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ABSTRACT

PROCESSING OF POROUS TITANIUM NIOBIUM ALLOYS FOR
BIOMEDICAL APPLICATIONS

PALANI Dana Kareem Hameed
M.Sc. Thesis Mechanical Engineering Department
Supervisor: Assoc. Prof. Dr. Tarik AYDOGMUS
January 2018, 113 pages

In this study, pure Ti, pure Nb and spherical Mg elemental powders were used to
produce TizsNbys alloys having porosities in the range of 43-68% for biomedical bone
replacement applications. Space holder technique combined with hot pressing was used
to fabricate porous specimens for the first time. Firstly, Ti, Nb and different amount of
Mg powders (40%, 50%, 60% and 70% by vol.) were mixed by hand for 15min. Mixed
powders were then poured into hollow cylindrical graphite dies with inner diameter of
15mm and hot pressed at 600°C for 1h to prevent melting of Mg (650°C) under a
constant pressure of 50MPa to produce samples with a height of 10 mm and argon gas
was used during production to prevent oxidation. After hot press samples were sintered
in a vertical furnace at 1200°C for 4h under flowing inert argon gas atmosphere. During
sintering Mg also (Mg boiling point is 1090°C) was evaporated and removed from the
samples and accordingly macro-pores were formed. X-Ray Diffraction and Scanning
Electron Microscopy investigations showed that f phase was the main phase in the
microstructure of all the samples. A small amount of a and pure Nb were also observed.
Mechanical properties of the porous specimens were sufficient for cancellous bone
replacement applications whereas not suitable for the cortical bone replacements.
Undesired micro-pores formed as a result of inefficient hot pressing and inadequate

sintering temperature caused poor mechanical properties.

Keywords: Hot pressing, Magnesium space holder technique, Mechanical properties,

Porous Titanium-Niobium alloys, Powder metallurgy.






OZET

BiYOMEDIKAL UYGULAMALAR iCIN GOZENEKLI TITANYUM
NiYOBYUM ALASIMLARININ URETILMESI

PALANI, Dana Kareem Hameed
Yiiksek Lisans Tezi, MakineMiihendisligi Anabilim Dal1
Tez Danigmani : Dog. Dr. Tarikk AYDOGMUS
Ocak 2018, 113 sayfa

Bu calismada, biyomedikal kemik implant uygulamalar1 i¢in gozeneklilikleri
%43-68 araliginda olan TizsNbyg alagimlarini tiretmek i¢in saf Ti, saf Nb ve kiiresel Mg
tozlar1 kullanilmistir. Gozenekli numuneleri liretmek igin ilk kez sicak presleme islemi
ile bosluk olusturucu metot birlikte kullanilmistir. Oncelikle, Ti, Nb ve farkli miktarda
Mg tozlart (%40, %50, %60 ve %70, hacimce) 15 dakika siire ile karistirilmistir. Daha
sonra toz karigimlari, i¢c ¢ap1 15 mm olan i¢i bos silindirik grafit kaliplara doldurulmus
ve 10 mm yiiksekliginde numuneler tiretmek i¢in 50 MPa sabit basing altinda Mg'nin
erimesini (650 °C) 6nlemek igin 600 °C'de 1 saat siire ile sicak presleme islemine tabi
tutulmustur. Oksidasyonu dnlemek i¢in iiretim sirasinda saf argon gazi kullanilmistir.
Sicak presleme isleminden sonra numuneler dikey bir firmnda 1200 °C’de 4 saat
boyunca indrt argon gazi atmosferi altinda sinterlenmistir. Sinterleme sirasinda
eszamanli olarak Mg da (1090 °C) buharlastirilmis ve numunelerden uzaklastirilarak
makro gozenekler olusturulmustur. X-Isin1 Kirinimi ve Taramali Elektron Mikroskobu
incelemeleri, tim numunelerin mikroyapisinda ana faz olan B fazinin yani sira az
miktarda a faz1 ve saf Nb’un bulundugunu gostermistir. Uretilen gozenekli alasimlarin
mekanik 6zelliklerinin siingerimsi kemik implantasyonu uygulamalar i¢in yeterli iken,
yogun (kortikal) kemik implantasyonlari i¢in uygun olmadiklar1 sonucuna ulasilmistir.
Verimsiz sicak presleme ve yetersiz sinterleme sicakliginin bir sonucu olarak olusan

mikro gozeneklerin diisiik mekanik 6zelliklere neden oldugu gortilmiistiir.

Anahtar kelimeler: Gozenekli Titanyum-Niyobyum alagimlari, Mg bosluk olusturucu

yontemi, Mekanik 0zellikler, Sicak presleme, Toz metalurjisi.
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pHm Micrometer
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1. INTRODUCTION

Need for artificial implants increase with wounded, diseased hard tissue. For
different parts of human body biomaterials are used, for example in knees, hips,
artificial valves in the heart, stents in blood vessels, elbows, ears, replacement implants
in shoulders and or dental structures (Ramakrishna et al., 2001; Aherwar, et al., 2015).

Figure 1.1 shows an example of an implant used in hip and knee joints.

Q Femoral
< _'

€ S Acetabular Shell

Femoral
component

\ Polyethylene Linear
Femoral Head
N
Neck

™~ Stem

Polyethylene
insert

Tibial component

Tibia

Figure 1.1. Total hip and knee replacement (Geetha, et al., 2009).

Another reason for possibility of hard tissue failure is the age. According to a
report by the United Nations in 2013, the population of the age group over 60 years is
increasing rapidly and in the more developed regions of the world, the ratio of elderly
people is expected to increase by 45% as of 2050 (Ozan et al., 2015).

Simultaneously with the replacement surgeries, revision surgeries of hip and
knee implants have also increased. With the pain for the patient, success rate of these
revision surgeries are very small and very expensive (Kurtz et al., 2009). In the recent
years the transportation volume by cars, bicycles and another movable device such as
scooters and motorcycles increased associated traffic accidents. All of these increase the
need for orthopedic surgeries and all these increase demand for development of

biomedical materials. Implants can be made of ceramic, polymer or composite



materials, also metallic materials are used to produce about 70%-80% of biomaterial
implants ( Zhuang et al., 2008; Wu et al., 2014). Characteristics that usually researchers
try to follow it for biomedical application in terms of mechanical properties are low
elastic modulus, excellent combination strength, superior corrosion resistance in the
body environment, high fatigue resistance, high ductility, excellent wear resistance and
excellent biocompatibility without cytotoxicity ( Wang, 1996; Long and Rack, 1998).

For load-bearing conditions ceramics or polymers cannot be used as replacement
metallic biomaterials because mechanical properties such as strength are the main
important properties for safety requirements for biomaterial applications. Metals and
their alloys like stainless steels, Co-Cr alloys and commercially pure titanium (CP Ti)
are widely used as biomedical materials because they have excellent mechanical
properties. Sometimes problems occur when metals are used as biomaterials for
example fracture occur due to corrosion and sometimes metals show toxicity, DNA
damaging, cytotoxic, carcinogenic (cancer causing), mutagenic, allergenic and
neurological effects (Biesiekierski et al., 2012).

Now CP Ti is suggested as an alternative for the stainless steel and Co-Cr alloys.
CP Ti has better biocompatibility with human bone and very good corrosion resistance,
however, when high strength required CP Ti cannot fulfill requirements of biomaterials
(i.e. for hard tissue replacement or when high wear resistance needed). Loosening of
implant arise when there is a large mismatch of the Young’s moduli between the
implant material and bone that is the most critical issue repeatedly faced in bone
replacement applications termed “stress shielding”. Implant material must have stiffness
value which commensurate with that of the bone in order to diminish “stress shielding”
effect.

Decrease in Young’s modulus of the implant material to a degree similar to that
of the bone cannot be reached by changing compositions or heat treatments since it is a
basic intrinsic property of material but reduction can be achieved with reasonable loss in
strength by producing pores into the sample.

Numerous studies have recently shown that human bones have very low elastic
modulus if compared with o type and o + [ type Ti-based alloys, causing stress
shielding effect. For example, Young’s modulus of the cortical bone tissue (max.
27GPa) is about 4 times smaller than (a + ) Ti-6Al-4V alloy. B Ti alloys have been



developed for orthopedic implant applications, they have relatively lower Young’s
modulus of elasticity, improved tissue response, greater strength and increased
corrosion resistance in comparison to a + B Ti (Evans, 1976; Ding et al., 1997; Rho et
al., 1997; Kuroda et al., 1998; Ozan et al., 2015). For that reason, now B Ti alloys have
been widely used to reduce the stress shielding effect (Kuroda et al., 1998; Hao et al.,
2003; Sakaguchi et al., 2005), amongst which the representatives are Ti-13Nb-13Zr, Ti-
12Mo-6Zr-2Fe, Ti-15Mo, Ti-35Nb-5Ta-7Zr, and Ti-29Nb-13Ta-4.6Zr. Mainly, elastic
modulus of Ti-Nb-Ta-Zr alloys is more close to that of bone which is about 60 GPa, it is
around half if it compared with pure Ti (Niinomi et al., 2007).

At present, decrease in elastic modulus of bulk Ti-based alloy to lower than 35
GPa is very hard and for this reason to decrease elastic modulus porous Ti-based alloys
may be used. High difference in elastic modulus between implant material and bone
remains a main problem for good fixation. On the other hand, to bear the physiological
loads applied on it or serve for much longer time without failure and revision surgery
the implanted materials should be strong and hard-wearing enough.

The demand to decrease elastic modulus, porous material of Ti-based alloys
were introduced according to the literatures ( Wang, 1984; Zhu et al., 2005; Xiong et
al., 2008). The reason how porous materials have smaller elastic modulus and stiffness
is that the total amount of materials supporting the cross section area for bulk material is
much higher than porous materials. As a result, if the stress is increased deformation is
small for bulk material and high for porous material. Porous alloys are produced to
reduce the stiffness. Totally, by helping bone tissue ingrowth into pores, porous
materials can provide better biological fixation resulting in better biomechanical
compatibility and high resistance to fatigue loading, which allow homogeneous stress
transfer between implants and bones. It is, therefore, important for prolonged life to
increase the strength of the f Ti alloys of the implant device. Zr, Nb, Mo, and Ta are
favorable alloying elements that may increase the strength and decrease the modulus of
the B Ti. Interstitial elements, like oxygen undesirable in titanium, were also endeavored
as micro alloying additions in Ti alloys (Ouchi et al., 1998). In the work of Hao et al.
(2003), increase in the Young’s modulus and strength occurred by interstitial oxygen
but ductility decreased.



Ti and Nb have high melting points and at high temperatures react with
atmospheric gases and crucible materials, for these reasons producing porosity by liquid
state is very difficult, although the expensive high temperature tools and high vacuum
equipments needed. Powder metallurgy techniques on the other hand, provide low
temperature processing, close composition control and physical property alterations by
modification of the processing methods and characteristics. So, various powder
metallurgy methods, for example, hot isostatic pressing, spark plasma sintering,
conventional sintering, microwave sintering, metal or powder injection molding and 3D
printing have been used to fabricate TiNb foams.

Most of these production methods produce non-spherical pores that cause stress
concentration, nonhomogeneous pore distribution in the structure effective on load
distribution and sharp pore edges that act as stress risers, and decrease both strength and
ductility of the porous metallic materials. Also, apart from 3D printing method
adjustment of the desired porosity levels and pore size were difficult. At this time, for
manufacturing porous TiNb with desired pore structures space holder technique appears
to be the best method since 3D printing is a very expensive fabrication method.
However, space holder technique commonly produces two types of pores: macro-pores
produced by removing space holder material and micro-pores produced from
incomplete sintering. Micro-pores are not suitable in size to permit bone ingrowth but
body fluids can be transported and have influence on mechanical properties. It’s
possible to remove all micro-pores by using space holder technique with hot pressing.
On the other hand, diminish of micro-pores can be achieved by prolonged sintering time
or increasing temperature of sintering because diffusion rate is exponentially affected by
temperature.

There are many type of space holder materials that can be used to produce pores
inside samples such as urea, ammonium hydrogen carbonate, potassium sorbate, sodium
chloride, polymeric materials, sodium chloride, tapioca starch and magnesium powder.
Magnesium powder was chosen as a new space holder to prevent contamination and

produce spherical pore shape and interconnected pores between 100-600 pm.



2. LITERATURE REVIEW

2.1. Basic Material Requirements of Ti-Based Alloys for Biomedical Applications

Several factors have influence on the successful performance of long-term load-
bearing metallic implants in the human body. Mechanical compatibility is the most
important of them. Biomechanical properties such as stiffness, strength, wear resistance
and corrosion resistance, and biomedical properties such as toxicity are the properties
must be cared about for any implant material that used in biomedical applications
(Wang, 1996; Long and Rack, 1998; Nnamchi et al., 2016). Vital elements is a group of
metallic elements can be used for implantation because they have little cytotoxicity and

harmless to be put in a body (Niinomi, 2002).

2.1.1. Mechanical compatibility

Orthopedics metallic biomaterials are used for two types of implants (Frosch and
Stlrmer, 2006).

i.  As substitutes for bone and joints (i.e. total knee or hip arthroplasty).
ii.  Implants for the fixation of fractured bones (osteosynthesis).

Mechanical properties of Ti-based alloys used in biomedical applications should
achieve requirements of human hard tissues. Mechanical properties of the material like
titanium and its alloys designed to be satisfied by excellent blend of low modulus and
high strength near to the mechanical properties of real human bones. The phenomenon
of biomechanical incompatibility refers to insufficient mechanical strength or mismatch
in elastic modulus between implant material and human bone tissue. The main motive
for stress shielding of human bones are biomechanical incompatibility or difference in
elastic modulus between bones and implant materials (Huiskes et al., 1992).

Figure 2.1 shows the elastic modulus of the biomedical alloys that generally
used in the biomedical applications compared to elastic modulus of the cancellous and
cortical bones. Metallic alloys such as Co-Cr alloy and 316L stainless steel have much

higher elastic modulus if they compared to Ti-based alloys. On the other hand, elastic



modulus values of the cancellous and cortical bones are about (0.2 - 2GPa) and (4 -
30GPa), respectively, the magnitude of elastic modulus of bone depends on the
direction of measurement and bone type. Implant materials such as Co-Cr alloys
(240GPa), 316L (210GPa) and Ti-based alloys (55 - 110GPa) when they compared to
the elastic modulus of the bone or the tissue, where they are replacing show a large
elastic modulus (Geetha et al., 2009).

Implant alloys

HBone ENiTi HTi-29Nb-13Ta-7.1Zr ETi-29Nb-13Ta-2Sn

ETi-29Nb-13Ta-4.5Zr ETi-29Nb-13Ta-4.6Sn ETi-29Nb-13Ta-6Sn  ETi-29Nb-13Ta-4Mo

HTi-13Nb-13Zr ETi-15Mo-5Zr-3A1  ETi-12Mo-6Zr-2Fe  ETi-16Nb-13Ta-4Mo
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Figure 2.1. Elastic modulus of some metals and alloys used as implant materials
(Geetha et al., 2009).

Disuse atrophy Figure 2.2 means bone will resorb back into the body occur due
to stress shielding where the metals or alloys that used as implant material carries a
most of applied loads, separate the more compliant tissue unstressed (Hrabe, 2010).

When the porous titanium implants introduced into the condyles of tibias and
femurs of sheep new bone tissue growth to fill the pores occurred resulting in a
titanium-new composite. The formed composites were removed from the bone and
subjected to a compression test and for calculating the Young's modulus stress-strain
curve was used. The tests show after 4weeks there is no change in elastic properties
after that the new bone tissue filled the pores. After 8weeks of composite formation the
measurement of the test shows that the composite has a good agreement. After 24 and
52 weeks of the implantation the Young's modulus rises by 21-34% and 62-136%,
respectively (Rubshtein et al., 2015).
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Figure 2.2. Schematic of stress shielding a) schematic of the bone and bulk metallic
implant interface with applied stress and b) the stress strain diagram
emphasizing that for a given strain, the bone carries negligible stress due to
a stress shielding situation caused by the stiffer metal. Also depicted is the
lower modulus (E foam) metallic foam and how it would serve to reduce
stress shielding (Hrabe, N. W., 2010).

Furthermore, difference in elastic modulus will lead to too much relative
movement between bone and implant material. The connection areas between implant
materials lose because the implant material inhibits stress transferred from implant
material to the neighboring bone and prevent formation of new bone (Moyen et al.,
1978).

Good stress transmission between the implant and bone prevent bone resorption,
to prevent stress shielding the metal that used as an implant should have low elastic
modulus to match elastic modulus of bone. As shown in the Table 2.1 the Young's
modulus of the human bone is very low compared to most commonly used implant

alloys.

2.1.2. Biocompatibility

Metallic implants added into physiological environment, the tissue reaction with
the implant and cytotoxicity can be initiated by these materials. Therefore, the most
important thing should be cared about is wear and corrosion resistance and this is more

important characteristics of long-term load-bearing implant materials.



Table 2.1. Physical and mechanical properties of most commonly implant materials in
comparison to human bone ( Wang, 1984; Zhu et al., 2005)

) Natural Stainless Co-Cr a-type B-Ti-13Nb-
Properties .
bone steel alloy Ti 13Zr
Density (g/cm®) 1.8-2.1 7.9-8.1 8.3-9.2 44-4.5 4.5-5.5
Elastic modulus
3-20 189-205 230 110-117 79
(GPa)
Compressive yield 758-

130-180 170-310 450-1000 620-900
strength (MPa) 1117

Very important to understand the effects of an individual alloying element, a
series of reactions occur when materials are embedded into human body. Due to wear
and corrosion the metals that implanted into the human body can dissolve causing
systemic toxicity and this refers to the acceptability of these materials by our system.
Safety of metals in the biological system including cytotoxicity of pure metals and the
relationship between polarization resistance and biocompatibility of pure metals, Co-Cr
alloy and stainless steels as shown in Figure 2.3.

In the physiological environment polarization resistance corresponds to the
metal ion release rate. We can classify most commonly used metals in the implantation
to three groups according to their biocompatibility (see Figure 2.3) vital, neutral and
harmful. Vital elements are Ti, Ta, Zr, Pt and Nb. Elements like Ti, Ta and Nb can be
used for long-term implantation because they have very high corrosion resistance and
they have very low metal release rate (Kuroda et al., 1998).

From the previous studies Ta, B, Au, Si, Pt, Ca, Sr, Zr, Nb, Mo, Pd, In, Sn, Ti, P,
and Mg are biocompatible elements and can be used as implant metals, on the other
hand, harmful elements include Be, Ag, V, Cr, Mn, Fe, Cu, Ni, Co, Zn, and Al (Calin et
al., 2013). Fe and V cannot be used as implant materials because they are cytotoxic
elements, while Zr, Ta, Nb, Ti and Sn selected as non-cytotoxic elements (Kuroda et al.,
1998). Because human body composite of complex electrochemical system and body
fluids have dissimilar types of corrosive substances composed of an aggressive
corrosion environment for implants and implants exposed to them. The main factor
causing allergic and toxic reactions is the release of metals used in implant, the reason

for that is bad corrosion resistance in the body fluids (Hallab et al., 2005).
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materials (Liang et al., 2016).

Co, Cr, and Ni have been pointed out in dentistry and they have high associated
with metal allergy, and the use of Ni is rapidly being disused. Figure 2.4 shows the
percentage of metal allergy caused by each metallic element (Niinomi, 2002). Nb, Ta,

and Zr look like to be the safest alloying elements for biocompatible titanium alloy it is

very important to neglect metallic elements that cause metal allergy.

Also, wear resistance is another important factor for loosing implants and
determines the service period of an implant, wear debris produced with friction results

in inflammatory reactions causing pain and loosening of implants where they are placed

as shown in Figure 2.5 (Geetha et al., 2009; Hussein et al., 2015).

Figure 2.4. Percentage share of metal allergy caused by each metallic element (Niinomi,

2002).
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Figure 2.5. Debris produce by wear of implant (Geetha et al., 2009).

Li et al. (2004) found that improving the wear resistance can be achieved by
increasing the Nb content. After implanting some surface contact takes place, friction
between natural joints is much lower than in artificial materials and non-recoverable
wear of the artificial joint materials takes place.

Another reason for loosening the implant is incapability of surface of an implant
to mix with the tissues and bone due to micro motions (Viceconti et al., 2000). If the
bone is not well joined with the implant a fibrous tissue is formed between them
(Viceconti et al., 2000).

For both permanent and temporary material formation of fibrous tissue between
the implant and surrounding tissue is not desired. Calcium phosphate precipitates on the
surface of the implant material increase the rate of formation of the fixation between the
bones and implant material. However, to reduce the bone conductance of the implant
material, and to prevent adjustment between the implant material and bone tissue the
reverse is required in removable implant applications and calcium phosphate
precipitates are undesirable on the surface of removable.

Disagreeing to permanent implants, weak enough bonding between bone and
implant requires to prevent refracture of the bone during removal surgery. Therefore,
implant removal becomes necessary especially in the cases of implants used for children

or athletes engaged in contact sports after a period the implant may be removed.
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Problems that arise during implant removal surgery, to prevent bone atrophy during the
time the implant material that used must have low Young’s modulus (Niinomi and
Nakai, 2011). Niobium (Nb) was used as a § isomorphous alloy element and the effect
of Nb on the microstructures, mechanical properties were investigated (Ozan et al,
2015).

To get better connection between bone and implant introducing porosity in the
implant plays a vital role because bone and tissues ingrowth into porous surface causing
better biomechanical compatibility and high resistance to fatigue loading and strong

interlocking implant with surrounding bone tissue (Gepreela and Niinomi, 2013).

2.2. Tiand Ti Alloys for Biomedical and Implant Applications

2.2.1. The Ti-Nb phase diagram

High biological compatibility and good corrosion resistance properties made Ti
usage widely for biomedical applications (see section 2.1.2 Biocompatibility). For
improvement in mechanical properties many new Ti-alloys have been developed for the
biomedical applications because Ti implants have some problems like high Young’s
modulus, low wear resistance and low shear strength (He and Hagiwara, 2006).

In the equilibrium Ti-Nb phase diagram there are only two stable solid phases
(Moffat and Larbalestier, 1988) as shown in Figure 2.6 the hcp a-phase and the bee B-
phase (Moffat and Larbalestier 1988). In the equilibrium Ti-Nb phase diagram, at three
percent Nb at 400°C hcp a-phase is stable. At 400°C o + B phase mixture becomes
stable when Nb content increased. By increasing the Nb content to about 38 at %Nb at
400°C the phase that is stable is B phase. Generally, pure Ti in the B phase is at high
temperature by adding the Nb and increasing the Nb content transformation temperature
from hcp a phase to bec B phase decrease. In pure Ti transformation happens by
increasing the temperature higher than 882°C from hcp a phase to bee B phase. There
are two melting points for the system, for pure Ti the temperature that requires
converting solid bcc B phase to liquid phase is 1670°C and for pure Nb is 2460°C.

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

conditions during quenching. The product from non-equilibrium depends on both the
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cooling rate and the amount of Nb in the composition. These products are two
martensites (hexagonal (a') and orthorhombic (a")) produced from rapidly quenched
from the B phase, the composition of the alloy must be known to determine which
martensite is formed and ® phase precipitates may form from [ phase during a slow
quenching or isothermal aging (Moffat and Larbalestier, 1988; Moffat and Kattner,
1988).

In the work of Tang et al. (2000) the phase transformations in solid solutions for
quenched and treated Ti-(13-26)Nb-(22-38)Ta (wt.%) alloys were investigated. Phase
transformations in such alloys were sensitive to both alloy cooling rate and composition.
The oil and water quenching techniques resulted in the formation of B + « athermal
matrix and orthorhombic martensite (o) and the slow cooling technique such as furnace

cooling showed the fine o and ® isothermal formation within the p matrix.
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Figure 2.6. Equilibrium phase diagram of Ti-Nb system (Aleksanyan et al., 2012).

Studies about Ti—-Nb—Ta—(Zr) system have shown that cooling rate and chemical
composition have effect on phase transformations. Figure 2.7 shows continuous cooling
transformation (CCT) diagrams for the Ti—Nb—Ta—Zr alloys containing approximately 7
wt.% Zr (Elias et al., 2006).
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2.2.2. Ti-Nb system: relationship between structure and property

For better understanding a brief introduction to physical metallurgy of Ti-based
alloys is required as a background. For the first time in 1791 titanium was discovered by
William Gregor the British reverend, mineralogist and chemist. He examined the
magnetic sand and isolated black sand (ilmenite). A new impure oxide element was
produced by removing the magnet, iron and treating the sand with hydrochloric acid. He
named it mechanite. In 1910 in a steel bomb titanium tetrachloride was heated with
sodium to isolate the metal by Matthew Albert Hunter from Rensselaer Polytechnic
Institute in Troy, N.Y.. Finally, in 1932 father of the titanium industry Wilhelm Justin
Kroll from Luxembourg by combining TiCl, with calcium he produced significant

quantities of titanium (Leyens and Peters, 2003).

Solution treatment temperature
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Figure 2.7. CCT diagrams for Ti—-Nb-Zr—Ta containing approximately 7 wt.% Zr where
WQ, OQ, AC, FC and RT are water quenching, oil quenching, air cooling,
furnace cooling, and room temperature respectively (Elias et al., 2006).

The metallic bonding of the atoms in the crystal lattice specify the properties of
metals. Mobile valence electrons in the crystal lattice result in common properties such
as plastic deformation by atomic slip in crystal lattices and alloying by combination of
impurity atoms into the crystal lattice with the consequence of improved hardness and
strength.

As said before, Ti suffers an allotropic transformation at 882+2°C, at this

temperature for pure Ti o phase converts to B phase. Under 882+2°C, it has a-phase
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closed packed hexagonal crystal (HCP) structure, although above 8824+2°C it has P
phase body centered cubic (BCC) structure (see Figure 2.6 equilibrium phase diagram
of Ti-Nb system) The atomic unit cells of a and B phases are showed in Figure 2.8
(Leyens and Peters, 2003).

0.468 nm

0.295 nm
az

Figure 2.8. Crystal structure of hcp o phase and bece B phase (Leyens and Peters, 2003).

Because of the densely packed atoms in bce B phase, diffusion is considerably
higher than in hcp a phase. The different diffusion coefficients of o and B phase is
influenced by the microstructure and thus influences the mechanical behavior of the two
phases, such as superplasticity, creep performance and hot workability. The alloying
elements of titanium can be classified into three types depending on their influence on
the B-transus temperature, as shown in Figure 2.9. These types are B-stabilizers, a-
stabilizers and neutral. It’s possible at room temperature stabilize a single [ phase or it
can change the temperature that used to transfer a phase to B phase by adding different
elements to pure Ti to produce Ti alloys.

Carbon, aluminum, nitrogen and oxygen are the examples of a-stabilizing
elements as shown in Figure 2.9. Depending on their effect on the phase transformation
in the alloy B-stabilizing elements classify as p-isomorphous and B-eutectoid. As
presented in Figure 2.9 Vanadium, molybdenum, tantalum and niobium are examples of
B-isomorphous elements that fully dissolvable in the § phase. It is possible to decrease
B-transition temperature more by increasing the rate of these elements to the alloy.
Manganese, chromium, cobalt, copper, silicone, iron, nickel and hydrogen are examples

of the B-eutectoid elements that solubility of these elements in Ti is limited. As shown
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in Figure 2.9 these elements form intermetallic phases by eutectoid decomposition of
the B phase. For neutral elements, they do not have significant influence on the
transformation temperature. Zr and Sn are the example of these elements; they are
soluble in a phases and [ phases. The use of these elements is useful especially for -
stabilizing elements to reduce the Young's modulus of Ti alloy (see 2.1.1 Mechanical
compatibility) but those alloying elements that used with Ti for biomedical applications
should be “vital” and do not react with tissue and body fluids (see 2.1.2

Biocompatibility).
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Figure 2.9. Effect of alloying elements on Ti alloys phase diagrams (schematically)
(Leyens and Peters, 2003).

Generally titanium alloys are classified as a, o+, and B alloys, with more
subdivision into near-a and metastable B or stable § alloys (Liu et al., 2004) This is
schematically drawn in a three dimensional phase diagram as shown in Figure 2.10.
This three dimensional phase diagram contains two phases with an a- and a f-
stabilizing element respectively. Generally, the a alloys include pure (cp) titanium,
neutral elements and/or alloys with a-stabilizing. Near -a alloys occur by adding minor
fractions of B-stabilizing elements and exhibit superior corrosion resistance. If B volume
fraction ranging from about 5 to 40% in the alloy at room temperature the component of
this type is o+ alloys and this class is the most widely used alloy group because this
group exhibits highest strength due to the presence of both o and B phases. If the range
of B-stabilizing elements is more increased to a level where with fast quenching B no

longer transforms to martensite, the class of metastable B alloys is reached. Final class is
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the single-phase B alloys mark the end of the alloying scale of the conventional titanium
alloys (Leyens and Peters, 2003). Both metastable and stable [ alloys have high
strength, high hardenability, good formability, superior corrosion resistance and low

elastic modulus (Long and Rack, 1998).
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Figure 2.10. Ti6Al alloys with different \VV content by three-dimensional phase diagram
(Leyens and Peters, 2003).

Relationship between the amount of Nb and Young’s modulus of the alloy is
revealed. Quenching Ti-Nb alloys display change in the Young’s modulus by increasing
the rate of Nb as shown in Figure 2.11 (Ozaki et al., 2004). As shown in the Figure 2.11
from the beginning after adding a small amount of Nb to Ti the Young’s modulus of Ti-
Nb alloys are close to the pure Ti Young’s modulus, i.e. *<110GPa. Close to 15 mass
%NDb Young’s modulus is around 68GPa.

At around the composition of Ti-40 mass %Nb lowest in Young’s modulus
observed. Nnamchi et al., (2016) reported that between B-stability and high mechanical
strength there are excellent agreement and strength increase with increasing Nb
addition. Moreover, the alloys have excellent corrosion resistance and low Young's
modulus. Nnamchi et al., (2016) reported that Ti-8Mo—4Nb-2Zr alloy, which consists
of B+a’’ phases, exhibits a low Young’s modulus of 35GPa, which is lower than those

of the commercial alloys already used in biomedical implantation.
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Figure 2.11. Effect of Nb content on Young“s modulus of quenched Ti-Nb alloys (Ozaki
et al., 2004).

2.3. Porous TiNb
2.3.1. General

In 1970 for the first time for the problems occurring in the skeletal system such
as bone fracture, the concept of using porous structure to achieve adequate and
permanent fixation of a bone implant was investigated (Qi et al., 2016).

Introducing a certain amount of porosity in the implant material to get
customized mechanical properties, to achieve optimum load transfer from the artificial
implant to the adjacent bone allows copycatting bone structures at the same time
(Oliveira et al., 2015). Good fixation of the implant is expected with porous surface of
solid core § phase. However, the problems with the high stiffness of solid core material
occur. Moreover, increases in age decrease the ability of new bone formation and loss of
bone mass occurs (Kains et al., 1994). Higher degree of osseointegrated fixation and
decrease of the Young's modulus of the implant can be achieved by highly open porous
structure than a solid implant with porous surface (Wu et al., 2014). On the other hand,
introduction of pores into the bulk material allows ingrowth of living tissues into the
porous implant and strong fixation in addition to reducing the alloy density. Limited

strength in the porous implant is the main disadvantage (Esen, 2007). There are many
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factors that have effect on the compressive strength of the porous structure. These
factors are level of porosity, pore shape, pore size, and interconnectivity of the structure.
The strength of the structure also depends on the properties of pore walls.

There are many common examples for cellular structured materials in nature as
shown in Figure 2.12.

There are generally three types of artificial cellular solid structure produced:

i.  Two dimensional honeycombs.
ii.  Three dimensional porous structures with open cells.
iii.  Three dimensional porous structures with closed cells.

Prismatic cells of honeycombs is an example of two dimensional cellular solids
structures, while porous structure, with their polyhedral cells, are three dimensional
cellular solid structures, that used for lightweight structural components. Several
engineering cellular solid structures are shown in Figure 2.13 (Esen, 2007).

There is a wide range of applications for cellular metallic materials. Many applications
require that a medium, either liquid or gaseous, be able to pass through the cellular
material. There may be a need for various degrees of ‘‘openness’’, it can be classified in
three steps depending on the range of porosity starting from “‘very open’’ for high rate
fluid movement to ‘‘completely closed’” for load-bearing structural applications and
partially open between very open and completely closed. Figure 2.14 shows what types

of porosity used by various application fields (Banhart, 2001).

(@) () () (d)

Figure 2.12. Some natural cellular material examples, a) balsa wood, b) trabecular bone,
¢) skull, d) plant stem (Esen, 2007).

Also, it is very important to decide what type of metals and alloys can be used to
manufacture cellular structure. The structural, load bearing parts have to be light

because otherwise they would be made from conventional massive metals or alloys.
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(a) (b) (©

Figure 2.13. Some engineering cellular solid structures a) aluminum honeycomb b)
open-cell porous polyurethane c) closed-cell porous polyethylene (Esen,

2007).
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Figure 2.14. Applications of cellular metals grouped according to functional or
structural depending on the degree of ‘‘openness’’ needed (Banhart,
2001).

Therefore, for such applications metals like aluminum, magnesium or titanium in
porous form are required. Metals like titanium more favorites for biomedical
applications because of its compatibility with tissue. Stainless steel or titanium is used
for applications where high temperatures required. Figure 2.15 shows various

applications of metallic foams.
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(c) (d)

Figure 2.15. Several applications of porous aluminum a) Porous aluminum used as the
structural core of a lightweight composite mirror, b) porous metal
components with integral skins, c) sunshade for an optical telescope made
from foamed aluminum, d) Pressed porous panel (Ashby et al., 2000).

2.3.2. Processing and characterization of porous TiNb

There are many methods developed for fabricating porous metal materials, some
manufacturing methods used for foaming aqueous or polymer liquids, whereas some
methods are specially designed to produce porosity in a metal sample, other methods
can be electrically deposited. The basic methods for manufacturing cellular metallic
materials are briefed in Figure 2.16 according to the state of the metal are processed
(Banhart, 2001).

The liquid state techniques are unsuitable for the fabricating of porous titanium
and its alloys because at high temperature titanium reacts with atmospheric gases i.e.
oxygen. It can be used for fabricating porous materials that have simple processes and
low melting point such as aluminum, zinc and magnesium (Banhart, 2001) but solid
processing techniques such as powder metallurgy are more stable for fabricating porous
Ti alloys. On the other hand, powder metallurgy methods (Leyens and Peters, 2003) can

fabricate porous titanium parts under lower temperatures and less chemical reactivity
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with atmospheric gases and it is easy to control of process, pore size and pore shape.
Moreover, other advantages of powder metallurgy methods are the ability of near-net-
shaping and low cost. Therefore, manufacture methods of porous Ti-based materials are

commonly based on powder metallurgy.
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Figure 2.16. Overview of classification of production methods for cellular metallic
materials (Banhart, 2001).

2.3.3. Different fabrication ways for porous Ti-based alloys

Powder preparation is the main processing step in powder metallurgy and
includes mechanical, chemical or thermal treatments or alloying of the powders. The
importance of powder treatment can be better understood from the powder shape, size,
and surface conditions having a major effect on the processing. To improve or change
the physical or chemical properties, the powders prepared by various techniques are
subjected to a diversity of treatments. For instance, mechanical fabrication techniques
like milling are used to make changes in physical characteristics like particle size and
shape. Especially for sintering to avoid any problems during processing wet powders

are dried. Generally, the powders are classified into two major groups:
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i. Elemental powders: powders of a single metallic element. For example,
elemental powders can be used for manufacturing magnets from iron powder, or
two or more types of elemental powders can be mixed to form an alloy.

ii.  Prealloyed powders: powders containing more than one element, in other words
alloy powders.

Mainly for compaction and sintering depending on the nature of the powder and
on the type of applications elemental or prealloyed powders must subjected to one or
more treatments such as: the particle size must be categorized to achieve desired particle
size distribution, for improvement of compaction annealing can be used, crushing or
grinding to get acceptable sizes, drying to remove moisture, coating of powder,
lubricant or binder for compaction of the powder and mixing of powders for alloying
and blending of alloying to achieve a homogenous mixture.

Powder metallurgy can be used to produce porous structure, this porous structure
contains various types of pores (Aguilar et al., 2016). For sintered porous material that
produced by space holder methods there are two types of pores and they cannot be
defined by a single parameter because there are two different length scales for pores in
those materials. These scales are:

I.  Micro-scale pores: these types of pores arise due to insufficient compaction or
incomplete sintering of the powders Figure 2.17 (a). The size and shape of these
small pores depend on the size of the basic powder particles, and the level of
compression and sintering. The size is around several microns. New bone tissues
and vascularization may be ingrowth into such kind of bimodal porous structure
(Zhang et al., 2010; Terayama et al., 2013).

ii.  Macro-scale pores: these types of pores can be seen by eye formed by removal
of the space-holder materials (Lewis, 2013), which controls the size and shape of
these large pores are shown in Figure 2.17 (b) For example, TiZr alloy were
used to fabricate a sample to use in biomedical applications, after sintering the
TiZr alloy foam was interconnected throughout the whole sample and the sizes
of the pores around 200-500 pm (Terayama et al., 2013).

Due to high melting temperature of some metals, surface contamination, growth
of the grain size in the pieces due to holding at high temperatures, the reaction of these

metals with the environment or the mold, and their low applicability to the production
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of parts with special forms have reduced their large-scale application in the industry.
For that reason, hot isostatic pressing (HIP) is a powder forming process developed in
the 50s. To achieving densities close to 100%, pressure and temperature are applied at
the same time to compacts in certain periods of time (Bolzoni, et al., 2012a; Gémez and
Palma, 2015).

(@) (b)

Figure 2.17. Porosity in metallic bodies processed by sintering of powders with space
holder material a) micro porosity between the sintered powder particles b)
macro porosity after the space-holder particle removal (Niu et al., 2010).

Some mechanisms contribute to densification during hot-isostatic pressing (HIP)
(Arzt et al., 1983). When external source of pressure is applied to packed powder
particles, the pressure transmitted from the die walls of the capsule to the powders the
first response is rearrangement of the particles (Chandler et al., 2008). The point
contacts increase due to the increase in pressure, there is a distribution of pressure
throughout the powder. At this stage, we can consider that some local points of the
powder may still in the rearrangement stage whereas another point enter in the
deformation stage as shown in Figure 2.18 (Aryanpour and Farzaneh, 2015). Bolzoni et
al. (2012b) used HIP process to fabricate samples from elemental titanium and titanium
alloys with relative densities as high as 99% where relative density is the ratio of the
compact density to the density of the same material without porosity.

At the beginning elastic deformation occurs at the contact points, the contact
points expanding into contact area, when the pressure increase cause rises in contact
area, elastic deformation change to plastic deformation as shown in Figure 2.19.
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Figure 2.18. Schematic show in some parts of the powder there is particle deformation
while other parts are still in a rearrangement stage (Aryanpour and
Farzaneh, 2015).

Figure 2.19. Plastic deformation cause by increase in pressure (Swinkels et al., 1983).

In the compaction of metal powders when the pressure is transmitted from top
punches, the process is termed single action pressing alternative to double action
pressing. These types of pressure applications control the density in the compact and its
strength. As shown in Figure 2.20 (a) in single ended pressing, the density is the lowest
at the bottom of the compact and increase towards the top. But, in a double-ended
pressing compared to the single pressing distribution of density is more homogenous
and the minimum density is reached at the center of the compact Figure 2.20 (b)
(German, 1984).

The height to diameter ratio of the compact also has influence on the
densification. With increasing the height to diameter ratio densities of the compacts

decrease as shown in Figure 2.21 (German, 1984).
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Figure 2.20. Density distribution a) single action pressing b) double action pressing
(German, 1984).
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Figure 2.21. Effect of H/D on pressure distributions (German, 1984).

2.3.4. Powder metallurgy

Sintering of metal or ceramic powder mixtures is simplest production technique
used for fabricating various parts.

Sintering is used to make loose or weakly bonded powders at elevated
temperatures, close to the melting temperature with or without additional pressure.
Figure 2.22 shows changes of the microstructure during sintering. In the initial stage

shown in Figure 2.22 (a) cohesive bonds are formed between particles. When the
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sintering process is continued, the necks between particles grow due to mass transport
Figure 2.22 (b) (Nosewicz et al., 2013). Porous Ti compacts were successfully produced
for biomedical applications by Oh et al. (2003) by controlling sintering conditions and
Ti powder sizes, the rate of porosity in the samples are from 5.0 to 37.1 vol%. On the
other hand, except lubrication for die wall if necessary, the process does not require a
polymeric binder and hence minimize possible contamination associated with binder
removal (German, 1984). In this process powders are bonded together when heated
before about half of the absolute melting temperature of the powder (Tiwari, 2000). For
loose sintered powders, the pore size, volume fraction, shape and distribution
throughout the sample thickness and the inter particle neck size have a main influence

on the mechanical properties of the sample (German, 1984).

”." ‘. 2 « : R F 375 8 T
T R ¢
| S

t‘

I3 )0\‘
o o

(a) (b)

Figure 2.22. Microstructure evolution during sintering of NiAl a) early stage, b) final
stage (Nosewicz et al., 2013).

Based on Figure 2.23 it can be concluded that densification is improved with the
rise of temperature for all types of sintered materials (Chmielewski et al., 2014). It can
be assumed from the observation of density measurements that sintering is a complex
process influenced by many factors including temperature, sintering time, pressure and
atmosphere which determine the properties of sintered materials (Weglewski et al.,
2012). The porosity decreases by the decrease in powder size because smaller particles
with high specific surface area have higher energy; this means they could be sintered
faster in spite of lower sintering temperature. Figure 2.24 shows that micro-pores in the
samples prepared using the fine powder were significantly smaller than those in the

samples prepared by coarse powder and the use of fine powder cause many small pores,
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while the use of coarse powders produce a small amount of large pores (Capek et al.,
2015).
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Figure 2.23. Density evolution of pure Al,O3; (Chmielewski et al., 2014).
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Figure 2.24. A scheme explain the influence of powder size on pore size (Capek et al.,
2015).

Increasing porosity cause the decrease in the elastic modulus, compressive yield
strength and bending strength as shown in Figure 2.25.

In the case of space holder method the influence of pore size and shape on
mechanical properties is different. For powder sintered with space holders, space holder
is used to control porosity amount, pore shape and macropore size by controlling the
shape, size and volume fraction of space holder materials. Moreover, space holder
materials have a great effect on the mechanical properties. Increasing amounts of spacer
in the initial mixture decreases the amount of micropores and increases the total
porosity in the structure. The use of finer iron powder as an initial material increased the
microporosity. However, this led to smaller micropores and more spherical macropores
and significantly enhanced the mechanical properties as a consequence ( Ryan et al.,
2006; Maya et al., 2012; Capek et al., 2015).
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Figure 2.25. Relationship between porosity and Young’s modulus in porous titanium
(Niinomi, 2008).

It is possible to control the distribution of macropore size by careful sieving of
the Mg space holder powders. Total porosity is interconnected if the macropores are
interconnected via microporosity channels. The porous samples show nearly spherical
shape and homogenous distribution of pores throughout a cross-section. When sample
of B-type Ti40Nb prepared with a total porosity range of 50-60% by Zhuravleva et al.,
(2014) with low stiffness for biomedical applications, NaCl used as a space holder. The
samples that produced from Ti-40Nb alloys comprise macropores formed by NaCl
space holder and micropores during sintering with size of 100-300 pum and 1-3 pm

respectively.

2.4. Production Methods

2.4.1. General

There are many techniques to manufacture cellular materials. Possibility to
produce near net shape porous components, homogenous distribution of pores and
different ranges of pore sizes make powder metallurgy processes more popular to use
for fabrication of Ti and Ti alloys. Generally, manufacture of porous structures consists

of various steps:
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I.  Preparation of powder.
ii.  Compaction or molding.
iii.  Binder or spacer material removal.
iv.  Sintering to get sample.
Powder metallurgical process variables, its content and the type of the process
have influence on the resultant pore structures and distribution of pores. Figure 2.26

shows the pore types obtained using several of the powder metallurgical processes.
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Figure 2.26. Pore morphologies obtained by powder metallurgical processing
techniques, a) sintering of powders, b) sintering of hollow spheres, c)
space holder technique, d) sintering slurry saturated sponge or
replication process, e) gas entrapment technique (Dunand, 2004).

2.4.2. Spark plasma sintering (SPS)

Electric field assisted powder consolidation techniques such as spark plasma
sintering (SPS) can be used to fabricate high porosity titanium samples (Zhang et al.,
2015b; Ghasali et al., 2016). This technique has other different names; such as field
activated sintering technique (Risbud and Han, 2013), field assisted sintering (Maniére

et al., 2016) and pulse electro-discharge consolidation (Anderson et al., 1999). All
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techniques mentioned above have the combination of an electrical discharge with rapid
heating and pressure application to reach fast sintering of powders. The SPS studies on
porous Ti-based alloys generally used low temperatures and low pressures to decrease
the relative density of samples (lbrahim et al., 2011).

Zhang et al. (2015a) introduced spark plasma sintering of prealloyed powders.
As shown in Figure 2.27 after loading powder into a graphite die and (5-25MPa)
pressure used to press powders to get desire shape and then a huge on-off pulsed current
was encouraged through the die and loaded powder particles. Under the condition of
pulsed current heating, neck formation easily occurred where powder particles activated
only for 5 minutes to a high energy state and at low temperature around 800°C
(Aydogmus, 2010).

Pulsed DC

Figure 2.27. Schematic diagram of spark plasma sintering device 1) Top punch, 2)
Bottom punch, 3) Die form, 4) Pyrometer measurement hole, 5) Porous
sample, and d) Gap > 0 mm (Zhang, L. et al, 2015a).

Hussein et al. (2015) used SPS to prepare nearly full density structure at 1200°C
nanostructured near-p Ti—20Nb-13Zr at % alloy with non-toxic elements. The process
like that the temperature during spark plasma sintering was varied between 800 and
1200°C, while the heating rate and holding time were 100K/min, 10 min respectively.

As shown in Figure 2.28 spark plasma sintering (SPS) was used to prepare
porous CP titanium with porosities of 30%-70% and pore sizes of 125-800um with
sodium chloride (NaCl) dissolution method. The porous titanium sample sintered under
50MPa for 8min at 700 °C showed single a phase. All the samples that produced
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exhibited highly interconnected structure and uniform pore distribution. The
macroporous titanium sample with elastic modulus 6.2-36.1GPa and yield strength
27.2-94.2MPa can be used as bone implants (Zhang et al., 2010).
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Figure 2.28. Spark plasma sintering process.

Another sample of porous titanium and Ti-5Mn alloy by using SPS technique
were successfully prepared at pressureless conditions this time using 250-245um
particles of ammonium hydrogen carbonate as well as blowing agent TiH; in size
<44um for 5min at different temperatures. Experimental results showed that the Ti5Mn
alloy indicated a good pore distribution, and if sintering temperature increased from
950°C to 1100°C the porosity decreased from 56% to 21% and Elastic modulus was
increased from 35 to 51.83GPa. Pure Ti sample prepared under pressureless condition at
1000°C sintering temperature the range of porosity in the sample was 53% and elastic
modulus was 40GPa (Ibrahim et al., 2011).

2.4.3. Microwave sintering

Microwave processing technique emerged as a new method used for sintering

metals, ceramics, semiconductors and composites, in this process the materials couple
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with microwaves, absorb the electromagnetic energy volumetrically, heating the green
compacts till sintering temperature for densifying and alloying ( Das et al., 2009;
Oghbaei and Mirzaee, 2010; Xu et al., 2015). For dental implants microwave processing
method has also been suggested to sinter titanium powders, the pore size in the samples
that produced was about 30-100um and thickness was ranging from 100-200um, as
determined by the level of microwave power (Wally et al., 2015).

To prevent impurity formation such as oxides, the sintering wants to be
performed in either a protective gas atmosphere or in a vacuum because powder
metallurgy processing of Ti-based alloys and their composites requires a long sintering
time. Although to ensure complete sintering prolonged heating time requires ( Liu et al.,
2006; Mendes et al., 2016). The advantage of MW heating is to save energy and time
used for the processing of materials such as metals, ceramics and composites decreased
processing cost, reduced sintering temperature, achieving faster generate and uniform
heating by transfer of microwaves to the materials directly, better production quality,
and lower environmental hazards (Oghbaei and Mirzaee, 2010; Benavente et al., 2014).

Gupta and Wong employed the two-directional microwave sintering method
with silicon carbide (SiC) as a susceptor material in an experimental arrangement shown
in Figure 2.29. Moreover, it was noted that the sintering conducted in that study may
also be considered as hybrid sintering with direct heating/sintering of the compacts from
microwaves forming one component and the radiative heating/sintering from the SiC
susceptor forming the second component of the total heat imparted into the compacts
(Gupta and Wong, 2005).
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Figure 2.29. Schematic diagram of the two-directional microwave used in Gupta and

Wong study (Gupta and Wong, 2005).
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2.4.4. Space holder technique

Space holder technique (SHT) employed

to produce high porosity TiNb porous

as shown schematically in Figure 2.30. Metals, ceramic particles, polymeric grains and

salts can be used as space holder materials (or pore formers, space fillers, pore forming

reagents etc.), SHT has advantages like adjustable amount of porosity, pore shape, and

pore size distribution (Wen et al., 2001; Esen
2009).
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Figure 2.30. Schematic fabrication process for porous titanium alloy by space holder
technique (Banhart, 2001).

Generally, in this technique the process consists of these main steps:

Select the type of powder.

Mixing: all powders are mixed together

by hand or by special machine. They

must be mixed completely for homogeneity of the mixture.
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lii.  Hot or green compaction: mixed powders are poured into a mold under
controlled pressure to produce good sample and make the particles connected.

iv.  Sintering: the sample that formed by hot or cold pressing is heated to the
sintering temperature inside of a furnace and held for sufficient time.

v.  Spacer removal: depends on what type of space holder used, it can be removed
by heat or water.

The size, shape and quantity of the space holder have effect on the mechanical
properties. Moreover, pore diameter, morphology and porosity level of the porous metal
can be adjusted under relatively low temperatures with low reactivity (Wen et al, 2001;
Li et al., 2009; Niu et al, 2009). It can create porous metal samples with larger porosity

Figure 2.31.

(@)

Figure 2.31. SEM images of fractured TiNi foams (1100°C, 1h) showing interconnected
pore structure a) 59%, b) 66%, c) 73% and d) side view of interconnected
pores in 73% porosity TiNi foam (Aydogmus, 2010).

Some conditions should be known before selecting space holder such as:
i.  Space holder that selected must not react with Ti and its alloys.
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Ii.  After sintering the sample should be clear from any residue.
iii.  The process for producing pores should be easy.

When a space holder material is used a common difficulty is how to remove a
large amount of the space holder? Another difficulty in this process is what type of
space holder should be selected? Any remains of space holder after sintering left must
not be harmful or toxic for biomedical applications because there is a possibility that
any remains of space holder absorbed by human body if they are harmful could import
unfavorable effects. Actually, the space-holders have low melting points can be
removed at low temperatures or many of them can removed by a dissolution in water.

Several materials have been attempted by various investigators as temporary
space holders, including urea (Andrade et al., 2015), ammonium hydrogen carbonate
(Lin et al., 2010), tapioca starch (Mansourighasri, 2012), sodium chloride (Jha et al.,
2013), polymeric materials (Nugroho et al., 2010) and magnesium (Nakas et al., 2011).
There are many water soluble spacers such as sodium chloride (Ye and Dunand, 2010)
potassium sorbate (Esen and Bor, 2011) and potassium chloride (Esen, and Bor, 2011)
all of which have been utilized to fabricate porous titanium and its alloys. In fact, it is
possible to remove most of the space holders by dissolution process commonly in water
or evaporate at low temperatures. A general difficulty of this technique is the removal of
large amounts of space holder material in the sample and what kind of space holder
material should be selected. After sintering any residue left should be either bio-inert or
bio-compatible, for biomedical applications. It is understood that sodium chloride
(NaCl) residue can be easily removed through dissolution in water. So, (NaCl) is a
better choice and even is any residue is left it would be not toxic for bio-implants (Ye
and Dunand, 2010).

On the other hand, space holders like urea and ammonium hydrogen carbonate if
used any residues left import detrimental effect because there is a possibility of
absorption of residues left by the bio-implants (Aydogmus, 2010). Low cost, much
lower toxicity from residual content, fast dissolution in water and reduced etching of
metal during dissolution are the main advantages of using sodium chloride as a space
holder. Sodium chloride was used as a space holder to prepare porous titanium and its
alloys with macro pore size 200-400um with porosity up to 90% (Zhao et al., 2009).
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In latest years, to adjust porosity and pore structures space holders like urea or
ammonium hydrogen carbonate have been used (Wan, 2011; Prado, et al., 2015). Wen
et al. (2002; 2002) used ammonium hydrogen carbonate with carbamide both together
in the manufacture of porous titanium with mechanical properties close to the
mechanical properties of human bone to be used as an implant material for biomedical
applications (Wen et al., 2001). By space holder technique magnesium powders were
used to produce porous Ti-6Al-4V alloys where magnesium powders were employed to
generate porosity in the range of 51-65 vol%. The process like that spherical magnesium
powders with an average size of 375um were mixed with spherical Ti-6Al-4V powders
with an average size of 55um. After that S00MPa pressure used to compact the mixtures
by using a double-ended steel die. Finally, to evaporate magnesium powder the green
compacts were heated to 1200°C and sintered for 2h under high purity argon gas
atmosphere (Asik and Bor, 2015). At the result two types of pores exist as shown in
Figure 2.32.:

Figure 2.32. Pore characteristics of produced Ti-6Al-4V foams; a) macro-pores and
interconnections between them b) micropores existent in the structure due
to insufficient sintering (Asik and Bor, 2015).

i.  Micro pores exist in the structure due to insufficient sintering.
ii.  Macro pores exist due to removal of space holders.

But, rapid decomposition at lower temperature of ammonium hydrogen
carbonate cause an inexact control of porosity and pore structures, in addition to an
unsatisfactory mechanical properties of porous alloys. Also, the presence of notches and
sharp corners of the pores in the alloys, because of shape of the ammonium hydrogen
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carbonate space holder particles, they have needle-like or flake shapes. These shapes
have negative influence on mechanical properties due to stress concentration (Kopas et
al., 2007). Besides, urea and ammonium hydrogen carbonate have relatively low
melting temperatures, their removal by thermal treatment may cause oxidation resulting
in decrease in mechanical properties. Additionally, they cannot be fully removed and
may leave some residue that makes hydrogen carbonate and urea useless for many
unblemished requiring applications.

The advantage of magnesium is to prevent contamination when evaporated.
Magnesium was used as a space holder to produce 59%-81% homogeneous porous TiNi
alloys. Prealloyed powders (TiNi and Mg) were mixed for 30 min in this process with 5
wt% polyvinyl alcohol (PVA) solution (2.5 wt% PVA + water) used as the binder
before compaction. 250-600um particle size of Mg powders were used, averaging at
450pm. After that double ended steel die used to compact the mixture by hydraulic
press 10mm for height and diameter at 400MPa. Then, for debinding and removing of
magnesium compacts were heated to 1100°C in cleaned argon atmosphere at a rate of
10°C/min. Sintering time at 1100°C was 1h for complete removal of magnesium. The
sample that produced showed interconnected open pores near 400um for an average
macro-pore size and spherical in shape as shown in Figure 2.33 (Aydogmus, 2010).

Basically, three criteria were taken into account in choosing magnesium as space
holder in porous TiNb alloys production in the present study. First, Mg solubility in
TiNb is expected to be negligible since magnesium has very limited solid solubility
around (% 1 at RT) in titanium as shown in Figure 2.34 and no solid solubility in Nb as
shown in Figure 2.35. Second, during sintering Mg provides a reducing atmosphere that
prevents oxidation of TiNb alloys. Finally, Mg in small amounts dissolved in the body
and forms compounds that are non-toxic, incomplete removal from the foam does not
constitute a drawback and it can be removed by the body when implanted.

Zhuravleva et al. (2013) prepared porous  type non-toxic Ti40ONb (wt.%) alloy
by compaction. Two different samples were prepared. Firstly, bulk sample of (Ti40Nb
(wt.%)) was prepared and used as a reference sample. Secondly, Mg powders used as
space holders to prepare porous samples. For the bulk samples 700MPa for 2h at room
temperature was used to produce green compact then sintered in argon atmosphere at

1273K for 2h and finally water quenched. For the porous samples firstly %50 Mg
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powders (vol.%) were mixed with Ti4ONb then 700MPa for 2h at room temperature
used to produce green compact, the samples were sealed in argon filled quartz tubes and

1273 K for 2h was used to evaporate Mg powders then water quenched.
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Figure 2.33. SEM micrographs of porous TiNi samples produced with Ti-50.6 at. %Ni
powders (1100 °C, 1 h) with the porosity of (a) 37%, (b) 43%, (c) 51%,
(d) 59%, (e) 66% and (f) 81% (Aydogmus, 2010).
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XRD patterns of Ti40ONb and Ti40Nb with 50% porosity samples as shown in
Figure 2.36 shows that the diffraction peaks of sintered samples displayed o’ Ti and BTi.

5 o B(TiNDb)
. u'[Tle)
3
g 2 oo
= b
0
A e 9

I ! | I I I L

[ |
30 40 S0 60 70 80 90 100 110 120
2 Theta (deg)

Figure 2.36. XRD patterns of as-quenched sintered Ti40Nb samples a) reference sample
without space-holder b) 50% porous sample prepared using Mg as space
holder (Zhuravleva et al., 2013).

Space holder technique was used to prepare porous Ti-65 wt.% and Nb-35 wt.%
(Oliveira, et al., 2015). Ammonium bicarbonate (355-425um) was used as space holder
and the particle size of both Ti and Nb powders were (50-149um) and (31-500um),
respectively. Two types of samples were prepared, TiNb with macropores were pressed
by uniaxial compaction at 400MPa followed by isostatic compaction at 250MPa another
samples TiNb with micropores were pressed by uniaxial compaction at 800MPa. For
TiNb with macropores samples, the pore former additive elimination was conducted at
170°C for 2h in a chamber furnace in air. Then, the green samples were sintered in a
vacuum furnace (better than 10~ Torr) for 2h at 1200°C or 1300°C. The samples were
slowly cooled to room temperature in the furnace. TiNb micropore samples, the same
sintering parameters were used, were sintered only at 1300°C. SEM micrographs of
Ti35Nb samples sintered at 1200°C and 1300°C after chemical etching presented closed
and homogeneously dispersed micropores; while Ti35Nb with macropores samples

showed a structure consisting of closed micropores and large interconnected
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macropores. However, only the samples sintered at 1300°C presented a predominance
of B Ti phase. XRD patterns of Ti35Nb samples sintered at 1200°C and 1300°C show
that the diffraction peaks of sintered samples displayed a Ti, B Ti and Nb phases.
Further, NbO, TiO and TizO peaks can also be observed.

Porous Ti-%35Nb (mass fraction) prepared be space holder technique (Lin et al.,
2010). Ammonium bicarbonate particles with the size in the range of 300-500um as
space holder used. Ti-%35Nb powders mixed with ammonium bicarbonate and
compacted under a pressure of 750MPa inside cylindrical bars. The green compacts
were sintered in a vacuum furnace under a pressure of about 1KPa. The sintered
condition was 175°C,4h + 1200°C, 2h. XRD used to investigate the microstructure of
sintered porous Ti-%35Nb at 1200°C for 2h. XRD pattern of Ti35Nb foam with a
porosity of 66% as shown in Figure 2.37 show both B-Ti and Ti3O.
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Figure 2.37. XRD pattern of porous Ti35Nb sintered at 1200°C for 2h (Lin et al., 2010).

Porous Ti for the application in clinic orthopedics field was fabricated by space
holder technique using polymethyl methacrylate (PMMA) as the space holder under
different sintering conditions. The results show that improvement of grain size of
porous Ti can be achieved by increasing of sintering temperature and time and
decreased pore size, resulted in with a concomitant increase of tensile strength and
elastic modulus. The sintering temperature and time have more influence on the

microstructure and mechanical properties than those of porous Ti (Li et al., 2015).
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2.4.5. Metal injection molding (MIM)

The net-shape fabrication of small, complex, and precise metallic and ceramic
parts and components are achieved by a manufacturing technology called metal
injection molding (MIM). The MIM process includes mixing of powders with one or
more polymers or binders to produce a feedstock; followed by injection molding to
form shape parts by making the feedstock flow into and fill a mold under pressure;
removing polymer or binder, and finally sintering to near full density as shown in
Figure 2.38 (Chen et al., 2009).
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Figure 2.38. Flow diagram of metal injection molding (Sidambe, 2014).

German and Bose stated that during the sintering to prepare sample by MIM
there are three stages (Zhao et al., 2015):
i.  Starts of the shrinkage of the powder compact when neck growth takes place and
this is the initial stage.
ii.  The intermediate stage the rate of the shrinkage is higher than other stages and
determines the densification of the final compact during the sintering process.
lii. At the final stage shrinkage becomes very low due to the formation of the closed
spherical pores.
Zhao et al., (2013) used metal injection molding to manufacture a series of Ti—
Nb binary alloys with niobium content. Samples made from CP Ti, Ti—10Nb, Ti—16Nb
and Ti—22Nb (all wt.%). It was found that the range of porosity in the samples increased
from about 1.6% to 5.8% with increasing niobium content from 0% to 22%, also the
carbide area fraction increased from 0% to about 1.8% in the as-sintered samples. All

samples after mixing were sintered at 1500°C for 4h after that hot isostatic pressing
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(HIP) at 915°C for 2h under a pressure of 100MPa was used to treated CP-Ti, Ti—10NDb,
Ti—16Nb and Ti—22Nb samples. XRD spectra for all samples shown in Figure 2.39
show both a Phase and 3 phase.
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Figure 2.39. XRD pattern for as-sintered CP Ti, Ti-10Nb, Ti-16Nb and Ti-22Nb (Zhao,
etal., 2013).

However, due to the high reactivity of titanium with atmospheric components
such as oxygen, nitrogen and carbon, MIM of Ti alloys are still not standard (Sidambe
et al., 2012; German, 2013). On the other hand, in all the porous samples contamination
occur by polymer decomposition during sintering. The MIM process has found very
small application with reactive metals, such as titanium, zirconium, niobium, and
molybdenum, primarily because of problems with carbon, nitrogen, hydrogen and
oxygen impurities. Even at low concentration, these interstitials can severely reduce the

mechanical properties of titanium and its alloys ( Shibo, et al., 2009; Aydogmus, 2010).

2.4.6. Conventional sintering (CS)

In conventional sintering of Ti and Ti alloys mixed elemental or prealloyed
powders requires compaction and sintering 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). On the other hand, porous alloys fabricated through
conventional sintering methods have coarse grains. It is hard to obtain single equiaxed 3

phase. For example, by using blended elemental powders together with space holder
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method, porous Ti-10Nb-10Zr alloys obtained at a sintering temperature of 1200°C for
10h under a high vacuum condition (10-10 Torr) consist of lamellar o and p phases
with grain size above 10um (Li et al., 2014). Detrimental changes in the microstructure
and mechanical properties occur when the high temperatures involved in these

processes.
2.4.7. Additive manufacturing (3D printing)

Additive manufacturing or 3D printing is a novel method in which digital model
is directly used for fabricating parts layer by layer material build-up approach. In
another words 3D printing is a method for joining materials to produce objects from 3D
model data (Duda and Raghavan, 2016). RP (rapid prototyping) involving solid free
form fabrication as shown in Figure 2.40 (a) and (b) which uses metal wire feedstock
melted by laser or electron beams or similar schemes using powder feed delivery
nozzles forming layer-by-layer solid objects began to developing in the late 1980. As
shown in Figure 2.40 (b) laser sintering of powders were developed as direct metal laser
sintering (DMLS) or selective laser sintering (SLS), and both wire and powder feed
processes have been referred to as direct energy deposition (DED) processes. In
Figure 2.40 (c) CAD-driven laser beam is used in the process like that powder from a
reservoir is rolled into a layer which is selectively melted, under an inert gas (Ar or N)
environment. Electron beam melting is on the other hand carried out in vacuum.
Figure 2.40 (d) shows that a suitable binder from an ink-jet printer head directed by a
CAD program to create a metal/binder product which is sintered at high temperature to

remove the binder and sinter (solidify) the metal powder (Murr and Johnson, 2017).
2.5. Compression Behavior of Porous Metallic Materials
2.5.1. General
Generally, pore types (closed, open and partially open), porosity content and the

structure of the cell walls have influence on the corresponding mechanical properties of

porous samples and the forms of the stress-strain curves.
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Figure 2.40. Schematic comparisons of metal AM processes and systems a) Laser or
electron beam cladding using wire feed process b) Laser or electron beam
sintering based systems. System can incorporate multiple powder feeders
c) Powder bed fusion processes using electron or laser beam selective
melting. Powder is rolled or raked from supply container or cassettes d)
Binder jet powder process which requires post sintering to permanently
bind metal powder and expel binder. Unbound powder is recovered (Murr
and Johnson, 2017).

2.5.2. Compression response

Porous metallic materials can be divided into three main groups according to the
deformation behavior they exhibit; elastomeric, elastic-plastic and elastic-brittle, as
shown in Figure 2.41:

i.  Elastomeric: in this type liner elasticity has a very small strain; it’s
around %5 or less. In this structure cell face stretching if the cells are
closed or cell wall bonding controls the linear elasticity. Figure 2.41 (a)
shows this type of deformation. Elastic collapse in pores occurs due to
the elastic buckling of the cell walls. Either open or closed pore have
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different influence on elastic collapse stress. Compression for the close
pores with the gas inside the pores gives the stress-strain curves, which
rises with the strain, while open pores gives a long flat plateau.

ii.  Elastic-plastic collapse and densification: Figure 2.41 (b) shows this
behavior of deformation. Polymers and metallic foams that have plastic
yield point collapse plastically when loaded beyond the linear-elastic
regime. Long horizontal plateau to the stress-strain curve achieved by plastic
collapse. When the plastic deformation take place completely densification
starts in which the stress raises steeply.

iii.  Elastic-brittle: Figure 2.41 (c) this type of compression behavior is
observed generally in ceramics foams and in brittle porous materials.
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Figure 2.41. Schematic stress-strain curves of porous materials (Esen, 2007).

Ti40Nb (wt.%) mixed with 60 (vol.%) NaCl was compacted under 700MPa for
2h. Then the green samples were sintered at 1273K for 2h and water quenched. For
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removing the NaCl particles, the samples were then immersed in purified water kept at
353K for 4h. To determine compression strength and Young's modulus compression
tests were carried out. Figure 2.42 shows the effect of porosity on the Young's modulus
and compression strength. It's clearly visible, with increasing porosity from 62 to 80%
the compression strength of samples decreased from 34.6 to 9.6MPa (Zhuravleva et al.,
2013).
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Figure 2.42. Porosity versus Young's modulus and compression strength for samples
produced with NaCl space-holder (Zhuravleva et al., 2013).

SHT was used to produce porous TiNi alloys having porosities in the range 59—
81% and magnesium powders were used as pore forming agent (Aydogmus and Bor,
2009). Mechanical properties of the porous samples, as obtained from compression tests

with the mechanical properties of cancellous bone are summarized in Table 2.2.

Table 2.2. Mechanical properties of TiNi foams tested in compression, where E is
Young’s modulus, o- is yield strength, a,,,, IS compressive strength. The
values given together with the standard deviations are average of four or
more tests (Aydogmus and Bor, 2009)

Porosity (%) E (GPa) o- (MPa) Omax (MP2)
59 6.8 +2.68 22.85+8.5 88.83 +4.21
66 3.04+£0.6 13.87 £3.11 44,91 + 10.37
73 2.6+0.88 8.2 +3.03 2141+24
81 1+0.44 491+1381 7.58+1.32

Cancellous bone 1.08 £ 0.86 152+8 25+8.1
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SPS technique was used to produce porous Ti and NH4HCO3; was used as pore
formation agent. Ti was mixed with 20 (wt.%) NH4HCO3. These mixtures were green
compacted and compaction pressure was 300MPa. Then sintering was applied at
1000°C, 1050°C, 1100°C, 1150°C and 1200°C. Figure 2.43 shows the static compressive
stress-strain (s-€) curves of the porous Ti with different SPS sintering temperatures.
Elastic deformation stage (a), long plateau stage (b) and densification stage (c) for all of
the samples were observed. The elastic modulus and the compressive strength were

11.2GPa and 287MPa respectively (Zhang et al., 2015).
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Figure 2.43. Static compressive stress-strain (s-g) curves of the porous Ti at different
SPS sintering temperatures 1) 1000°C 2) 1050°C 3) 1100°C 4)1150°C and
5) 1200°C (Zhang et al., 2015).



3. MATERIALS AND METHODS

3.1. Powders Used

In the present study pure Ti powders, Nb powders and Mg powders were used to
produce porous TiNb alloys. Atomic percentage of the alloy was chosen as TizsNbyg
which has the minimum elastic modulus among the binary Ti-Nb alloys and accordingly
suitable for use in biomedical applications. Particle size of pure titanium (99.5 mass% in
purity) and pure niobium (99.8 mass% in purity) was -325 mesh, less than 45um, and
both of them were supplied by Alfa Aesar, Germany. To obtain spherical pores inside
the samples spherical magnesium powders (supplied by TangShan WeiHao Magnesium
Powder Co., Ltd., China) were used as space holder material, and particle size of
magnesium (99.8% pure) powders was adjusted by screening in the range of 100-
600pm which is the optimum pore size range for bone ingrowth (Aydogmus, 2010).

Figure 3.1 shows SEM images of as-received Ti, Nb and Mg powders and
Figure 3.2 displays XRD patterns of all these starting powders. Ti and Nb powders were
produced applying hydrogenation-milling-dehydrogenation processes and Mg powders
were produced via inert gas atomization method. XRD results stated that
microstructures of pure starting powders Ti, Nb and Mg were consisting of only single
a-Ti with hexagonal close packed (HCP) crystal structure, body centered cubic (BCC)
Nb and HCP Mg, respectively. None of the powders did not include any contamination
products such as oxides or carbides. As a result of atomization process, Mg powders
were almost completely spherical in shape. On the other hand, Ti and Nb powders were

irregular due to the heavy plastic deformation they experienced during milling.
3.2. Experimental Method
In the scope of the present study, hot pressing and space holder technique (SHT),

two well-known powder metallurgy processing methods, were combined to produce

porous TiNb alloys.



50

,;‘ 3
EHT= 5.00kV Signal A= InLens
WD= 43mm Mag= 1341KX

EHT = 5.00 kV al A = InLens EHT = 500 kV Signal A= InLens

DAYTAM DAYTAM
Wo= 44mm Mag= 8.00KX WD= 44mm Mag= 17.63KX

Figure 3.1. SEM micrographs showing morphology of a) and b) Ti powders c¢) and d)
Nb powders, and e) and f) Mg powders.

A recent approach (cold pressing + sintering with Mg spacer particles) proposed
by Aydogmus and Bor (2009) for the production of porous titanium nickel alloy using

magnesium as space holder was adapted and enhanced for the fabrication of porous



TiNb samples with suitable pore characteristics and mechanical properties. Instead of

cold pressing, hot pressing was used in the present study to improve the green and final

strength.
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Figure 3.2. XRD patterns for a) Pure Ti b) Pure Nb and c) Pure Mg.

This basic space holder technique, utilizes pure magnesium spacer particles for pore

formation. Mg is found to be so suitable to maintain a protective atmosphere during

sintering. Mainly, two criteria were taken into account in choosing magnesium as space

holder in TiNDb alloy foam production:

1. Magnesium solubility in TiNb is expected to be negligible since magnesium is

not soluble in any appreciable amount neither in Ti nor in Nb.
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2. Dissolved Mg in the body and compounds that may form in small quantities
during processing are non-toxic.

It provides a reducing atmosphere that prevents oxidation of TiNb during sintering.

3.3. Space Holder Technique

Porous TiNb alloys with high porosity were produced by hot pressing + space
holder technique as shown schematically in Figure 3.3. Ti powder, Nb powder and Mg
powder in various ratios (40%, 50%, 60% and 70% Mg by volume, Table 3.1 shows
weights of powders for each volume % of Mg) as shown in Figure 3.4 were mixed by
hand using a small amount of ethanol (a few droplets) as the binder prior to hot
compaction. Ethanol was necessary for the uniform coating of coarse Mg particles with
fine Ti and Nb powders. Mixing time was kept as 15min to ensure a homogeneous
distribution.

Ti & Nb powders Mg powder size is Sintering ture 1200°C
size -325 mesh around 100 600 pm 1.n eqng ?mpera ®
. e Sintering time 4h
ml Mg vol.% =40, 50,60and 70
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1. Argon gas 7. Specimen
2. Gas retarder system 8. Resistance wires
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4. Insulator 10. Stainless steel wire
5. Specimen holder
6. Crucible (Alumina)

Figure 3.3. Schematic process of hot pressing and space holder technique.
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Table 3.1. Amount of powders used to produce samples

Volume of Mg (%) Weight of Ti (Q) Weight of Nb (g) Weight of Mg (g)

40 3.51 2.39 1.22
50 2.92 1.99 1.53
60 2.34 1.59 1.84
70 1.75 1.19 2.14

Then the mixture of powders were compacted in a double ended graphite die as
shown in Figure 3.5 using a hot press furnace under 50MPa pressure and at 600°C
temperature for 1 hour as shown in Figure 3.6. The reasons for choosing 600°C as the
hot pressing temperatures are summarized below:

1. Itis lower than the melting temperature of magnesium (650°C).
2. To minimize plastic deformation of spherical magnesium powders that may
occur during hot pressing.
At 600°C and under 50MPa, consolidation of the powders was not enough for
effective sintering because of the micro pores present inside the samples. Figure 3.7
shows a sample produced by hot pressing at 600°C with 50MPa pressure for 1h and

then cooled slowly to room temperature.

Figure 3.4. Ti, Nb and 70% Mg before mixing.
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Figure 3.5. Graphite die.

Figure 3.6. Powders in a graphite die under pressure inside the hot press furnace.

L 1
AL W

Figure 3.7. Sample hot pressed at 600°C under a pressure of 50MPa for 1h.
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After hot pressing grinding were required for cleaning surface of the samples.
Grinding is an abrasive material removal, in another mean surface generation process
used to clean or finish components made from metals and other materials. Typically,
grinding abrasive paper starts with 240 grit SiC paper in belt or disk form and continues
to 1200 grit SiC.

In our samples after hot pressing there was a graphite deposited layer on the
surface of the samples. To clean the surface of the samples we used Struers LaboPol5
grinding wheel rotating machine with 240 and 320 grit SiC paper in disk form as shown
in Figure 3.8. Ethanol was used as a lubricant to flush away removed material and keep
fresh abrasive exposed.

To remove any deformation introduced after grinding polishing is required.
Polishing has many more variables to consider compared to grinding while the
procedure is similar to grinding. For polishing there are many types of abrasives,
suspension mediums, and polishing clothes available. The choice of polishing abrasive

type is a personal preference. Figure 3.9. shows samples before and after grinding.

LaboPol-5

(a) ()

Figure 3.8. a) Grinding machine b) Grinding a sample.
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(a) (b)
Figure 3.9. a) Sample before grinding b) Sample after grinding.

After grinding all samples containing TizsNb,s (atomic percent) with different
amount of Mg (40%, 50%, 60% and 70% vol.%) added are shown in Figure 3.10.

%40 Mg %50 Mg

Figure 3.10. Tiz4sNbys with different amount of Mg spacers (vol.%).

A Protherm PTF 14/50/450 model vertical furnace was used for sintering and
samples without pressure after hot pressing and grinding steps. Schematic drawing and
a picture of vertical furnace and its equipment’s used are shown in Figure 3.11.

Mg was removed and pores were formed during sintering simultaneously.
Melting point of Mg is 650°C as shown in Figure 2.35 and evaporation (boiling) of Mg
occurs at 1090°C according to the same figure. Sintering temperature was 1200°C and
sintering time was 4h. All the sintering and Mg removal experiments were carried out
under flowing high purity argon atmosphere. Argon flow rate was kept at a minimum
adequate inside the vertical furnace to avoid possible leakage of air into the furnace and

prevent oxidation during heating, sintering and cooling steps.
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1. Argon gas 7. Specimen

2. Gas retarder system 8. Resistance wires
3. Casing 9.Alumina tube

4. Insulator 10. Stainless steel wire
5. Specimen holder

6. Crucible tube

Figure 3.11. Schematic drawing and picture of the vertical furnace and its equipment’s.

Figure 3.12. Ti;4Nbye porous sample with 40% porosity cooled in the hot zone of the
furnace after having been sintered for 4h at 1200°C.

Sintered porous TizsNb,s samples were slowly cooled inside the hot zone of the
vertical furnace. Cooling from 1200°C to 150°C lasted around 8 hours. Pure Ti getters
were used to minimize oxidation during sintering. Nevertheless, some oxidation on the
surface of the samples Figure 3.12 occurred, because the argon gas used was not
stoichiometric. Heating, holding and cooling steps during hot pressing and sintering
experiments are presented in Figure 3.13. Heating rate for hot pressing was 10°C/min

and for sintering it was 8°C/min.
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Figure 3.13. Temperature-time curves for hot pressing (HP) and sintering (HP+S).

To prevent oxidation inside the porous samples pure titanium sponges with
diameter around 3mm, were used as getter just above the sample as shown in
Figure 3.14.

(a) (b)

Figure 3.14. Pure Ti sponge particles used as getter during sintering, a) before sintering,
b) after 4h sintering at 1200°C.
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Wire electrical discharge machining EDM as shown in Figure 3.15 was employed to cut
all the porous samples produced in the dimensions of 5x5x10mm as shown in
Figure 3.16.

Figure 3.15. An electrical discharge machine (EDM)

Figure 3.16. Tiz4sNbys with 68% porosity sample after cutting by wire EDM with
5x5x10mm in dimension.
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For characterization the samples cut were subjected to a number of surfaces
cleaning processing by using both grinding and polishing. The cleaning processes are as
follows:

» 240, 320, 400, 600, 800, 1000 and 1200 grit SiC papers in disk form
were used for grinding samples and ethanol used during grinding to clean
the surface of the grit SiC papers.

» Samples were washed and cleaned by ethanol after grinding then dried
by a drier.

» Polishing cloth pad in disk form as shown in Figure 3.17 was used with
polycrystalline diamond suspension (3 micron) for polishing the surface
of porous samples after grinding.

» After polishing residues coming from polishing cloth pad filled the
inside of the pores, for removing polishing cloth pad residues ultrasonic
cleaning was used as shown in Figure 3.18 for 3 minutes.

» After cleaning samples were washed by ethanol and dried with the drier.

Figure 3.17. Polishing cloth pad (disk form).
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(@) (b)

Figure 3.18. Cleaning samples by ultrasonic cleaner a) sample inside ethanol b) ultra-
sonic cleaning machine.

3.4. Sample Characterization

34.1. SEM

Scanning Electron Microscopy (SEM) was used to scan and analysis the surface
of the samples, the process like that first electrons are produced at the top of the column,
to hit the surface of the sample electrons accelerated down and passed through a
combination of lenses and apertures to produce a focused beam of electrons. SEM
contains a chamber and the sample is fixed on a stage in the chamber area. In order to
characterize the internal structure, both macro and micro pores and morphology of the
powders and samples produced at the beginning, SEM analyzes were carried out with a
Zeiss brand Sigma 300 model device in Eastern Anatolian High Technology
Application and Research Center, Erzurum as shown in Figure 3.19.

After installing TizsNb,s porous samples inside the vacuum chamber as shown in
Figure 3.20 the electron beam hits the samples, two types of electrons reflected one of
them is secondary electrons (SE) and the other one is backscattered electrons (BS). For
the first type energy of electrons from the electron beam absorbed by the atoms and the
secondary electrons come from those atoms. After reflecting the detector picks up those
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electrons to show the property of the sample surfaces. For the backscattered electrons
reflected electrons came from deeper inside the sample as shown in Figure 3.21.
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Figure 3.19. Scanning electron microscopy.
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Figure 3.20. Tiz4Nbys porous samples inside vacuum chamber.
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Figure 3.21. Types of reflected electrons according to surface of the sample.

3.4.2. XRD

XRD technique was used to analyze the microstructure of the samples, it have a
form of electromagnetic radiation when electrons have high energies and short
wavelengths. When a beam of x-rays impacts on a sample, a portion of this electron
beam that comes from the source will be scattered in all directions by the electrons
associated with each atom or ion that lies within the beam’s path. A PANalytical
Empyrean model X-ray diffractometer with CuKo radiation (A=1.540598 A) at 45 kV,
40 mA was used within a range of diffraction angles 20 from 20° to 90° at a scan speed
of 2 degree/min to identify the phases present in the starting pure powders and in the

porous samples produced.

3.4.3. Density and porosity measurements

Density is the most important factor that has influence on the mechanical
properties. It affects the elastic modulus, compressive strength and yield strength as well
as ductility of the porous metals. Archimedes’ principle was employed to measure the
density of the porous samples, Precisa balance (model LS 220A) equipped with a
density determination kit was used as shown in Figure 3.22.

The sample preparation procedure for density and porosity measurements is

explained below:
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Figure 3.22. Precisa balance (model LS 220A) equipped with a density determination
kit.

e Each sample was ultrasonically cleaned further for 3min in ethanol to remove
any residue left from polishing as shown in Figure 3.18.

e The wet samples were dried inside glasses by using an electrical oven. 40°C for
1h was used to dry wet samples as shown in Figure 3.23.

e Samples were left at room temperature inside a glass for 24h to assure drying of
pores completely as shown in Figure 3.24.

o Firstly, samples were weighted dry (Wary) and the weight of each samples are

shown in Table 3.2. Wy, for each sample

Figure 3.23. a) drying oven b) samples inside drying oven.
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Figure 3.24. Samples left at room temperature for 24h.

Table 3.2. Wy for each sample

Tiz4Nbys with %porosity Wary (9)
43% porosity 0.8048
54% porosity 0.5911
59% porosity 0.4998
68%porosity 0.3744

e Then the samples were immersed in purified water for 3 days to get complete
impregnation of water into both macro and micro open pores as shown in
Figure 3.25 (a). On the surface of the samples during impregnation bubbles
formation occurred, that means there were air inside the pores and formed the
bubbles as clearly seen in Figure 3.25 (b).

(b)

Figure 3.25 a) samples impregnated inside pure water b) bubbles on the surface of the
porous sample.
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e Afterwards impregnated samples suspended in purified water were weighted

(Wsusp.) and the weight of each sample is shown in Table 3.3.

Table 3.3. Wyysp. for each sample

Tiz4Nbys with %porosity Wausp. (9)
43% porosity 0.6267
54% porosity 0.4687
59% porosity 0.3975
68%porosity 0.2985

e Finally, samples were removed from the purified water bath, wiped immediately
to remove the purified water over the surface and the last weight measurement
was carried out in air (Wsg) and the weights of each sample are shown in

Table 3.4. Wy, for each sample

Table 3.4. Wy, for each sample

TizsNbys with %porosity Wt (9)
43% porosity 0.8772
54% porosity 0.6983
59% porosity 0.6176
68%porosity 0.5057

e Bulk density of the porous samples was calculated as,

_ Wary*Ppurified water 31
pporous - Werr —W. ( . )
sat.~ Wsusp.

where

ppulk - Bulk density of the sample.

Wary : Dry weight of the sample.

Ppurified water: DeNsity of purified water, 0.998205 g/cm3.
Wgy : Weight of the sample saturated with purified water.
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Wiausp. - Weight of the purified water impregnated sample suspended in purified

water.

Total porosity of the samples was calculated as,

Protar = 1 — 2212 (3.2)

PTiNb

where
Pwtar :Total porosity of the sample.

pring < Theoretical density of TizsNbas alloy: 5.578 g/lcm®.

To calculate open porosity (Popen) and closed porosity (Pciosed) Of the samples the

equations (3.3) and (3.4) were used, respectively, where Vgmpie represents volume of the

sample.
Wsat-Wary
volume of water in pores Ppurified water Wsat—Wary
l:)open = = "Wsat-Wsusp (3.3)
Vsa\mple —_— Wsat_Wsusp

Ppurified water

Piosea = Protar — Popen (3.4)

3.4.4. Compression behavior

To obtain the mechanical properties of brittle nonmetallic, porous metals and
other materials that have very low strength in tension compression test is used.
Compression tests were carried out on porous samples produced with space-holder
method. In the present study the compression test samples had a shape of rectangular
prism with dimensions of 5x5x10mm. Only one porous sample of the same type (40%,
50%, 60% and 70% porous in volume) was taken for each test. The samples were
loaded continuously to failure at room temperature. The Young's modulus was
calculated from the linear part of the stress-strain curve in the elastic region according

to:
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E = % = (3.5)
Lo
Where
o : stress.
: strain.

F : compression force.
Ay : initial cross sectional area of the sample.
Lo : initial length.
AL: length change of the sample during compression.
Yield strength was determined applying 0.2% offset method whereas
compression strength was the maximum stress observed during compression test. As a

measure of ductility, the strains at which the samples fractured (fracture strains) were
used.



4. RESULTS AND DISCUSSION

4.1. Density and Porosity

According to the previous researches to allow bone ingrowth inside the porous
structures the optimal size of pores should be around 100-600um (Aydogmus, 2010).
With increasing open porosity ratio to the total porosity, the interconnectivity between
macro-pores also increases. When the amount of porosity in the sample is equal to 68%
or more nearly all the pores inside the porous sample are interconnected.

Increasing the amount of porosities causes reduction in the thickness of the cell
walls, in other words when the amount of porosity increases the density of samples
decrease.

Equation 3.1 was used to calculate bulk density of porous samples and the
results are shown in Table 4.1. Figure 4.1 shows the relation between density and the
porosity. Density and porosity are inversely proportional to each other. When the

density increases the porosity decreases or vice versa.

Table 4.1. Bulk density of each sample

TizaNbyg alloy Bulk density (g/cm®)
43% porosity 3.2070
54% porosity 2.5698
59% porosity 2.2667
68%porosity 1.8037

To calculate the percentage of closed pores inside the samples firstly we must
find total porosity and open porosity of each sample by using equation (3.2) and (3.3) as
shown in Table 4.2. Finally closed porosity can be calculated by using equation 3.4 as
shown in Table 4.3 and Figure 4.2 shows how increase in the rate of porosity percent
decreases the rate of closed pores. Macro-pores formed as a result of Mg vaporization
and these pores are the desired pores. These pores are suitable for bone ingrowth and

body fluid transportations. Micro-pores formed due to insufficient sintering are not
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desired in the microstructure since they affect mechanical properties negatively.
Although their sizes are suitable for body fluid transportation, bone cannot growth

inside the micro-pores due to their small size.

3.2070

43 54 59 68
% Porosity

Figure 4.1. Relation between density and porosity.

Table 4.2. Percentages of both total porosity and open porosity as a function of Mg

addition
Mg added %Total porosity (Ptotal)  %Open porosity (Popen)
40% 42.5061 28.9021
50% 53.9287 46.6898
60% 59.3633 53.5211
70% 67.6639 63.3687

Table 4.3. Percent of closed porosity

Tiz4Nbos sample %Closed porosity (Pclosed)
43% porosity 13.6039
54% porosity 7.2388
59% porosity 5.8422
68%porosity 4.2951

40 and 50% Mg addition resulted in 43 and 54% total porosity respectively. 60
and 70% Mg addition gave final porosities of 59 and 68%. For lower Mg additions total
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porosities were higher than the Mg added initially. Because in addition to macro-pores
micro-pores also formed and these micro-pores increased the total porosity. On the
other hand, higher Mg additions resulted in porosities lower than the Mg added. During
heating for sintering melting of Mg at 650°C occurred and some pores were collapsed
as a result of insufficient sintering of Ti and Nb powders during prior hot pressing
process. Pore shrinkage during sintering may be another reason for lower porosity.

16

15.6039

14

[N
o

7.2388

% Close pore

54 59 68
% Porosity

Figure 4.2. Closed porosity total porosity relation.

4.2. Microstructure of Porous TizsNbys Alloys

XRD patterns of as-sintered (1200°C, 4h) porous TizsNbys alloys are shown in
Figure 4.3 to Figure 4.6. As it can be seen from these figures a little amount of o phase
remained in all the samples with varying porosity, but no contamination products such
as oxides, carbides, and Mg/MgO were detected. XRD results were in good agreement
with SEM results. Since amount of pure Nb undissolved was very low XRD could not

detect it.
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Figure 4.3. XRD spectra of sintered porous Tiz4Nbys with 43% porosity.
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Figure 4.4. XRD spectra of sintered porous TizsNbye alloy with 54% porosity.
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Figure 4.5. XRD spectra of sintered porous Tiz4Nbys with 59% porosity content.
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Figure 4.6. XRD spectra of sintered porous TizsNbye alloy with 68% porosity ratio.
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The morphological characteristics of the porous samples were examined with the
scanning electron microscope (SEM). The microstructures of porous TizsNbys alloys
with different porosity contents are presented in Figure 4.7 to Figure 4.10. Two types of
pores have been observed in all the samples, macro-pores and micro-pores. Macro-pores
formed due to evaporation of space holder Mg powders and their size was similar to the
particle size of starting Mg powders. Micro-pores with generally a few pum (up to
20pum) in size on the other hand, formed as a result of insufficient hot pressing
temperature and inadequate sintering. Hot pressing temperature was chosen as 600°C
since the melting temperature of Mg is 650°C. That temperature was not enough to
eliminate all the micro-pores present between elemental Ti and Nb powders.
Preliminary experiments showed that hot pressing of Ti and Nb powder mixture at
600°C for 1h resulted in 18% porosity. Increasing the hot pressing temperature to 800°C
decreased the porosity ratio to 0.8% and almost full density was achieved. As a
consequence, the minimum temperature for an efficient hot pressing operation is 800°C
for Ti-Nb alloys. However, 800°C could not be applied since hot pressing temperature
is limited by melting temperature of Mg. The longer hot pressing time would not solve
the problem at a low pressing temperature used because melting points of Ti and Nb are
extremely high 1668 and 2477°C respectively, since they belong to refractory materials
family. Sintering (after hot pressing) at 1200°C for 4 hours also could not eliminate the
micro-pores because diffusion distances were too high as a result of inefficient hot
pressing. Sintering temperature applied was also quite low compared to melting
temperatures of pure Ti and Nb. The vertical furnace used for sintering has a maximum
continuous working temperature of 1250°C and to be on the safe side 1200°C was
chosen to be sintering temperature. Preliminary experiments resulted that there were not
considerable changes for sintering times of 1-4 hours. Sintering is a diffusion
phenomenon and depends on time linearly and temperature exponentially. Therefore,
longer sintering times would not eliminate the micro-pores probably. Only remaining
solution to get rid of or at least to minimize micro-pores seems to be sintering at higher
temperatures such as, 1300-1500°C.

Mg was removed efficiently and any remaining pure Mg or magnesium oxide (MgO)

residues inside the macro or micro-pores and on pore walls were not observed.
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Figure 4.8. SEM micrograph of porous Tiz4sNbyg alloy with 54% porosity.
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Figure 4.10. SEM micrograph of porous TizsNbys with 68% porosity content.
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BSE micrographs of porous TizaNbys alloys are given in Figure 4.11 to
Figure 4.14. The micrographs are similar and the microstructures consist of the same
phases. In addition to main phase p small amount of o phase and a little undissolved
pure Nb were observed. Unlike a phase pure Nb was not observed in secondary electron
mode. XRD results also did not show any peaks belonging to pure Nb. Only BSE mode
could detect the existence of undissolved Nb regions. In order to produce full B phase
and provide complete dissolution of Nb in Ti, sintering temperature should be higher
than 1200°C.

d &l
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Mag= 146X
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Figure 4.12. BSE micrograph of 54% porous Tiz4Nbas.
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Figure 4.14. BSE micrograph of 68% porous Tiz4sNbge.

EDS point analysis technique was used to determine the phase constituent
elements. EDS point analyses taken from four different regions of porous samples are
shown in Figure 4.15 to Figure 4.18. The atomic percentage of Ti in the region 1 (a
phase), region 2 (p phase), region 3 (B phase) and region 4 (undissolved pure Nb) was
96.2, 79.1, 70.2 and 0%, respectively. Increasing Nb content provides o to p phase
transformation since Nb is a 3 stabilizing element. As expected a phase includes less

amount of Nb (3.8%), on the other hand Nb amount of § phase was 20.9 and 29.8% for
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region 2 and region 3, respectively. Nb content of f phase should be 26% in terms of
atomic percentage for complete dissolution and homogeneous distribution of Nb.
Region 4 belongs to pure undissolved Nb (100%). All these results state that, sintering

temperature of 1200°C was insufficient to obtain single homogeneous 3 phase.

Ti
16.2K

144K
12.6K
10.8K
9.0K
7.2K
54K
36K

Nb
18K

0.0K
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Lsec: 49.3 0 Cnts 0.000 keV Det: Element-C2 Det

Figure 4.15. EDS analysis result for region 1 (o phase), Ti% (atomic) = 96.2 and Nb%
(atomic) = 3.8.
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Figure 4.16. EDS micrograph for region 2, Ti% = 79.1 and Nb% = 20.9.
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Figure 4.17. EDS micrograph for region 3, Ti% = 70.2 and Nb% = 29.8.
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Figure 4.18. EDS micrograph for region 4, Ti% = 0 and Nb% = 100.

4.3. Effect of Hot Pressing on Spherical Pore Structure

The effects of hot pressing pressure on final pore shapes are presented in
Figure 4.19 (a) to (d). For 43% porous sample shape of pores remains almost spherical.
When the amount of Mg added increased from 40% to 70% by volume, the shape of
pores changed from spherical to elliptical because the Mg powders were plastically
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deformed during hot pressing. In 40% volume Mg containing sample the amount of
both Ti and Nb is higher compared to 50, 60 and 70% Mg added samples. The strengths
of Ti and Nb is higher than that of Mg so that the larger the Ti and Nb content, the more
resistance to plastic deformation. In other words, Ti and Nb minimize plastic
deformation of Mg just like in the composites. When their amount is less and Mg
amount is high Ti and Nb cannot prevent plastic deformation of soft Mg powders.

(d)

Figure 4.19. Effect of hot pressing on pore structure resulting from yielding of Mg
powders for, a) 43%, b) 54%, c) 59%, and d) 68% porous samples.

4.4. Mechanical Behavior of Porous TizaNbog

4.4.1. Compression behavior

Figure 4.20 shows the compressive stress-strain curves of porous TizsNbyg with

various porosity contents and sintered at the same temperature and time. Generally,
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according to Gibson and Ashby suggestion the typical elastic-plastic metallic foams
display a linear elastic deformation stage followed by a horizontal plateau stage and
finally a densification stage. But it’s clear that, in the present study compressive stress-
strain curves of porous TizsNbys produced by (SHT) differ from that proposed by
Gibson and Ashby. Plastic collapse or buckling of the pores occur due to open cells
pores those have a well-defined plateau stress because the cell edges and walls yield in
bending. Plastic collapse occurs, when the moment exerted on the cell walls exceeds the
fully plastic moment creating plastic hinges. On another hand, closed cell pores exhibit
more complicated behavior which can cause the stress to rise with increasing strain
because the cell faces are exposed to tensile stresses. According to the Figure 4.20 and
4.21 (a) in the present study, the horizontal plateau stage has been observed for highly
porous (54% and more) specimens. The horizontal plateau region on the other hand has
not been observed for 43% porous sample. Instead, a yielding region with linearly
increasing stress is ended by a maximum stress and followed by the collapse of the pore
structure has been observed. 54% porous sample also fractured however, 59% sample
did not fracture up to 55% strain applied. The third stage that corresponding to
densification was not observed for 59 and 68% porous samples because the compression
experiments were not continued up to very high strains.

Table 4.4 shows the mechanical properties of the porous TizsNb,s samples with
different porosity obtained from compression tests. Tiz4sNbyg porous samples with 43%
porosity, 54% porosity and 59% porosity seem to be suitable for cancellous bone
replacement applications even with the somewhat higher elastic moduli. Because the
elastic modulus, yield strength and the compressive strength of the cancellous bone are
reported to be 1+0.8 GPa, 1548 MPa and 2518 MPa (Ontanon et al., 2000),
respectively. Ti;4sNbys porous sample with 68% porosity, do not appear suitable for load
bearing biomedical applications due to its insufficient strength. On the other hand,
elastic modulus, yield and compression strength of cortical bone are reported to be 12-
17 GPa, 105-121 MPa and 156-212 MPa (Ontanon et al., 2000), so that none of the
porous Tiz4Nbys alloys meet these requirements. However, if the sintering temperature
is increased to around 1300°C or more, some of the micro-pores present in the cell walls

may be eliminated and strength of porous samples may be improved.
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Figure 4.20. Stress-strain curves for porous samples with different amount of porosity,
a) 43%, b) 54%, c) 59% and d) 68%.

Powder metallurgy process was used to prepare porous Ti-35Nb (wt.%) samples
and 30 (wt.%) ammonium bicarbonate was used as a space holder material (Oliveira et
al., 2015). Mixtures were pressed by uniaxial compaction at 400 MPa followed by
isostatic compaction at 250 MPa. To remove ammonium bicarbonate the green samples
were hold at 170 °C for 2h in a chamber furnace in air. Then, the green samples were
sintered in a vacuum furnace (better than 10> Torr) for 2h at 1300 °C then the samples
were naturally cooled down to room temperature in the furnace. Mechanical properties
for porous samples are shown in Table 4.5. Higher yield strength with lower elastic
modulus and lower compression strength can be observed compared to those of 59%
porous TizaNbys sample in the present study, in Table 4.4. These differences formed due
to different production method and different rate of both micro and macro-pores.

Nevertheless, results of the two studies were found to be quite similar.
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Table 4.4. Mechanical properties of porous Tiz4sNbyg alloys tested in compression

) Elastic Yield strength Compression Fracture
Porosity (%) _
modulus (GPa) (MPa) strength (MPa) strain (%)
43 14.3 61 136 10.1
54 8.2 30 52 15.9
59 5.8 23 42 -
68 1.6 9 14 -
0 44 894 1178 19.9

Table 4.5. Mechanical properties of macroporous Ti-35Nb (wt.%) alloy (Lin et al.,

2010)
) Elastic Yield strength Compression Fracture
Porosity (%) i
modulus (GPa) (MPa) strength (MPa) strain (%)
59-63 2.6£0.2 28.95+2.37 33.12+1.63 -

Table 4.6. shows mechanical properties of porous Ti-40Nb (wt.%) alloy
prepared by Zhuravleva et al. (2013). NaCl was used as the space holder material. They
used conventional cold pressing (700 MPa for 2h) and sintering (1000 °C for 2h)
technique. Their elastic modulus and compressive strength results for the 62% porous

sample were lower than the results of the sample with 59% porosity in the present study.

Table 4.6. Mechanical properties of macroporous Ti40Nb alloy (Zhuravleva et al.,

Porsgiij)(%) Elastic modulus (GPa)  Compression strength (MPa)
62 2.25 34.6
70 2.12 14
80 15 9.6

4.4.2. Effect of porosity on the mechanical properties

Figure 4.22 exhibits the elastic modulus of porous TizsNb,s alloys versus rate of
porosity in the samples. As expected, with increasing the rate in porosity elastic

modulus of the alloys decreases. Yield and compression strengths also decrease with
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increasing porosity as shown in Figure 4.23 and both strengths become close to each

other.
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Figure 4.21. Compressive stress-strain curves of a) porous TizsNb,g alloys with different
porosity and b) full density Tiz4sNb,s produced by hot pressing at 800°C for
1h following sintering at 1200°C for 4h.
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Figure 4.22. Effect of porosity on elastic moduli in porous TizsNbys porous samples
with different porosity (43%, 54%, 59% and 68% porosity) sintered at

1200°C for 4h.
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Figure 4.23. Effect of porosity on strength in porous TizsNbys porous samples with
different porosity (43%, 54%, 59% and 68% porosity) sintered at 1200°C
for 4h.



5. CONCLUSION

In this study, porous Tiz4Nbys alloys were produced for the first time combining

hot pressing and space holder technique. Conclusions obtained from the present study

are given below.

Macro and micro-pores formed in all the samples produced. Macro-pores
formed as a result of Mg evaporation and micro-pores formed due to inefficient
hot pressing and sintering. Hot pressing temperature is limited by melting point
of pure Mg (650°C). 600°C used as hot pressing temperature was not enough to
get rid of all the micro-pores. Sintering temperature of 1200°C was also not
adequate to eliminate undesired micro-pores.

Microstructures of all the porous samples were consisting of main phase 8, and a
small amount of o and pure Nb undissolved. 1200°C sintering temperature was
not high enough for complete dissolution of Nb. Nb distribution in the
microstructure was also not homogeneous. EDS point analysis taken from
different regions in § phase resulted in different Nb contents.

It was not observed any type of contamination products such as oxides, carbides
or Mg residues left in the microstructure of porous samples and all the
magnesium powders were removed during sintering successfully. Mg and Ti
getters were quite efficient to prevent oxidation of porous samples during
processing.

Density test results showed that an increase in porosity from 43% to 68%
decreases the density of the samples. Also interconnection between pores
increased with increasing total porosity since open porosity ratio increased with
increasing total porosity.

Elastic modulus, yield and compressive strength of porous Tiz4Nbyg alloys
decreased with increasing porosity. 43, 54, 59% porous samples were suitable
for cancellous bone replacement applications while 68% porous sample was not
due to its low strength. On the other hand, none of the samples could not meet
the cortical bone replacement applications requirements in terms of mechanical

properties.
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e In order to eliminate or at least minimize micro-pore content and to provide
complete and homogeneous dissolution of Nb, sintering temperature should be
higher than 1200°C.
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APPENDIX

EXTENDED TURKISH SUMMARY (GENISLETILMIiS TURKCE OZET)

OZET

BIYOMEDIKAL UYGULAMALAR ICIN GOZENEKLI TITANYUM
NIYOBYUM ALASIMLARININ URETILMESI

PALANI, Dana Kareem Hamee
Yiiksek Lisans Tezi, MakineMiihendisligi Anabilim Dal1
Tez Danigmani : Dog. Dr. Tarikk AYDOGMUS
Ocak 2018, 113 sayfa

Bu c¢alismada, biyomedikal kemik implant uygulamalar i¢in gozeneklilikleri
%43-68 araliginda olan TizsNbyg alagimlarini iiretmek igin saf Ti, saf Nb ve kiiresel Mg
tozlar1 kullanilmistir. Gozenekli numuneleri tiretmek igin ilk kez sicak presleme islemi
ile bosluk olusturucu metot birlikte kullanilmistir. Oncelikle, Ti, Nb ve farkli miktarda
Mg tozlart (%40, %50, %60 ve %70, hacimce) 15 dakika siire ile karistirilmistir. Daha
sonra toz karisimlari, i¢ ¢ap1 15 mm olan i¢i bos silindirik grafit kaliplara doldurulmus
ve 10 mm yiiksekliginde numuneler tiretmek i¢in 50 MPa sabit basing altinda Mg'nin
erimesini (650 °C) onlemek i¢in 600 °C'de 1 saat siire ile sicak presleme islemine tabi
tutulmustur. Oksidasyonu dnlemek i¢in {iretim sirasinda saf argon gazi kullanilmistir.
Sicak presleme isleminden sonra numuneler dikey bir firinda 1200 °C’de 4 saat
boyunca indrt argon gazi atmosferi altinda sinterlenmistir. Sinterleme sirasinda
eszamanli olarak Mg da (1090 °C) buharlastirilmis ve numunelerden uzaklastirilarak
makro gozenekler olusturulmustur. X-Isin1 Kirinimi ve Taramali Elektron Mikroskobu
incelemeleri, tiim numunelerin mikroyapisinda ana faz olan f fazimin yani sira az
miktarda a fazi ve saf Nb’un bulundugunu géstermistir. Uretilen gozenekli alasimlarin
mekanik ozelliklerinin sungerimsi kemik implantasyonu uygulamalar1 igin yeterli iken,
yogun (kortikal) kemik implantasyonlar1 i¢in uygun olmadiklar1 sonucuna ulasilmistir.
Verimsiz sicak presleme ve yetersiz sinterleme sicakliginin bir sonucu olarak olusan

mikro gozeneklerin diisiik mekanik 6zelliklere neden oldugu gorilmiistiir.

Anahtar kelimeler: Gozenekli Titanyum-Niyobyum alagimlari, Mg bosluk olusturucu

yontemi, Mekanik 0zellikler, Sicak presleme, Toz metalurjisi.






1. GIRIS

Sert dokularin zarar gérmesi ve mariz hale gelmesi, yapay protezlere duyulan
ihtiyact dogurmaktadir. Bu dogrultuda dizlerde, kalgalarda, kalp kapakciklarinda (yapay
kapaklar), damarlarda (stentler), dirseklerde, kulaklarda, omuzlarda veya dis yapilarinda
ikame protezler ve implant malzemeleri kullanilmaktadir (Ramakrishna, 2001; Aherwar,
2015). Sert dokularin bozulmalarina neden olan bir diger etmen de yashliktir. Birlesmis
Milletlerin 2013 tarihli bir raporuna gore, 60 yas iizeri niifus oran1 giderek artmaktadir
ve 2050 yilinda diinyanin gelismis kesimlerinde yaslt insan niifusunun %45’e kadar
yukselmesi beklenmektedir (Ozan, 2015). Son yillarda arabalar, bisikletler ve mobilet
ve motosiklet gibi diger tasitlarin kullaniminin yayginlasmasina bagli olarak bunlardan
kaynaklanan kazalarin sayist da ylikselmektedir. Tiim bunlar ortopedik ameliyatlara ve
biyomedikal malzemelere duyulan ihtiyac1 daha da artirmaktadir.

Protezler seramik, polimer ya da alasimli malzemelerden iiretilebilmekte, ayrica
metalik malzemeler de biyomalzeme implantlarin %70-%80’inin iiretiminde
kullanilmaktadir. Son donemlerde paslanmaz ¢elik ve Co-Cr alagimlarina bir alternatif
olarak CP Ti kullanimi 6nerilmektedir. CP Ti’nin insan kemigiyle biyo-uyumlulugu
daha yiiksektir ve ¢ok iyi asinma direncine sahiptir (Wu, 2014; Zhuang, 2008).

Implant malzemesi ile kemik arasinda yiiksek Young modili uyumsuzlugu
oldugunda implantlarin gevsemesi durumu ile karsilasilmaktadir ve bu durum “gerilim
perdelenmesi” ad: verilen kemik protez uygulamalarinda siklikla rastlanilan bir sorunu
teskil etmektedir. Elastik katsayiy1 azaltma amacina yonelik olarak Ti temelli alagimlar
gelistirilmistir. Arzu edilen gozenekli yapiya sahip TiNb alagimlarinin iretilebilmesi
icin “bosluk olusturucu” adi verilen yontem en uygun yontem olarak goriilmektedir.
Bununla beraber bosluk olusturucu yontem kullanildiginda malzemede iki tiir gozenek
olusmaktadir: bosluk olusturucu malzemenin uzaklastirilmasi ile elde edilen makro-
gOzenekler ve yetersiz sinterlemeden kaynaklanan mikro-gozenekler. Olasi kirlilikleri
6nlemek ve kuresel sekilli ve birbirleri ile baglantili gézenekler olusturmak amaciyla

magnezyum tozu yeni bir bosluk olusturucu malzeme olarak kullanima girmistir.






2. LITERATUR TARAMASI

2.1. Biyomedikal Uygulamalar icin Ti-Esash Alasimlarin Temel Malzeme

Gereksinimleri

Insan viicudundaki metalik implantlarin  uzun dénem yik dayanimi
performansina etki eden ¢ok sayida etmen bulunmaktadir. Bunlardan en 6nemlisi
mekanik uyumluluktur. Biyomedikal uygulamalarda kullanilacak herhangi bir implant
malzemesinin sertlik, dayaniklilik, yipranma ve asinma direngleri gibi biyomekanik
ozellikleri ile, toksisite (zehirlilik) gibi biyomedikal &zelliklerine hassasiyetle 6nem
verilmelidir (Long Ve Rack, 1998; Wang, 1996; Nnamchi, 2016). Ti-esash alasimlarin
mekanik oOzellikleri insan sert dokularmin gereksinimlerini karsilayacak seviyede
olmalidir.

Bu amagla Ti gibi malzemelerin alasimlari hazirlanirken en uygun karisim
degerleri kullanilarak gercek insan kemiginin diisiik esneklik katsayisi (modulus) ve
yiiksek dayanim degerlerine yakin 6zellikler elde edilmeye ¢alisilmaktadir.

“Biyomekanik uyumsuzluk™ olarak bilinen olgu yetersiz mekanik dayanimi ya
da implant ile insan dokusu arasinda elastik katsayr (modulus) degeri uyumsuzlugunu
ifade etmektedir. Insan kemiklerinin stresten korunmasinin arkasindaki ana gerekce de
implant malzemesi ile insan dokular1 arasindaki bu biyomekanik uyumsuzluk ya da
elastik katsay1 farkidir (Huiskes, 1992).

Insan bedenine bu malzemeler yerlestirildiginde meydana gelecek biyolojik
degisikliklerin degerlendirilmesi de yiiksek onem arz etmektedir. Fizyolojik ortamda
polarizasyon direnci, ilgili metalin iyon salmm hizini ifade etmektedir. implantlarda
kullanilan malzemeleri biyo-uyumluluklarina gére yasamsal, notr ve zararli olarak iig

smifta toplamak mimkiindir (Liang, 2016).

2.2. Ti-Nb Faz Diyagram

Ti-Nb denge diyagraminda yalnizca iki kararli kati faz bulunmaktadir, bunlar

hep a-fazi ve bee B-fazidir (Moffat ve Larbalestier, 1988). Bu diyagrama gore %3
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Nb’de ve 400 °C sicaklikta hep a-fazi kararli durumdadir. 400 °C’de o + B fazlan
karisimi1 Nb igerigi artirildiginda kararli hale gelmektedir. Nb igeriginin 400 °C’de %38
Nb’ye ¢ikarilmasi ile kararli B faz1 elde edilebilmektedir (Aleksanyan, 2012) . Saf Ti’de
sicaklik 882 °C’nin iizerine ¢iktiginda hcp o fazindan bcec B fazina doniisiim

gerceklesmektedir.

2.3. Ti-Nb sistemi: yapi ve ozellikler arasindaki iliski

Ti 8824+2°C’de alotropik (es 6zdekli) doniisiime ugramaktadir; bu sicakliktaki
saf Ti a fazindan B fazina doniigiir. 882+2°C’nin altinda, a-faz1 hegzagonal siki paket
kristal (HCP) yapisindayken, 882+2°C’de [ fazt hacim merkezli kubik (BCC)
yapidadir. Titanyuma ilave edilebilecek alasim maddeleri B-doniisiim sicakliklarina olan
etkileri agisindan ¢ kategoride toplanmaktadir. Bunlar sirasiyla p-stabilizor, o-
stabilizor ve notr maddelerdir (Leyens ve Peters, 2003).

[B-stabilizor maddeler ise faz doniisiimii iizerindeki dogrudan etkilerine gore [3-
izomorfik ve PB-Otektik (eutectic) olarak ikiye ayrilmaktadir. Vanadyum, molibden,
tantal ve niyobyum [ fazinda tamamen ¢o6ziilebilen B-izomorfik elementlere Ornektir.
Bu elementlerin alasimdaki oranlarini artirarak f-dontisiim sicakligini daha da azaltmak
mimkunddr (Leyens ve Peters, 2003).

Nb miktar1 ile Young katsayis1 arasindaki iligki tespit edilmistir. Nb miktarini
artirarak Young katsayisini diislirmek miimkiindiir. Ti-Nb alasgiminda en diisiik Young
katsayist Nb orami kiitlesel olarak yaklasik %40 oldugunda tespit edilmistir (Ozaki,
2004).

2.4. Gozenekli TiNb

Gozenekli metal malzemeler tiretebilmek i¢in ¢ok sayida yontem gelistirilmis
olup, en ¢ok kullanilanlar1 sivi hal ve kati hal teknikleridir (Banhart, 2001). Siv1 hal
teknikleri gozenekli titanyum ve alagimlarimi itiretmek icin uygun degildir ¢Unku
titanyum yiiksek sicakliklarda atmosferik gazlarla (6r: oksijen) reaksiyona girmektedir.

Bu yontem, aliminyum, ¢inko ve magnezyum gibi elementlerden ve daha ziyade basit
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streclerle elde edilebilen (Banhart, 2001), diisiik erime noktasina sahip gozenekli
malzemelerin iiretimi i¢in kullanilabilir.

Ancak Ti alasimlarimin elde edilmesinde toz metaliirjisi yontemleri gibi
yaklasimlar kullanilmalidir (Leyens ve Peters, 2003). Toz metalirjisi yontemleri daha
diisiik sicakliklarda ve atmosferik gazlarla daha az kimyasal reaksiyona neden olacak
sekilde tretim yapabilmektedir. Bu iiretim siireclerinin ve elde edilen gozenek

ebatlarinin ve sekillerinin kontrolii diger yontemlere gore daha kolay olmaktadir.

2.5. Toz Metalurjisi

Metal veya seramik tozlarinin sinterlenmesi cesitli parcalarin {iretiminde
kullanilan en basit liretim yontemlerinden birisidir. Sinterleme, kimi zaman ilave basing
kullanilarak erime noktasina oldukc¢a yakin seviyelere ylikseltilmis sicakliklarda
baglanmis tozlar elde etme yontemidir. Sinterlenen her tir malzeme igin, uygulamada
kullanilan sicaklik yiikseldik¢e neticede elde edilen sinterleme seviyesi de
yukselmektedir (Chmielewski, 2014). Yapilan yogunluk Ol¢iimlerine dayanarak,
sinterlemenin sicaklik, sinterleme siiresi, basing ve atmosfer gibi pek ¢ok degiskenden
etkilenen karmasik bir siire¢ oldugu anlasilmaktadir; tiim bu degiskenler elde edilecek
sinterlenmis malzemenin 6zelliklerine etki etmektedir (Weglewski, 2012).

Gozeneklenme seviyesi tozun fiziksel boyutu kiigiildiikce azalmaktadir, cilinkii
yiiksek yiizey alanina sahip pargaciklar daha yiiksek enerji seviyesinde bulunmaktadir
(Capek, 2015). Bu da daha diisiik sinterleme sicakliklarinda bile daha hizli sekilde
sinterlenecekleri anlamima gelmektedir. Go6zeneklenmenin yiiksek olmasi elastik
katsay1y1, dayanimi ve egilme dayanimini azaltmaktadir. Bosluk olusturucu yonteminde
ise gozenek boyut ve seklinin mekanik Ozelliklere etkileri farklidir. Bosluk
olusturucular ile sinterlenmis tozlarda, bahsi gecen bu gbézenek olusturucu maddelerin
hacimsel oranlar1 vasitasiyla gozenek miktari, gézenek sekli ve makro-gozenek ebatlari

kontrol edilebilmektedir (Capek, 2015; Maya, 2012; Ryan, 2006).
2.6. Uretim Yontemleri

GoOzenekli  malzemelerin  iiretiminde kullanilabilecek, kivilelm plazma
sinterlemesi (Spark Plasma Sintering, SPS) (Ghasali, 2016; Zhang, 2015b), mikrodalga
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sinterleme, metal enjeksiyon kaliplama (Metal Injection Molding, MIM) (Zhao, 2013),
konvansiyonel sinterleme (Conventional Sintering, CS) (Aydogmus, 2010), eklemeli
Uretim (additive manufacturing — 3D baski) (Duda ve Raghavan, 2016) ve bosluk
olusturucu yontemi gibi ¢ok sayida yontem mevcuttur (Aydogmus, 2010).

Kesin siirlart olan gézenekli pargalar elde etme imkani, gdzeneklerin homojen
dagilimini saglamasi ve farkli boyutlarda gozeneklerin kullanilabilmesi gibi nedenlerle,
toz metaliirjisi yontemi Ti ve Ti alagim1 malzemeler elde edilmesinde tercih edilen bir
yontemdir. Gozenekli yapilarin elde edilmesi i¢in izlenen adimlar genellikle tozun
hazirlanmasi, sikistirma ya da kaliplama, baglayicti ya da bosluk malzemesinin
uzaklagtirilmasi ve sinterleme seklindedir.

Bosluk olusturucu yontemi (Space holder technique, SHT) yiiksek gozeneklilikte
TiNb elde etmek i¢in kullanilmaktadir. Metaller, seramik pargaciklari, polimer taneleri
ve tuzlar yer tutucu malzeme (ya da gozenek olusturuculari, yer dolduruculari, gozenek
doldurucu malzemeler vb.) olarak kullanilabilmektedir. SHT’nin goézeneklilik
seviyesinin ve gozenek sekilleri ile bunlarin dagiliminin ayarlanabilmesi gibi avantajlar
vardir (Wen, 2001; Esen ve Bor, 2007; Aydogmus ve Bor, 2009). Bu yontem genellikle
karigtirma, soguk ya da sicak sikistirma, sinterleme ve bosluk malzemesinin
uzaklagtirilmasi adimlarindan olusmaktadir.

Yer tutucu malzemelerin kullaniminda siklikla karsilasilan bir sorun da yiiksek
miktarda yer tutucu malzemenin son {irlinden nasil uzaklastirilacagidir. Bir diger 6nemli
husus ise dogru yer tutucu malzemenin secilmesidir. Biyomedikal uygulamalar g6z
oniine alindiginda sinterlemenin ardindan iiriinde kalan yer tutucu maddenin zararh
veya zehirli olmamas1 gerekmektedir, zira bu maddelerin insan viicudu tarafindan
emilerek metabolik zararlara yol agmasi ihtimali bulunmaktadir. Ure (Andrade, 2015),
amonyum hidrojen karbonat (Lin, 2010), tapyoka nisastas1 (Mansourighasri, 2012),
sodyum kloriir (Jha, 2013), polimer malzemeler (Nugroho, 2010) ve magnezyum
(Nakas, 2011) da dahil olmak iizere ¢ok sayida malzeme farkli arastirmacilar tarafindan
yer tutucu olarak denenmistir. Sodyum kloriir (Ye ve Dunand, 2010), potasyum sorbat
(Esen ve Bor, 2011) ve potasyum kloriir (Esen ve Bor, 2011) gibi ¢ok sayida suda
¢oziilebilen yer tutucu maddeler de bulunmaktadir.

Magnezyumun avantaji buharlastiginda kontaminasyon riskinin de ortadan

kalkmasidir. Bu ¢alismada gozenekli TiNb alasimlari elde edilirken yer tutucu olarak
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magnezyumun tercih edilmesinin temelde iic nedeni vardir. Bunlardan ilki,
magnezyumun TiNb igerisindeki ¢oziiniirliigiiniin gérmezden gelinebilecek kadar diisiik
seviyede olmasidir. Ikincisi, sinterleme asamasinda Mg indirgeyici bir ortam
olusturarak TiNb alagimlarinin oksitlenmesini 6nlemektedir. Son olarak, Mg viicutta
disik miktarlarda ¢ozlilmekte ve zehirli olmayan bilesikler olusturmaktadir

(Aydogmus, 2010).

2.7. GoOzenekli Metalik Malzemelerin Basma Davramslar:

GoOzenekli metalik malzemeler, gosterdikleri deformasyon davraniglarina bagl
olarak elastomerik, plastik-elastik ve kirilgan-elastik olarak U¢ ana grupta toplanabilir
(Esen, Z., 2007).

e Elastomerik: bu tipteki dogrusal elastikligin cok diisiik bir gerilimi vardir;
gerilim seviyesi %5 ya da daha asagidadir. Bu yapida eger hiicreler kapali
yapida ise hiicre yiizeyi ya da hiicre duvarlari genisleyerek dogrusal bir elastiklik
saglamaktadir. Gozeneklerin elastik olarak ¢Okmesi ise hiicre duvarlarinin
elastik biikiilmesi sonucu meydana gelmektedir. Ac¢ik ve kapali gézeneklerin
elastik ¢cokme gerilimi lizerinde farkl etkileri vardir.

o Plastik-elastik ¢cokme ve yogunlagma: Polimerler ve plastik egilme noktasina
sahip metalik kopiikler sahip olduklar1 dogrusal elastik rejimin Gtesinde yiike
maruz kaldiklarinda c¢Okmektedir. Plastik ¢cokme sayesinde gerilim-gerinim
egrisinde uzun yatay dizliikler ortaya c¢ikmaktadir. Plastik deformasyon
meydana geldikten sonra yogunlasma baslamaktadir ve gerilim oranit hizl
sekilde yiikselmektedir.

e Elastik-kirllgan: bu tiir basma davranigi genellikle seramik kopiiklerinde ve

kirilgan gézenekli malzemelerde gozlenmektedir.






3. YONTEM VE GERECLER

3.1. Kullanilan Tozlar

Bu calismada gozenekli TiNb alasimlarinin elde edilmesinde Ti, Nb ve Mg
tozlar1 kullanilmistir. Alagimin atomik oranmi TizgNbys (agirlikga %40 Nb, %60 Ti)
olarak belirlenmistir; bu oran ikili Ti-Nb alasiminda en diisiik elastik katsayiy1
sunmaktadir ve bu nedenle biyomedikal uygulamalarda kullanima uygundur. Saf
titanyum (%99.5) ve saf niyobyum (%99.8) tozlarinin pargacik biiytikliigii -325 mesh
(45um’den kiigiik) olarak belirlenmistir ve her iki toz da Alfa Aesar, Almanya’dan
tedarik edilmistir. Numunelerin i¢inde kiiresel gozenekler elde etmek icinse bosluk
olusturucu madde olarak magnezyum tozlari (TangShan WeiHao Magnesium Powder
Co., Ltd., Cin) kullanilmis ve magnezyumun (%99.8 saflikta) tanecik boyutu 100-600

um olarak belirlenmistir.

3.2. Deney Yontemi

Bu calisma kapsaminda yaygin toz metaliirji yontemlerinden ikisi olan sicak
presleme ve bosluk olusturucu teknikleri kullanilmig, bu yontemler birlestirilerek
gbozenekli TiNb alasimlar1 elde edilmistir. Farkli oranlardaki Ti, Nb ve Mg tozlar
(hacimsel olarak %40, %50, %60 ve %70 Mg) baglayict madde olarak az miktarda
(birka¢ damla) etanol kullanmak suretiyle elle karigtinlmis ve ardindan sicak
preslemeye maruz birakilmisgtir. Kaba Mg pargaciklarinin ince Ti ve Nb tozlar ile
muntazam bir sekilde kaplanabilmesi igin etanol kullanilmasi gereklidir. Homojen bir
dagilim elde edilmesi icin karistirma siiresi 15 dakika olarak belirlenmistir.
Karistirmanin ardindan malzemeler ¢ift tarafli grafit kalipta sicak pres firmi kullanilarak
50 MPa basingta ve 600°C’de 1 saat boyunca sikistirilmistir.

Sicak presten sonra numunelerinin ylizeylerinin temizlenmesi igin taslama
uygulanmistir. Taslamadan kaynaklanabilecek deformasyonlarin ortadan kaldirilmasi

icin ise perdahlama yapilmistir.
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Sicak pres ve taglama asamalarindan sonra numunelerin basingsiz sekilde
sinterlenmesi i¢in Protherm PTF 14/50/450 model dikey firin1 kullanilmistir.

Sinterleme esnasinda ayni anda hem gbzenekler olusmus hem de Mg
uzaklastirilmistir. Sinterleme sicakligir 1200 °C, siiresi ise 4 saat olarak uygulanmistir.
Tiim sinterleme ve Mg uzaklastirma islemleri yiiksek saflikta argon ortaminda
gerceklestirilmistir.

Sinterlenmis gézenekli TizgNbgs numuneleri dikey firininin sicak bélmesinde
yavasca sogumaya birakilmistir. 1200°C’den 150°C’ye soguma yaklasik 8 saat
sirmistiir. Saf Ti gaz gidericileri kullanilarak sinterleme esnasinda olusabilecek
oksitlenmeler asgariye indirilmistir. Tel erezyon EDM kullanilarak tim gozenekli
numuneler 5x5x10 mm ebatlarinda kesilmistir. Tiim numunelerin SEM ve XRD
analizleri ile mikroyapilar1 ortaya ¢ikarilmig, yogunluk ve gozeneklilikleri Arsimet

yontemiyle Olglilmiis ve basma testleri ile mekanik 6zellikleri belirlenmistir.



4. SONUC

Bu calismada gozenekli TizgNbys alasimlar: ilk defa sicak presleme ve bosluk

olusturucu yontemlerinin birlikte kullanilmasi ile tiretilmistir. Bu ¢alismadan elde edilen

sonuclar asagida belirtilmistir.

Elde edilen tiim numunelerde makro ve mikro gozenekler olusmustur. Makro-
gozenekler Mg buharlagsmasi sonucu, mikro gozenekler ise verimsiz sicak
presleme ve sinterleme nedeniyle olusmustur. Sicak presleme sicakligit Mg erime
noktasi ile smirhidir (650 °C). Calismada 600 °C olarak uygulanan sicak
presleme sicakligi biitiin mikro-gézeneklerden arinmaya yetecek Seviyede
degildir. Ayrica kullanilan 1200°C’lik sinterleme sicakligi da istenmeyen mikro-
gozeneklerin engellenmesine yetmemistir.

Tum goOzenekli numunelerin mikro-yapilar1 esas olarak p fazindan ve az
miktarda da a fazi ile ¢ozlinmemis saf Nb’den olugmaktadir. 1200°C sinterleme
sicakligi Nb’nin tam ¢dziinmesi i¢in yeterli degildir. Ayrica mikro-yapidaki Nb
dagilimi da tamamen homojen olarak gerceklesmemistir. B fazinin farkli
noktalarindan alinan EDS nokta analizi farkli Nb igerigi degerlerini géstermistir.
GoOzenekli numunelerin mikro-yapilarinda oksitler, karbiirler veya Mg kalintilart
gibi kirletici edici tirlinler gézlenmemistir ve sinterleme esansinda Mg tozlari
basari ile uzaklastirilmistir. Kullanilan Mg ve Ti gaz alicilart islem esnasinda
oksitlenmenin engellenmesi konusunda yeterli olmustur.

Yogunluk testi sonuclari gozenekliligin %43’ten %68’e yiikselmesi ile
numunelerin -~ yogunlugunun azaldigim1  gostermektedir. Ayrica toplam
gozenekliligin artmast ile gozenekler arasindaki baglanti ve agik gozenek
oranlari da yiikselmistir.

Artan gozeneklilige bagli olarak TizsNbys alasiminin elastik katsayisi, akma ve
basma dayanimi azalmistir. %43, 54 ve 59 gozeneklilikteki numuneler gozenekli
kemiklerin protezi i¢in uygundur ancak diisiik dayanikliligt nedeniyle %68

gozeneklilikteki numune uygun degildir. Ote yandan
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numunelerin higbirisi kortikal kemiklerin protezlerinde kullanmaya uygun
mekanik 6zelliklere sahip degildir.
Mikro-gozenek igerigini ortadan kaldirmak ya da en azindan asgari seviyeye

indirmek ve Nb’nin homojenik dagilimini saglamak i¢in sinterleme sicaklig

1200 °C’den yliksek olmalidir.
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