda preslenmistir.
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3.2.2. Yiuksek sicaklikta sinterleme

Numuneler zimparalandiktan sonra ultrasonik temizleyici ile 10 dakika
temizlenerek olasi kalintilardan arindirilmis ve kurumaya birakilmistir. Ardindan arzu
edilen B fazin1 elde etmek ve Nb’nin Ti i¢inde tam ¢Oziinmesini saglamak igin
numuneler alimina (Al,O3) krozelere alinarak dikey tiip firinda 1200 °C’de (Protherm
PTF 14/50/450) ve argon gazi akisi altinda 1, 2, 3 ve 4 saat slre ile sinterlenmistir.
Sinterleme sicaklig1 tiim numuneler i¢in sabit tutulmustur. Kullanilan firin ve sinterleme
siirecleri icin uygulanan deneysel diizenek sekil 3.9°da sunulmustur. Sinterleme
tamamlaninca numuneler firin icinde sogumaya birakilmis ve 200 °C’de firindan
alimmustir. Sinterleme i¢in 1sinma hizi1 dakikada 8 °C olup, bu deger sicak presleme
degerine gore daha diisiiktlir. Isitma, sinterleme ve soguma egrileri sekil 3.10°da
verilmistir. Sicak preslemenin sicaklik-zaman egrisi de kiyaslama agisindan bu sekle
eklenmistir. Egrilerdeki ilk lineer kisim 1sitma degerlerinin sicak presleme ve sinterleme
icin sabit tutuldugu (10 ve 8 °C/dakika) 1sitma kismin1 gdstermektedir. Ikinci ve yatay
kisim sicak presleme ve sinterleme siireglerini ifade ederken, egrilerin diizenli olmadig1
liclincli kisim ise soguma siireglerini gostermektedir. Bu durum soguma esnasinda
soguma hizinin sabit olmadigini, sinterlemenin tamamlanmasinin hemen ardindan
azami hizda oldugunu ve zaman i¢inde soguma hizinin azaldigin1 gostermektedir.

Oksitlenmeyi 6nlemek veya asgariye indirmek i¢in Ti siinger pargaciklari sekil
3.13°de gosterildigi lizere oksijen gazi alicilart olarak kullanilmustir. Sekil 3.14 Ti gaz
alicilart  kullanilarak 2 saat sabit sinterleme sicakliginda tutulmus numuneyi
gostermektedir. Ayni sartlar altinda Ti gaz alicilar1 kullanilmayan numunelere gore daha
az oksitlenme gozlenmistir. Bu numunede meydana gelen yiizey oksitlenmesi, gaz alic
kullanilmadan 1 saat sinterlenen numuneninkine denktir. Sonu¢ olarak, Ti gaz
alicilarinin 2 saat ve iizeri sliren sinterleme islemlerinde kullanilmasi gerektigi kanisina
varilmistir. Ti gaz alicilar1 sinterlenen numunelerin hemen iizerine yerlestirilmistir.
Sinterleme ve sogutma esnasinda bu gaz alicilart bir nevi feda malzemesi olarak
kullanilarak, numunenin oksitlenmesini azaltmak i¢in kendilerinin oksitlenmesi

saglanmistir (Sekil 3.15)
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3.3. Metalografik Numune Hazirlanmasi

Sekil 3.18’de goriilen numuneler, Sekil 3.17°de goriilen Charmilles Robofil 290
and 310 model EDM sistemler kullanilarak 8000-12000 °C kivileim sicakliklarinda
5x5x10 mm ebatlarinda kesilerek mikro-yapisal ve mekanik ozellikleri incelenmistir.
Kesme esnasinda kivilcimlari, sogumayir ve bosaltimi saglamak icin 6zel bir sivi
kullanilmistir. Sikistirma testlerinde numuneler kesildikleri haliyle kullanilmistir. XRD
analizleri i¢in numunelerin yiizeyi 320 SiC zimpara kagitlar1 ile zzimparalanarak kesme
isleminde kalan olas1 kalintilar uzaklastirilmistir. Mikro-sertlik ve SEM arastirmalari
icin numuneler tam metalografik hazirlik siireglerine tabi tutularak, 230-1200
zimparalama kagitlar ile taslanmis, elmas soltsyonu (3um) ile parlatilmis ve nihayet
daglanmistir. Daglama i¢in 15 saniye sureyle Kroll ¢ozeltisi (3 ml HF + 6 ml HNO; +
100 ml H20) kullanilmistir.






4. SONUCLAR

Bu c¢alismada ikili Tiz4Nbyg alasimlari, sicak presleme ve yiiksek sicaklikta
sinterleme yontemleri ilk defa bir arada kullanilarak hazirlanmistir. Calismadan elde
edilen genel sonuglar asagida sunulmustur:

Yogunluk oOlctimleri (Arsimet yontemi) Ti-Nb alasimlarinin 1  saat
sinterlenmesindeki en uygun sicakligin 800 °C oldugunu gostermektedir. Bu sicaklikta
neredeyse tam (%99’dan biiyiik) yogunluk elde edilmistir.

XRD sonuglarina goére, 1200 °C’de farkli siirelerle sinterlenen TizsNbyg
alasimlarinin mikro-yapilarinda diisitk miktarlarda o fazi ile, yine az miktarlarda
¢oziinmemis saf Nb bulundugu goézlenmistir. Yine XRD ve SEM sonuglarina gore
sinterleme siiresinin uzamasi ile f faz1 miktar1 artmaktadar.

1200 °C’de 4 saat sinterleme bile sadece B faz1 elde edilmesine yetmemistir. Bu
nedenle a fazi1 ve ¢oziinmemis Nb igermeyen tek B faz1 elde edilmesi igin 1200 °C’den
yiiksek sicakliklar gerektigi degerlendirilmistir.

Sinterleme siiresinin artirilmasi mekanik 6zelliklerin gelismesini saglamaktadir.
Elastiklik katsayisi, akma ve basma dayanimi ve mikro-sertlik dahil olmak Uzere en iyi
mekanik ozellikleri 4 saat sinterlenen numuneler gdstermistir. Ote yandan siineklik
degeri tiim sinterleme stiresindeki numuneler i¢in neredeyse ayn1 kalmistir.

Elastiklik katsayisi, giic ve siineklik agilarindan, iiretilen alagimlarin kemik

ikame protez uygulamalarinda kullanima uygun olduklar1 degerlendirilmistir.
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