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ABSTRACT
Titanium alloy is popular in biomedical application owing to its low density, good
biocompatibility (i.e. biological and chemical inertness) and excellent mechanical properties.
Due to the high disparity between the implant and bone Young’s moduli, the alloy causes stress
shielding in the body. Porous Ti alloy implants have proven to be effective in addressing this
issue, so in this work, we created a porous Ti-6Al-4V implant by sieving the as-received Ti-6Al4V powder into different particle sizes and sintering it without pressure at 980 oC for 0.5hrs, 1 hr,
and 2hrs up to 5 hrs. The wettability and the mechanical properties of the sintered samples were
elucidated using a contact angle measurement setup, nanoindentation, and universal testing
machine. The results show that there is a direct relationship between Young’s modulus of the
samples and the sintering time.
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CHAPTER ONE
1.1 Introduction
1.2 Background
Metal plates have been used as implants to fix or replace lost organs as well as organs which
perform below satisfactory levels [1]. These plates have been in use for more than 100 years.
Lane was the first physician to introduce the metal plate for bone fracture fixation during the
1890s [2]. There were issues of low yield strength and poor corrosion resistance facing metal
implants in the past until several research work carried out in the 1920’s which led to the
discovery of 18-8 stainless steel for potential applications [2]. The most widely used alloy for
biomedical implant in recent times is the 316L stainless steel (316L SS) due to its low cost and
ability to provide a reasonable corrosion resistance [2]. However, when there is a need for high
wear resistance material for applications such as artificial joints, the CoCrMo alloys and
Titanium alloys are usually considered [2]. Titanium and Ti-6Al-4V are greatly used in
orthopedics because they have low shear strength and low wear resistance [3].
For the past decades, Nigeria has witnessed a surge in the number of road accidents especially
motorcycles [4]. There is, therefore, a high demand for metallic bone plates in Nigeria due to
road accidents that lead to bone fractures [4]. Hence, Ti-alloys with porous structure could be
studied to provide solutions to bone fractures associated with the high rates of accidents. This
thesis is aimed at examining the effect of porosity on a Ti alloy implant material coated with
hydroxyapatite (HA) and other biopolymers that can facilitate bone cell growth.

1.3 Problem Statement
The average service life of an implant is between 10-15 years. The short service life of implants
is due to the micro-shift that normally occurs at the interface between the implant and the bone
due to the discrepancy between the two mechanical moduli [5]. There is a mismatch of Young’s
modulus between titanium implant (103-120GPa) and bone (10-30GPa) which can result in
stress shielding that can affect the healing and remodeling of the bone[3].
However, there is a direct relationship between Young’s modulus and other mechanical
properties of Ti-6Al-4V. When the elastic modulus is reduced, the strength of the titanium alloy
also decreases and once the strength is enhanced, the elastic modulus also increases [3].
Therefore, there is need for one to strike a balance between the elastic modulus and the strength
of the Ti-6Al-4V orthopedic implant.
In addition, survey has shown that most people patronize the local bone settlers because of the
high cost of the bone implants [6]. Most bone settlers are not professionals in handling fractured
bones which usually leads to deformation or exposure of the wound to infections. This can in
fact, lead to the death of a patient. As a result of this, the average Nigerians who are in need of
bone implants after car or motorcycle accidents will not be able to afford them.
1.4 Scope of Work
This work explores the effects of sintering time on the mechanical properties of porous Ti alloy
implants (i.e. Ti-6Al-4V). The properties of the implant will be examined using a
nanoindentation, universal testing machine and scanning electron microscope (SEM).
The outline of this thesis is as follows:

The first chapter presents the background on metal bone plates and their potential applications,
it also presents the problem statement and the scope of work.
Chapter two presents a survey analysis of road accidents in Nigeria and reviews prior work on
the use of metals as bone plates. The properties of bone plate materials are also reviewed along
with their biocompatibility.
The materials and methods involved in the deposition of Ti-6Al-4V microparticles on ceramic
crucible plates are presented in chapter three. The effects of sintering time, temperature and
cooling rates are also considered. These are used to manipulate the effect of mean pore sizes
and pore geometries of the Ti alloy microparticles. The pore geometries are also used to control
cell growth and cell adhesion. Nanoindentation and compression testing techniques are also
used to determine the mechanical properties of pores and hydroxyapatite-coated Ti alloy
surfaces that are used to enhance cell/surface integration.
Moreover, the wettability of the sintered Ti-6Al-4V samples will be determined by measuring
the contact angle that a prepared buffer solution of PH 7.45 will form with the surface of the
samples.
In conclusion, hydroxyapatite (HA) or biopolymers will also be coated on the sintered surfaces
to enhance cell proliferation. An equal volume of cells in solution is cultured on the different
sintered plates to study cell growth/cell viability, cells spreading, contact guidance, cell
adhesion (using Nanoindentation techniques), etc.
The results obtained are discussed in chapter four. The implications of the results are also
elucidated for potential applications of Ti-alloys powders in the coating of the bone plate with
enhanced tissue integration.

Chapter five presents the conclusion to the findings and recommendations.

CHAPTER TWO
2.1 Literature Review
2.2 Introduction
There is a need for us to have a short look at selected prior works on porous Ti alloy implants:
In 1976, M. Diane et al. conducted a preliminary investigation to determine the rate of bone
ingrowth into porous materials and they observed whether the ingrowth could be catalyzed by
the presence of foreign substrate. They also measured the bonding capacity of bone with a
porous-surfaced metallic implant. Their results show that bone tissue will grow into a porous
substance that has a porosity that is large enough to allow tissue nourishment [1].
IK-Hyun et al., in 2005 studied the bond strength between Hydroxyapatite (HA) coating of
thickness 200-250μm on porous titanium (Ti) substrate and bulk Ti substrate. They came to the
conclusion that the bond strength of an HA coating on a porous Ti substrate is higher than that
on a bulk Ti substrate, and failure of an HA coating on a bulk Ti substrate occurs completely at
the interface between the HA and the substrate while the failure of an HA coating on porous Ti
substrate occurs at the HA/substrate and within the HA coating layer [2].
J. Parthasarathy et al. in 2009 researched on the mechanical evaluation of porous titanium (Ti6Al-4V) structures with an electron beam melting (EBM). They found out that using EBM,
which is a rapid manufacturing process, it is possible to form porous customized titanium
implants with porosities varying from 49.75% - 70.32%. The compression test of the samples
showed effective stiffness values ranging from 0.57(±0.05) – 2.92 (±0.17) GPa and compressive

strength values of 7.28 (±0.93) – 163.02 (±11.98) MPa. As a result of their findings, they
concluded that the porous structures created by electron beam melting processes can be used to
produce direct fabrication of customized titanium implants [3].
In 2010, Jianbo Chen et al. published a paper on adhesion and proliferation of osteoblast-like
cell on porous Ti-6Al-4V with particulate and fiber scaffolds, their results show that there is a
firm relationship between pore sizes and the rate at which cells bridge over gaps. Although this
research team did not see any significant differences in cell adhesion and proliferation on the
porous structure with similar pore sizes, they however discovered that fiber scaffolds provide
contact guidance to the cells during cell spreading [4].
2.3 Review of Road Accidents in the world
Road traffic accidents have serious economic implications for the victims, their families and the
nation at large. The effects of road accidents include the cost of treatment, reduction or loss of
productivity in case of disability or fatality and time expended in treating the victim [4].
A recent survey by the World Health Organization (WHO) shows that more than 90% of the
world road accidents occur in the developing nations [5].
Road injuries are higher in low and middle-income countries. The average age of 15-44 years
accounts for about 48% of road accidents in Africa [4]. Males are mostly involved in road
traffic accidents than their female associates [6].
Nigeria was ranked 9th position among 172 nations in road accidents [6]. Over the past decades,
Nigeria has witnessed a surge in the number of motorization, especially motorcycles.
Meanwhile, there is no proper road traffic safety mechanism currently in place to monitor the
growing number of road traffic accidents and injuries [7].

There were 53,897 road accidents in Nigeria as at 1976 resulting in 7,717 fatalities. Though this
number came down to 5,114 accidents in 1981, the casualty rates continued to increase to
10,236 [7]. Mortality rates due to road accidents rose from 15,638 to 28,253 from 1990 to 2005
[8].
Table 1: Death rate per 100,000 (due to a road accident). Abridge data culled from [8].
RAN

COUNTRY

RATE PER 100,000

K
1
2
3
4
5
6
7
8
9
10
11
12
13
14

IRAN
IRAQ
VENEZUELA
GUYANA
LIBYA
DOMINICAN REP.
UGANDA
BURKINA FASO
NIGERIA
ANGOLA
GUINEA-BISSAU
OMAN
MAURITANIA
THAILAND

43.54
41.41
41.06
39.80
38.61
38.51
37.14
36.56
35.39
34.96
34.37
33.84
33.75
33.57

However, due to the high rate of road accident occurrence in Nigeria, there is a high demand for
surgical metal implants.
2.4 Biomedical Implants
The biomaterials field is of great importance to mankind, existence and the lifespan of some
people depends heavily on it. Those that might need biomedical implants include people born
with congenital heart disease, aged population since arthritis is one of the challenges they face
and aside from the diseased people, young and agile people like sportspersons often need body
part replacements due to fractures and excessive strain [15].

The use of biomedical implants has been around for a while and it dated back to about 4000
years when the Egyptians and Romans used linen for sutures, gold and iron for dental
applications and after World War II, nylon, teflon, silicone, stainless steel, and titanium were
other materials that were put to use [15].
Material that are classified as biomaterial are required to possess the following qualities:



Excellent mechanical, chemical and tribological properties.
Biocompatibility with the cell environment.

2.5 Common Metals used for Biomedical Implants
There have been many metals used for biological replacements as implants. Some of these
metals are listed below:
1. Stainless steel alloys.
2. Co-Cr alloys.
3. Ti and its alloys.
4. Magnesium-based alloys.
Recent researchers are looking into developing metallic biomaterials that are nontoxic and are
allergy free. Also, biodegradable metals are targeted for temporary implant use [14].
Due to their inertness and strength, metallic biomaterials are employed in biomedical
applications but they do not possess functionalities like blood compatibility, bone conductivity,
and bioactivity, so there is a need for surface modifications. To increase their bone
conductivities, there is a need for the metal to be coated with bioactive ceramics like
hydroxyapatite or blood compatibility material like biopolymers [12].
Table 2: Implants division and type of metals used. Adapted from [11].

Division

Example of Implants

Type of Metal

Cardiovascular

Stent, Artificial valve

Orthopedic

Bone fixation (plate, screw, 316L SS; CoCrMo;

Dentistry

316L SS;CoCrMo;Ti6Al4V;Ti

pin)

Ti6Al4V; Ti; Ti6Al7Nb

Orthodontic wire, Filling

316L

SS;

CoCrMo;

TiNi;

AgSn(Cu) amalgam, Au

Craniofacial

Plate and screw

316L SS; CoCrMo; Ti; Ti6Al4V

Otorhinology

Artificial eardrum

316L SS

SS

Stainless Steel

TiMo;

Table 3: Mechanical Properties of Implant Metals

1.1.1 Stainless steel and its alloys
There are several types of stainless steels available for biomedical implants but in practice, the
most common is the 316L (ASTM F138, F139), grade 2. In order for this steel to withstand in
vivo corrosion, the steel must have less than 0.030% (wt. %) carbon. The 316L alloy is mainly
iron

(60–65%)

with

significant

alloying

additions

of

chromium

(17–20%)

and

nickel (12–14%), plus minor amounts of nitrogen, manganese, molybdenum, phosphorus,
silicon, and sulfur [12].
Early implants were made up of stainless steel with ~ 18wt% Cr and ~8wt% Ni, the addition
with Cr and Ni to improve its strength and resistance to corrosion. The main reason of adding

chromium to steel is to allow the development of corrosion-resistant steel by forming a strongly
adherent surface oxide (Cr2O3). However, the disadvantage of adding Cr is that it tends to
stabilize the ferritic (BCC, body-centered cubic) phase of iron and steel, which is weaker than
the austenitic (FCC, face-centered cubic) phase. So in order to counteract the tendency to form
weaker ferrite, nickel is also added to stabilize the stronger austenitic phase.
The presence of molybdenum in a stainless steel implant can reduce the carbon content from
0.08wt% to 0.03wt% [refs]. This can increase the resistance of the steel to corrosion, especially
to chloride solution. However, stainless steel has a major challenge due to its high density
which is 7.g/cm3 [11].
1.1.1

Cobalt-Based Alloys

These alloys include Haynes-Stellite 21 and 25 (ASTM F75 and F90, respectively), forged CoCr-Mo alloy (ASTM F799), and multiphase (MP) alloy Mp35N (ASTM F562). F75 and F799
alloys are almost identical in composition, each contain about 58-70% Co and 26-30% Cr
(Table 4).
These alloys are better than stainless steel in terms of mechanical strength, elastic modulus,
abrasion resistance, and corrosion resistance. Cobalt-chromium based alloys have excellent
corrosion resistance than steel because of the synergistic behavior between cobalt and
chromium in resisting corrosion [17]. Co-Cr-Mo alloy is used in the femoral head of joint
prostheses in addition with an ultra-high molecular weight polyethylene (UHMWPE) cup
because of the high wear resistance of this alloy.
Cobalt-Nickel based alloy usage has reduced greatly because Ni is carcinogenic [16].

Table 4: Chemical Compositions of Co-Based Alloys for Implants

1.1.2 Titanium and its alloys
Titanium has been used as an implant because of its light weight and excellent resistance to
corrosion. Ti6Al4V is a common Ti alloy that is known for its remarkable tensile strength and
pitting corrosion resistance. Ti6Al4V alloy provides the best all-around performance for
numerous applications that require low high strength – weight ratio [14]. Some of the
applications include:



Direct manufacturing of parts and prototypes for the racing and aerospace industry
Biomechanical applications like implants and prosthesis





Marine applications
Chemical industry and
Gas turbines

Moreover, titanium alloyed with Ni forms alloys that have shape memory effect which makes
them suitable for many applications like dental restoration wiring [7].
Table 5: Chemical Compositions of Ti-Based Alloys for Implants

1.1.3 Magnesium-Based Alloys
Magnesium is a lightweight metal with a density of 1.74g/cm3 and it is less dense than
aluminum and steel. The Young’s modulus and compressive yield strength of magnesium are
closer to those in natural bone than any other metallic implants. Magnesium is an essential
mineral in the body so having it in the body as a result of wear or corrosion is not injurious to
the human system, unlike other metallic biomaterials. Corrosion-resistant materials are
conventionally used for medical implantations but when there is a need for temporary
biomedical applications, magnesium-based alloys are most desired [18]. These alloys are
excellent materials for temporary implants and for making stents; these alloys can be used to
replace permanent cardiovascular implants to overcome some problems associated with them

such as permanent physical irritation, mismatches in mechanical behavior between stented and
non-stented vessel area.
The major problem associated with pure magnesium in biomedical applications is its low
corrosion resistance in an aqueous environment, if it is employed in a load bearing bone
implant, the bone tissues might not have completely formed by the time the magnesium implant
will degrade.

CHAPTER THREE
3.1 Materials and Experimental Methods
3.2 Introduction
This chapter presents the experimental procedures that were used to create different particle
sizes of the Ti-6Al-4V alloy; the effect of the sintering time was observed on the different
particles sizes and mechanical tests were also carried out on the different particle sizes of Ti6Al-4V alloy.
3.3 Apparatus
The apparatus that were used in this thesis include spherical Ti-6Al-4V alloy powder from
Phelly Material Inc. (New Jersey, USA), alumina ceramic crucible, British standard sieve,
muffle furnace etc. as shown in figures below.

Figure 1: As-received Ti-6Al-4V
Dimension: 1952x2052 pixels

Figure 2: Alumina ceramic crucible
Dimension: 1154x1104 pixels

Figure 3: Muffle furnace
Dimension: 2734x2485 pixels

Figure 4: British Standard Sieves
3.4 Experimental Procedure
The Ti-6Al-4V powder was sieved into three different particle sizes ranging from less than 150
µm – above 300µm using the BS sieves (Table 6). The different particle sizes were then placed
in alumina ceramic crucibles and heated in the muffle furnace to 980 oC at a ramp rate of
20oC/min and were held at this temperature for 30 mins-5 hours. The furnace was then allowed
to cool down with the samples in it at the ramp rate of 20oC/min.

Table 6: Ti-6Al-4V samples with different particle sizes and sintering time.
S/N

Samples

Particle Sizes

Sintering Temperature (hrs.)

1.

A1

-300µm to +212µm

0.5

2.

A2

-212µm to +150µm

0.5

3.

A3

Less than 150µm

0.5

4.

B1

-300µm to +212µm

1

5.

B2

-212µm to +150µm

1

6.

B3

Less than 150µm

1

7.

C1

-300µm to +212µm

2

8.

C2

-212µm to +150µm

2

9.

C3

Less than 150µm

2

10.

D1

-300µm to +212µm

3

11.

D2

-212µm to +150µm

3

12.

D3

Less than 150µm

3

13.

E1

-300µm to +212µm

4

14.

E2

-212µm to +150µm

4

15.

E3

Less than 150µm

4

16.

F1

-300µm to +212µm

5

17.

F2

-212µm to +150µm

5

18.

F3

Less than 150µm

5

1.1.4 Contact Angle Measurement
The contact angle, θe was used to determine the wettability of the sintered Ti-6Al-4V samples,
this was necessary to know how different particle sizes of the sintered Ti-6Al-4V samples
would behave in the biological environment.
This measurement was developed by Young in 1805 [2] by establishing the angle that a liquid
drop will make with a solid surface. The contact angle is defined by the mechanical equilibrium
of the drop under the influence of three interfacial tensions:




Solid-vapor, γ sv
Solid-liquid, γ sl and
Liquid-vapor, γ lv

The equilibrium equation is known as Young’s equation:
θe =γ sv −γ sl
γ lv cos
where θe

(1)
is known as Young contact angle.

Figure 5: Contact angle parameters

The contact angle measurement can be obtained [1]:






From a direct photograph
Through the deflection (or reflection) of light rays by the liquid prism
For small θe, by interference techniques
From the rise of the liquid column in a fine capillary.

The moment a small liquid droplet is dropped on a flat solid surface, two distinct equilibrium
patterns may be found, the wettability can either be partial or complete. Partial wettability has
finite contact angle while complete wetting has a contact angle of zero.

Figure 6: Behavior of a small droplet of liquid on a horizontal surface: (a) and (b) correspond
to partial wetting, the wettability of (b) is greater than (a). (c) corresponds to complete wetting
(θe=0) [1]
1.1.5 Contact Angle Measurement Apparatus
The apparatus used for the contact angle measurement include a small carton box, 60 Watts
incandescent bulb, ethanol, a converging lens, buffer solution at 7.45 PH, micropipette and a
digital camera. The schematic diagram of the setup is shown below.

Figure 7: Schematic diagram of contact angle measurement [1]
1.1.6 Contact angle measurement procedure
The surface of the sample was cleaned with ethanol to get rid of any unattached Ti-6Al-4V
particles, the sample was then carefully placed on the sample holder in the small carton box.
The bulb was switched on as shown in the above schematic diagram. The micropipette was
used to draw 50 µl of the prepared buffer solution and few drops of the buffer solution were
gently dropped on the sample.
The digital camera was then used take a series of pictures which was later transferred to a
software (Gwyddion 2.45) to determine the contact angles between the liquid drop and the
sample.

Figure 8: Contact angle measurement experiment

3.5 Young’s Modulus Measurement using Nanoindentation
We determined Young’s moduli of the samples using nanoindentation. This method was
introduced in 1992 for measuring hardness and elastic modulus and has been widely used for
the characterization of the mechanical behavior of materials on micro and nano scales [3]. This
method was chosen because of its non-destructive nature compared to other mechanical testing
methods.
Elastic modulus, E, and hardness, H, are the two mechanical properties that are frequently
measured using load and depth sensing indentation techniques, the data are usually extracted
from one complete cycle of loading and unloading [4]. The nanoindenter can be of different
shapes (Berkovich triangular pyramid, sphere, cone etc.) and the deformation during loading is
assumed both elastic and plastic as the indenter forms the permanent impression. During
unloading, elastic displacement is assumed to be recovered and it is this elastic nature of the

unloading curve that aid in analysis. Due to this reason, this method is not applicable to
materials in which plasticity reverses during unloading.
These important quantities must be measured from the P-h curves:




The maximum load, Pmax .
The maximum displacement, hmax .
Final depth hf, which is the permanent depth of penetration after the indenter is fully
unloaded.



The elastic unloading stiffness,

S=

dP
dh

defined as the slope of the upper portion of

the unloading curve during the initial stages of unloading, it is also known as contact
stiffness. [3].

Figure 9: A schematic representation of load versus indenter displacement data for an
indentation experiment. The quantities shown are Pmax: the peak indentation load; hmax: the
indenter displacement at peak load; hf the final depth of the contact impression after unloading;
and S: the initial unloading stiffness [3].
Young’s modulus of the specimen can be extracted from equation 2 and 3 below:

S=β

2
Er √ A
√π

(2)

2

2
1 ( 1− v ) ( 1− v i )
=
+
Er
E
Ei

(3)

Where S is the measured unloading stiffness and A is the contact area,

Er is known as the

reduced modulus, which takes into account the effect of non-rigidity of the indenters.
v

are Young’s modulus and Poisson’s ratio for the specimen, while

Ei

and

E and

v i are the

same parameters for the indenter.
3.6 Compressive strength measurement
The compressive strength of each sample was determined using a universal testing machine. Of
interest is the compressive strength of the samples because the implant will be under
compressive stress in the body.
The universal testing machine consists of three main parts:




The load cell
Cross head
Output device

The load cell is a force transducer, a device that measures the amount of load that is transferred
to the sample under test. The cross head is a movable part of the machine that can be controlled
to move up or down usually at constant speed and the output device is a means of providing the
test result needed.

CHAPTER FOUR
4.1 Results and Discussion
4.2 Introduction
This chapter presents the results and discussion. The microstructure of the as-received Ti-6Al4V powder and the morphology of the sintered different particle sizes of the titanium alloy are
presented using light microscopy and with a Scanning Electron Microscope (SEM).

Figure 10:Optical image of As-received Ti-6Al-4V powder

Figure 11: Optical image of Ti-6Al-4V with particle size 212-150μm, sintered for 0.5 hr.

Figure 12: Optical image of Ti-6Al-4V with particle size 212-150μm, sintered for 1 hr.

Figure 13: Optical image of Ti-6Al-4V with particle size 212-150μm, sintered for 2 hrs.

Figure 14: Optical image of Ti-6Al-4V with particle size 212-150μm, sintered for 3 hrs.

Figure 15: Optical image of Ti-6Al-4V with particle size 212-150μm, sintered for 4hrs

Figure 16: Optical image of Ti-6Al-4V with particle size 212-150μm, sintered for 5 hrs.

Figure 17:SEM image of Ti-6Al-4V with particle size 300-212μm sintered for 3 hrs (x 500).

Figure 18: SEM image of Ti-6Al-4V with particle size 300-212μm sintered for 3 hrs (x 1000)

Figure 19: SEM image of Ti-6Al-4V with particle size 300-212μm sintered for 4 hrs (x 500).

Figure 20: SEM image of Ti-6Al-4V with particle size 300-212μm sintered for 4 hrs (x 1000).

Figure 21: SEM image of Ti-6Al-4V with particle size 300-212μm sintered for 5 hrs (x 500).

Figure 22: SEM image of Ti-6Al-4V with particle size 300-212μm sintered for 5 hrs (x 1000).

4.3 Contact Angle Measurement Result
The table below shows the data we got from analyzing pictures we took from the contact angle
measurement experiment. The pictures were analyzed using “Gwyddion software”. We only
present the results for the Ti-6Al-4V samples sintered for 3 hrs. 4 hrs. and 5hrs because the
samples sintered at the shorter duration of time did not form rigid solid that we can work with.
Table 7: Contact angle measurement data.
Particle size

Time (hr.)

Contact Angle
(˚)

Standard Deviation

less than
150µm
212µm to
150µm
300um to
212um

3

6.65

1.2

3

13

1.3

3

16.45

6.6

less than
150µm
212µm to
150µm
300µm to
212µm

4

19.675

5.3

4

21.675

0.4

4

45.375

15.8

less than
150µm
212µm to
150µm
300µm to
212µm

5

23.33

2.2

5

55.03

3.1

5

56.45

3.6

Figure 23: Graph of contact angle Vs. Particle sizes.
4.4 Discussions
From Figure 17 above, when considering each group, it is evident that the largest particle size
group (212-300 μm) has the highest contact angle this means that it has the lowest wettability
compared to other groups. The reason for this observation is that it sintered better than the rest
due to its wide range of particle size (88 μm). The smaller particle sizes within this range can
easily fill the pores of the specimen during sintering thereby making it less porous. The less
than 150 μm group has the smallest contact angle also due to the above-stated reason.
Considering the sintering time, 3 hrs. sintering time has the lowest contact angle compared to
others sintering hours. From our observation, this sintering time is optimum for the formation of

porous Ti-6Al-4V specimen because as the sintering time increases, the titanium alloy particles
are more likely to become denser.
4.5 Nanoindentation Result
The table below shows the result we got from the nanoindentation test on the sintered samples.
A diamond Berkovich indenter was used for the analysis; the elastic modulus and the Poisson
ratio of the indenter are 1141 GPa and 0.07 respectively [1]. We got the reduced modulus (E r)
for each sample from the test analysis and we made use of the relation in chapter three
(equation 3) to determine Young’s modulus of the samples.
Table 8: Nanoindentation result
Particle size

Time (hr.)

Young’s Modulus
(GPa)

Standard Deviation

less than
150µm
212µm to
150µm
300um to
212um

3

12.39

8.67

3

13.14

29.11

3

4.78

9.19

less than
150µm
212µm to
150µm
300µm to
212µm

4

20.46

23.58

4

78.34

96.90

4

11.72

13.43

less than
150µm
212µm to
150µm
300µm to
212µm

5

32.67

36.99

5

14.94

14.52

5

69.90

98.98

Figure 24:Young's Modulus Vs Particle Size Range (µm)
4.6 Discussion
Close examination of Figure 18 above shows that when we consider each group, we discovered
that the Young’s modulus of the samples increases with the sintering time, the reason for this
observation is that, as the sintering time increases, the Ti alloy particles will come together and
this action will gradually eliminate the pores within it.
This will lead to stiffer and denser material with relatively high Young’s modulus. The less than
150 μm particle size sample sintered for 5 hours has the Young’s modulus that is much closer to
that of the bone.

4.7 Compressive Strength results
The data obtained from the universal testing machine was used to plot stress against
deformation graphs for different particle sizes and times.

Figure 25: Graph of stress vs deformation for Ti-6Al-4V with 212-150μm particle size sintered
for 4 hrs

Figure 26: Graph of stress vs deformation for Ti-6Al-4V with less than 150μm particle size
sintered for 3 hrs.

Yield Point

Figure 27: Graph of stress vs deformation for Ti-6Al-4V with less than 150μm particle size
sintered for 4 hrs.

The compressive strength was extracted from the stress versus deformation graph using the data
from the universal testing machine. The compressive strength is the point on the graph where
the applied stress is no longer proportional to deformation, also known as the yield point.
The table below shows the compressive strength results obtained from the graph at different
particle sizes and time.
Table 9: Compressive test results
Particle size

Time (hr.)

Compressive Strength (MPa)

less than 150µm

0.5

0.03

212µm to 150µm

0.5

0.05

300um to 212um

0.5

0.02

less than 150µm

1

0.3

212µm to 150µm

1

0.5

300µm to 212µm

1

0.6

less than 150µm

2

0.18

212µm to 150µm

2

0.4

300µm to 212µm

2

0.14

less than 150µm

3

1.9

212µm to 150µm

3

0.32

300µm to 212µm

3

0.35

less than 150µm

4

0.64

212µm to 150µm

4

1.16

300µm to 212µm

4

0.76

less than 150µm

5

0.16

212µm to 150µm

5

0.4

300µm to 212µm

5

0.7

Figure 28: Graph of compressive strength vs particle size range.
4.8 Discussion
From Figure 28 above, the sample with less than 150 µm particle size, sintered for 3 hrs has the
highest compressive strength of 1.9 MPa while the samples with the least compressive strength
from all the groups are samples sintered for 0.5 hr. This is because the sintering time (0.5 hr) is
not enough for large atomic diffusion between the Ti alloy particles to take place.

CHAPTER FIVE
5.1 Implication
Porous Ti alloy implants have proven to be effective in solving stress shielding problem
associated with Ti alloy implants, the problem is majorly as a result of the huge disparity
between the bone (30 GPa) and the Ti alloy implant (110 GPa) Young’s moduli.
5.2 Conclusion
This work presents the effect of sintering time on the mechanical properties of Ti-6Al-4V
powder and the wettability of the Ti alloy samples were evaluated. We observed that the
wettability decreases with increase in sintering time. The largest particle size group (212-300
μm) gives the highest contact angle while the group with particle sizes that are less than 150 µm
has the lowest contact angle.
Furthermore, 3 hrs. sintering time has the lowest contact angle compared to others sintering
hours, so based on this observation, we suggest that this sintering time would be optimum for
the formation of porous Ti-6Al-4V specimen because as the sintering time increases, the
titanium alloy particles are more likely to become denser.
In addition, we were able to determine the Young’s modulus and compressive strength of the
samples through nanoindentation and universal testing machine analysis respectively. We found
out that the less than 150 μm particle size sample sintered for 5 hours has the Young’s modulus
that is much closer to that of the bone.

5.3 Recommendation for future work
Coat sintered samples with hydroxyapatite; this will act as an extracellular matrix that will
enhance cell proliferation on the Ti alloy implants. Osteoblast cells can then be cultured on their
surfaces.
Relevant analysis carried out to determine how the different particle sizes and the varying
sintering time of the samples will affect cell proliferation and focal adhesion of the osteoblast
cells.
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