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ABSTRACT

CHARACTERIZATION AND FATIGUE BEHAVIOR OF Ti-6Al-4V FOAMS

Asik, Emin Erkan
M.Sc., Department of Metallurgical and Materials Engineering

Supervisor: Prof. Dr. Sakir Bor

August 2012, 65 pages

Porous Ti-6Al-4V alloys are widely used in the biomedical applications for hard
tissue implantation due to its biocompatibility and elastic modulus being close to
that of bone. In this study, porous Ti-6Al-4V alloys were produced with a powder
metallurgical process, space holder technique, where magnesium powders were

utilized in order to generate porosities in the range of 50 to 70 vol. %.

In the productions of Ti-6Al-4V foams, first, the spherical Ti-6Al-4V powders with
an average size of 55 pum were mixed with spherical magnesium powders sieved to
an average size of 375 pum, and then the mixtures were compacted with a hydraulic
press under 500 MPa pressure by using a double-ended steel die and finaly, the
green compacts were sintered at 1200°C for 2 hours under high purity argon gas

atmosphere.



Scanning electron microscope investigation of produced foams has shown that the
foams consist of spherical, interconnected macropores and irregular shaped

micropores.

Monotonic compression tests conducted on processed foams under quasi-static test
conditions exhibited yield strengths varying between 69 to 167 MPa and elastic
moduli between 4 to 12 GPa.

Processed foams were also dynamically tested under compression - compression
fatigue with a stress ratio of 0.1. Foams with different pore contents exhibited
similar fatigue response when maximum applied stress was normalized with respect
to the average yield strength of the corresponding foam. It was found that foams
were fatigue immune with a practical limit of 10° cycles under a maximum applied

stress of 0.75*(Gmax/Oyield)-

Keywords: Powder Metallurgy, Porosity, Foam, Ti-6Al-4V, Magnesium, Space

holder, Compression, Fatigue



(0Y/

GOZENEKLI Ti-6Al-4V ALASIMLARININ KARAKTERIZASYONU VE
YORULMA DAVRANISLARI

Asik, Emin Erkan
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. Sakir Bor

Agustos 2012, 65 sayfa

Kemige benzer elastik modiile sahip, biyouyumlu gézenekli Ti-6Al-4V alagimlar
biyomedikal uygulamalarda sert doku implantli olarak yayginlikla kullanilmaktadir.
Bu ¢alismada, magnezyum tozlarinin bosluk yapict olarak kullanildigi bir toz
metalurjisi yontemi ile hacimce % 50 ile 70 arasinda gbzenek igeren Ti-6Al-4V

alagimlari iiretilmistir.

Gozenekli Ti-6Al-4V alagimlarinin tiretiminde ilk olarak ortalama 55 pm ¢apindaki
kiiresel Ti-6Al-4V tozlari, ortalama 375 pum’ye elenmis kiiresel magnezyum
tozlartyla karistirllmis daha sonra 500 MPa basingla hidrolik press kullanilarak ¢ift
uclu celik kalipda sikistirilmis ve sonrasinda 1200°C sicaklikta 2 saat sure ile

yiiksek saflikta argon gazi altinda sinterlenmistir.

Vi



Uretilen gdzenekli Ti-6Al-4V alasimlar1 taramali electron mikroskobu ile
incelenmesi sonucunda ve biitiin kdpiiklerde kiiresel birbiri ile baglanti makro

gozenekler ve diizensiz sekilli mikro gozenekler bulundugu saptanmuistir.

Uretilen Ti-6Al-4V kopiiklere sabit hizda, yar1 duragan basma testleri sonucunda
kopiiklerin akma direnglerinin 69 ile 167 MPa, elastic modiillerinin ise 4 ile 12 GPa

PR

arasinda degistigi gozlenmistir.

Ayrica, iretilmis olan kopiikler 0.1 gerilme oraninda basma - basma yorulma
testleri ile dinamik olarak test edilmistir. Uygulanan maksimum gerilim ilgili
kopliglin ortalama akma dayanci ile normalize edildiginde farkli oranlarda bosluk
iceren kopiiklerin benzer davranis sergiledigi goriilmiistiir. Uretilen kopiiklerin, 10°
dongii pratik limit olarak kabul edildiginde, 0,7*(0max/Cakma) Oraninda gerilim

altinda yorulmaya direncli oldugu bulunmustur.

Anahtar Kelimeler: Toz Metalurjisi, Gozenek, Ti-6Al-4V, Magnezyum, Bosluk

Yapici, Basma, Yorulma
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CHAPTER 1

INTRODUCTION

Titanium and titanium alloys have been used in engineering for structural and
functional applications such as in aerospace and automotive industries, and
biomedical field due to their unique combination of properties such as low density,
versatile mechanical properties, high specific strength, high corrosion resistance,
good fatigue response, and biocompatibility.

Wood, bone, cork, honeycombs are some of the examples from nature which
inspired engineers for the production of solid foams. A material’s properties can be
altered and modified to have distinct thermal, vibrational or mechanical

characteristics by introducing pores into the structure.

In the recent years, titanium and its alloys are extensively used in porous form as
biomedical materials for hard tissue replacements such as dental implants hip and
knee joints etc. Porous titanium and titanium alloys have elastic modulus value
close to that of human bones with enough strength. This reduces the stress shielding
effect which is weakening of the bone due to presence of stiffer implant material. In
addition, porous structure allows bone tissue ingrowth through the porous metal,
establishing better mechanical adhesion.

Porous metals can be produced by mainly two routes: liquid and solid state
processes. Liquid state processed are preferred for metals which have low melting

points, such as aluminum, and low reactivity. On the other hand, solid state
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operations or sintering processes are used for metals with high melting points and
high reactivity. Production of porous titanium and its alloys involves a sintering

process.

Porous titanium and titanium alloys are processed mainly by five different powder
metallurgical methods; loose powder sintering, space holder method, sintering of
hollow spheres, gas entrapment method and replication method.

Foams produced with different methods have different pore characteristics such as
pore type, interconnection, size, shape, distribution and volume fraction. Space
holder method is a simple and practical method which enables easy control of pore
characteristics by controlling the fraction, size and geometry of spacer powders.
Magnesium, NaCl, carbamide, starch are some examples of frequently used spacers
for the production of porous titanium and titanium alloys. Among the listed
spacers, magnesium is an attractive space holder due to its dual function.
Magnesium spacers melt and evaporate during the sintering operation and create

pores as well as a protective atmosphere due to higher reactivity with oxygen.

Mechanical properties of the processed foams are also important. As mentioned
above the foams should have enough strength with low modulus to be used in bone
replacement. In addition compressive- compressive fatigue response of the porous
metals is crucial since when used as hard tissue implants they will mostly exposed

to cyclic compressive loading.

To conclude, in the present study Ti-6Al-4V alloy foams has been processed with
50 to 70 vol. % magnesium spacer addition. Magnesium spacers have been
spherical in shape in order to reduce stress concentrations and in the size range of
250 — 600 pm for optimum bone ingrowth capability. Density and pore
characteristics of the produced foams will be investigated. In addition compressive
mechanical properties as well as fatigue response of the foams will be determined in

order to investigate the applicability of the foams as an implant material.



CHAPTER 2

THEORETICAL BACKGROUND

2.1 Titanium and Titanium Alloys

Titanium (Ti) and its alloys are used in engineering applications due to their unique
combination of properties such as low density, high melting point, high corrosion
resistance, perfect mechanical properties and good biocompatibility. Ti and its
alloys are used for structural and functional applications in aerospace, automotive,

chemical and biomedical industries [1].

Titanium exhibits an allotropic phase transformation at 882°C from lower
temperature stable a phase to high temperature stable B phase. The crystal structure
of a phase is hexagonal closed packed (HCP), whereas B phase is body centered
cubic (BCC). The alloying elements added to Ti are named as a and [} stabilizers
according to the change they do on the transition temperature. Aluminum, oxygen,
nitrogen and carbon are some of the a stabilizing elements whereas vanadium,
chromium, manganese, iron, cobalt and nickel are some [ stabilizers. Titanium
alloys are named in three categories as a alloys, a+f alloys and B alloys according

to the stable phases at room temperature [2].

The mechanical properties of Ti show a distinct anisotropy due to the presence of
HCP crystal structure. Elastic modulus of a-Ti varies between 100 to 145 GPa [2].



Ti-6Al-4V (wt. %) is the mostly used titanium alloy in industry [3]. Ti-6Al-4V is an
a+f alloy with a B transus temperature of 995°C. Cooling of the alloy from above
the B transus temperature results in a fully lamellar microstructure. The mechanical
properties of the fully lamellar alloy are significantly affected from o colony size
which is controlled by the cooling rate [4]. Mechanical properties of the alloy are

given in Table 2.1.

Table 2.1 Mechanical Properties of Ti-6Al-4V Alloy [2,5].

Elastic Yield Tensile Hardness Fatigue
Modulus Strength Strength (HV) Strength

(GPa) (MPa) (MPA) (R=-1) (MPa)
110-140 | 800-1100 | 900 - 1200 | 300 - 400 500-700

Yield strength, fracture strength and high cycle fatigue life of Ti-6Al-4V alloy
increases with smaller o colony size. Above the cooling rates of 1000°C/min the
pre-mentioned parameters shows a drastic increases due to formation of martensitic
o’ however ductility of the alloy decreases. This decrease is also related to the
change in fracture mode. At low cooling rates a ductile transcrystalline dimple type
of fracture is observed whereas at higher cooling rates the fracture appearance

changes to a ductile intercrystalline dimple type [2, 4].

2.1.1 Titanium and Its Alloys as a Biomaterial

Metallic biomaterials are used especially in three categories; artificial hip, knee
joints, screws and plates for internal fixation of fractured bones and dental implants.
Stainless steels, cobalt-chrome based alloys and titanium alloys are used as metallic
biomaterials in structural biomedical applications. The most important reason for
those materials to be chosen in biomedical applications is biocompatibility. Table
2.2 shows the materials uses in biomedical applications [6]. Biocompatibility can be
defined in three ways; the ability of the materials to perform with a response similar
to the response of the host, the quality of not having toxic or injurious effects on the

biological system and comparison of the tissue response produced through the close

4



association of the implanted candidate material to its implant site within the host
animal to that tissue response recognized and established as suitable with control
materials [7].

Table 2.2 Some applications of synthetic materials, adapted from
Biomaterials Science: An Introduction to
Materials in Medicine [6].

Application Types of materials
Joint replacements Titanium, Ti-Al-V alloy, stainless
(hip, knee) steel, polyethylene
Bone plate for fracture Stainless steel, cobalt—chromium
fixation alloy
Dental implant for tooth Titanium, Ti-Al-V alloy, stainless
fixation steel, polyethylene
Titanium, alumina, calcium
phosphate
Heart valve Reprocessed tissue, stainless steel,
carbon

In order to enhance the biocompatibility, stiffness of the materials used should be
close to that of bone in order to reduce or eliminate the effect of stress shielding
which is reduction in the mechanical properties of the bone touching to the
implanted material [8]. In order to reduce the stiffness of metallic implants
porosities are introduced to the structure of the metal. By this way elastic moduli of
implants can be reduced to levels below 30 GPa which is the reported range for the
elastic moduli of human bones [9]. Other important parameters for an implant are
osseointegration and bone ingrowth. Osseointegration was first used for the intimate
contact of the Ti implants and the bone surface [10] and bone ingrowth is referred
to the ability of the bone to grow through an implant with an outer mesh structure. It
was concluded from the investigations of Jasty et al. that there was an optimum
pore size in the range of 100 — 400 um size in which bone ingrowth rate was highest
[11].



Titanium and titanium alloys satisfy the mentioned conditions for the use in
biomedical applications. The presence of passive protective oxide layer provides
high corrosion resistance and bio inertness [7]. By this way the implants made from
Ti and its alloys do not react in the body. Ti and its alloys can be produced by
which a mesh like porous structure can be obtained for bone ingrowth [12]. In the
literature Ti and Ti-6Al-4V alloys were produced with porous structures satisfying
the mechanical properties close to those of bone [13, 14, 15]. In addition Ti and its
alloys exhibits endurance limit under cyclic loading conditions which makes them

significant since it annihilates replanting operation and further surgeries.

To conclude, the studies show that long term usage of Ti and titanium alloys as
biomedical materials has advantages due to its mechanical and chemical
biocompatibility [16].

2.2 Solid Metal Foams

A solid foam structure is composed of interconnected network of struts, cell walls
from the edge and face of cells. Porous structures are found naturally in wood, cork,
honeycombs, bones, etc. Artificial porous structures are used in engineering
applications due to their mechanical, thermal, acoustic and vibrational properties.
Man made solid foams can be classified in three groups namely; two dimensional
honeycomb like structures, three dimensional foams with open cells and three

dimensional foams with closed cells (Figure 2.1) [17].

Figure 2.1 Metallic foams (a) two dimensional honeycomb, (b) three dimensional

foams with open cells, (c) three dimensional foams with closed cells [17].
6



The properties of the foams are dependent up on their pore type, shape, size,
amount, uniformity, and interconnection. Different porosity amounts, pore shapes
and geometries can be produced with various production methods. With the
combination of these characteristics, light weight metals with unique properties
such as density, elastic modulus, yield strength, energy absorption capacity, thermal

conductivity, air and water permeability, electrical insulation can be produced.

The processing methods of porous metals can be classified into two groups; liquid
state processes and solid state processes. Liquid state processes include a melting
and casting step. This type of production is suitable for metals with low melting
points and reactivity like aluminum; on the other hand, many solid state processes
include a sintering step. However, some solid state processes include formation of
pores by partial melting of a bulk structure like in the case of space holder
technique. Solid state processes are suitable for highly reactive metals with high

melting temperatures. Banhart et al summarized the production methods and it is

cellular metals

shown in Figure 2.2 [18].

liquid metal powdered metal
e direct foaming with gas | |e sintering of hollow e electrochemical
e direct foaming with spheres deposition
blowing agents e gas entrapment
e gasars e slurry foaming
e powder compact e pressing around fillers
melting e sintering of powders or
e casting fibres
e spray forming e extrusion of

polymer/metal mixtures
e reaction sintering

Figure 2.2 Summary of the production methods of metal foams [18].



2.2.1 Production of Porous Titanium and Titanium Alloys

Porous titanium and titanium alloys are mainly produced with powder metallurgy
[19]. In this section most frequent production methods will be described in a brief
manner. The processes can be grouped into five category; loose powder sintering,
space holder method, gas entrapment techniques, hollow sphere sintering,
replication method and electro discharge methods [18].

First two methods, loose powder sintering and space holder method, will be

described in the following sections.

In the gas entrapment technique, an inert gas is introduced to the system containing
metal powders under high pressure and then, densified at elevated temperatures.
During densification gas is entrap in the metal matrix. After densification the
processed metal is heated up to elevated temperatures, at which the gas expands due
to lowering of the mechanical strength of metals at elevated temperatures. This
process is hard to operate since it requires high pressures at high temperatures.
Oppenheimer et al. processed Ti-6Al-4V foams with expansion of argon gas. In
their study they compacted Ti-6Al-4V alloy powders and filled the mold with argon
gas at a pressure around 0.33 MPa and welded the mould. After that the
densification was done in a hot isostatic press at 950°C, 100 MPa pressure. Finally,
the expansion of the gas or so called foaming was done at 1030°C at atmospheric
pressure. The processed foams had interconnected structure, irregular shape and
size with in a porosities range up to 52 vol. % [20].

In the hollow sphere method, the foams are sinter from preproduced hollow
spheres. For the production of hollow spheres gas atomization techniques can be
used. The metal is melted and gas is blown with nozzles inside the viscous metal
melt drops with special techniques. During the process several polymeric or organic
additives can be introduced into the metal to increase viscosity but afterwards they

have to be burned. Figure 2.3 shows the Georgian Tech route of producing hollow



spheres [21]. With this technique high porosities can be achieved without pore

interconnection.

Gas
Gas

needle \

TiH,
& organic binder
& solvent

U
Hollow ©

"green" ©
spheres o

Figure 2.3 Georgian Tech production route for hollow spheres [21].

With the replication method, highly porous open cellular foam can be produced. In
order to produce metal foams first a preconstructed polymeric sponge is dipped into
metal slurry and then it is heated in several stages for dehydration, burning of the
polymer and sintering. In the study of Li et al. this technique was utilized in order
to produce highly porous Ti-6Al-4V alloy. Polyurethane (PU) sponges were used in
order to give shape to the metal slurry and heated to 150°C, 400°C, 500°C
temperatures gradually to remove PU and then cooled to room temperature and

heated to 1250°C for sintering.

Similarly, Jorgensen et al. used replication method to produced Ti-6Al-4V foams
with porosities in the range of 20 to 35 vol. %. In this method, Ti-6Al-4V powder
particles were mixed and compacted with a steel mesh. During sintering formation
of Ti-Fe eutectic phase prevents Fe diffusion through Ti-6Al-4V and after sintering
the steel mesh was removed electrochemically from the foam. The procedure
yielded a homogenous distribution of macropoes with the same size of steel wire
used in the mesh [15].



2.2.1.1 Loose Powder Sintering

Loose powder sintering is the simplest way of producing porous structures. By this
method foams with low porosity levels can be produced. In this method, metal
powders are put into a mold and then sintered. The pore size and characteristics in
this method can be controlled indirectly by sintering time and temperature. In
addition, compaction methods can be applied to metal powder in order to decrease
the porosity level by increasing contact area and breaking the stable oxide layers.
Studies on aluminum foams show that prior ball milling of the powders before
sintering increases the sintering ratio [18]. The pores produced with this method
have irregular shape and size. A schematic description of the process and pore

shapes is shown in Figure 2.4.

sinter ¢ : v
—_— s P
N

Figure 2.4 Schematic presentation of loose powder method [19].

Studies of Esen et al. have shown that titanium and Ti-6Al-4V foams up to 40 vol.
% porosity can be produced by use of Ti and Ti-6Al-4V powders with average sizes
of 74 ym and 107 um, respectively. The pores had irregular geometry varying in the
size range of 10 — 100 um. In addition, porosity amount can be controlled and

changed with sintering temperature, time and by powder characteristics [13].
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2.2.1.2 Space Holder Technique

Highly porous foams with open and interconnected pores with desired shape can be

produced by this method. The main logic of this technique is to cover the

appropriate spacers with the metal powder by using a binder or solvent. After the

covering step, the mixture is compacted under pressure and then sintered. During,

prior to or after sintering, it is necessary fo
A general route for this method is shown i
highly porous titanium and titanium alloys

powders, carbamide (urea) particles, tapioc

r the spacer to leave the mixture system.
n Figure 2.5 [18]. For the production of
several spacers can be used. Magnesium

a starch, ammonium hydrogen carbonate

particles, salt are some of the frequently used spacers in the production of highly

porous Ti and Ti alloys [22, 23, 24, 25].

significant effect on properties and processi
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Figure 2.5 General steps of processing foams with space holder technique adapted

from Banhart
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Pore characteristics are directly related to the space holder used since pores are
formed when the spacer leaves the system. Therefore, porosity level, pore shape,
size, geometry, distribution can be controlled by controlling those for the spacer.

In addition, the spacers also modify the processing steps of the production
technique. In the studies of Sharma et al., Ti foams with ~30 vol. % porosity were
produced via using acicular urea particles. Before sintering, compacts were
preheated to 300°C for 2 hours [24]. Due to the acicular shape of the spacers the
foams were composed of acicular pores which may create stress concentrations and
mechanical anisotropy. On the other hand, Mansourighasri et al. processed by using
tapioca starch as a spacer. During the process the preheating temperature was 450°C
and the foams had a final porosity between 65-80 vol. % [25]. Furthermore,
Bansiddhi et al. used NaCl particles as spacers for the production of TiNi foams.
The compacts were first sintered at two different temperatures, 950°C and 1065°C,
well above the 810 °C melting temperature of NaCl, in a hot isostatic press and then
the spacers were dissolved in water [26]. In another study, Esen et al. processed
porous Ti and Ti-6Al-4V foams with a porosity range of 40-80 vol. % via
employing spherical magnesium particles. During the process the compacts were
directly heated to the sintering temperature in a single step without any preheating
operations. Magnesium spacers melted and vaporized during the heating process. In
addition, magnesium vapor created a protective atmosphere for titanium powders
due to its higher reactivity with oxygen. The processed foams had spherical and
interconnected pore geometry [13]. In the in-vivo studies of Arpak et al. bone
ingrowth was observed through the porous TiNi foams produced via using

magnesium spacers in the range of 250 - 600 um [27].

2.3 Conventional Sintering

Sintering of metal and ceramics powders is a common production method that has
been employed from the beginning of civilization. Porous metals, structural steel
parts, tungsten wires, bearings, hard magnetic materials are some of the examples in

today’s world which are produced by sintering of powder particles [28].
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Solid state sintering is a process in which compacted powder particles are heated
above approximately half of the melting temperature depending on the melting
characteristics. The difference between a powder particle and a dense bulk material
is the excess free energy created due to broken atomic bonds at the surface of the
powder particle. Mass transfer in sintering is therefore driven by surface energy or
the capillarity effect. The excess free energy or free surface increases with finer
powder particle size. Sintering occurs with diffusional flow of atoms to the necks
which are the contact point of the powders. The flow is from the concave surfaces
where stress is tensile through the convex surface where the stress is compressive.

This stress, o, can be defined as;

o =

z 2.1)
: |

Where Y is the surface energy and p is the neck curvature.

The flow of the atoms between two powder particles can occur by different
mechanisms; surface diffusion, lattice diffusion, vapor transport, grain boundary
diffusion, and plastic flow. The schematic representation of diffusion mechanisms

is given in Figure 2.6 [29].
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Mechanisms

1. Surface diffusion

2. Lattice diffusion 2
(from the surface)

3. Vapor transport a4 /

4. Grain boundary diffusion 3

5. Lattice diffusion (from

the grain boundary) S
6. Plastic flow %

(by dislocation motion) . b

Figure 2.6 Flow mechanisms occurring during sintering [29].

The solution for the total flow equation of atoms in a system composed of two

powder particles with same size is solved according to;

X

2= A(T) x t (22)

rm

Where X is the neck radius, r is the powder particle radius, A(T) is a function of
temperature and t is time, n and m are the constants related to the dominant mass

transfer types; surface, lattice, etc.

2.4 Mechanical Behavior of Porous Materials

2.4.1 Compressive Response

Under compressive loading, foams exhibit deformation characteristic different than

bulk materials. They deform in three stages. At first, there is a linear

macroscopically elastic region which is limited to relatively small strains of about
14



5 %. After yielding, stress strain curve exhibits a plateau region which can be
identified with a small constant slope. Finally, a rapid stress increase known as
densification is observed [17]. Figure 2.7 shows a commonly observed compressive

stress strain diagram, which indicates the specific regions of deformation.
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Figure 2.7 A typical compressive stress - strain curve of foams showing general

characteristic regions.

In addition to the general form of the curve, there can be stress fluctuations after the

first stage of deformation as an indication of brittle fracture of cell walls [17].
The elastic deformation of the open pore structured foam occurs by bending and

buckling of the cell walls [17]. Figure 2.8 shows the initial and compressive loading

stages of a cuboidal open pore structure.
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Figure 2.8 Elastic bending and buckling of the cell walls of an open pore, a) initial
state b) elastically deformed stage [17] and F showing the loading direction and

points.

Plastic deformation occurs with plastic buckling and bending of cell walls after the
elastic deformation regime. The slope and length of the plateau is related to the
geometry of the cell walls. The plateau continues until all the cell walls are bend or

buckled. Plateau is not affected from the completion of deformation of a single cell



since other cell walls continue to deform. The plateau region end when the cell

walls collapses or fractures and the solid is compressing to itself.

A mathematical model for prediction of mechanical properties such as elastic
modulus and yield strength, of the foams was proposed by Ashby and Gibson [30].
The solution of the model of mechanical properties of an open pore structured foam
obeys a power law relationship in the form of,

Mechanical Property of the Foam, M = M, X (pﬂ)“ 2.3)

Where M, and n are constants related to the geometry, size, shape, distribution of

the pores, p is the density of the foam and p, is the density of the bulk material.

In the literature there are also micromechanical models using cell wall thickness and
bending deflection as parameters in order to estimate the mechanical properties
[31]. However, in order to use micromechanical models cell wall geometries should
be simple. In addition, the models neglect the microporosities present in the cell

walls due to in sufficient sintering which results in deviations from the models.
2.4.2 Fatigue Response

Fatigue is probably the most important failure mechanism in mechanical systems
since the failure occurs without any obvious macroscopic sign below a stress level
much lower than the required stress for fracture. Fatigue failure is observed on
materials which are exposed to cyclic loading and the failure occurs after a period
of time. Nearly in all applications, system is subjected to varying loads causing
fatigue. It is therefore one of the most critical properties of components in
applications. Fatigue mechanism and failure has been studied extensively for bulk

materials.

For fatigue failure to occur basically there should be a maximum tensile stress with

sufficiently high amplitude applied for large number of cycles.
17



During fatigue failures in a metal free from flaws microcracks form, then they
coalescence and grow to macro cracks and finally, rapid and sudden fracture occurs.
The first fatigue cracks nucleate from the surface which has a higher probability of

having scratches, sharp corners, pits, inclusions and stress concentrations [32].

Fatigue cracks initiate from regions with high localized stresses present due to
surface defects, notches or inclusions. Even in the absence of localized stresses, a
slip plane remains which cannot be cancelled during the cycles remains in the
material. These slip planes, which cannot be cancelled, creates slip accumulations.
The accumulated slip bands forms intrusions and extrusions. The mechanism of the
formation of intrusions and extrusions is not clear. Cottrell and Hull suggested that
intrusions and extrusions were formed by sequential slip on two intersecting slip
planes and Neuman proposed that they can be formed by dislocation avalanche
along parallel neighboring slip planes containing dislocation pile ups of opposite
signs [32, 33, 34]. Fatigue cracks initiate from these cites and grow. A schematic

representation of intrusion and extrusions is shown in Figure 2.9.
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Figure 2.9 A schematic representation on the formation of intrusions and
extrusions. The arrows show direction of the loading [35].
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The growth of fatigue cracks are divided into two stages. In the first stage the crack
grows though slip planes for three or four grain size. In the second stage growth
becomes perpendicular to the loading axis until fracture toughness is exceeded and

fracture occurs [36].

For comparing fatigue behavior of materials stress — number of cycles diagrams (S-
N) can used. These diagrams may be drawn according to stress amplitude, o, stress
range, o, mean stress, oy, or maximum applied stress, omax. The definitions of the

stress terms are shown in Figure 2.10.

Stress

Time

Figure 2.10 Definitions of the stress terms [35].

In addition to S-N curves, strain - number of cycle curves are drawn in order to
investigate the change of response to the load. As shown in Figure 2.11 strain -
number of cycle curves for metallic foams under compression fatigue is divided in

to three stages [37].
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Figure 2.11 Change of strain with respect to number of cycles in compression

compression fatigue [37].
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In the first stage strain accumulates due to early formation of cracks. In the second
stage the accumulated strain does not change too much. This period can be called
incubation period for crack growth. In the final stage the strain increase rate
increases rapidly and failure occurs [37]. This final stage is observed in three
different ways. The first type of failure occurs with uniform accumulation of strain
through the foam. There is no formation of crush bands or localized failures. The
failure happens in a single and sudden step. This type of failure is observed in
DuocelfoamsAl-6101-T6 [21].
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Figure 2.12 Typical behaviors of foams under compression compression loading.
(a) Failure occurs with broadening of a single crash band, (b) Failure occurs with

broadening of multiple crush bands [38].

The second type of failure behavior is shown in Figure 2.12.(a). Deformation starts
from the weakest cell wall and creates a crush band. This single crash band
broadens leading to failure. This type of failure is observed on Alulightfoams of
composition Al — 1Mg — 0.6Si (wt. %) [38].
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The third type of failure behavior is shown in Figure 2.12.(b.) In this behavior
multiple crush bands are formed from the weakest sections of the foams. Strain
accumulation increases up to failure of a single crush band. The formed crush bands
fail one by one with each failure creating a strain accumulation step. This type of

failure is observed in Alcan Al — SiC foams [38].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 Powders Used

In the present study, spherical Ti-6Al-4V powders (ASTM F1580-01, Phelly
Materials Inc., New Jersey, U.S.A) were used for the production of porous Ti-6Al-
4V foams. The prealloyed powders were used to prevent formation of oxide

inclusions and ternary phases, and composition variations.

Magnesium (Mg) powder (99.82 % purity, TangShanWeiHao Magnesium Powder
Co. LTD., Tangshan, Hebei Province, China), was used in the production of Ti-
6Al-4V foams. Magnesium was chosen as space holder material not only for its low
evaporation temperature and higher oxygen affinity but also for its low Ti
solubility. Magnesium vapor prevents the oxidation of Ti-6Al-4V alloy during
sintering at 1200°C by reducing the oxygen present in the atmosphere and also
reduces the oxide layer present on the surface of Ti-6Al-4V alloy without
dissolving in the alloy. The size and shape of the Mg powders are directly related to
the final size and shape of the macropores in the Ti-6Al-4V foam. Powders were
chosen to be spherical to minimize stress concentrations. Magnesium powders were
sieved to the range of 250-600 pum in order to have pore size distribution suitable

for biomedical applications in the Ti-6Al-4V foam produced.

Both Ti-6Al-4V and Mg powders used in this study exhibited Gaussian distribution
with average particle sizes of ~55 and ~375 um, respectively (Figure 3.1).
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Figure 3.1 Particle size distribution of (a) Ti-6Al-4V, (b) Mg powders. Solid lines
represent volume percentages and dashed lines show cumulative frequency

percentages.
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Morphologies and size distributions of both Ti-6Al-4V and Mg powders employed,
which were produced by gas atomization technique, were investigated under
scanning electron microscope (Nova Nano SEM 430, FEI LTD, Oregon, USA)

(Figure 3.2).

mag
15.7 mm|500 x| 20.0 kV | 597 ym NanoSEM METU-METE

WD mag HV HFW  ——
17.2 mm| 150 x| 20.0 kV |1.99 mm NanoSEM  METU-METE

(b)
Figure 3.2 SEM micrographs of (a) Ti-6Al-4V, (b) Mg powders.
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X-ray diffraction analysis (Rigaku D/Max 2200/PC, Rigaku Corporation, Tokyo,
Japan) of Ti-6Al-4V powders conducted by 40kV Cu X-ray source in the range 20°
to 90°, showed only the presence of a phase (ICDD #44-1294). The difractogram in
Figure 3.3 shows the x-ray diffraction pattern of the as-received Ti-6Al-4V

powders.
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Figure 3.3 X-ray difractogram of the as received Ti-6Al-4V powders.

3.2 Production of Porous Ti-6Al-4V Alloys

Macro porosities of Ti-6Al-4V foams were formed and adjusted by addition of Mg
as space holder material. Ti-6Al-4V powders were mixed with Mg powders at the
desired amount (50-70 vol. % for the present study) and 5 wt. % polyvinyl alcohol
solution (2.5 wt. % PV A+ distilled water) was used as binder. The amount of binder
was crucial for covering the surface of the powders and forming a homogenous
mixture. The mixture was blended homogenously until all the PVA solution

covered the powders and the excess water in the PVA solution got evaporated. It
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was important for the blend to be in the particular wetness which was the point just
before dissociation of the Ti-6Al-4V powders from Mg powders. Over or under
mixing caused cracks in the compacts during compaction stage. In case of under
mixing, compacts fractured from the middle due to presence of uncompressible
liquid in the mixture which causes expansion of the compact when the load was
released. In the other case, green strength of the compacts was too low and handling
of the compacts was impossible. It was observed that a mixing time of
approximately 20 minutes was suitable for the powder mixtures to be in the proper
condition form before compaction. In addition to mixing time, friction between the
die and the powders was another important criterion for preventing compact
cracking in compaction stage. In order to reduce die wall friction zinc stearate
powder was used as lubricant on the inner surface of the die. Powder mixture were
compacted in a double-ended steel die under 500 MPa pressure by using hydraulic

press to attain cylindrical compacts with an aspect ratio of 1 (Figure 3.4).

Figure 3.4 Cold pressed Ti-6Al-4V and Mg mixture compacts. The white and
bright regions are Mg powders and grey regions are Ti-6Al-4V powders.
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Compacts of Ti-6Al-4V/Mg powder mixtures were sintered in a vertical tube
furnace under high purity argon (99.999% purity, Nj: 6.2vpm, O,: 2.2 vpm,
humidity: 2vpm) atmosphere at 1200°C for 2 hours.

For the sintering process, compacts were placed into Ti-6Al-4V crucibles. A
schematic cross sectional view of the crucible is shown in Figure 3.5. The crucible
material was chosen as Ti-6Al-4V due to its chemical stability under Mg vapor,
which is produced upon the evaporation of Mg powders during sintering. MgO
pellets, produced from MgO powder compacted at 100 MPa and sintered at 1200°C,
were placed to the bottom of the crucibles to avoid contact and diffusion between
the crucible and the foam. The compacts were placed on top of previously used
scrap Ti-6Al-4V foam put onto the MgO pellets to prevent the long term contact of
liquid Mg and allow the flow of liquid Mg completely out of the specimen during
the heating process. Additionally, Ti sponges were placed on top of the crucibles as
oxygen getters assisting Mg vapor. However, in most cases sponges were
unoxidized, showing that the Mg vapor present in the furnace was sufficient to

avoid oxidation.

Ti Sponges

Compact

Scrap Ti-6Al-4V
Foam

MgO Pellet

Figure 3.5 Cross section of the crucible.
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The crucible was lowered to the predetermined hot zone of the furnace. It was
important for the crucible not to touch the alumina tube of the furnace to avoid
unwanted reactions. Prior to heating the furnace was purged with high purity argon
for ten minutes to reduce the amount of oxygen in the furnace before the heating
started. The furnace is heated up to 1200 + 5°C with 10°C/min heating rate.
Heating rate of the furnace was adjusted to prevent collapse of the compacts during
melting of the Mg powder. The compacts were sintered for 2 hours and cooled
inside the cold zone of furnace. To avoid oxidation and for proper cooling,
processed foams were kept in the furnace until the hot zone temperature drops
below 450°C. Figure 3.6 shows the summary of the production steps used in this

study.

Compact T

N

—>

—FLrnace

Ti-6Al-4V Powders
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Mixing
Mg Powders

Compaction

Sintering

Figure 3.6 Representative steps of foam processing with Mg space holder method.
3.3 Characterization Studies

3.3.1 Particle Size Distribution

Particle size distribution analysis of the Ti-6Al-4V and Mg powders was done by
Malvern Mastersizer 2000 Particle Size Distribution (PSD) Analyzer, which is

capable of measuring particle sizes in the range of 0.02- 2000 um with an accuracy

of + 1%.
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3.3.2 Density and Porosity Measurements

Density and porosity measurements of the produced Ti-6Al-4V foams were done
according to Archimedes principle which correlates the weight of the immersed
object to the volume of the displaced fluid. Precision balance (CP224S-0CE,
Sartorius, Goettingen, Germany) equipped with a density measurement kit was used
for the density calculations. The procedure for the measurement of the density is

given below,

1. The weight of the foam (Wsam) Was measured and then immersed
into the xylene (C¢H4(CHjs),) solution.

2. To ensure that the xylene solution fill all the pores, the foam was put
into a beaker and vacuum was applied by rotary pump for one hour.

3. The weight of the foam (Wioam in xylene) Was measuredin Xxylene
solution.

4. The weight of the xylene impregnated foam (Wroam with xylene) Was

measured in air.

The bulk density of the Ti-6Al-4V foam was calculated according to Equation 3.1,
where density of xylene is 0.861 g/cm® and density of Ti-6Al-4V alloy is 4.42

glem®.

W,
Pfoam __ foam (31)

Pxylene Wroam with xylene ~ Wroam in xylene

The amount of total porosity fraction (Py) was calculated with the equation:

Pot=1- — (3.2)

Pri-6Al-av
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For the determination of the open (Popen) and closed (Pciose) porosity fractions

Equation 3.3 and 3.4 were utilized.

Wroam with xylene ~ Weoam

Pxylene
Popen = > (33)

Wroam with xylene ~ Weoam in xylene

Pxylene

l:)closezptot - l:)open (3.4)

In addition, cell wall densities of the foams were determined by using
metallographic techniques. SEM micrographs showing only the cell walls were
processed by digital imaging techniques and porosity calculations were done using

binary images with ImageJ program.
3.3.3 X-ray Diffraction Analysis

For determination of the phases present at room temperature, x-ray diffraction
analyses were done on as-received powders and sintered foams by using a
conventional difractometer (Rigaku D/Max 2200/PC, Rigaku Corporation, Tokyo,
Japan). The analyses were carried out with Cu-Ka radiation operating at 40kV

between 20° and 90° with a rotation speed of 2°/min.
3.3.4 Scanning Electron Microscopy Studies

SEM studies were conducted to investigate the morphologies of the powders,
phases present, phase morphologies of the foams and fracture surfaces of the
mechanically tested samples by a field emission SEM (Nova Nano SEM 430, FEI
LTD, Oregon, USA) equipped with EDX analyzer system. Powders and foam/pore
geometries were investigated by directly sticking the specimens on carbon tape. The
microstructural examinations of the processed Ti-6Al-4V foams were done on
specimens embedded into bakelite or epoxy resin and tched with 17 ml H,O: 2ml

HNOj3: 1 ml HF solution at room temperature.
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3.3.5 Mechanical Characterization

Mechanical characterizations of the produced Ti-6Al-4V foams were done by
monotonic compression tests and fatigue tests in compression-compression mode in
order to determine the critical mechanical parameters. The test specimens with an
aspect ratio of 1 were grinded up to 1200 grid emery paper to ensure the surface

smoothness and parallelism.

3.3.5.1 Monotonic Compression Tests

Compression tests were conducted on processed foams in order to determine the
mechanical properties under quasi-static compressive conditions. The compression
tests were carried out at a crosshead speed of 0.1 mm/min with 100kN capacity
screw driven electromechanical testing machine (Instron 5582, Instron Co. LTD.,
Norwood, USA) at room temperature. Strain data were collected by video
extensometer (Instron 2663-821, Instron Co. LTD., Norwood, USA) attached to the

testing machine.

A representative compressive stress strain curve is given in Figure 3.7., on which
the descriptions of the mechanical properties are also shown. Elastic moduli of the
foams were calculated from the slope of the linear section of the curve. Yield
strength of the foams was calculated by the 0.2 % offset method. Since the foams
exhibited a densification stage, maximum strength of the foams was calculated from
the deviation point of the stress strain curve from the linear line drawn through the

plateau region.

For calculation of the average mechanical properties five samples were tested from
each of the 50, 60, 70 vol. % Mg added foams. In addition, two samples with
intermediate porosities (55, 65 vol. % Mg added) were tested for better statistics for

the relationship between foam’s porosity and relative density.

31



250

200
Maximum Strength
s
AL 150 -
E Yield Strength
N’
v
@
2100 1
~—
2]
0.2 % offset line
50 - Slope=Elastic Modulus
0 T I T I T I T I L} I L} I L) I T
0 5 10 15 20 25 30 35 40

% Strain

Figure 3.7 Representative stress-strain curve of foams.

3.3.5.2 Fatigue Tests

Processed foams were fatigue tested under compression-compression mode. This
fatigue mode was chosen since foams would generally be exposed to cyclic
compressive loading when implanted in the body. Fatigue tests were conducted on
the foams with 50, 60, 70 vol. % Mg additions. The tests were conducted with 5 Hz.
frequency with 250kN capacity servo-hydraulic testing machine (Dartec 9500,
Dartec Co. LTD., Stourbridge, West Midlands, England). The stress ratio (omax
lomin) Was kept constant at 0.1. The yield strength was found by monotonic
compression test as described in Section 3.3.5.1. For practical reasons the foams

which do not fail in 10° cycles were considered as fatigue immune.

32



0.0

S
[,
1

Extension (mm)
o

-1.5 1

I ! I 2 I ! I ! I ! I Y | !
1000 2000 3000 4000 5000 6000 7000 8000
# of Cycles
Figure 3.8 A representative contraction - number of cycles

curve obtained during fatigue testing.

A representative contraction - number of cycles curve obtained during fatigue
testing is shown in Figure 3.8. Number of cycle at which failure occurs, may be
defined in various ways such as knee, end of linear region, etc. The most widely
used definition which is commonly accepted is the intersection of the line that fits
to fast failure region with the line passing through the middle of the straight region.

S-N curves were constructed using the maximum applied stress and the

corresponding N determined as described above.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Porosity and Pore Characteristics

Ti-6Al-4V alloy powders were compacted under 500 MPa pressure with double
ended steel die by using hydraulic press to attain cylindrical shape with an aspect
ratio of 1 and sintered at 1200°C for 2 hours under high purity argon gas (99.999%
pure) atmosphere. Porosity contents and the densities of the foams processed using
spherical Ti-6Al-4V alloy powders (~55um) by employing magnesium space holder
technique are given in Table 1 and Figure 4.1. Porosity contents, including open

and closed porosity percentages, were calculated according to Archimedes’

principle by using xylene solution.

Table 4.1 Porosity characteristics of the foams.

50 Vol. % Mg | 60 Vol. % Mg | 70 Vol. % Mg
Total Porosity (%) | 51.14+0.99 59.13+£0.86 64.81 = 1.60
Open Porosity (%) | 50.63 + 0.98 58.54 £ 0.85 64.16 = 1.58
Close Porosity (%) | 0.51+0.01 0.59 +0.01 0.65+0.02
Density (gr/cm®) | 2.16£0.04 1.75 + 0.04 1.56 % 0.07
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Figure 4.1 Change of porosity with Mg addition.

Porosity calculations showed that percent porosities of the processed foams were
different from the added Mg content. The change of porosity with Mg addition was

found to be obeying power law relationship in the form of Equation (4.1).
Vol. % Porosity = 3.2x (vol. % Mg)*™* R?=0.96 (4.1)

For the present study addition of ~57 % of Mg by volume was a critical amount that
vol. % of porosity obtained is equal to vol. % of Mg added prior to processing.
Above the critical level processed foams resulted in porosities lower than the added
spacer amount. This was attributed to the shrinkage and collapse of macropores
present in the foams during the sintering process, where Mg powders melt (at
~650°C) and leave the compact by leaking out of it to create macropores. However,
at that temperature Ti-6Al-4V powders hadn’t sintered enough to maintain rigidity
of the structure. As a result of lack of rigidity, some of the constituted macropores,
which were prior Mg powder sites, collapsed. This limited amount of collapse
creates enough strength for the foam being sintered to retain the rest of the

structure. The amount of collapse for the structural integrity increases with
35



increasing porosity content. Contribution of micropores to overall porosity remains
negligible with respect to the collapse of the macropores. In contrast, below the
critical level, total porosity of the processed foams was higher than the added spacer
amount due to the presence and contribution of micropores. The collapse of
macropores was negligible for the processed foams below the critical porosity level
since thicker cell walls or struts had enough strength to carry the foams weight and
interconnection of macropores rarely observed. However, the presence of

micropores due to insufficient sintering increased the final porosity percentage.

In addition, cell wall densities of the foams were constant for all samples containing
different amount porosity and it was calculated by using SEM micrographs as 3.71

+0.06 g/cm® which corresponds to 16.2 + 1.3 vol. % porosity.

Foams produced showed two types of pore structures, namely, macropores (Figure
4.2.(a)) and micropores (Figure 4.2.(b)). Macropores which were produced by the
melting and evaporation of Mg spacers, had roughly spherical shape and
interconnected structure (Figure 4.2.(c)). The shape, size and amount of macropores
were directly related to those of Mg spacers. On the other hand micropores were
residual porosities left between Ti-6Al-4V powders due to insufficient sintering
because of relatively low sintering temperature, 1200°C corresponding 0.78T, of

Ti-6Al-4V alloy.
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(b)
Figure 4.2 SEM micrographs showing (a) macropores,
(b) micropores, (c) interconnected macropores.
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Figure 4.2 (cont.) SEM micrographs showing (a) macropores,
(b) micropores, (c) interconnected macropores.

4.2 X-ray Analysis and Microstructure

X-ray diffraction analyses were conducted to the processed foams in order
to identify phases present in the processed foams. The phases were named with
respect to o and § phases of pure titanium since the substitutional Al and V atoms
only shift peak positions. The X-ray diffractograms of the foams showed that the
foams were composed of a phase (HCP) (ICDD #44-1294) and small amount of 3
phase (BCC) (ICDD #44-1288) (Figure 4.3). On the other hand, there were no sign
of formation nitride, hydride or oxide phases including Ti and Mg oxides. The
presence of especially TiO, would degrade the mechanical properties of the

processed foams significantly.
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Figure 4.3 X-ray diffraction Analysis of produced foams.

Cooling of Ti-6Al-4V foams from sintering temperature of 1200°C to room
temperature in the cold zone of vertical tube furnace resulted in a lamellar type
Windmanstétten microstructure. As shown in SEM micrograph (Figure 4.4), the
thick dark regions and thin bright regions correspond to a and [ phases,
respectively. The thicknesses of a and B phases play a crucial role in determining
mechanical properties as well as the colony size. The thicknesses of a laths and

plates were measured as 1.30 um and 0.18 pm respectively.
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Figure 4.4 SEM micrographs of the microstructures present in the produced
foams (a) 1000x, (b) 10000x.
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Compositions of each phase in the processed foams were determined by EDX
attached to SEM. For the analysis only the K,-lines of the elements were used and
aluminum rich phase was identified as a-phase while the other vanadium rich phase
was determined as BCC B-phase. The results of the analysis are given in Table 4.2

and Figure 4.5.

Table 4.2 Weight percentages of the present phases.

Element | Phase | B Phase
(wt. %) | (wt. %)
Ti 90.67 87.96
Al 6.68 6.04
V 2.65 6.00
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Figure 4.5 EDX results of the phases (a) a phase, (b)  phase.
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4.3 Mechanical Behavior of Ti-6Al-4V Foams

4.3.1 Compressive Behavior

4.3.1.1 Stress Strain Curves

Compressive stress-strain curves of Ti-6Al-4V foams produced via Mg space
holder technique by sintering for 2h at 1200°C under high purity argon gas

atmosphere are given in Figure 4.6. The foams manufactured in this study exhibited

stress stain curves typical for elastic-plastic foams.

50 ——50 Vol. % Mg
——60 Vol. % Mg
——70 Vol. % M
0 1 ' I . I Y I ' ‘]I &
0 10 20 30 40

% Strain

Figure 4.6 Compressive stress strain curves of highly porous Ti-6Al-4V alloy

sintered at 1200°C for 2h under high purity argon gas atmosphere.

The compressive stress strain curves of foams were divided into three distinct
stages; a linear increase in stress and strain, a relatively long plateau region, where
strain increases gradually with increasing stress and finally a region of rapid

increase in stress [17].
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In the first stage, the deformation of the foams occurred by elastic buckling,
bending and extension of the cell walls. The deformation in this stage was
macroscopically elastic. However, the complex alignment of cell walls and the
presence of micropores created local stress concentrations on sinter necks causing
localized plastic deformation below the yield strength of the foam. In the second
stage, the stress acting on the cell walls induced macroscopic plastic deformation
starting from weaker and thinner cell walls. Cell walls deform until the force acting
on them reach a maximum value where failure and collapse of the cell walls occur
(Figure 4.7).

WD |mag| HV | HFW | 500 pm
11.5 mm|200 x| 20.0 kV [1.49 mm NanoSEM METU-METE

Figure 4.7 Collapsed cell walls during compression.
Circles showing some of the failed cell walls and white arrow shows the

direction of compression.

As a result of the collapse of cell walls, deformation lines perpendicular to the
loading axis were observed on the specimens. The length and form of plateau
region was significantly affected from the porosity content of the foam. Foams
produced with 50 vol. % Mg addition showed shorter plateau and an upward slope

in the plateau region. With increasing porosity, the slope of the plateau region

44



diminishes and its length increases. Foams manufactured with 70 vol. % Mg
addition exhibited a horizontal wavy plateau region. The change of the mechanical
response in the behavior of the plateau region was attributed to the geometry and
amount of cell walls present in the foams. Foams with less porosity had thicker cell
walls, which deform as a bulk rather than collapsing prematurely. This increases
stiffness of the foam and results in short and sloping upward plateau primarily due
to strain hardening effects. In the third stage, a rapid increase in stress was
observed. This increase in stress is called as densification. The densification of the
foams was caused by the increase in the effective net area due to collapse of the cell
walls eventually. Foams manufactured with 70 vol. % Mg addition did not exhibit
densification behavior due to excessive cell wall fractures before the collapse of the
cell walls up to 30 % strain. Figure 4.8 shows the final shapes of the foams after
compression. A summary of the mechanical properties of the foams are given in
Table 4.3.

(@) (b)
Figure 4.8 Foams after compression tests (a) 50, 60 (b) 70 Vol. % Mg

added foams.
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Table 4.3 Mechanical Properties of the Foams.

50Vol.% Mg | 60Vol.% Mg | 70Vol.% Mg
cy(MPa) 167 + 18 125+1.3 69+34
omax (MPa) | 246+ 23 185+ 4.5 100 = 6.6
E (GPa) 1237+ 1.46 | 7.99+0.52 478 +0.67

4.3.1.2 Cyclic Compressive Behavior

For the investigation of the plastic deformation of foam below the yield point,
cyclic compression tests were conducted on foams produced using 60 vol. % Mg
addition. Figure 4.9 shows the mechanical response of the foam below its yield
point during loading and unloading. The y-axis of the figure was normalized with

respect to the yield point of the foam for better interpretation of the diagram.
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Figure 4.9 Cyclic compression tests showing the residual strain below Gyielg.

Before the test parallelism of the foam surfaces was ensured with a precision of 10
um (0.11 % Strain). In the first cycle, where the foam was loaded up to 0.55*cy, a
contraction of 5 pm (0.05 % strain) was remained after unloading the foam. In the

second cycle the foam was loaded up to 0.7*c, and the remaninig contraction
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increased up to 17 pum (0.18 % strain). This was attributed to the plastic deformation
of the sinter necks due to localized stress concentrations in the cell walls although
the applied stress was below vyield strength of the foams. In addition to residual
strain analyses elastic modulus of the foam was also investigated. Figure 4.10
shows the change of relative elastic modulus with respect to % unrecovered strain

applied on the test specimen.
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Figure 4.10 Change of Relative elastic modulus of the foam.

Elastic modulus of the foam increased sharply at the first loading cycle while
further straining the modulus dropped below the initially calculated value. The first
increase was attributed to the formation of localized plastic deformation zones,
which were creating micro plastic strain, on the favorably aligned sinternecks of the
foam before yielding and the drop in the elastic modulus was thought to be a

consequence of crack fomation and individual failure of sinter necks.
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4.3.1.3 Compressive Behavior - Porosity Relations

Mechanical properties of the foams were investigated with respect to the change in
porosity percentage. Theoretical models uses the density ratio of the foams and the
bulk material properties for correlating the results. The models assume that the cell
walls are made of 100 % bulk material. However, in the present study cell walls are
made up of partially sintered powders so that relative density term should be
calculated using cell wall density (3.71 g/cm®). The change of mechanical
properties of the foams with relative density is given in Figure 4.11. The curves

obeyed a power relationship in the form of
M = A X (relative density)" 4.2)

Where M is the related mechanical property of foam and A, n are constants
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Figure 4.11 Mechanical properties of the foams with respect to relative density.

Empirical relations obtained from the Figure 4.12 are summarized in Equations 4.3
- 4.5 as follows;

Gyield(MPa) = 686.7 X (proam/ Peetiwa)> >~ R = 0.9305 (4.3)
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omax(MPa) = 1177.5 X (ptoam/ Peeliwa)>'+ R? = 0.9305 (4.4)

E (GPa) = 60.4 X (pfoam / Peetivan)>>>  R*=0.9709 (4.5)

4.3.1.4 Fracture Surfaces after Compression Tests

Fracture surface analyses were conducted on the samples to understand the nature
of fracture. SEM micrographs revealed that the fracture of the cell walls originates
from the failure of individual sinter necks. Fracture of the sinter necks between
powder particles were mostly in ductile manner, containing dimples. However,
some fracture surfaces contained transcrystalline tear ridge like appearance which
were thought to originate from the B plates. Figure 4.12 shows some examples of

fracture surfaces.

27| WD |mag| HV | HFW | —————300um
~19.0 mm | 500 x| 20.0 kV | 587 pm NanoSEM  METU-METE

Figure 4.12 SEM micrographs of tested foams (a) general view of fractured
surfaces, (b) sinter necks containing tear ridge like appearance, (c) transcrystalline
fracture feature with dimples on a laths, (d) dimples.
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Figure 4.12 (cont.) SEM micrographs of tested foams (a) general view of fractured
surfaces, (b) sinter necks containing tear ridge like appearance,
(c) transcrystalline fracture feature with dimples on a laths, (d) dimples.
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(d)
Figure 4.12 (cont.) SEM micrographs of tested foams (a) general view of fractured
surfaces, (b) sinter necks containing tear ridge like appearance,

(c) transcrystalline fracture feature with dimples on a laths, (d) dimples.

4.3.2 Fatigue Behavior

4.3.2.1 Contraction - # of Cycles Curves

Manufactured foams were tested under compressive-compressive fatigue at stress
ratio R=0.1. Contraction - # of cycles curves drawn consisted of three definite
regions. First two stages of the curves were similar for all foams; however, the final
failure stage exhibited two different characteristics, as shown in Figure 4.13 and
Figure 4.14.

In the first region at relatively low cycles, i.e. few hundred cycles, there was a rapid
increase in contraction in first few hundred cycles. It was believed that this first
region was due to localized plastic deformation on sinter necks. The second region

was characterized by a long plateau on the contraction - # of cycles curves. In this
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region contraction was observed to increase slowly throughout the cycles. The
increase in the contraction was attributed to formation of microcracks on the sinter
necks which were exposed to higher stress levels due to stress concentrations. The
third region started with the formation of a knee on the curves. However, after knee
formation, curves showed two different behaviors; a wavy increase in contraction
(Figure 4.14.(a)) or a sharp increase in contraction (Figure 4.14.(b)). The wavy type
of failure was observed in the foams manufactured with 50 and 60 vol. % Mg
addition. The later was related to the foams processed with 70 vol. % Mg addition.
In the literature the wavy type of failure was explained as introduction of
deformation bands in to the structure and with each wave on the curve corresponds
to deformation band crushing or collapsing. In addition, the sudden failure was
explained as uniform accumulation of strain throughout the test specimen like the
situation in homogeneous bulk materials [38]. Furthermore, these two different
phenomena could be explained by correlating to compressive behavior of the foams.
The foams which showed densification stage in compression test failed with wavy
type of fatigue failure. It was attributed that thinnest cell walls of the foams with
less porosity fails in sequence and contraction increases in a wavy nature, whereas
cell walls of the foams with higher porosity buckles and bends uniformly and the

failure occurs spontaneously leading to a single and rapid increase in contraction.

(@) (b)

Figure 4.13 Foams failed under cyclic loading. Samples (a) failed with wavy

increase in contraction, (b) failed with rapid and sudden increase in contraction.
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Figure 4.14 Contraction - # of cycles curves of the processed foams (a)
representative curve for foams exhibiting densification, (b) representative curve of

the foams not exhibiting densification under quasi-static compression test.
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4.3.2.2 S-N Curves

In order to draw the S-N curves compression-compression tests were
conducted at different stress level with a constant R value. S-N curves for the
foams tested were drawn as the maximum applied compressive stress versus the
cycles to failure calculated from the knee point of the contraction curves. Figure
4.15 shows the S-N curve for the processed foams.
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Figure 4.15 S-N curves of the processed foams.

Since fatigue behavior is known to be very sensitive to the strength of the
alloy, to see how porosity content affects it, the maximum stress applied was
normalized with respect to the foams average yield strength, Figure 4.16. In
addition the results of Nalla et al. for bulk Ti-6Al-4V alloy with fully lamellar
microstructure was shown in the same figure [39]. It was seen that after
normalization all the results fit into a broad band as expected from the statistical
nature of fatigue phenomena. This result yielded that fatigue behavior and
endurance limit of the foams was independent of porosity content and the later was

found to be in the range of (0.75 + 0.05)*Gmax / Oyield fOr the present study.
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Figure 4.16 Normalized S-N curve of processed foams

and bulk Ti-6Al-4V alloy [39].
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4.3.2.3 Fracture Surfaces of Fatigue Tested Foams

Fracture surfaces were studied to investigate the differences in fracture
mechanism with respect to the applied stress and porosity. However, the appearance
of the fractured surfaces were similar to each other. It was also hard to identify the
crack initiation and growth direction due to complexity in geometry of the foams.
Some characteristic features of crack growth and catastrophic failure observed are
shown in Figures 4.17 to 4.19. Figure 4.17 shows the striations due to fatigue crack
growth (marked as A) and its orientation, and phase depended transgranular tear
ridges (marked as B) formed during final failure. Furthermore, in many locations
crack growth was observed in the form of striations and tire marks (Figure 4.18). In
addition to fatigue crack growth, different types of fracture surfaces, which were
also similar to those observed in quasi-static compression tests were observed
(Figure 4.19).

A £

WD | mag | HV | HFW |—————— 40y
6.4 mm|4000x|20.0kV|74.6 um NanoSEM METU-METE

Figure 4.17 Example of a crack growth and fracture.
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Figure 4.18 Micrographs showing fatigue crack growth (a) striations,

(b) tire marks.

57



2 ‘
WD mag HY HFW | ———20pm
10.1 mm|6 000 x| 10.0 kV [49.7 um NanoSEM  METU-METE

WD mag HV HFW e—1 O V101]

10.0 mm| 12 000 x| 20.0 kV | 24.9 pm NanoSEM  METU-METE

(b)
Figure 4.19 Micrographs showing fast fracture surfaces (a) dimples, (b) tear ridges,

(c) combination of tear ridges and dimples on possible o laths.
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Figure 4.19 (cont.) Micrographs showing fast fracture surfaces (a) dimples, (b) tear

ridges, (c) combination of tear ridges and dimples on possible a laths.
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CHAPTER 5

CONCLUSION

Foams processed by utilizing magnesium as space holder yielded two types of
pores, namely, macropores and micropores. Macropores, which were prior
magnesium sites, were almost spherical in shape and interconnected with each
other while the micropores, which were present due to insufficient sintering,

were of irregular shape.

Cell walls were observed to have a density of 3.71 g/cm® regardless of the

porosity content.

. There is a critical level of Mg around 57 vol. % below which the final porosity
is lower than the added volume of the spacer due to collapse of some cell walls

during heating.

Compressive stress - strain diagrams of the foams are composed of three stages,
linear macroscopic elastic region, plateau region and densification region except
the foams with 70 vol. % Mg addition which did not exhibit densification stage

due to excess fracture of cell walls.
In the macroscopic elastic region it was found that there exists a micro-plastic

strain due to stress concentrations on the sinter necks. Also, the loading moduli

of the foams are affected from the presence of micro-plastic deformation.
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. The mechanical properties of the foams were found to obey a power law
relationship in the form of M = A x (relative density)", where M is the
mechanical property of foam and A and n are constants.

Under cyclic loading conditions, all of the foams deformed in three steps; a
rapid increase in contraction, a constant accumulated contraction regime and

rapid increase in contraction leading to failure.

Foams exhibited two types of failure characteristics under cyclic loading. Foams
with lower porosities exhibited a wavy failure which indicates presence of a
crush band. On the other hand, foams with higher porosity content failed
suddenly with a single collapse.

. The fatigue limits of the foams are widely spread but when maximum applied
stresses are normalized with respect to the yield strength of the foams, fatigue
behavior of the foams are set on a band. In addition, it is found that processed
foams are fatigue immune with a practical limit of 10° cycles under a maximum

applied stress of (0.75 + 0.05)*Gmax / Gyield.
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