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Abstract
In the present study, Ti-35wt%Nb alloy prepared by powder metallurgy

technique, a various amounts of Zirconium (3.9, 5.4, and 6.9 wt%) and
Silicon (0.2 ,0.4 ,0.6 wt %) added to the base alloy. The compact pressure
was 700 MPa and the green compacts sintered at 1100°C for 6h in inert gas
(Argon), then the specimens cooled in the furnace. The effect of heat
treatment on the properties of Ti-35Nb shape memory alloy was studied.
Also the microstructure was characterized using (scanning electron
microscope combined with energy dispersive X-ray spectroscopy, X- Ray
Diffraction Analysis, X ray Fluorescent Analysis, Differential Scanning
Calorimeter and light Optical microscope). The mechanical properties
(Compression, Hardness, and dry wear test), electrochemical (Open circuit,
and Polarization tests), and toxicity (Static immersion test) was also study.
Results appear that the porosity percentage decreases gradually with
increasing both (Zr and Si) additions. The XRD results show that the base
alloys and base alloy after heat treatment consist of two phases (3 phase)
and (a-phase) at room temperature. The presence of both o and 3 phase is
evident in an alloy with additive Zr and Si. The primary o phase diminishes
gradually as the Zr and Si content increases because Zr and Si [} stabilizers
depress the transition temperature by stabilizing the  phase. The results of
transformation temperatures DSC test showed that the transformation
temperatures, Ms decreased after adding Zr, Si and after heat treatment for
base alloy. The results of shape memory effect showed that the shape effect
improved after adding (Zr and Si) and after heat treatment where the
improvement ratio is (56.66, 76.36 and 70.44) % respectively.
The addition of Zr, and Si leads to higher values of hardness compared
with the master alloy, where the improvement of percentage for highest
percentage of addition of Zr, Si and after heat treatment process of base



alloy was (48.55%, 29.6%, 72.4%) respectively. The wear resistance
increases with the addition of Zr and Si where the improvement of wear
rate for C3 alloy at 10 N reached 73% and 50 % at load 15 N, respectively,
while the improvement percentage for D3 was (86.5%) and (76.5 %) at
load (10, 15) N, respectively. The compressive strength of Ti-35%wt Nb
alloy increases with increases Zr, and Si elements addition, but the
compressive strength of master alloys with Zr additives is higher compared
with master alloys with Si additives, where the improvement ratio is
(57.62%) for C3 alloy while it is equal (34.31%) for D3 alloy. After the
heat treatment process the compression strength improves significantly
where the percentage of improvement (50.40%).

Due to the formation of the inert protective layer on the surface of the
metal after the heat treatment process and after the addition of the elements
(Zr and Si) it improves in corrosion resistance of Ti-35Nb alloy in
Simulated body fluid and Hank's solutions. It was shown that higher
improvement with the addition of the 6.9 % wt. Zr, the improvement was
reach (176.8%) in Hank's solution, while the higher improvement in
Simulated body fluid was (53%) for 0.6 wt.% Si. Also the results of
immersion test in Simulated body fluid and hanks solutions showed that
the amount of metal ion release significantly decrease after Zr and Si
additions and after the heat treatment. The contact angle of the specimen
decreases dramatically after heat treatment and addition Zirconium and

Silicon.
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Chapter one Introduction

1.1. General View

Biomaterials are those materials intended to interface with
biological systems, either to replace, reconstruct, enhance or support
either tissues or tissue function. Biomaterials have typically been
metallic, ceramic and polymeric. Metallic materials are being used for
long for prostheses; ceramic specially hydroxyapatite has been used for
bone reconstruction, and polymeric materials have been found for
innumerable applications, from surgical sutures and surgical glues to
contact lenses, heart valves, etc, [1]. Biomaterials are divided into two

types: biological and biomedical biomaterials; every type can be divided

into subdivision as shown in figure (1.1)

CBiomedical: artificial origin> <Biological: natural origin}

collagen
elastin

chitin

Figure (1.1) Types of Biomaterials [1].
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In the past decade, B type titanium (Ti) alloys were widely

investigated owing to their low Young’s modulus, high strength, high
corrosion resistance, and good biocompatibility. Non-toxic elements,
such as niobium (Nb), molybdenum (Mo), zirconium (Zr), tantalum (Ta),
and stannum (Sn), were added to achieve low Young’s modulus and good
mechanical properties [2-5]. These metastable [ type Ti alloys with non-
toxic and allergy-free elements become attractive since the allergic

reactions of nickel (Ni) ions released from Ni-Ti alloy was eliminated

[6].

Ti-Nb has considered being the most popular Ti-based alloy in many
years ago because the appropriate properties: biocompatibility and
pseudoelasticity are used for medical implant. Among Ti alloys, B alloys
exhibit the lowest elastic modulus and wear resistance as well as a high
hardenability [7]. Nb is a B phase stabilizer that increases ratio of the p/a
phase and maintains advantageous mechanical characteristics [8, 9]. Ti-
Nb based alloys draw a considerable attention for biomedical applications
not only due to their non-toxicity, good corrosion behavior and
biocompatibility, but also due to the presence of Nb that is reported as
favorable for ontogenesis, cell adhesion, proliferation, and differentiation
in vitro [ 10,11]. Table below show the properties of Ti-Nb alloy. In any
case, the pseudoelasticity is in sufficient for the real applied usage.
Consequently, the third element alloys was researched to prove some
weakness of the former alloy. A variety of third-element alloys have been
approved in many past decades for instance Ti-Nb- Zr[12], Ti-Nb-Ta[13]
and Ti-Nb-Al [14].
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Table (1.1) Show Titanium Niobium Alloy Properties

Compound Formula TiNb

Molecular Weight 140.733

Appearance Metallic solid in Various forms (plate,
sheet, ingot, Custom parts)

Melting point 1900°C

Boiling point N/A

Density 5.7g/cm3

Solubility in H20 N/A

Specific Heat 0.427J/g.°C

Tensile strength Ultimate :450 MPa (at RT)

Thermal conductivity 10 W/m.k

Thermal expansion 9.03 *10™-6/°C

1.2. Shape-memory alloys.

Shape-memory alloy (SMA) is a smart material that has the ability to
return to its pre-deformed size and shape via either the application of
heat, (because of shape memory effect), or elimination of the load,
(because of super elastic effect) [15]. The capability of SMAs to regain
their shape is due in part to the ordered crystalline structure between the
phases of austenite and martensite that enables the material to undergo a
displacement (diffusionless) martensitic phase transition as a result of
temperature change or applied stress. Other microstructural features, like
precipitate formation, dislocation development, and grain texturing also
affect the properties of SMAs and encourage the shape recovery process.
Super-elastic SMAs have been shown to develop a flag-shaped hysteresis
under cyclic axial loading at a macroscopic level [16], which can provide

both a more recent and supplementary energy dissipation as seen in figure

(1.2) [17].
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SMAs are extensively used in biomedical applications. Orthodontic
wires, catheters and intravascular stents are particular examples of
medical devices that benefit from the shape memory effect in these
unique alloys [18].

NiTi alloys (Nitinol), are widely used as shape memory alloy The
Ti-Ni alloys have been successfully applied as biomaterials such as
orthodontic arch wires, guide wires and stents in addition to many
engineering applications. Ti-Ni alloys are also considered as one of the
attractive candidates for orthopedic implants, etc. However, it has been
pointed out that pure Ni is a toxic element and causes Ni-hypersensitivity.
Although the Ti-Ni alloys are considered as safe in the human body based
on experience and scientific consideration, in order to solve the
psychological problem on the risk of Ni hypersensitivity, Ni-free Ti-
based SM and SE alloys have been recently developed, e.g., Ti-Nb-Sn,
Ti-Nb-Al, Ti-Nb-Ta, Ti-Nb -Zr, Ti-Nb-O, Ti-Nb-Pt, Ti-Mo-Ga, Ta-Mo-
Sn and Ti- (8-10) Mo -4Nb-2V-3Al. It has been found that Ti-Nb binary
alloys exhibit SME and SE at room temperature, and their SE properties
can be considerably improved by thermomechanical treatment. It has
been also found that SE properties of Ti-Nb alloys can be improved by

the addition of alloying elements such Zr, Ta, Pt and O.
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STRESS

STRAIN

Figure (1.2): Idealized Superelastic Shape Memory Alloy Stress-Strain
Behavior [4]

1.3 . Biomedical Applications of Shape Memory Alloys.

In recent years it became clear that the largest commercial
successes of SMAs are linked to biomedical application. The combination
of good biocompatibility, good strength and ductility with the specific
functional properties such as shape memory effect and superelasticity
creates a unique material for medical applications. Especially the
superelastic effect of SMAs results in unique combination of high
strength, high stiffness and high pliability; no other material or
technology can offer this unique combination [19] . The followings, some

medical applications of SMA:s.
1.3.1. Cardiovascular application

» Angiography : A medical imaging procedure used to image the interior

of the blood vessels and organs of the body, with a particular interest in
the arteries, veins, and chambers of the heart, is angiography or

arteriography. The procedure includes the application to the heart
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chamber or coronary artery of a radiopaque contrast medium through a

catheter [20].

» Angioplasty is a form of treating an artery or blood vessel with stenosis

or blockage to restore natural blood flow. Stents are the instruments used
to "open" the narrowed artery or blood vessel. Also, stents are classified
into two categories: expandable balloon stents and self-expandable stents,
with the latter being more widely used. The SME plays an important role
here because the martensitic stent is compressed to be directed to the
desired position and recovers its original shape at the temperature of the
inner body when released from the catheter, supporting the wall of the

vessel and allowing normal circulation, as shown in figure (1.3) [21].

Figure (1.3): A stent that has been used to open the coronary artery [21]

» Atrial Septal Defect: is a situation where there is a hole or defect in the

wall between the left and the right atria of the heart which consequently
leads to oxygen-rich blood from the left side to mix with oxygen-poor
blood on the right side thus depriving the organs and the brain from the

proper amount of oxygen and in the long term this may be lethal [22].

1.3.2. Orthopedic applications
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The devices developed for orthopedic applications are used to

support injured, weakened or fractured bones. One such applications is
the spinal vertebra spacer, see Figure. (1.4), which is used to provide
local reinforcement to the Vertebrae and prevent motion during the
healing process [23]. The device applies a constant force on the joint,

hence will provide flexibility

Fig. (1.4) Martensitic state shape memory spacers (left) and their original
form (right) (right) [24].

In orthopedic applications, bone plate is used in surgical treatment
of broken bones as shown in Figure. (1.5). The plates based on the SME
have been developed to allow for a constant and uniform constraint on the
two sections of the broken bone. The continuous pressure between the
two parts of the bone encourages rapid healing as well as a quick
recovery of mobility compared to traditional surgical techniques. Like
synthetic bone plates, compression stables are used to set broken bones
and promote healing. They are implanted directly into the area of the
break to compress the two parts of the bone. Nails for marrow cavity
stimulate the osteosynthesis where long bones, such as the femur, are
broken [25].
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The current surgical procedure to treat the break consists of hollowing
out the bone marrow cavity of the two bone sections followed by the
reconnection and insertion of a nail to allow the healing of the break. The
nail is made of an SMA stem with soft polymer ends that completely fill

the cavity and prevent relative movement of the bone. [2 6].

Fig. (1.5) Orthopedic plates [27].

The porous nature of the material enables the existing bone tissue
to migrate inward, increasing bonding strength. Furthermore, the implant
properties (Stiffness and porosity) can be engineered to match those of
bone. [28,29].

1.3.3. Dentistry:

The range of applications for SMAs has grown over the years, a
major area of development being dentistry. One example is the
prevalence of dental braces using SMA technology to exert constant
tooth-moving forces on the teeth; the nitinol archwire was developed in
1972 by orthodontist George Andreasen. This revolutionized clinical
orthodontics and has also had an effect on fiber optic development.

Andreasen's alloy has a patterned shape memory, expanding and
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contracting within given temperature ranges because of its geometric

programming [30].

(@) the archwire (b) expanded palate

Figure (1.6): Orthodontic applications [31, 32 ].
1.3.4. Applications to surgical instruments

Medical industry lately, medicine and has concentrated on the
notion of minimal invasive surgical procedures. These devices are useful
in many interventional and endoscopic procedures. The basic applications
for surgical instruments are: guide wires, devices for laparoscopy,
catheters, snares and basket which is used for kidney and bladder stones
removing [33.34].. Different type of endoscope showed in figure (1.7)
[24].

otk

£
YV —

Fig. (1.7) a few types of endoscopic (a) stiff endoscopic, (b) Flexible
endoscopy and (c) Semi—flexible endoscopy [24].
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1.4. Objectives of the Work

The aim of this study are:

1- Study the effect of Zirconium and Silicon addition with different

percentage on mechanical properties as hardness and wear resistance.

2-Modulus of elasticity was important for beta type Ti-Nb alloys so the
effect of Zirconium and silicon addition with different percentage on

modulus of elasticity of prepared alloy was studied
3-Corrosion rate and ion release of the prepared alloy was studied also.

4-Study the effect of heat treatment on physical , mechanical , modulus of

elasticity and corrosion resistance of the prepared alloy.

5-Make a compartion between elements additions and heat treatment on

properties of prepared alloy.
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2.1. Introduction

This chapter covers a general view about titanium and its alloy used
in implants and about bone structure. There will be a focus on their
chemical compositions which will include biomaterials, mechanical
properties, biocompatible, osseointegration and biology of wound healing
following implant placement, corrosion behavior and types of corrosion,
wear properties, shape memory alloy and properties of shape memory
alloy, effects of alloy types of titanium alloys, phase diagram of Ti-Nb,
alloying elements in Ti alloys such as zirconium Nibuom, and silicon,
and titanium alloy processing are included casting and powder metallurgy
blending and mixing of the powders, compacting and sintering). Finally,
the end of this chapter will cover up some of the recent researches and

studies about titanium alloys.
2.2. Requirements and Limitations of Biomaterials.

The selection of biomaterial must address at least three criteria. The
first being biocompatibility in which the material must be able to function
and perform with an appropriate host response in a specific situation [35]
that is not harmful or toxic to the living tissues in the human body.
Secondly, it should be strictly inert chemically to discourage passivation
or corrosion that facilitates removal or revision surgery. Lastly, it depends
on the intended medication application whether the implant should be
resorbable over time or osseointegrate with the host bone, promoting
bone ingrowth at the implant surface or securely linking the bone to the

surface of the implant [36].
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2.2.1. Mechanical Properties.

The mechanical properties like tensile strength, hardness, modulus,
elongation (strain), fracture resistance and fatigue strength or life play an
important role in material selection for application in the human body
[36]. The material to replace bone is required to have stiffness matches
the bone, which is shown in table (2.1). It is targeted to prevent
inadequate strength or mismatch of stress (stress shielding) between the
living bone and implant that lead to crack nucleation and fracture. The
material aimed to replace bone is expected to have modulus ranges from
4 to 30 GPa within a variety of bone type and the angles or phases of

measurement [37].

Table (2.1): Mechanical properties of human bones [38]

Yield Ultimate Elastic Modulus,  Elastic Density,

strength, MPa  strength, MPa  GPa stram, % g/em’
Fibula - 80-100 15.2-19.2 [19-2.10 1.73-191
Humerus - 149-151 15.6-16.1 190-2.20 1.72-1.77
Tibia 129 84-156.71 16.2-23.83 [.56-3.09 1.83-1.96

Femur 11414 08-141 13.6-16.8 1.07-2.83  1.80-1.91
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2.2.1.1 Stress Shielding

problem of current implant materials that is related to mechanical
factor is of high stiffness. In this scenario, the implant shields the adjacent
bones from the stress transferred, thereby preventing bone from
functioning and thus causing bone resorption and consequently implant
loosening. This phenomenon is called the stress shielding effect which
leads to bone cells death [39]. Cases of stress shielding effect are
normally observed in medial side of proximal femur after hip
replacement, or under tibial implant [36]. Thus, selection of material with
optimized coexistence of sufficient strength yet Young’s modulus closest
to bone is vital in promoting a good quality and durable implant. To avoid
stress shielding, more flexible components have been proposed [40].
Current research has shown improvements especially in Young’s
modulus and strength/ductility balance of metallic biomaterials.
However, a high flexible metal may create unsustainable interface
stresses between bone and implants and eventually damage accumulation
in cemented implants or failed ingrowth within cement less implants [36].
Young’s modulus is most extensively researched because of its close
connection to alleviate stress shielding that causes bone atrophy and poor
bone remodelling [41]. Therefore, many scientists and engineers have
been since developing materials with comparative Young’s modulus to

bones and sufficient structural strength to be used in prostheses.
2.2.1.2 Wear of Metallic Biomaterials.

Property of wear property can be defined as damage to a solid
surface, including progressive loss of material because relative motion
between that surface and a contacting substance or substances as shown

in Figure (2.1). Recently main concern, for further development of
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metallic implant materials is among others, stress transmission between
hard tissue and metallic implant components which are in contact since
further bone degradation and bone adsorption should be avoided.
Namely, a great difference between bone and metallic implant materials
hardness and other mechanical and tribological characteristics may lead

to further bone loss and degradation [42].

The process of wear can rupture the protective oxide film inherently
present on the alloys surface, which can lead to accelerated attack in the

presence of a corrosive environment [43].

( f
IPolymer cup |

Metallic /ceramic head

Attack of bone tissue by
immune system

[ Wear debris
)f Jl (Polymer/metallic)

Figure (2.1): Wear of Total Joint Replacements
2.2.1.3. Wear Testing Methods

Given the aforementioned limitations, especially in terms of the
tribological properties, it is important to characterize the wear and friction

of developed biomaterials using a suitable test methodology. The
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methods that are most commonly used in the study of the wear behavior
of metallic biomaterials are the pin-on-disc, block-on-disc and ball-on-
disc [44]. Table (2.2) summarizes the advantages and disadvantages of

various wear test configurations [45]

Table (2.2): Advantages and Disadvantages of Different Wear Test Configurations

Test Advantages Disadvantages Test format
Pin-on-Disk After run-in, surface Difficult to stratify the pin.
pressure remains constant| | Suppose the pin does not stand
Easy to determine wear perfectly vertical on the plate, Pm ww TﬂCk
’

volume and wear rate. the edz= contact results. A very
long run-in time is therefore

necessary. The front edze of the

pin can skim off lubricant. This

makes a defined brication state Rom D"k
impossible.
Ball-on- High surface pressures are Minimal contact ratio: The
possible. The ball skims off contact surface of
Disk Jubricant less than a pin
e the ball is small compared to the

sliding track on the disk. The

The model 1s similartoa | contact area is enlarged by wear.

linear friction bearing anda | Difficult to determine the wear
radial fnction bearing. volume of the ball.

Block-on- | Themodeliscapableof

sinmulating a variety of

disc harsh field conditions, e 2.

high temperature high

speed. and high loading
pressure

Rotating Disk
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2.2.3.4. Wear Mechanisms

Understanding of wear mechanisms is very important so as to design
materials which are suitable for the reduction of wear [46]. Wear

mechanisms generally can be grouped into six generic types:

1- Adhesive Wear. The wear of adhesive is caused by the surface
interaction and welding of the junctions at the sliding contact. This
mechanism of wear is affected by the bonding type (metallic, ionic,
covalent and van der Waals) in the contact junction. The weaker part of
the materials in contact is removed and transferred to the counter surface
if the bond in the junction is stronger than the bond in the bulk. Surface
removal results in a rough appearance and a large volume of worn

material, thereafter, severe wear [46].

2- Delamination Wear The debris is plates, the length to the thickness is
ten times caused by forming and fracture such as a cylinder in internal
combustion machining may by occur in abrasive wear. It is seen that the

ductility increases the strength of material against delamination [45].

3- Fatigue Wear: The debris of wear is generated by cyclic loading of

the contact. Fatigue wear can be characterized by crack formation and

flaking of surface material [46].

4-Erosion Wear: Caused by impact of solid or liquid or gaseous
particles form losses in weight or removal of particles in which the fluid
carry the particles .it is depended on the kinetic energy for particles and

the emission of the energy on the surface [46].
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5-Tribochemical Wear: Tribochemical wear results from the removal of
reaction products/layers formed in situation from the contacting surface
[46].

6-Abrasive Wear. The remove of material by hard particles slide
between two surfaces in relative motion. The surface deforms plastically
and grooves are produced in the surface [47]. More than one type of
mechanism can be involved in a wear situation. Also, these individual
mechanisms can interact sequentially to form a more complex wear
process. However, one mechanism generally is the controlling and
primary mechanism. The relative importance or occurrence of individual
mechanisms can change with changes in tribosystem parameters.
Therefore, materials can exhibit transitions in wear behavior as a result of
changes in other operational parameters, such as load, velocity, and
friction [48].

2.2.2.Biocompatibility.

It is essential that the metallic biomaterials that are used in medical
implants to be biocompatible, nontoxic and not causing any inflammatory
or allergic responses in the body. An implant may cause alteration
mechanically or chemically in its adjacent environment or systemically,
such as materials degradation in vivo and the human body reaction
towards the implant [49].

Three groups of responses from the human body towards biomaterials
are biotolerant, bioactive and bioreabsorbable. The exposure of the
implants to human tissues and fluids will result in reactions that will
determine either the body system accept or reject the implant [50]. There

are four reactions that happen more frequently than any other cases.

ARY
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Firstly, the protein absorption, whereby protein immediately spread over
the outer layer of the implant and controls the response of the host,
including cells and tissues. Secondly is the degradation of material in
whereby a metallic implant corrodes, a ceramic implant is resorbed or the
occurrence of polymer hydrolysis. Thirdly, the evolution of local host
response through initiation of inflammatory which is followed
consequently by repair process until the reaction becomes stable. Lastly,
the systemic effects that happen remotely at a distance from the implant
via chemical and mass transport phenomena in which implants release
small particles from wear or damage and induce interference that might
be carcinogenic to our immunologic system [36].

Table (2.3) shows the biological impact of different elements. From the
data given, there are four elements which are considered safe to our body
system as no sign of toxicity or allergenic has been traced. The four
elements are titanium (Ti), niobium (Nb), zirconium (Zr), and tantalum
(Ta).
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Table (2.3) : Biological impact of some common alloying elements for implantation [51]

Prone to
corrosion

Periodic

[
position Other

Element  Biocompatible Carcinogenic  Genotoxic  Mutagenic  Cytotoxic  Allergenic

Other | Al

V4
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2.2.3. Corrosion Behavior

Corrosion is a subversive attack on metallic materials when in
contact with a chemical environment. Human body fluid pH in different
tissues varies in the range from one to nine that may be considered an
extremely corrosive environment for metallic materials, because the
presence of a particular amount of NaCl and a series of acids. The
presence of a high chlorides concentration is also considered to accelerate
corrosion of metallic implants that ability lead to metal ion release.
Additionally, most metallic implants are undergone to a static loading or
a low frequency cyclic loading. While corrosion damages of the metallic
biomaterials are found in many forms like crevice, pitting, fretting,
galvanic, wear, intergranular and fatigue corrosion. The attack rate of
general corrosion is very low due to the existence of spontaneous
formation of passive surface layers on most metallic implants that are

utilized at the present time [52].

2.2.3.1.Types of Corrosion

Pitting Corrosion localized corrosion attack made on resistant surface
produces pitting corrosion. It commonly occurs on base metals which are
protected by a naturally forming thin film of an oxide (for instance the
firmly adherent over the surface) when the potential of the film exceeds
the breakdown potential of the oxide in an aggressive environment. In the
presence of given ions such as chlorides and sulphides, the film locally
breaks down and rapid dissolution of underlying metal occurs in the form
of pits [53].

Intergranular Corrosion this type of corrosion happens because of

the technical errors and inhomogeneity that result in more reactive nature
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of boundaries of the grain, that the corrosion of intergranular happens
adjacent to boundaries of grain with comparatively very little corrosion of

grains [54].

Fretting Corrosion this is a form of from erosion corrosion and
considered as the more important form of corrosion for implantology.
Fretting corrosion is a degradation process resulting from the combined
action of small movements between contacting parts and the corrosivity
of the environment. This can lead to tissues inflammation caused by
degradation of metallic materials used in prosthetic implants which will

lead to failure of orthopedic surgical operations [54].

Galvanic Corrosion galvanic or two metal corrosion occurs when two
different metals are in physical contact in an ionic conducting fluid
medium like a serum or interstitial fluid. In much practical applications,
the contact of dissimilar materials is unavoidable. In surgical implants,
galvanic corrosion will occur if a bone plate and bone screw are made of

dissimilar metals or alloys [55].

CreviceCorrosion occurs from the geometry of the implant/prostheses
assembly. Corrosion of an alloy is greater in the small sheltered volume
of the crevice created by contact with another material. The other metal
could be part of the fastener of the same or different alloy, a sheltered

crown, cement packing or implant prostheses joint [53].

Corrosion Fatigue is a fracture failure of metal that happens due to
the combined interaction of electrochemical reactions and cyclic loading.
Corrosion fatigue resistance is an important factor of consideration for
load-bearing surgical implant metals or for metals used in cyclicmotion

applications. Normally, a failure may not happen, but cracks can initiate
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from hidden imperfections, minute flaws, surface damage, chemical
attack and other causes [56]. Types of corrosion can be summarized in

the table below.

Table (2.4): Types of Corrosion in the Conventional Materials Used for Biomaterial
Implants [57].

Type of Materials Implant location
Corrosion
Pitting 304SS, cobalt-based alloy | An orthopaedic,
dental
Implant
Crevice 316L SS Bone plate and screws
Stress CoCrMo , 316LSS Only in vitro
corrosion
Fatigue 316 L, CoCrNi Fe Bone cemnt
corrosion
Fretting Ti-5A12.5Fe , CoCrSS Ball joints
Galvanic 304¢SS/316SS Oral implants (Skrews
«.CoCr+Ti5Al2.5Fe and nuts
Selective Mercury from gold Oral implants
Leaching
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2.3. The Memory Alloys.

Mechanical properties of shape-memory alloys (SMAs) are typically
represented by the characteristic stress—strain curve, which forms a
hysteresis loop in a loading, unloading and shaperecovering process. To
represent the deformation behavior of SMAs, various constitutive
equations have been developed, and prediction of the macroscopic
behavior has been possible using finite-element simulations. [58].

The atomistic behavior leading to the deformation and shape-recovery
Is explained on the basis of the phase transformation between austenite
and martensite phases and the characteristics of the crystal structure. One
well-known atomistic mechanism is illustrated in Fig. (2.2a). The stable
phase depends on the temperature, and phases at high and low
temperature are body-centered cubic (bcc or B2) and martensite,
respectively. The martensitic phase consists of many variants, and each
variant has a directional unit cell. In Fig.(2.2b), for example, a unit cell of
the martensite is illustrated as a box leaning in the positive or negative
direction along the x-axis. Cells leaning in the same direction constitute a
layer, and the direction of the lean alternates between layers. the layer is
called a variant, although a realistic variant is defined as a rather larger
domain. The martensite phase is generated by cooling the B2 structure
shown in Figure (2.2a). Randomly orientated variants are then generated,
as shown in Figure (2.2b) some of the layers change their orientation, as
shown in Figure (2.2¢) This structural change induces macroscopic
deformation. When the external shear load is released, the strain does not
return to the original state except for slight elastic recovery. When the
specimen is heated to the transformation temperature, the martensite

transforms into the B2 structure, and martensite appears again with
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cooling of the specimen. Since the B2 structure is cubic, the shape of the
unit cell is independent of the orientation of the martensite layers.

Therefore, [59] the specimen macroscopically regains its original shape.

L.

('ooling/ \llcating

(a) bcc (B2)
Loading
—_—
<fo--

(Unloading)

(b) Martensite (c) Martensite
(Multi-variant) (Single variant)

Figure (2.2) Schematic illustration of deformation and shape recovery of
a SMA[10].

2.4. Properties of SMA:
2. 4.1 Shape memory effect:

During martensitic phase transformation the molecular structure is
twinned. On a macroscopic scale the size and shape of undeformed
martensite phase is same as the cubic austenitic phase. The temperature at
which starting and finishing of both parent austenitic phase and daughter
martensitic phase has characterized by the following variables Ms, Mf,
As, Af . Ms is the martensite start temperature upon cooling and Mf is the

martensite finish temperature upon cooling, during heating AS and Af are
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the temperatures of the austenite starts and finishes. The loading quantity
of SMA increases with the four variables (Ms, Mf, As& Af ), shape
memory effect (SME) is noticed when SMA temperature is below Mf ,
when the alloy is in deformed martensite, SMA will be recovered the

original shape by heating the specimen above Af as shown figure (2 .3)

and (2.4).

1004  Twinned
martensite

M, Ay

Austenite

Ratio austenite (%)

Temperature (*C)

Figure (2.3); Temperature Hysteresis in SMA [60].
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Figure (2.4); Stress-strain temperature of NiTi SMA [61].

Normally SME refers to the one-way SME in which external load
makes to include de-twinning brings the SMA in to a current distorted
structure that can be regain on heating above Af. In this type there is no
transformation strains are induced during cooling, it resumes its original
shape and rigidity when heated to its higher temperature form (austenite).
This is called the one-way shape memory effect. The ability of shape
memory alloys to recover a original shape upon heating above the
transformation temperatures and to return to a certain alternate Shape
upon cooling is known as the two-way shape memory effect. Two-way
SME is the one in which transformation strains are persuaded during
heating or cooling of SMA Two-way SME is not an essential, but a
developed characteristic [62]. Two-way memory is exceptional. There is
also an all-round shape memory effect, which is a special case of the two-

way shape memory effect [63].
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2.4.2 Pseudo elasticity:

Super elasticity or pseudo elasticity of SMA involves stress
induced strain recovery upon unloading at a temperature above Af . In
general super elastic thermo mechanical loading path starts at zero stress
state where de-twinned martensite is stable examples of this characteristic
are isothermal (constant temperature) and isobaric (constant pressure)
loading paths indicated in Figures (2.5) & (2.6). For achieving the
required constant stress by austenite is not shown in the constant pressure
path. The point which we remember is the constant temperature
conditions carry out only by quasi-static loading which we can treat as
small strain increments. During phase transformation, there is a
dissipation of latent heat which was generated during quasi-static process.
For easy understanding this review paper concentrates most pressure and

constant temperature loading paths will be considered [64].

D
°. o™ Path ch
2 Detwinned Martensile
0

Austenite

y

Temperature, T

Figure (2.5); phase diagram and two possible [64].
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Figure (2-6 );SMA pseudoelastic loading cycle pseudoelastic loading
paths [64].

During loading at a temperature above Mf the transformation
occurred at critical stress levels from austenite to martensite that stress is
called as Transformation stress (a-b). This phase transformation usually
occurs during (b-c) path. During thermo elastic critical stress level large
in elastic strains are going to be developed. If the load increased further
de twinned martensite region (c-d) does not produce any more phase
transformation, during multi-axial loading there may be re-orientation of
martensite twins will occur. At point (d) there will be Reverse
transformation (RT) from martensite to austenite which will leads to
recovery of in elastic strains. At point (e) there will be a complete
transformation from martensite to austenite and the final element of the
loading path (e-a) is identified by regaining of thermo elastic strains
which leads to zero macroscopic strains upon completion of the path.
This transformation process concludes in a hysteresis which returns the

energy dissipated in the cycle.
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2-5 Titanium

Titanium alloys have become increasingly popular as biomaterials
throughout the previous two decades. Some time ago, pure titanium o-
phase Cp-Ti and the first generation titanium alloys o+ phase Ti-6Al-4V
were introduced. However, second generation titanium alloys, also
known as [ -phase titanium alloys, have received a lot of interest
recently. This section will provide a summary of titanium's general
properties, crystals structure of titanium, titanium Alloys, and alloying

elements biocompatibility. [65].

2.5.1. Advantages of Ti-alloys Compares to Other Metallic
Alloys.

After Al, Fe, and Mg, Ti is the fourth 18th most abundant metal and it is
the ninth most plentiful element on earth. It has a metallic silver
appearance. Titanium has a density of 0.6 that of iron and close to 0.5 that
of cobalt. However, it is distinguished with a modulus of elasticity about
0.5 that of molybdenum-cobalt alloys and stainless steels [66]. Titanium
outperforms cobalt-chromium and stainless steel alloys in terms of
(specific strength), but falls short in terms of tribological properties.
Because titanium's properties are intermediate between those of steel and
aluminum [67]. Because of its low density, exceptional corrosion
resistance, and good biocompatibility, titanium is frequently utilized in
medical applications. Titanium and its alloys, on the other hand, have
several disadvantages, such as high cost, fabrication problems,
embrittlement (at high temperatures, oxygen transport occurs in the
surface oxide layer), high reactivity or strong sensitivity to temperatures

over 480°C , and high energy content in production[68].
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2.5.2. Crystals Structure of Titanium

At low point temperatures, pure titanium metal has a hexagonal close
packed (hcp) structure (a-type phase), whereas heating the -transus
temperature leads the alloy to B transition to the body centered cubic
(BCC) B-type phase [69]. It is at 882°C and is determined by the titanium
composition. Its microstructure can be manipulated through
thermomechanical and thermal processes. Furthermore, crystallographic

texture may be evolving; thus, the microstructure can be controlled [66].
2.5.3 Titanium alloy

Titanium and its alloys are getting much attention for biomedical
applications in both medical and dental fields because of excellent
biocompatibility, light weight, ideal balance of mechanical properties,
excellent corrosion resistance. etc. They are mainly used for implant
for example, artificial hip joints, «devices replacing failed hard tissue
plates, dental implants, etc. [70]. The demand artificial knee joints, bone

for Titanium and its alloys has grown considerably.

Commercially pure (CP) titanium material and a number of its
significant alloys in use during the biomedical device domain, along with

their mechanical properties, are exhibited in table (2.5).
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Table (2.5): Mechanical Properties of Biomedical Titanium Alloys [71].

Alloy Alloy Yield | Ultimate | Elongation% | Stress
Young stress | tensile fatigue
modulus |) strength (107)
(GPa) (MPa | (MPa)
Ti-6A1-4 V 110 860 | 930 10-15 610-625
Ti-6Al-7Nb 105 795 | 860 10 500-600
Ti-5A1-2.5Fe 110 820 900 6 580
Ti-12M0-6Zr- 74-85 1000 | 1060- 18-22 525
2Fe (TMZF) - 1100
1060
Ti-15Mo 85 544 | 1440
Ti-15M0-2.8Nb- | 83 945- | 980- 16-18 490
0.2S1-0.26 987 | 1000
(SRxYY)
Ti-35.5Nb-7.3Zr- | 55-66 793 | 827 20 265
5.7Ta (TNZT)
Ti-13Nb-13Zr 179-84 863- | 973- 10-16 500
908 | 1037

Over 1000 tones or 2.2 million pounds of appliances made from
Titanium were used for patients worldwide each year. The elastic
modulus of Titanium and its alloys is closer to that of the bone and much
lower than the stainless steel and cobalt-chromium alloys. Therefore,
Titanium and its alloys are favored in continuing requests [72] The
modulus of elasticity of various biomedical alloys is compared with bone

and shown in figure (2.7).
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CoCr (Cast) 240 |
AISI 316L 210 |
CPTa 200 |
Ti-6Al-4V 112
Ti-6Al-7Nb 110
Ti-5Al1-1.5B 110
CPTi 100 |
Ti-16Nb-13Ta-4Mo 91 ]
Ti-12Mo-6Zr-2Fe 85|
Ti-15Mo-5Zr-3Al (ST) aged 30
Ti-29Nb-13Ta-4.6Zr(aged) 80
Ti-13Nb-13Zr 17|
Ti-29Nb-13Ta-4Mo 74
Ti-29Nb-13Ta-6Sn 74
Ti-29Nb-13Ta-4.65n 06
Ti-29Nb-13Ta-4.5Zr 0D
Ti-29Nb-13Ta-2Sn 62 |

Ti-20Nb-13Ta-7.17r 35
NiTi 48
Bone

T T T T
0 50 100 150 200 250 300
Elsatic
Modulus (GPa)

Figure (2.7): Elastic modulus of Biomedical Alloys [72].

Implant alloy

2.5.4 . Classification of Ti alloys.

Ti presents two allotropic forms in thermodynamic equilibrium; at
low temperatures, it has a compact hexagonal crystalline structure (HC)
constituting the matrix phase called a, while above 883°C it has a cubic
body-centred structure (BCC), called B, as shown in figure (2.8); the
temperature of transformation from a to B of pure titanium increases or

decreases depending on the nature of the alloying elements [73].
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Titaniuma Titanium

Figure (2.8): Crystallographic Cell and Allotropic Transformation

of Pure Titanium.

Figure (2.8) crystalline structure and phase transformations of pure
Ti. Adding most other components stabilizes one phase or the next. A-
Stabilizers include Al, O, N, and C, while two types of B-stabilizers are 3-
isomorphous and f-eutectoid with the main element of (Mo, V, Nb, and
Ta) and (Fe, W, Cr, Si, Ni, Co, Mn, and H), respectively [71] The small
elastic modules that are feasible with these alloys have lately. drawn
interest in applying the implants B-Isomorphous Ti alloys if adequately
processed. The Zr and Sn components found in some Ti alloys are
deemed' neutral' elements with no essential effects on stability in a-or -

phase [71].
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Figure (2.9). Ti alloy equilibrium pseudo binary phase diagram [71].

Titanium alloy can be classified as either a, B, and a- B phase

2.5.4.1 Commercial Purity Ti (a type).

Small numbers of interstitial elements, including O, N, and H, may
include unalloyed Ti (commercial purity or CP Ti). Although the amounts
are low, as indicated in Table (2-2), mechanical characteristics are

affected by reinforcement of interstitial solid solution [74].

. CP-Ti is available in four grades with the lowest O content, the
highest flexibility, Grade IV with the highest O content, and the most
insufficient ductility. Grade | for the manufacture of implants for use in
osteosynthesis (repair of fractures and spinal fusion), Grades Ill and IV
type, while mechanical strength (particularly low fatigue strength)
prevents their use with joint substitution prostheses. However, CP Ti is

used for dental endosseous implants where it is particularly appealing for
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its trait of encouraging fast Osseo integration. The resulting hydroxylase
area with components (Ca2+ and (PO4)3 is supposed to be due to OH -
lons' addition bone mineral phase within the passiveTiO2 layer. The
strengthening of the CP Ti is responsible

for the strain hardening during mechanical forming and the size of the fin

grain and interstitial solid solutions [71].

Table (2.6). Interstitial element limits and mechanical properties for CP Ti (Grades 1-

4)[ 74]
Grade | N(max) | H (max) | O Yield Ultimate | elongation

(max) | stress tensile %

(MPa) Strength

(MPa)
1 0.18 [0.03 0.015 | 170 240 24
2 0.25 0.03 0.015 275 345 20
3 0.35 ]0.05 0.015 380 450 18
4 0.40 0.05 0.015 483 550 15

2.5.4.2 Ti Alloys with (a + B) structure

Ti alloy is used to form a two-phase alloy with a strength (an a + )
more significant than that of CP Ti, retaining an outstanding resistance to
Corrosion and osseointegration, again due to a quick-forming surface
movie TiO2/OH. The Ti (a+p) alloy with the most extended history of
application for significant load-bearing applications is Ti6Al4V, with
more latest solutions with comparable characteristics, Ti6AI7Nb and
Ti5Al12.5Fe. In clinical applications, all three alloys are equally good. The
bar inventory of such alloys is created by thermal processing miller
(inforcement) which results in elevated fatigue strength mattresses [75].
Compared to other metal biomaterials, implants made of these alloy have
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superior corrosion-fatigue characteristics combined with their outstanding
corrosion resistance. The Ti alloys (o + B), in specific fatigue strength,

are heavily dependent upon size and B phase distribution [75].

2.5.4.3.p-Titanium Alloys

The B-stabilizing components in these alloys show Mo one of the
greatest impacts. Table (2-1) includes several B-Ti alloys for use in
orthopaedic implants. The Mo equal of these alloys > 10. For the
elements added as a Ti alloy, i.e., Mo equivalent to 1.0 wt.% Mo, 0.67
wt.% V , 038 wt.% W, 1.6 wt.% Cr, 1.6 wt.% W, 0.22 wt.% Ta, 2.2
wt.% Fe, 1.6wt.% Cr, 1.7 wt.% Cr. This is calculated using separate
weighting variables. Although the Ti and Ti (ot+ B) moduli are
considerably lower than the Co- Cr-Mo or alloys of stainless steel, they
are 5—-10 times greater than the cortical bone module (1020 GPa).
Concerning the use of long-term implants (albeit less than the higher
module co-based stainless-steel alloys), a problem of the bones' stress
shielding next to the well-set CP Ti or (at+ B) Ti alloy implants is
concerned. If properly processed, the B alloys and so-called near-p Ti
alloys show considerably reduced elastic modules value as small as 44-51
GPa for Ti-13Nb-13Zr, a near-f alloy [76] . These alloys show good
formability, elevated hardness, great corrosion resistance, improved noise

sensitivity (o + ) than the Ti alloys if properly processed [77].

A



Chapter Two Theoretical Part & Literature Review

2.6. Effects of Alloying Elements for Titanium Alloys

Titanium alloying element falls into three classes a- Stabilizers, 3
Stabilizers, and neutral. The alloying elements (Al, O, N, etc.) that tend to
stabilize o phase are called a Stabilizers. The addition of their elements
leads to an increase in the allotropic transformation temperature (ATT
However, elements that stabilize the B phase are known as [ Stabilizers
(Nb, Ta, Mo, Mg, V, W, Fe, Ni, Cr, Co, Mn, Cu, etc.). The addition of
these elements decrease the [ transit temperature; when a eutectoid
-transformation happens, this B stabilizer is described as a eutectoid B
stabilizer; otherwise, its called an isomorphous - stabilizer. Suppose no
significant change in the ATT is observed. In that case, the alloying
elements are defined as neutral elements (Zr and Sn), the addition of a
andf stabilizers to Ti gives rise to a field in the corresponding phase
diagram where both a and 3 phases may coexist [78]. Figure (2.10) shows
a schematic representation of the phase diagram types between Titanium

and its alloys elements.
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Figure (2.10): Shows Schematic representation of Kinds of Phase

Titanium and its Alloying Elements [78].

Zirconium (Zr)

Zirconium is a neutral element when dissolved in Ti. Zirconium
belongs to Group 4 (according to the new IUPAC name) in the Periodic
Table, which is the same as Titanium and hafnium, have similar chemical
structure and properties. Thus, they have been recognized as non-toxic
and non-allergic. Zirconium is a transition metal with an atomic number
of 40 and an atomic weight of 91.22 . As a greyish-white lustrous metal,
Zirconium has exceptionally high melting (1857 °C) and boiling (4409
°C) points. Zirconium has excellent resistance to Corrosion, similar to
Titanium and is highly biocompatible [79]. Since both metal surfaces
form a stable oxide layer on their surface within nanoseconds when
exposing to oxygen. Thus¢ the oxidation passivates the materials.
However, Zirconium could not be used in dentistry in its pure for An
extensive review article [80] suggested that Zirconium implants had a
lesser degree of osseointegration than titanium analogue using removal

torque tests. Some surface modifications could restructure the implant
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that could remove torque test values comparable with the titanium
implants. Although the removal torque test values highly depend solely
on the surface structure (in terms of mechanical retention and biological
interaction) than on the implant material itself [81], the atomic structural
arrangement allows the torque performance in metal alloys better than in
ceramics. The reason for using a zirconia implant is merely due to
improvement in esthetic qualities in dental restorations. Thus, the
development of Ti-alloys is still viable and active [81]. Recently titanium
alloys have been developed by adding different properties of Zirconium
as Beta stabilizer which obtaining a low modulus of elasticity close to the
bone (6-30GPa). the changes of Young’s modulus with respect to Ti%,
Nb% and Zr% in an increasing order. As it is evident from the 18
histogram distribution graphs in Figure (2.11) and (2.12) , Figure 4 and
Figure 5, it is difficult to establish a trend on the effect of the alloying

elements on the modulus of Ti-Nb-Zr alloys.
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Ti% vs E
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Figure (2.11) : Plot of Ti-Nb-Zr alloy vs Young’s modulus with respect to

Ti% in an increasing order.
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Figure (2.12) Plot of Ti-Nb-Zr alloy vs Young’s modulus with respect to

Nb% in an increasing order.
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Silicon.

Silicon (Si) has been found to be an essential trace element for the
growth and development of normal bone and cartilage. In 1970s, Carlisle
[82] performed an initial Si deficiency study, which demonstrated the
significant dependence of healthy skeletal development on Si.
Furthermore, he reported that chicks deprived of dietary Si contained
lower level of collagen in the cartilage and they were more apt to suffer
from the deformation to the ends of tibia, femur and metatarsus [83].
Following dietary Si supplement studies on ovariectomized mice
conducted by Nielsen and Poellot showed that Si had stimulatory effects
on cartilage synthesis and might inhibit the physiological resorption
process [84]. A recent clinical report [85] Indicated that the increase of
dietary Si intake in men and premenopausal women could lead to a higher
bone mineral density (BMD). In addition, agueous Si has been shown to
improve osteoblast proliferation, differentiation and collagen production
[86,87]. All these findings revealed that Si plays an important role in the
bone and cartilage system, especially in the growth and development of

skeletal system.
2.7. Heat Treatment and Strengthening Effects.

Heat treatment and strengthening work are two potential methods
that could be utilized to enhance the mechanical properties of the -type
Ti alloy .It is one common method used to improve the mechanical
strength of titanium alloys. Solution treatment is utilized to enhance the
uniform distribution and microstructure across the element [88]. The
cooling rate needs to be fast enough to prevent solid — state diffusion and

precipitation of the phase. The rapid quenching creates a saturated
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solution and allows for increased hardness and improved mechanical
properties of the material. In addition, studies have shown that the highest
degrees of corrosion resistance have been obtained through the maximum
rates of quenching. In general terms, liquid quenching is performed in
water, oil and more recently, in aqueous polymer solutions. Water and oil
quenching cover the extremes in terms of cooling rates, with water being

the fastest and oil being the slowest [89].
2.8. Beta type with nontoxic element (Ti-Nb) alloys.

Niobium In the human body, it has a poorly understood biological
role. This is related to the toxicity of certain niobium compounds, such as
niobates and niobium chloride [90,91]. According to one study, niobium
Is one of most poisonous metal ions, causing immune cell death and
encouraging DNA damage [91]. As a result, until further information is
known, niobium should be handled with caution, particularly when
combined with other alloying elements [92]. Ti-Nb-based alloys are
expectable to be used to biomedical parts due to their low elastic
modulus, superior biocompatibility [93,94], superelasticity and good
shape memory behavior [95]. Being able to use powder metallurgy is
vital due to the ability to produce near-net-shape components without
requiring any deformation and machining operations [96,97]. Ti—Nb can
be fabricated by powder metallurgy through several methods including
conventional sintering, metal-injection moulding [98,99], self-
propagating high-temperature synthesis [100], hot-isostatic pressing
[101], spark-plasma sintering [102,103,104] and microwave sintering.
The microwave sintering technique is a relatively new method to prepare
Ti—Nb alloys, and it is considered a new sintering method for metals,
composites, ceramics and semiconductors [105,106].
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Overall, microwave sintering has several advantages such as enhanced
diffusion process, reduced energy and sintering-process time, rapid
heating rates, and improved mechanical and physical properties
[105,107]. The presence of pores that reduce the elastic modulus of
porous-titanium alloys [108,109] also allows the implant cells to grow
into the pores and integrate with the host tissue [108—110]. This reduced
elastic modulus diminishes the effect of “stress shielding”, which is
generated due to the large mismatch of elastic moduli between the
implant materials (>100 GPa) and hard tissue (<20 GPa). The “stress
shielding” may cause resorption of these hard tissues, loosen the implants

and finally lead to implantation failure [111,112].

2.9.Phase diagram of Ti-Nb Shape Memory alloys

Titanium alloys can be classified into three main categories a, o+f
and B-type, depending on alloy solute content and heat treatment applied
[113]. As shown in figure (2.13) Beta-Ti alloys form one of the most
versatile groups of materials with respect to processing, microstructure
and mechanical properties [113,114]. Titanium alloys microstructure is a
result of a number of solid/solid transformations. Firstly, the
solidification process results in -phase precipitation [115]. Beta grains
develop during the cooling stage along the solidification temperature
range and the B transformation temperature.

As a consequence, large sections, which cool slower, have larger beta
grains. The o phase, typically plate-like shaped, is formed along the 8
grain boundaries when the sample is cooled through the (a+p) phase
field. Alpha plate colonies are the transformation products of the  phase
when cooled below the B transformation temperature [115]. A number of

studies have shown that the resulting microstructure influences the final
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mechanical properties [116—-117]. In the case of Ti alloys, modifications
of microstructure by using several processes such as casting, solution-
treating, aging [118], quenching [113,119], roll bonding [115], cold or
hot working followed by heat treatment and forging [1 15] have provided
considerable changes in tensile strength, fracture toughness, fatigue crack
propagation, wear, corrosion and oxidation resistances and modulus of
elasticity .An increase on Nb content tends to decrease the modulus of
elasticity and stabilizes the B phase. Alloys with lower modulus of
elasticity are nowadays desired in the search of similarity to that of bone.
Some studies have shown that Ti—Nb alloys ranging from 20 to 50
wt%Nb exhibit a modulus of elasticity of about 60 GPa [120,121,121],
which is closer to that of bone when compared to those of other
conventional Ti alloys, stainless steel and Co-Cr alloys [114-115].
Afonso et al. [114] have recently analyzed the microstructures, phases
and mechanical properties of Ti—20Nb alloy samples as a function
cooling rate. They have concluded that high cooling rates increase the
Vickers hardness and decrease the Young modulus (which is about 74
GPa for a cooling rate of 160 K/s) [114]. They have also found a high

volume of martensite within the B grains.
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Figure.(2.13). The phase diagram of the Ti—NDb system.

2.10. Titanium Alloys Processing

The properties of titanium alloys are affected obviously by the
manufacturing operation. Fabrication techniques can be classified as

casting and powder metallurgy.
¥,1+,Y Casting

Processes of casting are among the oldest methods for
industrialization metal goods. In more early casting processes (much of
which are still used today), the mould or form must be destroyed to

remove the product after solidification. The need for a permanent mould,
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which could produce components in endless quantities, was the apparent
alternative [122].

Casting techniques are employed when: 1. the finished shape is so
large or complicated than any other method would be impractical, 2. A
particular alloy is so low in ductility that forming by either hot or cold
working would be difficult, and 3. in Compared with other manufacturing
processes, the final step in the refining of even ductile metals may [123].

The casting process involved the following steps 1-It was melting 2-
pouring it into a previously made mould 3- allowing the molten metal to
cool and solidify in the mould. 4-. Remove the solidified component from

the mould and cle aning it [123].

2.10.2 Powder Metallurgy

Powder Metallurgy (PM) is a celebrated technology to produce parts
of small size and sophisticated shapes. This might be one of the most
important niches of applications for this technology, More recently,
where the vast majority of manufacturing of industrial parts is based on
the PM. Manufacturing methods, where an easy manufacturing route is

produced by compressing the powder .

This manufacturing path might be called the mass production PM
method. Cost is the main parameter to consider , and properties, always
under the engineering requirements, are in the .The main steps to
manufacture parts by powder metallurgy processare shown in Figure (2 -
11).The measure include blending and mixing ofpowders, cold
compaction, and sintering [124]. Powder metallurgy is an essential
commercial technology, and this level [125] s because of the following

request's second considerations:
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I. PM parts can be accumulated and produced to net shape or near-net
eliminating or decreasing the subsequent machining requirement <shape
[125].

ii. PM process is low in wasting materials - about 97% of the starting
powders are converted to product. This compares satisfactorily to

methods of casting in which sprues, runners, and risers [126].

lii. In PM parts, porous metal parts such as filters, gears, and oil-
impregnated bearings can be made with a particular level of porosity
[127]

Iv. Some metals that are hard to manufacture by other methods can be
shaped by powder metallurgy, such as Tungsten filaments for

incandescent lamp bulbs [126] .

v. PM distinguishes how producing such as certain alloy combinations

and cermets made by PM cannot be shaped in other methods [126].

vi. PM is the most favourable casting process in dimensional control

tolerances of + 0.13 mm are regularly held [ 126].

PM production methods can be mechanical for economical production
[127]

There are Limitations associated with PM processing [128]:

I. Owing to the reasonably high compacting pressures required to press

the powder, the dies' wear is increased.

ii. Due to the high rate of wear of dies, increased costs for dies and

the method is rendered uneconomical, particularly for small runs<presses.
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Iii. Since the compacted parts must be ejected from the die without
therefore, the shapes that may be made by this method are «fracture
limited

Iv. The equipment required is very costly.

v. An utterly dense product is not possible without heating the product

after pressing operation.

vi. In the low melting powders such as zinc, tin, and cadmium,

some thermal difficulties appear <occasionally.

vii. The physical properties obtained by this process are lower than those
obtained by other methods

viii. Many metal powders are explosive at room temperature.
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Figure (2.14): Basic Steps of Powder Metallurgy Technique: (1) Mixing
of Powders, (2) Pressing of Powders, (3) Sintering [ 129].

2.10.2.1 Mixing and Blending of the Powders

To achieve good results in compaction and sintering, the metallic

powders must be thoroughly homogenized. Blending is an operation of
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inter mingling powders of the same composition or substance but
possibly different in particle sizes. Different particle sizes are often
blended to reduce porosity, while mixing is defined as using powders of

several or more different materials [126].

The mixing process is used to produce a homogeneous distribution
of powders in the least possible time. The mixing time can be differed
from a few minutes to 24 hours or even some days, depending on the
results desired. Long mixing time leads to work hardening of particles;
thus, it must be avoided. Mixing may be either dry or wet. Wet mixing is
used to produce a uniform mixture of powder particles. It may be
obtained by adding alcohol, benzene, or acetone as a liquid medium
inadequate amount to bring the powder to a thin paste's consistency. After
completing the mixing process, benzene or acetone is removed by mixing

in the air or. controlled oven up to 50 °C [130].

2.10.2.2 Compacting of the Powders

The compaction process is the shaping step in which the very complex
geometries can be achieved with sufficient strength to withstand ejection
from the tools and subsequent handling up to the completion of sintering
without breakage or damage. The pressure used for producing a green
compact of the component depends on the material and the powder's
characteristics. The compacting process must be designed so as the
pressure will be uniformly distributed on the affected area [131]. The part
after compacting is called a green compact with a density called the green

density; figure (2-15) illustrates the compaction pressure effect [132].
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Figure (2.15): (A) Effect of Pressure on Particles Arrangement during

Compaction; (B) Density of the Powders as a Function of Pressure [132].

2.10.2.3. Sintering

The sintering process is a heat treatment operation performed on the
green compact to bond its metallic particles to increase hardness,
strength. The treatment is usually done at temperatures between 0.7 and
0.9 of the melting point of the metal. Sintering processes can be divided
into two types: solid-state sintering and liquid-phase sintering. This solid-
state sintering is termed when the metal remains un-melted at the
treatment temperatures. The liquid-state sintering termed when a minor
constituent becomes molten at the treatment temperature; the amount of
liquid phase must be limited so that the part retains in shape [133]. Figure
(2.16) shows a microscopic scale, the changes that occur during the

sintering of metallic powders [131].
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Figure (2.16): Change during Sintering of Metallic Powders: (1) Particles
Bonding is started at Contact Region; (2) Contact Region Grow into
Necks (3) The Pores between Particles are Reduced in Size, and (4) Grain
Boundaries Develop between Particles in Place of Necked Regions [131].

The driving force of solid-state sintering is the difference in free
energy or chemical potential between the particles' free surface and

contact points of linked particles [134].

The rate of particle bonding during sintering depends on temperature
materials, particle size. Small particles are more energetic, so they sinter
faster. Parameters such as particle size and surface area, time
temperature, green density, pressure, and atmosphere are functional

parameters during sintering [135].
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Literature Review

A shape memory alloys (SMA) is an important functional material for
biomedical implants applications. Such biomedical SMAs should exhibit
good corrosion resistance and biocompatibility as well as shape memory
effect (SME) and/or superelasticity (SE). In this study a systematic
attempt has been made to develop new Ni-free SMAs composed of Ti and

non-toxic element.

In 2009 B. L. Wang, et al .[136] investigated the effects of Zr addition
and potentiodynamic polarization on the microstructure and corrosion
resistance of Ti—22Nb and Ti—22Nb-6Zr alloy samples, results of XRD
and optical microscopy indicated that the addition of Zr stabilized the
phase, which plays a crucial role in the corrosion resistance improvement
of the Ti-22Nb—6Zr alloy. From the polarization curves, it can be seen
that the alloys exhibited a wide passive region without the breakdown of
the passive films and also low corrosion current densities. In addition, the
values of the corrosion current densities and passive current densities
decreased with the addition of 6 at% Zr into the Ti—22Nb alloy.

In 2011L.W.Ma,et al. [137] investigated fabrication and characterization
of porous Ti-22Nb-6Zr (at.%) shape memory alloys produced using
elemental powders by means of mechanical alloying and hot isostatic
pressing. It is found that the porous Ti-22Nb-6Zr alloys prepared by the
HIP process exhibit a homogenous pore distribution with spherical pores,
while the pores have irregular shape in the specimen prepared by
conventional sintering. X-ray diffraction analysis showed that the solid
solution-treated Ti-22Nb-6Zr alloy consists of both B phase and a

martensite phase. Morphologies of martensite were observed. Finally, the
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good porous Ti-22Nb-6Zr SMAs produced by both MA and HIP exhibit
mechanical properties, such as superior superelasticity, with maximum

recoverable strain of 3%.and high compressive strength.

In 2012 E. N Camargo et al [138] produced a new nickel-free titanium
alloy Ti-22Nb-6Zr (%at) in order to expand the application field of SMA.
Samples were produced by mixing of initial metallic powders followed
by uniaxial and cold isostatic pressing with subsequent densification by
sintering between 800-1600 °C, in vacuum. Sintered samples were
characterized for phase composition, microstructure and microhardness
by X-ray diffraction, scanning electron microscopy and Vickers
indentation, respectively. Density was measured by Archimedes method.
It was shown that the samples were sintered to high densities and
presented homogeneous microstructure with complete dissolution of

alloying elements in the titanium matrix.

In 2013, A.LRoselino Ribeiro, et al [139] studied the behavior of new
T135Nb5Zr andTi135Nb10Zr alloys in artificial saliva at 37 °C to verify if
they are indicated to be used as biomaterials in dentistry as alternatives to
Ti6Al4V alloys in terms of corrosion protection efficiency of the
material. Electrochemical impedance spectroscopy (EIS) experiments
were carried out for different periods of time (0.5-216 h) in a three-
electrode cell, where the working electrode (Ti alloys) was exposed to
artificial saliva at 37 °C. the result show that ,the new TiNbZr alloys
showed similar behavior to that observed for theTi6Al4V. XPS results
suggest, in the case of the TiNbZr alloys, the presence of a thicker
passive layer containing a lower fraction of TiO2 phase than that of
Ti6Al4V. After long-term immersion, all alloys develop a calcium

phosphate phase on the surface. The new TiNbZr alloys appear as
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potential candidates to be used as a substitute to Ti6Al4V in the

manufacturing of dental implant-abutment sets.

In 2013, A. Terayamaa ,et al [140] investigated The effects of
ternary alloying additions of Ta, Al and Sn and cold working on the shape
memory characteristics of the Ti—Nb based alloys fabricated by powder
metallurgy (PM) process.. The mixed elemental powders at compositions
of Ti—22at%Nb and Ti-22 at%Nb—4at%X (X=Ta ,Al and Sn) sintered by
a pulse-current sintering equipment .The solution treatment was carried
out to obtain homogeneous microstructure .As a result, the solution-
treated Ti—22 at%Nb alloy consisted of (a+p) phases at a temperature
300K. The martensitic transformation start temperature of the Ti-22%Nb
alloy was lower than that of the wrought alloy of the same composition
The Ti—22at%Nb—4at%Al alloy indicated a super elastic-like behavior in
the stress—strain curve, but the super elastic behavior could not be

observed in the solution-treated alloys of other compositions.

In 2014 M, Y Gaoet al. [141], studied Nickel-free Ti-22Nb—6Zr alloys
were fabricated by conventional powder metallurgy sintering method. X-
ray diffractometer (XRD) investigation showed that the as-sintered alloys
mainly consisted of B phase with a few needle-like o phase precipitates
Differential scanning calorimetry (DSC) measurement in the temperature
ranging from —70 °C to 400 °C and constant stress thermal cycling test by
dynamic mechanical analysis (DMA) were unable to reveal the
martensitic start temperature of sintered Ti—22Nb—6Zr alloys There was
an obvious drop of both Young’s modulus and recoverable strain at
—85 °C ~ —80 °C in the Young’s modulus-temperature and recoverable
strain—temperature curves of sintered Ti—22Nb—6Zr alloys respectively,

which was attributed to the occurrence of thermal elastic martensitic
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transformation at this temperature. The result had revealed that sintered
nickel free Ti-22Nb—6Zr alloys are thus thought to be potentially
competitive biomaterials for biomedical applications.

In 2014, B. Y, , Zheng et al [142], studied a Ti—45Nb alloy with low
Young's modulus and high strength was developed, and microstructure,
mechanical properties, corrosion behaviors, cytocompatibility and in vivo
osteo-compatibility of the alloy were systematically investigated for the
first time. The results of mechanical tests showed that Young's modulus
of the Ti—Nb alloy was reduced to about 64.3 GPa (close to human
cortical bone) accompanied with higher tensile strength and hardness
compared with those of pure Ti. Importantly, the Ti—Nb alloy exhibited
superior corrosion resistance to Ti in different solutions including SBF,
MAS and FAAS (MAS containing NaF) media.

In 2015 , A.M.. Tavares. et al, [143], studied the microstructures and
properties of Ti-35Nb-xSi alloys wt. %) which were thermally treated and
(,0.13 , 0.55 , conditions: furnace cooling cooled under the following
(FC), air cooling (AC), and water quenching (WQ). The results showed
that Si addition is effective to reduce the density of omega precipitates
making beta more stable, and to produce grain refinement. In all cooling
conditions, the hardness values increased with the increasing of Si
content, as a result from the strong Si solid solution strengthening effect
while the elastic modulus underwent a continuous reduction due to the
reduction of omega, precipitates in beta matrix. Lower elastic moduli
were observed in water-quenched alloys, also the increase in Si
concentration also produced an increase in the alloys' mechanical strength
of Ti-35Nb-0.55S:i alloys.
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In 2016, M.Yahaya.et al [144] investigated effect of addition Nb
Niobium powder to the elemental titanium (Ti) powder by wt %, cold-
compacted and sintered at 1200°C. The samples were characterized in
microstructures <term of shape and sizes of the particle, phases present
and compressive strength. XRD pattern showed that increasing Nb
content resulted in increased beta-phases which also evidenced by a
greater fraction of light gray-scale image in back-scattered SEM analysis.
lowest The alpha phase region almost eliminated in the 35 wt% Nb. The
compressive strength was observed in 45 wt% Nb is due to partly
crystallized region in the microstructure observed. The alloy containing
35 wt% Nb exhibited better beta-phase structures in the matrix. All

sintered samples are potential candidates for implant applications

In 2017 J. W. et al.[145] founded that the alloy Ti-13Nb-(0-6) Zr alloys.
were fabricated by conventional powder metallurgy sintering method
Their microstructure, phase transformation temperature and mechanical
properties were investigated by optical microscopy, scanning electron
microscope, X-ray diffraction, differential scanning calorimetry and
compression test. It was found that with more Zr addition, the content of
B phase increased while the content of precipitated o phase reduced. With
1 at.% Zr increase, the Ms of Ti-13Nb-(0~6) Zr alloys decreased linearly
their Ms temperature by around 10 °C.

In 2018 E. Yilmaz et al [146] investigated the effects of Sn content (2
and 4 wt%) on microstructure and mechanical properties of Til6NbXSn
sintered alloys. The results indicated that Til6Nb (0—4)Sn alloys were
composed of a+  phases. Hardness and Young’s modulus E of the alloys
measured using Nano indentation technique. These results show that there

IS a relationship between the mechanical properties and Nb—Sn content. It
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is concluded that addition of Nb to the cp-Ti resulted to a decrease in

Young’s modulus.

In 2018 Mustafa K. IBRAHIMI1 et al [147] The effects of microwave-
sintering on the microstructure, phase composition, phase-transformation
temperature, mechanical properties and shape- memory effect were
investigated. The results show that the density and size of porosity vary
based on the sintering time and temperature, in which the smallest size
and the most uniform pore shape are exhibited with Ti—23%Nb SMA
after being sintered at 900 °C for 30 min. The microstructure of porous
Ti—Nb SMA consists of predominant «”, a, and g phases in needle-like
and plate-like morphologies, and their volume fractions vary based on the
sintering time and temperature. The g phase represents the largest phase
due to the higher content of g stabilizer element with little intensities of «
and «" phases. The highest ultimate strength and its strain are indicated
for the sample sintered at 900 °C for 30 min, while the best
superelasticity is for the sample sintered at 1200 °C for 30 min. The low-
elastic modulus enables these alloys to avoid the problem of “stress
shielding”. Therefore, microwave heating can be employed to sinter Ti-
alloys for biomedical applications and improve the mechanical properties

of these alloys.

In 2019 Yuqging Zhang et al [148] study the influence of low Nb content
(025 wt%) on the comprehensive parameters of tensile stress—strain
relationships (ultimate strength (rUTS), yield strength (r0.2) and elastic
modulus (E)), surfaces properties (Vickers microhardness, surface
roughness (Ra), water contact angle (WCA), X-ray diffraction (XRD) and
scanning electron microscopy (SEM)), corrosion resistance (in artificial

saliva and lactic acid) and biological properties XRD results shown that
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b Ti alloy phases, such that the 8 phase all the Ti—xNb alloys comprised a
increased correspondingly with the increased amount of Nb in the alloy,
as well as the reduction of E (69—-87 GPa). Except Ti—5Nb, all other Ti—
XNb alloys showed a significantly higher hardness, increased rUTS and
r0.2, and decreased WCA compared with cp-Ti. No corrosion was
detected on Ti—xNb alloys and cp-Ti in artificial saliva The cytotoxicity
of Ti—xNb alloys was comparable to that of cp-Ti in MC3T3-El pre-
osteoblasts without interference from differentiation behaviour, but the
proliferation rate of the Ti—5Nb alloy was lower than other groups. and

lactic acid solutions.

In 2020 Elena O. Nasakina et al ,[149] Using the methods of electric arc
melting, intermediate heat treatments, and consecutive intensive plastic
deformation, a Ti—Nb—Zr alloy wire with a diameter of1200 m was
obtained with a homogeneous chemical and phase (B_-Ti body-centered
crystal lattice) composition corresponding to the presence of
superelasticity and shape memory effect, corrosion resistance and
biocompatibility. Perhaps the wire structure is represented by grains with
a nanoscale diameter. For the wire obtained after stabilizing annealing,
the proof strength Rp0.2 1s 635 MPa, tensile strength is 840 MPa and
Young’s modulus is 22 GPa, relative elongation is 6.76%. No toxicity
was detected. The resulting wire is considered to be promising for
medical use.

In 2020 ,Kyong Min Kim et al ,[150] investigate the effects of the Nb
and Zr contents on phase constitution, transformation temperature,
deformation behavior, and Young’s modulus were investigated. Ti—Nb

and Ti—Nb—Zr alloys over a wide composition range, i.e., Ti—(18—40)Nb,
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Ti—(15-40)Nb—4Zr, Ti—(16-40)Nb—8Zr, Ti—(15-40)Nb—12Zr, Ti—12-
17)Nb —18Zr were fabricated and their properties were characterized. The
phase boundary between the o phase and the p martensite phase was
clarified The Ti—25Nb, Ti-22Nb—-4Zr Ti—19Nb—-8Zr, Ti—17Nb—12Zr and
Ti—14Nb-18Zr alloys exhibit the lowest Young’s modulus among Ti—
Nb—Zr alloys with Zr content of 0, 4, 8, 12, and 18 at.%, respectively.
Particularly, the Ti—14Nb—18Zr alloy exhibits a very low Young’s
modulus less than 40 GPa. Correlation among alloy composition, phase
stability, and Young’s modulus was discussed.

In 2020 Yuya Ishiguro et al [ 151], show that the addition of low
amounts of oxygen remarkably enhances the [-phase spinodal
decomposition at high temperatures. The B phase in Ti-23Nb-XO (at.%)
alloys (X =2, 3, 4, and 5) separates into the B1 phase, i.e., (T1)(O, Va)3,
and the B2 phase, i.e., (Ti, Nb)(Va), at 1073 K. Moreover, nanoscale
concentration modulation is introduced. In Ti-23Nb-10 (at.%) alloy, the
B-phase spinodal decomposition occurs at a temperature below 1000 K.
The volume fraction and composition of the B1 and 2 phases depend on
the heat treatment condition and alloy composition, in particular, the
oxygen content. The spinodal decomposition of Ti—-Nb-O alloys take
about 10—2-10—-3 s at 1073 and 900 K, which is significantly faster than
that in Ti-40Nb (at.%) alloy at 600-700 K. Hence, the spinodal
decomposition in Ti—-Nb—O alloys is presumed to progress even during
water quenching. The results suggest that the control of the
microstructure of Ti—-Nb-O alloys requires careful control of both the
alloy composition and heat treatment conditions, including the cooling

rate.
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Table (2.7) Comparison between some researches and this study

Reference

Alloy
composition

Addition
alloying

Fabricated Method

Results

YY1

Ti-22Nb

1 Zr

Arc melting

the addition of Zr stabilized the
B phase, which plays a crucial
role in the corrosion resistance

improvement

AR

Ti-22Nb

Powder metallurgy
HIP

The solid solution-treated Ti-
22Nb-6Zr alloy has both
martensitic & phase and  phase,
according to X-ray diffraction
investigation

YYA

Ti-22Nb

6Zr

Powder metallurgy

It was shown that the samples
were sintered to high densities
and presented homogeneous
microstructure with complete
dissolution of alloying elements
in the  titanium matrix

YYAa

TiNbZr

(5,10) Zr

Arc melting

The existence of a thicker
passive layer in the case of
TiNbZr alloys with a lower
TiO2 phase percentage than
Ti6Al4V.

Ve

Ti— 22 %Nb

¢ Al
4Ta
4 Sn

Powder metallurgy HIP

The Ti-22%Nb alloy has a

lower martensitic transformation
start temperature than the
wrought alloy of the same
composition. The alloy Ti-
22at%Nb-4at%Al

Ti-22Nb

6Zr

Powder metallurgy

sintered alloys mainly consisted
of B phase with a few needle-
like a phase.

Ti-45Nb

mechanical tests showed that
Young's modulus of the Ti-Nb
alloy was reduced to about
64.3 GPa accompanied with
higher tensile strength and
hardness compared with those of
pure Ti. Importantly, the Ti—Nb
alloy exhibited superior
corrosion resistance.
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Y ey

Ti-35Nb

0.13and 0.5 si

Arc melting

. As the Si concentration rose,
the hardness values climbed but
the young modulus decreased

Ti

35 Nb

Powder metallurgy

The alloy containing 35 wt% Nb
exhibited better beta-phase
structures in the matrix.

V¢o

Ti-13Nb

(0-6) Zr

Powder metallurgy

It was found that with more Zr
addition, the content of  phase
increased while the content of
precipitated o phase reduced.

Ti-16Nb

(0-4)Sn

Arc melting

It is concluded that addition of
Nb to the cp-Ti resulted to a
decrease in Young’s modulus

Ti-32 Nb

Powder metallurgy

The microstructure of porous
Ti—-Nb SMA  consists of
predominant ", a, and S phases
The highest ultimate strength
and its strain are indicated for
the sample sintered at 900 °C for

30min

Ti -(0-25) Nb

Powder metallurgy

results shown that all the Ti-
B Ti xNb alloys comprised a
alloy phases, such that the B
phase increased correspondingly
with the increased amount of Nb
in the alloy

Ti-Nb-Zr

Electric arc melting

tensile strength is 840 MPa and
Young’s modulus is 22 GPa,.
relative elongation is 6.76%

\On

Ti-Nb-Zr
Ti-Nb

arc melting

alloys  exhibit the lowest
Young’s modulus among Ti—
Nb-Zr alloys with Zr content of
0, 4, 8 12, and 18 at.%,
respectively

Vo)

Ti-23Nb

0(23.45)

Powder metallrgy

In Ti-23Nb-10 (at.%) alloy, the
B-phase spinodal decomposition
occurs at a temperature below
1000k
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Most of the research is titanium niobium but manufactured by
casting method. And the other thing is that the study of corrosion of
titanium niobium alloys with the addition of different proportions of
silicon was not addressed in previous studies and also the heat treatment
of alloys manufactured by the method of powder metallurgy and

conducting a thermal treatment on them.
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Chapter Three Experimental Work

3.1. General View

The materials and equipment utilized in this study are discussed in
this chapter. Powder mixing was utilized in the experiment to prepare
specimens from elemental powders, compaction and sintering, based on
traditional powder metallurgy techniques, have also been discussed in
depth. Several tests are also explained, including microstructure, phase
identification by X-ray diffraction, Differential Scanning Calorimeter

corrosion resistance, wear resistance.

3.2. Materials Used

The materials used to prepare (Ti-Nb) alloys in this research are
detailed in table (3.1) with average particle size, purity and the original

ingredients from HWNANO-company in china.

Table (3.1) Powders Used in Alloys

Titanum 99.6 25.42
Niboum 99.95 5.16
Zirconium 99.9 20.48

Silicon 99.8 4.742
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3.3. Particles Size Analyzer

Particle size distribution of elemental powder (Ti, Nb, Si, and Zr) was
carried out in College of Materials Eng. /Ceramics and Building
Materials Labs./University of Babylon" by Laser particle size analyzer of

type: Better size 2000,China,as shown in Figure (3.1).

Figure (3.1): Laser Particle Size Analyzer

3.4. Design and Steps of the Experimental Procedures

Figure (3.2) depicts the experimental procedure utilized in this
investigation.
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|[ Powder Preparation ]

[ Mixing the powder for 6 h ]| 700Mpa

-
[ Compacting of mixtures at

[ Porosity and Density ]—[ Sintering ]

I[ Tests ]' '
- \ \
Mechanical Tests 1 MlcrOStrPthre Electrochemical Tests |
h [ characterization
Y, J
Hardness | ¢ E_ [ Polarization test ]_
Wear 4=mmm XRD
[ ion release ]—
XRF
Young's
modules
SEM ¢
Gorbrassie Open Circuit
1V — _
stangth DSC . Potential -

Figure (3.2): Program of the Present Study
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3.5 .Preparation of Specimens.

Powder metallurgy technique was used to prepare the specimens.

The procedure involves four steps:

3. 5.1. Preparation of mixing powders

Mixing mixtures from elemental powder given in table (3. 1) with
different weight percent have been prepared in this stage. The base
mixture of (Ti-Nb) contain of (Ti-35Nbwt%) have been prepared.
Furthermore; additives from Si and Zr each alone added to the base
mixture to explain the effects of alloying element on the corrosion
resistances, wear resistances and hardness. Chemical Compositions of
prepared alloys from elemental powders used in this study have been
shown in table (3.2).

Table (3.2) The code and composition of the alloys which are used in this

work
Alloys Specimens Alloy Compositions%(wt)
Coding
Nb Zr Si Ti
A Alloy A 35 bal
B Alloy B 35 bal
C Alloys C1 35 3.9 bal
Alloys C2 35 5.4 bal
AlloysC3 35 6.9 - bal
D AlloysD1 35 0.2 bal
Alloy D2 35 0.4 bal
Alloy D3 35 0.6 bal
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3.5.2. Mixing Procedure

The mixing of an elemental powders has been done by using a ball
mill shown in the figure (3.3a). Stainless steel balls with different
diameters as shown in figure (3.3 b) has been used to mix and refine
metal powders for about 6 hours. The increment in the number of contact
areas between the elemental powder particles enhance the mixing
process. wet mixing is done by using 0.5 cc of Ethyl alcohol to every 25 g
of powder mixture. The wet mixing is used to minimize the temperature

generated by friction between the balls with walls and powder.

a b

Figure (3.3) a: The Electrical Rolling Mixer , b: Stainless Steel Balls
3.5.3. Compaction of Mixed Powders.

In this stage electric uniaxial hydraulic press as shown in figure (3.4)
Is used to compact the mixed powder to green specimens with dimensions
( D=13.4mm and t= 6 mm ) that used for the tests .The die used was
single action die made from stainless steel shown in figure (3.5) Graphite
has been used as lubricant in order to minimize the friction between the
punch and the die wall as well as the friction between the green compact
and the die wall and to avoid the cracks initiated from the ejecting of
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green compact . Various compression stresses from (500 , 600, 700, 750,
800 ) Mpa with loading rate (2 ton/ min) and period of applied pressure
time is (4 min) has been used in order to determine the optimum

compression stress that give higher density and low green porosity.

Figure (3.4) Electric hydraulic press one channel, CT430-CT440

Figure (3.5) : Compaction die
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3.5.4 Sintering of Green Compacts

The green compacted specimens have been sintered in a tube furnace.
The sintering process was performed in an argon atmosphere to inhibit
the specimens oxidation.

The sintering process include the following steps:

1. Heating green compact from room temperature to 500 °C.

2. Soaking for (2) hours at 500 °C.

3. Heating from temperature 500 °C to 1100 °C

4. Soaking for (6) hours at 1100 °C.

5. Slow cooling in the furnace with continues argon circumstances to the

room temperature. This procedure is agreeing with [152].

Figure (3.6): Tube furnace with a continued stream of argon.

14



Chapter Three Experimental Work
]

1100° C 6h

Slow coeling
500°C Zh

Time (min)

Fig (3.7): Heating cycle in sintering.
3.6 . Heat Treatment

The heat treatment process involved heating the sintered
specimens to 900 °C and holding it at this temperature for 30 minute then
rapidly cooling in iced water, Fig (3.8) shows the schematic for this

process.

S00°C for 30 min

Rapid cooling in
iced water

Time (min)

Figure (3.8). The procedure of heat treatment used in this study.
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3.7. Preparation of specimens for the Testing

After sintering the surfaces of specimens were grounded with
180, 350, 400,600, 1000,1500 , 2000 and 2500 grit silicon carbide, then
polished with 3um diamond paste to get mirror finish. Then being washed
with acetone in Ultra Sonic Cleaning Device in (figure 3.9), ethanol and
distilled water respectively. Etching of specimens was achieved in
solution with ingredients as the following [153]:
I- HF 3 ml
Ii- HNO; 6ml
iii- H20 91ml

Preparation specimens were spent 7 seconds submerged in the etching
solution, then dried after being cleaned with distilled water.The

specimens are now prepared for microstructure analysis.

Figure (3.9): UltraSonic Cleaning Device.
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3.8. Porosity and Density of Sintered Specimens

The porosity of sintered specimens are calculated according to ASTM
B-328 [154]:

1- The specimen is dried up to 100 C° for Sh under vacuum for (10™ ¢) tor

then cooled to room temperature by using vacuum drying furnace figure
(3.10). The weight of dry spacemen is measured as mass A.

2-At room temperature, using a suitable evacuating pump which was
manufactured for this purpose. The pressure was reduced over the
immersed specimen in oil for 30 minutes.

3-The fully immersed specimen was weighted in the air as mass B.
4-Weighing the specimens in water as mass F

5-Finally, the porosity is calculated as:

P=[B—A(B—F)D°*100] DW .c......cocovrrirrniireireennnnns 3.1
PF=[AB—F] DW ...ciiiiiiiiiiiiiiiiiiiiiianennscnnnnon (3.2)
where :

Dw = density of water (0.9956 g/cm3)
D° = density of oil (0.4 g/cm3)
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Figure (3.10) Vacuum drying furnace

3.9. Testing and characterization

3. 9.1.X- Ray Diffraction Analysis XRD
Using an XRD apparatus type (XRD- 7000, X- ray) in Babylon

university, Department of Ceramics - Faculty of Materials Engineering.
and part of specimen tested at Tehran University, apparatus model
PW1730 made in USE. The alloys were subjected to X-ray diffraction
techniques. The specimen after the sintering procedure were X-ray
diffraction tested. The Cu target was employed with a 40 KV and 30 mA
XRD generator with a scanning rate of 5°/min. ( 10-80) was the scanning

rate.
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Fig (3.11) X- Ray diffraction analysis type (XRD-6000).

3.9.2 Optical Microscope Observation

Grain boundaries have several features, including the identification
and measurement of the phases, form, and grain size. These all have
unique qualities that make them each stand out. The test done at the
University of Babylon ,department of metallurgical engineering in

materials engineering college.

o | i
PR
&

roscope with (100x, 400x

Yo
— //,/

Fig (3.12): Light optical microscope.
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3.9.3. Scanning Electron Microscopy (SEM)

The microstructure of etched specimens is revealed using a scanning
electron microscope. Various magnifications were employed. SEM
examination was performed in Tahran university, apparatus Models

Mira3 as shown in figure (3.13).

Figure (3.13): Scanning Electron Microscop.

¥.4.¢, Energy Dispersive X-ray Spectroscopy (EDX) .
Energy dispersive analysis have been done for all specimens in order
to estimate the chemical composition and to see the distribution of

alloying elements in the specimens, two areas has been taken for each

specimens. The test has been done in Tahran University's.

3.9.5. X ray Fluorescent Analysis (XRF).

(XRF) analyzer, model (XEPOS) type (76004814), is used to explain
the chemical composition for alloys. The test has been done in Tahran

university.
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Fig (3.14) X-Ray Fluorescent (XRF).

3.9.6. Shape memory properties.

3.9.6.1 Differential Scanning Calorimeter (DSC) Test.

Differential Scanning Calorimeter (DSC) analysis has been done in
order to estimate the transformation temperatures for specimens for the
forward transformations to determine the As (austenite start temp.), Af
(austenite finish temp.), Ms (Martensite start temp.), and Mf (Martensite
finish temp.) and use these temperatures for shape memory effect test.
DSC tests are carried out in Tahran university laboratories with devices
models Q600 made in USA while one test done in Faculty of Materials

Engineering, department polymer as shown in Figure (3.15).
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Figure (3.15) Differential Scanning Calorimeter (DSC) Type | Series.

3.9.6.2 Shape Memory Effect

Shape memory effect can be determined from the brinell impression
by using Brinell macrohardness test with load of 3 6.5kg and holding time
of 10 sec. The heat treatment temperature was done depending the results
from DSC test. After the heat treatment completed, carried out the
cooling process for specimens inside the furnace under control argon gas
carried out.The diameter of the ball impression before and after the heat
treatment has been measured using light optical microscope with X100 as
magnification then the shape memory effect can be calculated from the

equation below [155].
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db—da
SMAZW* 100% .o (3.3)

Where: db= diameter of impression in mm before heat treatment.

da= diameter of impression in pmm after heat treatment.
3.10. Mechanical Test.

3.10.1. Measuring Macrohardness.

The macrohardness Brinlle test includes use of load (36.5kg/mm?)
on the specimen to measure its hardness by a carbide ball diameter of (3.9
mm) for (10 sec) as shown in Figure (3.16) located in the metals
laboratory in the Laboratories of the Department of Metallurgical
Engineering -University of Babylon. The average value used was taken
for three readings for each specimen to analysis the behavior of the

alloys.

Fig (3.16) Wilson hardness machine type (UH-250).
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3.10.2. Compression Test.

The Compression test was performed according to ASTM (E9-200)
at room temperature. By using computer control electronic universal
testing machine, Model (wdw 200, No.W1124).The dimensions of
specimens are (13.4mm diameter and 20-21mm in height) the specimens
were placed vertically between the jaws for measuring the compression
strength is shown in figure (3.17). The test was run at a constant loading
speed of 0.5 mm/ min. The compressive strength is calculated by using
the following equations [156] .

Compressive force (MPa)= Max force (N)

Cross sectional area (mm2)

Figure (3.17): Compressive test.

3.10.3. Dry Sliding Wear Test

The wear testing was down at the University of Babylon/Materials
Eng. College-Metallurgical Eng. Labs, using wear tester device type
(MT-4003, version 10) according to ASTM (G99). A pin on a disc device
was used. Figure (3. 18) shows a schematic of pin-on-disk wear test
system. The test was performed at room temperature, utilizing loads (10

and 15) N.A rotating speed of 400 rpm, a constant radius of 6.5mm with
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different sliding distances. Before starting the test, the specimen was
weighed using a sensitive balance model M254 A with (+0.0001)
accuracy. The specimen was weighed after 5, 10, 15, 20,25 and 30 min,
the rate of wear calculated according to the following equation (3.4) [157]

W. R =Aw/ trnt (3.4)

Where: -
R.W:-wear rate (g/N.m.t)

AW:-weight lost (gm) which is the difference in weight of the specimens
before and after the test

t:-Sliding time (min.).
r:-The radius of the specimens to the center of the disc (6.5mm).

n:-Disk rotational speed (400 rpm).

Fig (3.18) pin on disk wear instrument.
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3.10.4. Ultrasonic wave Test .

To investigate the longitudinal and transverse velocities, an
ultrasonic wave device type (cct-4) was employed, located in Department
of polymer laboratories, material Engineering, University of Babylon
with a digital display that shows the time of transfer of the ultrasonic
wave and can calculate them by applying the elastic modulus and the
Poisson ratio in the equations below [158] . the values for longitudinal

and transverse velocities are given.

v =(1-2WT/VL)2)/(2 - 2(VT/VL)2)

E_VLZ p 84_-2(1—20’) (54)

Where:

VL: Longitudinal velocity (m/sec).

VT: Shear (Transverse) velocity (m/sec)
p: Density ( Kg/m3).

v: Poisson’s ratio,

E: Elastic modulus (GPa)

3.11. Electrochemical Tests .

Because of the importance of the Ti alloys and their use as an
implants within the human body, corrosion tests should be done on
specimens to determine the behavior of corrosion of specimens in the
human body. This test was done in Corrosion Laboratory in the
Laboratories of the Department of Metallurgical Engineering -University
of Babylon. In this test were used two different body solutions. Hanks
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. _________________________________________________________________________________________________________________________________________]
and Simulated body fluid solutions have chemical compositions as
illustrated in Table (3.3) and (3.4) respectively [159] [160].

Table (3.3) chemical composition of Hanks solution's [159]

| NaHCO3 0.35
2 NaH2PO4H20 0.06
3 NaCl 8
4 CaCI2 0.14
5 MgCl12.6H20 0.1
6 Glucose 1
7 KH2PO4 0.06
8 MgSo4.7H20 0.06

Table (3.4) chemical composition of simulated body fluid( SBF) solution's

[160].
NO
1 KCl 0.373
2 Na,HPO,.2H20 0.178
3 NaHCO; 2.268
4 NaCl 6.547
5 (CH.OH);CNH, 6.057
6 Na,SO, 0.071
7 MgCl,.6H20 0.305
8 CaCl,.2H,0 0.368




Chapter Three Experimental Work
]

3. 11.1. Open Circuit Potential (OCP)

The experimental arrangement for the measurement of open circuit
potential is shown in figure (3.19) a schematic drawing describes the
experimental situation. A 500 ml capacity glass electrolytic cell is used.
The tests were carried out with the specimens immersed in a Hanks and
simulated body fluid solutions. The potential of the working electrode is
measured with respect to a Saturated Calomel electrode (SCE). A
voltmeter is connected between the working electrode and the saturated
reference electrode. For each specimen three hours' open circuit potential
measurement was performed.

The first record was taken immediately after immersion then the voltage

was monitored for the intired period of test at an interval of (5min).

Fig (3.19): Schematic drawing and experimental arrangement for the open
circuit potential measurement
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3. 11.2 Potentiodynamic Polarization

Electrochemical experiments were performed in three electrode cell
containing and electrolytes Hanks and simulated body fluid solution. The
counter electrode was Pt electrode and the reference electrode was SCE
and working electrode (specimen) according to the American society for
testing and materials ASTM ( GS-87). The potentiodynamic polarization
curves were plotted and both corrosion current density ( | corr.) and
corrosion potential were estimated by Tafel plots by using anodic and
cathodic branches. The electrochemical system used . The test was
conducted by stepping the potential using a scanning rate 0.2 mV/s from
initial potential of 350 mV below the open circuit potential and the scan
continued up to 350 mV above the open circuit potential. Corrosion rate

measurement is obtained by using the following equation [161]:

0.13 I corr (Ew)
p

corrosion rate=

(3.6)

Where:

E.W= equivalent weight (g/eq.)

p= density (g/cm?)

0.13 = metric and time conversion factor
icorr.= current density (LA/cm?).

mpy = Corrosion rate (mils per year).
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3.11.3. Metals lons Release (Static Immersion Test) .

The test of static immersions is recognized in agreement with the
currently specified JIS T-0304 standards for metallic biomaterial [17Y].
Specimens are immersed in plastic containers 50 mL of each solution for
three week in the incubator (Specimens are immersed in small containers,
where these containers are immersed in controlled water temperature) to
keep the temperature at 37° C (2). Assessing the metals ions Ti,Nb,Zr and
Si concentrations by Atomic Absorption flame as shown in Figure (3.20).

The test has been done in university of Baghdad -1bn Sina Factory.

Figure (3.20) Atomic absorption spectroscopy.

3.12. Contact Angle Test
To assess the impact of additives on the wettability of pure

materials, a contact angle test was conducted. The tool employed was an
SL 200KS dynamic optical KINO Industry Co., Ltd. sells a static
interfacial torsiometer and contact angle meter. In the United States (0° to
180°). located in Department of Ceramics, material Engineering, Babylon

University.This device computes contact angles and determines their

Ao
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average values, providing a real-time data graph that tracks changes in

contact angles while video is being recorded Figure (3.21).

Figure (3.21): contact angle device.
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¢,) .Introduction

Experimental results have been demonstrated in this chapter, they
consist of the features related to the specimen that manufactured using the
method of powder metallurgy. The porosity and density of the sintered
specimens, are clarified microstructure analysis results from light optical
microscope and SEM, phases analysis results from XRD technique,
Differential Scanning Calorimeter, hardness results, compression results,

dry sliding wear and corrosion results have been cleared and discussed.

4.2. Particle Size Analysis

The particles sizes of (Ti, Nb, Si, and Zr) powders have been
analyzed. The results are shown in figures (4.1) to (4.4). It is clear that
powders had an average particle size of about. (5.100 to 25.420) The
particle size of the powder plays an important role in the behavior of the
metal powders during compacting and sintering operations where
dissimilar particle size ranges are favorite for good compacts and else, for

good properties of sintered products [163].
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Figure (4.1): Ti Powder Particle Size Distribution.
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Figure (4.2) Nb Powder Particle Size Distribution.
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Figure (4.4) Si Powder Particle Size Distribution.
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4.3. Effect of Compacting Pressure on Green Density

Figure (4.5) shows that if the compacting pressure increases the green
density increases too until it reaches a certain limit at which any further
increase in the pressure has no or little effect on its value. So the
preferred pressure was determined as 700 MPa for all the specimens

prepared in the present study.
5
4 f

0 200 400 600 800 1000
pressure (MPa)

green density (g/cmA3)
w

Figure (4.5): Green density vs. pressure before sintering.
4.4. Porosity of Sintered Specimens.

The porosity measured for all used alloys after the sintering process
and the effect of Zr and Si on the porosity values has been cleared in
Figures (4.6), and (4.7) respectively. It's clear from these figures that
porosity values of the specimens decreased after sintering due to the
distance among particles fills with small particles because of the
difference with inside the granular size used for the powders, it found that

the small sized particles take a seat down among the large sized particles.
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Figure (4.6): Final porosity for alloys A, C1, C2, and C3 and the effect of

Zr content after sintering.
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Figure (4.7): Final porosity for alloys A, D1, D2, and D3 and the effect of

Si content after sintering.

Ti-35Nb alloy after heat treatment for 30 min at 900°C showed in
figure (4.8) Where porosity decreases dramatically with compared to the
base alloy before heat treatment where the base alloy before heat
treatment is (48.94) while after heat treatment the porosity reach to

(12.81).
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48.94

12.81

final porosity

Figure (4.8): Effect of heat treatment on final porosity for A alloy after
sintering.

Table (4.1): Show the Porosity After Sintering of All Alloys

48.94
12.81 73.82
32.91 32.75
217.75 43.29
22.41 54.20
44.10 9.88

36.56 25.29
33.38 31.79
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A B C3 D3

Figure (4.9): Comparison of porosity for all alloys.

4.5. Density of Sintered Specimens.

The final density after the sintering process and the effect of Zr and Si
on the density values has been shown in Figures (4.10) and (4.11)
respectively. The density is inversely proportional with porosity. From
the results of the density values (after sintering), we notice an increase in
the density value with an increase in the percentage of Zr and Si ratio
because of the difference in particle size of elements where space
between particles fills with small particles. Apparent density depends on
factors such as particles size and distribution, surface area, particle shape,
etc. [ 164].
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Figure (4.10) Effect of the zr concentration on the final densities of alloys
A, C1, C2, and C3 after sintering.

6.09
4.3
3.64
2.4 I
. ., ©A ), ¥

Si content

Final density(g/cm3)

Figure (4.11): Effect of Si content on final density of A,D1,D2 and D3
alloys after sintering.

¢



Chapter Four Results and Discussion

Final density(g/cm3)

24
2
: .
0

A B

Figure (4.12): Heat treatment effect on A alloy after sintering.

As shown above figure (4.12) shows that the heat treatment effect on
density of base alloy where the density was increased after heat treatment
and improvement ratio is (65.76%). The increase in density after sintering

regarded to reduction in porosity.

Table (4.2): Show the Density After Sintering of All Alloys.

Specimen
code

A 2.40

B 7.01 65.76
C1 5.83 58.83
C2 6.33 62.08
C3 6.75 64.44
D1 3.64 51.66
D2 4.30 44.18
D3 6.09 60.59

q0
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Figure (4.13): Comparison of final density of all alloys.
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4.6. Chemical Compositions analysis

The chemical compositions for the prepared alloys, which were
examined using (x-ray florescent test). According to the composition
study, the principal alloying elements are present within the specified
bounds. for the A, C3, and D3 specimens, as indicated in table (4,3).

Table (4.3) Chemical Composition of A, C3,D3

code

A 0 0 0 0.02 | 6542 | 0.208 | 0.371|318911| O 0

C3 | 0.037 | 0.04 | 0.088 | 0.054 | 55.778 | 0.242 | 6.504 | 33.217 | 0.196 | O

D3 | 0055 | O 0 [0.041|60.899|0.175| 0.326 | 32.866 0 0.7

a1
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4.7. Analysis of X-Ray Diffraction.

4.7.1. X-Ray Diffraction for green compacts.

Figures (4.14), (4.15), and (4.16) illustrated XRD for (Ti-35wt%Nb),

(T1-35Nb-6.9Zr) wt% and element silicon before sintering process.

Ti
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Figure (4.14) XRD for A alloy before sintering.
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Figure (4.15)XRD for C3 alloy before sintering.
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Si

Si

Figure (4.16) XRD for si element.

4.7.2. X-Ray Diffraction analysis after sintering.

Since the existence of phases change might affect the properties of
the prepared alloy, the sintered (A, B, C2, C3, D2, and D3) alloys was
examined using X-ray diffraction analysis. Diffusion processes like phase
transition require a high temperature to take place, following 6 hours of
sintering at 1100°C under argon gas, Figure (4.17) shows XRD pattern
for the A alloy. All Ti, Nb were seen to convert into (a Ti) and (B Ti)
phases respectively. In the Ti—35% wt Nb alloy, the a phase declined and
the original B phase-dominated structure was transformed into a mixture

of o and [ phases.
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Figure (4.17): XRD patterns for A alloy.
Figure (4.18) illustrates the XRD pattern for B alloy (Ti-35Nb) sintered

alloy after heat treatment at 900°C for 30 minute showed only a+f phases
identified by XRD analysis [140]. It seems clear that the alpha phase was
more pronounced than the alloys added to it zirconium and silicon in

comparison with base alloy before heat treatment.

rrrrr

Figure (4.18): XRD patterns for B alloy.
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The phases in the Ti-Nb-Zr alloys were analyzed in detail using X-
ray diffraction (XRD). Figure (4.19) and (4.20) display the phases present
in the Ti-Nb-Zr alloys are related to the Zr content. The presence of both
a and B peaks is evident in an alloy with a 6.9 wt% Zr. The primary o
peak diminishes gradually as the Zr content increases.

XRD pattern for C2 and C3 alloys illustrates after the sintering process
that all amount of Ti, Nb, and Zr transformed to  Ti phase and small
amount of o Ti because Zr [ stabilizers depress the transition temperature
by stabilizing the B phase. It was found that with more Zr addition, the
amount of B phase increased while the amount of a phase reduced [145].
This means that 1100°C for 6 h under Argon gas was enough to complete
the sintering process due to the enhancement of the interdiffusion
between Ti, Nb, and Zr.
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Figure (4.19): XRD patterns for C2 alloy.
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Figure (4.20) XRD patterns for C3 alloy.

Figure (4.21) and (4.22) illustrates XRD pattern for D2 and D3 alloy
after the sintering process, all amount of Ti, Nb and Si transformed to 3
Ti phases, this means that 1100 C° and 6h under Argon gas was enough
to complete sintering process due to the enhancement of the interdiffusion
between Ti, Nb and Si. Higher Si concentration makes B-phase in the
current alloy system more stable because Si plays a role in enhancing -
phase stability [143].
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Figure (4.21): XRD patterns for D2 alloy.
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Figure (4.22): XRD patterns for D3 all

oy.

4.8. Microstructure of the Sintered Specimens.

The microstructure of the etched specimens, were utilized by light

optical microscopes (LOM) and scanning electron microscopes (SEM).

Figure (4.23) shows the optical microstructures image of the base alloy,

KA
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the microstructure demonstrates that at room temperature, all of the
specimens alloys mostly have a two phase (a +p) structure. We notice
from the figure (4.24) that the phases remained the same without any
change in phases (a+f), but as we can see in the figure, there is a great
refine softening of the microstructure compared to the alloy before the
heat treatment, which has a clear role in improving the alloy's mechanical
characteristics upon treatment. Figures (4.25) to (4.30) show that when
the Zr and Si concentration rises, the proportion of the a phase drops.
This is belong to the role of Zr and Si as beta stabilizers, and increasing
the dark area (B-phase) when they are added. [165.166].

Figure (4.23): Microstructure for A alloy after sintering and etching with

two magnifications (100x,200x).
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Figure (4.24): Microstructure for B Alloys after Sintering and Etching

with two magnifications (100x,200x).
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Figure (4.25): Microstructure for C1 Alloys after Sintering and Etching
with two magnifications (100x,200x).

with two magnifications (100x,200x).
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Figure (4.27): Microstructure for C3 Alloys after Sintering and Etching
with two magnifications (100x,200x).
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Figure (4.28): Microstructure for D1 Alloys after Sintering and Etching
with two magnifications (100x,200x).
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Figure (4.29): Microstructure for D2 Alloys after Sintering and Etching
with two magnifications (100x,200x).

.

Figure (4.30): Microstructure for D3 Alloys after Sintering and Etching
with two magnifications (100x,200x).

Due to the high sensitivity of SEM images to chemical composition,
the sintered specimens' microstructure reveals a two phases (aTi and BTi)

of a multiphase structure are supporting the XRD findings.

-
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As shown in Figures (4.31 to 4.36), etching reveal phases (o+f) and
grain boundaries which are easily appear as thin gray or black lines. This
means success of the manufacturing process by powder metallurgy and
appearance multiphases of a alpha and beta  phases. The results of the
SEM showed results similar to OM and XRD as the addition of Zr and Si
elements in different proportions had a clear role in enhancing the beta
phase and reducing the alpha phase, also the SEM images show that by

increasing both silicon and zirconium ratios the beta phase increases.

-

- .
X 5
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SEM MAG: 1000 x WD: 5.98 mm |
Det: SE SEM HV: 15.0 kV 50 pm
Date(m/d/y): 04/10/22

Figure (4.31): SEM for for A alloy after Sintering.
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Figure (4.33): SEM for for C2 alloy after Sintering.
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Figure (4.35): SEM for for D2 alloy after Sintering.
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Figure (4.36): SEM for for D3 alloy after Sintering.

4.9. Energy Dispersive X-ray Spectroscopy (EDX)

Energy dispersive spectroscopy (EDS) utilized a high-energy
focused electron beam to emit an X-ray spectrum of a solid specimen.
EDS is able to identify the chemical composition that results from the
contrast topography differences on an SEM image. Precision obtained
from specimens is limited by statistical error. EDS was scanned on
several different polished specimens. Figure (4.37) shows the EDS
spectrum of elements found in base Ti-35%Nb alloys. The chemical
analysis consists of Titanium, and Niobium where quantified because the
basic components of the alloy consist of these elements with the presence
of other elements present in very small percentages. On the other hand,
the EDS analysis for the prepared specimens with (5.4wt% and 6.9wt%)
addition of Zirconium, are shown in figures (4.39) and (4.40) respectively

while EDS analysis for the prepared specimens with 0.4wt% and 0.6wt%)
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addition of Silicon is shown in figure (4.41) and figure (4.42)
respectively. It seems clear from the chemical analysis that Titanium,
Niobium, Zirconium and Silicon material are present in the composition
the chemist of prepared alloys. In addition to the main elements in the
alloy (Titanium, Niobium, Zirconium and Silicon) with the presence of
other elements present in very small percentages. As can be seen, the
results of EDS analysis were relatively close from the percentage of
addition, because the values gained from EDS analysis do not cover the

total area, only the spot where the electron stroke [167].
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Figure (4.37) a :EDS for A alloy, b :mapping for A alloy.
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Figure (4.38) a :EDS for B alloy, b :mapping for B alloy .
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Figure (4.39) a :EDS for C2 alloy, b :mapping for C2 alloy.
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Figure (4.40) a :EDS for C3 alloy, b :mapping for C3 alloy.
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Figure (4.41) a :EDS for D2 alloy, b :mapping for D2 alloy.
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4.10. Shape memory properties.

4.10.1 Differential scanning calorimeter (DSC) analysis

measurements

DSC measurements were carried out to identify the reversible B-a”
phase transformation in sintered Ti-35 Nb, Ti-Nb-Zr and Ti-Nb- Si alloys
as in Figures (4.43),(4.44) and (4.45) respectively, which showed DSC
curves of previous alloys. It can be seen that sintered Ti-35Nb, Ti-35Nb-
Si and Ti-35Nb-Zr alloys present phase transformation peaks on both
heating and cooling curves. The Ms of Ti-35Nb, Ti-35Nb-6.9Zr and Ti-
35NDb-0.6Si measured from the cooling curves are 52 °C, -25°C and 2°C
respectively. The higher Ms of Ti-35Nb than room temperature explains

well the appearance of a” phase in Ti-35Nb alloy

| |
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Figure. (4.43) Typical DSC curve obtained for A alloy.
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Figure (4.44) Typical DSC curve obtained for C3 alloy.
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Figure.(4.45) Typical DSC curve obtained for D3 specimen.
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The Ms temperature dependence on Zr content of the sintered Ti-
35NDb-(6.9)Zr alloys is shown in Figure (4.44) With 6.9wt.% . Zr increase
the Ms temperature of Ti-35NDb-6.9Zr alloys decreases to -25°C these
result are similar to [145]. Ti-35Nb-(6.9) Zr alloys are mainly composed
of B phase at room temperature without the presence of a phase due to its
high Nb content which is a B phase stabilizer element. With the increase
of Zr content, the extent of Ms decline caused by Zr addition in Ti-35Nb-
(6.9) Zr alloys is lowered.

The same behavior were shown for alloys contained silicon addition the
Ms temperature dependence on Si content of the sintered Ti-35Nb-(0.6)
%Si alloys is shown in Fig. (4.45) With 0.6 wt.% Si increase, the Ms
temperature of Ti-35Nb-0.6 Zr alloys decreases to 2°C. Ti-35Nb-(0.6)Si
alloys are mainly composed of B phase at room temperature. These
results of DSC confirmed the importance of adding elements to Ti-35Nb
alloy to improve its overall properties and make it safer for use in medical

application.
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Figure. (4.46) Typical DSC curve obtained for B alloy.
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As shown in figure (4.46) of Ti-35Nb after heat treatment, through the
heating processes, it was observed that there was a decrease in the

transformation temperatures compared to the alloy before the treatment

process.

Table (4.4) Results from DSC experimental results.
Alloy As °C Af°C Ms °C Mf °C
A 0 110 52 -50
B 97.4 08.87
C3 -40 30 -25 -75
D3 10 55 2 -20

4.10.2 Shape Memory Effect

The shape memory effect (SME%) of alloys A, B, C3, and D3,
treatment was determined by using Brinell hardness by measuring the
diameter of ball indenter after and before the heat treatment as shown in
table (4.5). Zr and Si are nontoxic elements that can be used as alloying
elements to improve the memory effect, which is far less than 5% [136].
The highest shape memory effect was achieved when the addition of
6.9% Zr at. This is because the Zr element easily diffused into the matrix
and reacted with the base alloying element to form multi-variant
martensite so that the enhancement of shape memory effect has been
achieved. Additions of alloying elements exhibited an increase in the
SME. This enhancement in the SME was attributed to the existence of the
precipitates and grain refinement which was brought about by the

addition of alloying element in the parent phase.
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Table (4.5): The Influence of alloying elements on SME of Ti-35Nb

Synthesized Code SME% Improving %
Composition

Ti-35Nb A 1.3

Ti-35Nb B 4.4 70.44
Ti-35Nb-6.9Zr C3 3 56.66
Ti-35Nb-0.6 Si D3 5.5 76.36

4.11. Mechanical Properties

4.11.1 Hardness Test

Brinell hardness was assessed in this research for all alloys (A, B, C1,
C2,C3,D1,D2,D3),Figures (4.47) to (4.49) showed the obtained results.

Its clear that the addition of Zr to Ti-35Nb alloy increased the values
of hardness. The effect of Zr addition on the rising the hardness values of
the specimens is attributed to the role of Zr in reducing porosity and by
solid solution hardening from adding more Zr content this result agrees
with [145].as depicted in figure (4.47).

200
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80
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20

Hardness HB

0 ' Zr content (% at)

Figure (4.47): Effect of Zr Content on C1, C2, and C3 alloy hardness.
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From Figure (4.48) the hardness amounts increases when the amount
of Si increased. Attributed the rise in hardness to the fact that silicon is
one of the B phase stabilizer element. In addition to the role of Si in
reducing porosity as shown in paragraph (4.4). It is reported that hardness
of (Ti-Nb) alloys increased with increase of Si content, which belong to

the strong Si solid solution strengthening effect, these results agree with

[Y43].
180
160 ////'
m 140
=
o 120
§ 100
'g 80
T 60
40
20
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Si content ( % at)
Figure (4.48): Effect of Si Content on D1, D2, and D3 alloy
hardness.

After heat treatment for Ti-35Nb alloy hardness value increased as
shown in figure. (4.49). This high increase in hardness values is due to a
significant decrease in porosity, and the reduction of graine size as seen

in the microstructure in (4.8) also played a role.
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Hardnees HB

_ K3

A B

Figure (4.49): Heat treatment effect on hardness of A alloy.

Table (4.6): Shows The Hardness of All Alloys
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Figure (4.50) comparison of hardness.

Hardness HB

4.11.2.\Wear Test

Specimens with a diameter of 13.4 mm were put through a wear
test at room temperature using varied loads (10 and 15 N) for varying
lengths of time (5, 10, 15, 20, 25, and 30 min). The figures from (4. 51),
to (4.56) illustrate the wear rate vs time for all used alloys under various
loads (10 ) and (15)N , it can be noted that the wear rate of all tested
specimens under 15N load is higher than that under10N.

This variance is caused by an increase in surface friction as the

stress on the material rises. [168].

Additionally, the wear rate increases as the time increases for all of
the tested specimens. This is undoubtedly due to the fact that friction
tends to remove more material from the surface as time goes on,
increasing the plastic deformation of the surface material, which causes

particles of the material to pull out (debris) [169].

From figures (4.51) and (4.52), it can be noted that the rate of wear

decreased drastically with increasing the Zr percentage in the alloy, even
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it reaches the minimum value at the addition that contained 6.9%at of Zr
this may due to the role of Zr addition in reducing porosity of the
prepared alloys. In general, the hardness of Ti-35Nb alloys Zr additives
increase as the element content increase. Under constant load (10N),
(15N) and constant time (30min), the wear rate of TI-35Nb decrease as

the Zr increased.

The reason behind this reduction in wear rate is expected since the
addition reduce the porosity and increase the friction coefficient, the
pores also play a crucial function in preventing the formation of micro

cracks and have a favorable impact on wear rate. [168].

——C1
% C2 =¢=C3
o
—
N
=
=
S~
g
Ll
'_
<<
o
o
<
i
=
0 5 10 15 20 25 30 35

TIME(MIN)

Figure (4.51): For A, C1, C2, and C3 alloy under a 10 N stress, wear rate
vs. time.
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Figure (4.52): For A, C1, C2, and C3 alloy under a 15 N stress, wear
rate vs. time.

Figure (4.53) and (4.54) illustrate wear rate for base alloy after heat
treatment at 900°C for 30 min where it can be noted that the rate of wear
decreased drastically under load (10N) and (15N). After heat treatment
because the hardness increased as mention in section (4.11.1) then the

wear rate decrease.
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Figure (4.53): Wear rate vs time for A, and B alloy under 10N load.

YYA



Chapter Four Results and Discussion
]

——A
30

® -8B

o 25

i

¥ 20

=

Qs

O

L

<< 5

o

QE‘ 0

§ 0 5 10 15 20 25 30 35

TIME (MIN)

Figure (4.54) Wear rate vs. time for A and B alloy under 15 N.

The addition of silicon increases the hardness as mention in section

(4.11.1) then the wear resistance increase as shown in figures below.

WEAR RATE (G/MM)*10-8

0 5 10 15 20 25 30 35
TIME (MIN)

Figure (4.55): Wear rate vs time for A, D1,D2 and D3 alloy under
10N load.
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Figure (4.56): Wear rate vs time for A, D1,D2 and D3 alloy under 15N
load.

Figure (4.57): Topographic for (A)alloy by use light optical microscope
with magnification 100X under(15N) load and (30min) time.
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Figure (4.58):Topographic for (B)alloy by use light optical microscope
with magnification 100X under(15N) load and (30min) time.

Figure (4.59):Topographic for (C3)alloy by use light optical microscope
with magnification 100X under(15N) load and (30min)time.
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Figure (4.60): Topographic for (D3)alloy by use light optical microscope
with magnification 100X under(15N) load and (30min)time.

Figures (4.57),(4.58),(4.59) and (4.60) show an optical microscopy

image of the wear tracks of all specimens after the wear test.

Compared with the base specimen (A) an evident groove was observed
along the edges of the wear track on the surface of the base specimen.

The reason may be due to continuous plastic deformation [170].

Figure (4.58) illustrated that because of the high hardness of base alloy
after heat treatment, weight lost with time drastically decreased and

decrease in the rate of wear.

From figures (4.59) and (4.60) no clear grooves was formed and
observed along the edges of the wear track on the surface of the specimen
with different additions. This may be due to the increase in the hardness
of the alloy after addition of Zr and Si. This increase led to decrease

weight lost with time and a decrease in the rate of wear. The reason may
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be due to further extrusion deformation becomes more difficult during the
wear test [170].

4.11.3 Compression Test.

The results of compression test are cleared for all specimens and
illustrated in Figures (4.61), (4.62) and (4.63), figures (4.61) and (4.62)
demonstrates that the compression strength value for Ti-35Nb alloy
alloys with Zr and Si additions is greater than base alloy, this is because
the high hardness and decreased porosity by increasing the percentage of
addition. In addition to strength of the specimen improves with

decreasing in particle size with increasing amounts of the 3 phase.

700
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Figure (4.61): Compression strength for A, C1, C2 and C3 alloy.
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Figure (4.62): Compression strength for A, D1, D2 and D3.

From figure (4.63) it can be noted that the compression strength for
base alloy (Ti-35Nb) after heat treatment are more than base alloy before
heat treatment, this is because the porosity of alloy is reduced drastically,

and the density of the alloy increases.

365.71

279.42

Compresion strength (N/mm2)

Figure (4.63): Compression strength for A and B alloy.
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Table (4.7): shows the Compression Strength of All Alloys.

A 279.42

B 365.71 25.49
C1 563.42 50.40
C2 614.04 54.49
C3 659.4 57.62
D1 382.4 26.9
D2 393.2 28.93
D3 4254 3431

659.4

425.4
365.71

279.42

compresion strength (N/MM2)

Figure (4.64): Comparison of compression strength of all alloy.
4.11.4 Ultrasonic wave test.

To comprehend the mechanical response of biomedical materials,
investigations on elastic deformation behavior are crucial [171]. An
ultrasound wave test may be used to assess the elastic modulus, a

measure of the material stiffness.
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Figure (4.65) (4.66) and (4.67) illustrates the outcomes of using the
longitudinal speed and shear speed data to determine the elastic
characteristics The Young's modulus drops with increasing Zr
concentration between (Ti-35Nb-3.9Zr), (Ti-35Nb-5.4Zr), and (Ti-35Nb-
6.9Zr), as seen in Figure (4.65).

Figure (4.66) shows that the elastic modulus fell when the silicon
content was raised up to 1 at. %, and subsequently increased as more
silicon was added. Unlike alloys that have a Si concentration of less than
1.0 at. percent, the current alloys have a Si concentration of above 1.0 at.
percent displayed a high modulus of elasticity, showing that a very stable
B-phase causes a rise in the modulus of elasticity with an increase in Si
concentration. This results agree with [172]

Figure (4.67) demonstrate the impact of heat treatment on modulus of
elasticity where the elastic modulus decreased with value (60.6) where

the improvement was (14.8%)

Elastic Modulus (GPa)

Zr content %at

Figure (4.65) Young's modulus of A,C1,C2, and C3 alloy.
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Si content %at

Figure (4.66) Young's modulus of A,D1,D2, and D3 alloy.
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Figure (4.67) Young's modulus of B alloy.
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Table (4.8): Ultrasonic Wave Speeds of The Prepared Alloys.

Elastic modulus (GPa)

Figure (4.68) Comparison of elastic modulus of all alloys.

4.12. Electrochemical Tests

4.12.1. Open circuit potential Measurement (OCP) .

For all of the investigated alloys, the OCP-time was measured or
versus with respect to SCE in Hank and Simulated body fluid solution
and at 37 °C. Figures (4.69) and (4.70) depict the changes in the alloys'

corrosion potential over time. Potentially reported time ranges from 0 to
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150 minutes, with 5-minute intervals. Two specimens of each alloy were

used to get the OCP's mean values.
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Figure (4.69) :The OCP-time in Hank's solution for all examined
alloys at 37 C.
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Figure (4.70): The OCP-time in Simulated body fluid solution at 371 C°
for all examined alloys.
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The aforementioned data depict the change in open circuit potential
(OCP) with duration, a number of inferences drawn. The initial is that, in
the majority of case studies, the corrosion potential grows at a pace that is
maximum within the first 30 minutes of research. The creation and
oxide film thickness on the surface made of metal which enhances the
surface's capacity to ward off corrosion, typically seems to be connected
to this initial increase. After then, when the layer grows over the metallic
surface, the OCP rises gradually. Another component is that it achieves a
high corrosion potential. a point where it starts to stabilize. The constant

OCP indicates that deposition and dissolution are in balance. [173].

4.12.2. Potentiodynamic polarization

All specimens' corrosion behavior in Hank's and Simulated body fluid
solutions has been investigated. Figures (4.71) and (4.72), which illustrate
the corrosion parameters that were obtained from the potentiodynamic

polarization test.
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Figure (4.71): Potentiodynamic Polarization for all specimens in Hank's
Solution.
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Figure (4.72): Potentiodynamic Polarization for all specimens in
Simulated body fluid Solution.

Table (4.9) and (4.10) demonstrates the current of corrosion (I corr),

potential of corrosion (E corr), and rate of corrosion (C.R.) for specimens

in Hanks and Simulated body fluid solutions at 37°C.

It is clear from Table (4.9) that heat treatment significantly
increases the Ti-35Nb alloy's resistance to corrosion in Hank's solutio n.
When compared to the base alloy before heat treatment, Icorr is (1.96 A
) displays in Figure (4.73). As shown in figure (4.74), | corr. for B alloys
in Simulated body fluid solution is (1.44 A/cm2), which is less than |

corr. for A specimen equal (4.64 A/lcm?).
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2.2821

0.762

Corrosion rate (mpy)

A B

Figure (4.73) Effect of heat treatment on A,B alloy corrosion rate in
Hanks solution at 37 °C.

2.5272

1.032

Corrosion rate (mpy)

A B

Figure (4.74) : Effect of heat treatment on A,B alloy corrosion rate in

Simulated body fluid solution.

at 37 °C lcorr for specimens ranges from (1.8 *10-5 A/cm2) for C1 alloy
to (1.03 *10-5 A/cm2) for C3 alloy, in comparison to Icorr for A alloy,
which is (4.19 A/cm2) for Hanks solution, as shown in to table (4.9). Zr
with varied additions of (3.9, 5.4, and 6.9) %at. Also in Simulated body
fluid solution With various Zr additions, Ti-Nb alloy's corrosion
resistance has improved. (3.9, 5.4 and 6.9) at% as shown in table (4.10) ,
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Icorr. for C alloys is ranged from (2.426*10"-5 p A/cm2) for C1 alloy
t0(1.5043*10"-5 p A /cm2) for C3 alloy in comparison to Icorr for A
alloy, which is (4.64*10"-5 pA/cm?2).

The addition of Zirconum to Ti-Nb alloy have more homogenous oxide
coating on the alloy's surface. Also the corrosion resistance of TiNbZr
alloy rises with increasing Zr, because Zirconum addition is added to
improve corrosion resistance and speed up blood flow of Ti-Nb alloy,
although it does not directly contribute to the development of the phase
alone. These results agree with [174].

The Ti-35Nb alloy's corrosion resistance was improved because the
Zr addition stabilized B phase, which is essential for this. It can be
observed from the polarization curves these alloys displayed a broad un
active zone minus the deterioration of the un active coatings as well as
low densities of corrosion currents. With the addition of Zr to the Ti-
35Nb alloy, the values of the passive current densities and corrosion
current densities also dropped. These results have a perfect match with
those of [136].

—@—in Hank's solution ~—@—in plasma solution
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zr content (at%)

Figure (4.75) The influence of Amount of Zr on rate of corrosion of
alloys A, C1, C2, and C3 in Hank and Simulated body fluid solution at 37
°C
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Also from Table (4.9), The corrosion resistance can be detected of Ti-Nb
alloy in Hanks solution has significantly improved with varying Si
additions (0.2 ,0.4and 0.6) wt%, lcn. for specimens is ranged from
(3.96*10"-5 pA/cm2) for D1 alloy and (3.3 pA/cm?2) for D3 alloy which
Is less than I corr for the base alloy.

while in Simulated body fluid solution Il for D alloys is ranged from
(7.598 pA/ecm?) for D1 alloy to (6.9 nA/cm2) for D3 alloy which is more
lower than | ¢ for base alloy. This may be attributed to the collective
effect of Si, such as passivity, oxide film, and noble elements which will
lead to protection corrosion in the surface layer as shown in Figure (4.76).
The two tables show that for specimens A, B, and C in Simulated body
fluid solution compared to specimens in Hank's solution, there is a
modest increase in corrosion current and corrosion rate. These findings
support the idea that the environment to which a metal or alloy is
exposed, its chemical makeup, viscosity, and other factors greatly

influence how resistant to corrosion it is. [175].
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Figure (4.76) The influence of Si content on the corrosion rate of alloys
A, D1, D2, and D3 in Hank and Simulated body fluid solution at 37 °C
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Table (4.9). All Alloys in Hank's Solution at 37°C: Corrosion Current (Icorr), Corrosion
Potential (Ecorr), and Corrosion Rate (C.R).

code Icorr | Ecorr. | Rate of Corrosion | Percentage of
(LA) | mV (C.R.) in mpy Improvement
Specim
en
A 4.19 -71.4 | 2.2821
B 1.96 |-343.3 |0.762 66.6
Cl 1.8 -151.0 | 0.99253 56.50
C2 1.4 -90.7 |0.7761 65.99
C3 1.03 -149.0 | 0.573899 170.8
D1 3.6 -95.1 | 2.11604 7.27
D2 54 -114.9 | 1.88388 17.44
D3 3.3 -127.9 |1.7369 56.92

Table (4.10) corrosion current (lcorr), potential (Ecorr), and rate (C.R.) for all alloys
in Simulated body fluid solution at 37 °C.

Code |lcorr. |Ecorr. |Rate of | Percentage of

Specimen QEEEEEE Corrosion improvement
(C.R) in
mpy

4.64 -65.5 |2.52735

B 1.44 -203.3 | 1.032 54.77

Cl 4.4 -50.5 | 2.4262 3.9952

C2 2.8 -65.5 | 1.5523 38.5767

C3 2.7 -113.3 | 1.5043 40.4760

D1 3.24 -113.7 | 1.7579 30.439

D2 3.07 -157.5 |1.6524 34.614

D3 2.23 -62.5 |1.17374 56.0545
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4.12.3. Metals lons Release Test

Orthopedic and dental implants can wear and corrode by releasing
metal ions into the surrounding tissue through a variety of processes,
including corrosion fatigue, stress corrosion, fretting corrosion, etc. [176].
Ti-35Nb, Ti-35Nb-6.9Zr, and Ti-35Nb-0.6 Si alloy immersion tests were
done using two solutions (Hank's solution and Simulated body fluid) for
get the numerical information required for choosing suitable materials in
line a multitude of medicinal applications conditions. The metal ion
concentrations discharged into the Hanks solution and Simulated body
fluid during a period of 21 days are shown in table (4-11). Ti, Nb, Zr, and
Si ions. The Ti ion release from the alloys 6.9 Zr and 0.6 Si was lower
with comparable to Ti-Nb base alloy. This is due to the role of silicon and
zirconium in the formation of a protective layer after being immersed in
the solutions, thus increasing the resistance to corrosion and reducing the
release of ions. Table (4-11) show metal ions release concentrations in
two different solutions at 37.C.

Table (4-11) . Metal lons Release Concentrations in Two Different Solutions
at 37 °C.

Solution | Ti-35Nb Ti-35Nb-Zr Ti-35Nb-Si

Ti Nb Ti Nb Zr Ti Nb Si
Hanks 0.550 | 0.286 | 0.384 |0.183 | 0.017 |0.357|0.12 |0.024
Simulated | 0.568 | 0.190 | 0.327 | 0.025 | 0.012 |0.368 | 0.07 |ND
body
fluid
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Figures (4.77) to (4.82), shows the quantity of metals ions released
after immersion in Hank's and Simulated body fluid solutions for 21 days
at 37 C £2.

0.286

quentity of ion realse (ppm)

Tl NB

Figure (4.77): Metal ion release values for specimen alloy in Hanks
solution.

0.568

quentity of ion realse (ppm)

Figure (4.78): Metal ion release values for specimen A, alloy in
Simulated body fluid solution.
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Figure (4.79) metal ion release of C3 alloy in hank Solution.
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Figure (4.80) metal ion release for C3 alloy in Simulated body fluid
solution.
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Figure (4. 81) metal ion release for D3 alloy in hanks solution.
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Figure (4.82) metal ion release for D3 alloy in Simulated body fluid
solution.
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2.13. Contact Angle.

Table (4. 12) Contact angle at different parameters in two solutions

Specimen code CAldeg. In Hank | CA/deg. In
Simulated body
fluid

A 60.462 65.480

B 26.588 25.454

Cl 37.089 33.768

C2 31.945 29.788

C3 17.099 18.778

D1 33.065 32.568

D2 26.262 26.607

D3 17.099 12.467

Contact angle is an important measurement method to evaluate
material surface wettability, and materials with better wettability present
lower contact angles in two solutions (hank and Simulated body fluid).
Table (4.12) shows the contact angles for all alloys. The contact angle of
the specimen decreases dramatically after heat treatment and addition

Zirconium and Silicon

60.462

37.089
33.065

31.945
26.588 26.262
17.099 I 17.099
C1 Cc2 C3 D1 D2

Figure (4.83) contact angle value for all alloys in Hank solution.

VALUE OF CONTACT ANGLE
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Figure (4.84) contact angle value for all alloys in Simulated body fluid
solution.
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5.1 Conclusions.

1-XRD results showed that the sintering temperature was 1100°C for
6 hours, sufficient to ensure the transformation of the used elements into

alloys structure.

2. The porosity decreases and density increase with increases the addition
of elements Zr, and Si, where the improvement ratio of Zr is (54.20%) for
C3 alloy while improvement ratio of Si is (31.79%) for D3 alloy and for
the density, the percentage of improvement was (64.44% for C3 and
60.59% for D3 alloys). Also after heat treatment operation on the base
alloy reduced porosity and increased density where the percentage of
improvement of porosity and density is (73.82% and 65.76%)
respectively.

3-At room temperature, the Ti-35Nb alloy specimen consists primarily of
(a+R) phases. The Zr and Si specimen addition, however, consists at
ambient temperature of a single B phase. After the heat treatment process
that there is no change of phases to the base alloy.

4-The addition of zirconium, silicon elements and heat treatment led to a

decrease in the temperature of transformation.

5-The increased Si and Zr concentration increased alloys’ hardness and
was the percentage of improvement after the addition of the values
zirconium element (48.55% for C3 alloy) While the percentage of
improvement of silicon was (29.6% for D3 alloy) due to solid solution
hardening of alloying elements along with a linear behavior. Also after
the heat treatment process the hardness improves significantly where the

percentage of improvement (72.4%).

6- The values of compression strength increase with an increase in Zr and

Si addition compared with the base alloy because of the decrease of
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porosity, where the improvement ratio is (57.62%) for C3 alloy while it is
equal (34.31%) for D3 alloy. After the heat treatment process the
compression strength improves significantly where the percentage of

improvement (50.40%).

7- The values of elastic modules decrease with an increase in the addition
of Zr and Si compared with the Ti-35Nb alloy without additive, where the
improvement ratio for C3 Zr alloy is (27.6%) while the improvement
ratio of D3 Si alloy equal (22.7%). Also after the heat treatment process
on the base alloy, the elastic modules decrease where the percentage of
improvement (14.8%).

8- The improvement of wear rate for C3 alloy at 10 N reached 73% and
50 % at load 15 N, respectively, while the improvement percentage for
D3 was (86.5%) and (76.5 %) at load (10, 15) N, respectively.

9- The corrosion of Ti-35Nb alloy showed significant improvement with
addition of Zr and Si in Simulated body fluid and Hank's solutions. It was
shown that higher improvement with the addition of the 6.9 wt% Zr was
(170.8%), (40.4760%) in Hank's and Simulated body fluid solutions,
respectively. While with addition of 0.6 wt.% of Si, the improvement
percentage in Hank's and Simulated body fluid solutions is (54.52%) and
(53.55%) respectively. The corrosion resistance after base alloy heat
treatment higher than that for base alloy before heat treatment in Hank's
and Simulated body fluid Solutions where the percentage of improvement
reach to (66.6 %) and (54.77 %) respectively.

10-The ion release results after immersion in solutions, the base alloys
with Zr and Si additives exhibited enhances the passive layer to a more
area by reduce the ionic release.

11- The contact angle of the specimen decreases dramatically after heat

treatment and addition Zirconium and Silicon.
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Chapter Five Conclusions & Recommendations

5.2 Recommendations.

1-Study the addition of elements other than Zr and Si other than Ti-Nb
Alloy Properties.

2-Study the effect of other heat treatment before age precipitation affects

the alloy's mechanical characteristics and microstructure.
¥ - Study other tests such as an antibacterial test.

4-Study the alloys behavior in vivo.
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