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Abstract

Abstract

Titanium and its alloys are significant for lotgym loadbearing orthopedic applications
because of their unique mechanical properties and their resistance to corrosion. The literature
describes anumber of processethat have been applied to producetafiium and itsalloy
implants but the optimization of the metallic implants with mechanical properties matching that
of human bones istill a challenging topiclt is obvious that there is room for improvement in
the existing production methods. this thesis, powder metallurgy processes are used to generate
the T+6AI-4V alloys by the field assisted sintering technidfoe the first time, combined with a
rapid gas cooling systernthe influences athe sintering temperaturebie compaction pressures
andthe cooling rates on the microstructures and mechanical piespef the alloys are studied
in detail It could be provethatthe rapid coolindnas an important effect on the microstructures
while maintaining the narstructures of the raw material¥his allowed toimprove the
mechanicaproperties of the sintered alloyst the same time, porous structures are designed to
achieve implants with low elastimodulus to improvehe fixation between the bone and the
implants. The work presented imig thess demonstrateghat the field assisted sintering
technique is a suitable method to produce théAlt4V implants with well controlled

mechanical and structural characteristics.
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Chapter 01 General introduction

1.1. Bone scaffolds

Since healthcare improves angeople tend to live longemnaterials with biomedical
applications become more important. There is a general need to devatepals that can be
implanted into the body. Bone graft is the second most common transplantatior] XjsSte
traditional biological methods of bokefect management include autografting and allografting
bone[2]. Autograft is considered ideabrf grafting procedures, providing osteoinductive growth
factors, osteogenic cells, and an osteoconductive scdf8ldHowever, the harvest of the
autologous graft requires an additional invasive surgical procedure that may lead to donor site
morbidity, chronic postoperative pain, hypersensitivity and infection. Another drawback of the
use of autograft is the limited availability. Allograft can extend autograft, but has limited
biological and mechanical properties acarries with it the p@ntial for dsease transmission.
Also, it has not been accepted in some sociétiesther reasonfgt, 5].

Due tothe disadvantages of natural bone grafts, the use of synthetic graft substitutes is of
increasing interest. A large number of bone graft alternatives are currently commercially
available for orthopaedic use. These span the whole spectrum of materials types, from ceramics
to polymers, metals and compositg. Ceramics were synthetity made from calcium
phosphate that have been used in dentistry and in orthopaedics since thg718B@Seramics
show excellent corrosion resistance and good bioactive propertiethelgatre brittle with low
tensile strength, due to their intrinsic brittleness. Extensive work has been carriedtodytthe
polymeric implant§9-11]. Polymeric systems are deemed to be ductile with insufficient rigidity
and inability to sustain the mechanical forces presetiteibone replacement surgery.

From a mechanical pointhe synthetic bone substitutes should have similar mechanical
propertes to that othe bones being replaced. This needs to be matched with a similar modulus
of elasticity to that of bone in an attempt to prevent stress shiglaggvell asto maintain
adequate toughness to prevarfaitigue fracture under cyclic loadinjletals are more suitable
for loadingbearing applications compared with ceramics or polymeric materials due to their
combination of highmechanical strength and fracture toughness.
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1.2. Desired features of bone grafts

The design and selection of biontédés depend on the intended medical application.

Regardless of the bone graft material, certain considerations are necessary:
1.2.1. Biocompatibility

The most widely used definition for bicompatibility, comes from a consensus conference on
definitions inbiomateriald12]: ABi ocompatibility is the abil it
appropriate host response i n a specific app
implantation into thdody should be biocompatib]&3]. The two main factors that influence the
biocompatibility of a material are the host response induced by the material and the materials
degradation in the body environment. When implants are exposed to human tissues gnd fluids
several reactions take place between the host and the implant material. The issues with regard to
biocompatibility are (1) thrombosis, which involves blood coagulation and adhesion of blood
platelets tothe biomaterial surface, and (2) the fibrous tisemeapsulation ofhe biomaterials

that are implanted in soft tissus]].
1.2.2. Mechanical properties

The mechaical properties of an ideal bone scaffold ddomatch host bone properties. The
failure of implant devices may be mechanical in origin, such as simple shearing of the bone
implant interface, or may be caused by biological praxegks]. The implants with higher
stiffness than bone will prevent the needed stress transferred to adjacent bone, resulting in bone
resorption around the implant gntbnsequentlyin implant loosening. This leads to death of
bone cellswhich is cdled the stress shielding effectl6, 17]. Thus adequate mechanical
properties such as high fatigue strength amdlastic modulus similar to that of human bone are

necessary to avoid fracture and strelselding[18].
1.2.3. High corrosion and wear resistance

Corrosion and degradation are generally seen as harmful. The low corrosion resistance of the
implants in the body fluid results in the release of metal ions into the body. The releasarkion
found to cause allergic and toxic reactiddS]. The service period of the material is mainly
determined by itsvear resistance. The low wear resistance also results inntriptssening and

wear debris idound to cause several reactions in the tig2@p. Thus the development of

2
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implants with excellent resistance to degradationtarvdear in the human body environment is

important for the longevity of the material.
1.2.4. Osseointegration

Scaffolds should not only have similar mechanical propetti¢hoseof the host tissue, but
they shouldalso enhancéhe formation of new boneén vivo conditions,the supply of oxygen
ard nutrients isessential for the survival dhe growing cells and tissues within scaffolds. A
fibrous tissue is formed between the bone and the implant, if the implant is not well integrated
with the bond21]. An idealscaffold needs to form blood vessels in or around the implant within
a few weeks of implantation to actively supptine nutrient, oxygen, and waste transpdr8,
22]. Porous materials allowhe ingrowth of vessels andf the osteoprogenitor cells from the
recipient bed into the implant. A must have property for implants is interconnected porosity
where the pore size should be at least&ifddn diameter fothe suaessful diffusion of essential

nutrients and oxygen for cell survivabilit23].
1.2.5. Availability

Last but not least, the availability is an important factoithie choice of a material for
biomedical applications. In order to achieve effective economic cost and good pabiliigs

materials need to be relatively easy#&processd
1.3. Metallic biomaterials

The eplacement arthroplasty with metallic ilapts made important advarscelurng the
1950s and 1960s. the 195Gs, sainless steel wasuccessfully used as an implant material in the
surgical fieldfor the first time[24]. McKee introducec metaton-metal hip prosthesis in which
components were originally maaé stainless steel anm@pidly changed to a cobathromium
molybdenum alloy to mitigate the excessive fantand rapid loosening of the stainless steel
pair [25]. Braenemark began his initial research into the development of titaniumningyistem
in1952 and the first implant was placed in a patient in 196b The materials currently used for
surgical implants includstainless steels, cobddase alloys, titaniurbase alloys, and tantalum,
with an increasing number of devices being made of titanium and triaadloys. An hcreased
use of titanium alloys as biomaterials is occurring due to their outstanding chatasterich as

high specific strength, complete inertness to body environment, lower modulus, superior
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biocompatibility and enhanced corrosion resistance when compared to more conventional
stainlesssteels and cobahliased alloyg27]. Table1.1 reinforces this point by demonstrating

different scaffolds properties.
Table 1.1. Comparison for different biomateri@dapted froni27])

Stainless steels Cobaltbase alloys Ti and Ti alloys
Alloying elements Fe, Cr, Ni, Mo Co, Cr, Mo, Ni Ti, Al, V, Nb
Advantages Cost Wear resistance Biocompatibility

Availability Corrosionresistance Corrosion resistance

Processing Fatigue strength Minimum modulus

Disadvantages

Primary utilisation

Long term behavior

High modulus

Temporary devices

High modulus
Biocompatibility

Dentistry castings

Fatigue strength

Wear resistance

Low shear strength

Permanent devices

Prostheses stems
Load-bearing

components

1.4. Physical metallurgy for titanium and titanium alloys

Titanium is a transition metal with an incomplete shell in its electronic struethreh
enables it to form solid solutions with elements having a size factor within £20%n air, it is
a highly reactive metal which rapidly absorbs oxygen and water. Titanium has a high melting
point (166§C), exhibiting two allotropic forms. At low temperatures it has a hexagdoséd
packed crystal structure (hcp) namigdup to a temperature (Q882¢2)CC, where it transforms
into a body centered cubic structure(bcc) terfmg2ig].

Depending on the alloying elements, titanium alloys may be classifiédl @sar U , U+b,
metastable or stable depending upon themicrostructureat room temperature. The alloying
elements such a&\l O, N, C, etc.) that tend to stabilize tbhase are called alpha stabilizers
and the addition of these elements increabe b-transus temperature, while elements that
stabilizethe b-phase are known as beta stabilizers (V, Mb, Re, Co, Si, Cr, &, etc.). The

addition of these elements depessthe b-transus temperature. The elements that do not have
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any remarkableffect on the stability of the phasare termed as neutral elements such as Zr and
Sn[28].

The dpha and nead titanium alloysexhibit superior corrosion resistance. éih utility as
biomedical materials iprincipally limited by their low strength. In contragt,+ &lloys exhibit
higher strength due to the presence of Ho#md b phases. Their properties depend ujpios
composition, the relative proportions of tbie fhases, and the thermal treatment tretmo
mechanical processing conditiorf29]. The leta titanium alloys show high strength, good
formability and high hardenability anithey also offer the unique possibility @& low elastic
modulus combined withsuperior corrosion resistan¢80]. Most of the biomedical titanium

alloys belong taheU + @r the metastabl® class[14].
1.5. Titanium and titanium alloys as biomaterials

Some specific properties ditanium and its alloy for the usen medicineare [31]: the
spontaneous formation of a highly biocompatible dioxide passivationrfilr and bloodthus,
providing surfaces thaupport direct orgrowth of local tissueghe corrosion resistance against
atmosphec and aggressive fluidic envinments that is helpful in long time implant
applications, the ability to influence redox reactions at the tissue interface in a way that can
modulate cell ath tissue behavior, the ability to be fabricated into structured surfacdse
optimized in morphology and porosityhey are als@n improvement over stainless steel and
cobaltchromium alloys in cases where Nuclear Magnetic Resonance Imaging (NMR) and
ComputedTomography (CT) are require8ince titaniumweighs 40% less than stegllightness
makesit to a candidate for surgical instrumengsrticularly microsurgeryThere is also an

absence of allergireactions in patients
1.5.1. Biocompatibility d titanium and its alloys

It is generally accepted that Ti and its alloys are relatibédynert and that theyexhibit
acceptable in vitro and in vivo resposder the desired applicatienIn an optimal situation
titanium is capable dahe osseointegrain with the bone[32]. In addition,the titanium forms a
very stable passive layer of Ti@n its surface and provides superior biocompatibility. Even if
the passive layer is damaged, the layer is immediately rebuilt. In the casmiohtitthe nature
of the oxide film that protects the metal substrate from corrosion is of particular importance and
its physicochemical properties suchcagstallinity,impurity segregation ettiave been found to

5
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be quite relevant.

The itanium alloysshow superior biocompatibility when compared to the stainless steel and
Cr-Co alloys. Reservationshave been expressed about the presence oftéong TH6AI-4V
implants, because elements such asagam are toxic in the ionistate. These concerns have
led to the development of new beta titanium alloys with nontoxic alloying elements like Ta, Nb,
Zr, etc. It is reported that the addition of Ta remarkably reduces the concentration of the metal
release[14]. In order to improve osteointagration, bioactivity, biocompatibility, and corrosion
resistance, several surface modifications have lmreloped[33]. The nethods include
chemical and electrochemical treatnsensd-gel, chemical vapor deposition (CVD), and
biochemical modificationand physical methods includingnachning, grinding, polishing,

blaging, thermaland plasma spraying, physical vapor deposition (PVD
1.5.2. Mechanical properties othe orthopaedic titanium alloys

The applicability of various material types in orthopaedic surgery largely depends on their
mechanical properties. It is evident thhe proper selection of alloying elements with right
thermemechanical processing has allowed the produatioimplant materials with enhanced
properties.

The mechanical properties of various biomedical implants is compared with bone and shown
in Table 1.2. From the biomechanical point of view, it is desirable to have a Young's modulus
comparable to that of benin order to achieve a good load transfer from the implant into the
bone, leading to a continuous stimulation of new bone form@&4m5. The Youngds m
of 316L stainless steel amdl Co-Cr alloy are much greater than that of cortical bone. Coming to
Ti and Ti alloys, their lower modulvarying from 113GP to 55GPa, offer a wide range of
mechanical properties so that a selection according to the mechanical requirements is possible.
The strength of the titanium alloys is very close to that of 316 L stainless steel, and its density is
55% less tharthat d steel, hence, when compared by specific strength, the titanium alloys
outperform any other implant mater{&ig]. However, their Youngds mod
that of cortical bone. To further improve the mechanical gtreof Ti implants, much efforis
currently being carried out to develop nalloys with low elastic moduli that mimic thosé
bone tissug[24, 32].

The Youn g o6fstypetdadiun alloyscafe known to be smaller than thodgéafU + b

type titanium alloys. Therefore, the research gnetievelopment of low rigidityo-type titanium
6
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alloys are gtting much attention. Alternatively, a first attempt at reducing the elastic modulus of

orthopaedic alloys was made by the introductiorUdf thanium alloys having elastic moduli

values approximately half than thoskstainless steels or Gor-Mo alloys A further reduction

of Young's modulus of Ti alloys can be achieved by alloying Witabilizing element§36].

The problems related to implant stress shielding of bone have resulted in a number of proposed

solutions for more flexible designs and low modulus materials. However, they &@idreing

totally effective due to potential environmental degradation and pdwldgical behavior.

Synthesis of minimum modulus Ta alloys intended for orthopaedic applications has recently been

demonstrate(i36]. These alloys exhibddequate mechanical strengtind elastic modulower

than other available alloys.

Table 1.2. Different biomaterials developed as orthopaedic implants and their mechanical properties (adapted

from[14, 18, 27, 37])

Type of Biomaterials

Youngbs

Yield strength

Ultimate strength

(Gpa) (MPa) (MPa)
Polymer
PMMA 3.0 - 24-28
UHMA-PE 0.5 - 37-46
Ceramics
Al,O; - - 350
ZrO, - - 550400
Metals
Stainless steel 316L 205210 1701750 465 950
Co-Cr alloy 2201230 5501650 8001 1200
cpTi 105 692 785
Ti-6Al-4V 110 850/ 900 9601 970
ANew gener
Ti-alloys 551113 2751585 59011795
Bone
Cortical bone 7140 - 80i 200
Cancellous bone 0.1i2 - 2120

1.5.3. Corrosion behavior of biomedical titanium alloys

All metals and alloys are subjected to corrosimen in contact with bodfiuid, sincethe

body envionment is very aggressive dte the presence of chloride ions and protdihg.

Local adverse tissue reactions or elicit allergy reactions caused by metallic implants originate
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from the release of metal ions from the implant. This release of ions depends upon the corrosion
rate of the alloy athon the solubility of the primarilformed corosion products.

As previously mentioned, the biocompatibility performance of a metallic alloy is closely
associated with its corrosion resistance and the biocompatibility of its corrosion products. Ti
offers superior corrosion resistance and an outstgridimcompatibility[38]. In air, titanium is
covered with a dense passive oxide layer, which protects the metal against corrosion. This oxide
layer forms spontaneously on the implant surface in presence of oxygen. The passivation by the
oxide layeris robustand persistent undeghysiological conditions and corrosion currents in
normal saline are very loy39]. Ti implants remain virtually unchanged in appearance after
implantation. It is the nature of this surface latfeat is thought to give titanium its excellent
biocompatibility[40]. Becker et al. studied the corrosion behavior and mechanical proérties
three medical grade alloy316L stainless steel, the @9Cr6Mo and Ti6Al-4V alloys[41]. Ti-
6Al-4V performed best in the combination and was therefore the recommended material for use
in biomedical implants. This is attributed to the spontaneous formation of a few nm thick
titanium dioxidefilm that protects the metal fno further oxidatior{42]. This behavior depends
onthealloy composition anthe corrosive medium. Thatigue corrosion resistance of titanium
is almost independent of the pH value while the fatigue corrosion strength of stainless steel
declines belowpH 4[14]. According to the fact that the pH of the body may vary from 3.5 to 9
depending upon the condition ofetlarea around the implant, the corrosion behavior of various
titanium alloys has been studied extensively in different environments. The wKHaofet al
on corrosive wear studies of titanium alloys demonstrated that t6AI7/Nb andTi-6Al-4V
possessd best combination of corrosion and wear in in vitro accelerated corrosion test, although
Ti-Nb-Zr and TiMo alloys all displayed excellent corrosion resistapd8. The corrosion
resistance of an alloy is not only affected by its bulk composition but also by the microstructure
developed. The presence of thghase with elements such as,Nfa, etc. in the two phase
alloys improves the corrosion resistance of the alloy. Heat treatments that lead to uneven
distribution of alloying elements in either of the phase are detrimental with respect to corrosion.
The redistribution of the alloying @nents during heat treatment has been found to influence the
corrosion resistance of an alloy. Moreover, the oxide formed on the surface should be highly
stable in various environments, must not undergo dissolution, ought to be strong and adherent

and itsproperties must not change with the change in the pH of the body fluid. Thus, it is highly
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essential to seledhe appropriate alloying elements atiie heat treatment procedure to have

high corrosion resistant surfacfor biomedical applications. Thetanium alloys tend to
repassivate faster than the stainless steel and other biomedical alloys. The research on the
interactions betweenhe material andthe biological system is relatively new and not yet
matured,hence a systematic study based on physigaimistry and life science is required to
understand the formation of the oxide film ahe repassivated layer obtained under different

environments.
1.5.4. Wear behavior of titanium alloys

Tribology, defined as the science and technology of interactirfgces in relative motion,
and embracing the study of friction, wear and lubricafi®fl, has emerged as a primary field in
bioengineering. As some surface contact takes pléesiriction between artificial materials is
much higher than in natural joints and r@coverable wear of the artificial joint materials takes
place[27]. Failure generally occurs due to excessive wear of the compddé&htsThe wear
debris accumulation producesn adverse cellular response leading to implant loosening
eventually ensuinf46] .

Retrieval of implanted Ti6Al-4V femoral components had generally shown directional
scratching of bearing surfaces, those features beinginiéormly dstributed over the femoral
head area. It has been proposed that wihenormal or shear stresses are high enough to induce
breakdown of the surface passive layer, the oxide will be disrupted. The exposed metal surface
may then either reform a passivedayran adhesively bond to the polymer surface. The latter
situation leads téhe continuous removal and reformation of the passivating layer and results in
gradual consumption dhealloy material.

An original study on friction and wear properties of implants has shown poor wear
characteristics for unalloyed Ti as well as common titanium afldys This performance was
related to the properties of the oxide layer and the deformation belavibe subsurface
regions. Hence, titanium and titanium alloys were considered to have poor oxidative wear
resistance when tribohemical reactions occur at the contact area. In a fundamental tribological
study of titanium sliding against AD, the statt formation of TiQ was reported to decrease the
wear and friction coefficient of titanium. As the surface features of titanium alloys are of prime
importance of friction and wear resistance, the nature and properties of the oxides present in the

nearsurface region deserve special attention. Hehemical reactions during use, or even
9
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detailed surface treatments before implantation, modify the surface characteristics of the alloy
[48]. Furtheron, bulk composition has been shown to alter the composititinesfurface oxide

layer, suggestinghat it mightbe possible to optimize the mechaicespnse of this outermost

layer to improve its properties anthe integrity to the bulk material through bulk chemical
modificatiors. The kinetics of repassivation and the shear resistance of the oxide layer are two
important parameters that will infimce the beavior of the oxide layer. Oxidatiomactiors at

the interface might be the cause of better bonding, reflecting the effect of compositio® on
surface/interface properties. The poor tribological property e6AIt4V for the implant
articulaton surfaces has resulted in the development of surface treatments to enhance the
hardness and the abrasive wear resistance of the [@®§1]. In addition to the surface
characteristics of titanium alloys, a basic understanding of the mechanisms involved in the
friction and wear of titanium alloys is required with particular attention on the subsurface

deformation mduced during wear.
1.6.Synthesisof titanium alloys

Titanium alloys are available in machine, weld, cast, and powder metallurgy (PM) forms. The
properties of these various product forms will vary depending on their interstitial contents and

thermatmechanical processings, 52].
1.6.1. Machhing

To a large extent, machining of titanium and titanium alloys follows criteria that are also
applied to common metallic materials. Titanium alloys can be machined at low speed. For
optimum machining, heavy feed rates should be usedrough surfacesor to remove
contaminated surfaces. A large volume of nonchlorinated cutting fluid should be used. Titanium

chips are highly combustible. Extreme care should be taken to avoid possible fire fBZards
1.6.2. Welding

Titanium and most industrial titanium alloys may be welded by a wide variety of conventional
proceses althoughits chemical reactivity typically requires special procedures and precautions.
Fusion, resistance, flash butt, electron beam, diffusion bonding, and pressure welding techniques
are available and are widely practiced to produce joints in titanium andunitaalloys.

Designers of welded structures must consider both welding process applicability and the physical
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characteristics anthe mechanical properties of welds. During welding the metal locally melts,
measures have to be taken to avoid that titaniudtemanetal comes into contact with reactive
gases, including oxygen and nitrogen from the air. Generally, a clean environment has to be
provided toavoid an embrittlement of the workpiecEtanium alloy weld commonly are used

in fatiguecritical applicatons[2§].
1.6.3. Casting

Titanium alloys have excellent casting characteristics. Due to often vergsexemetal
removal by machining from the ingot to the final component, and the relative expense of
titanium material, casting offers a highst@aving potential. Further on, casting enables to avoid
extensive posprocessing of cast components. Often plax components can be produced for
which conventional production methods would be too complex or expensive. However, the high
reactivity of titanium in the molten state requires suitable casting technology and has limited the
number of titanium foundrie§.he mechanical and fatigue properties of castings will be slightly
lower than for the wrought product. The two casting methods usecmraed graphitenold
casting and investment casting. The main fields of application for castings are high performance
parts in the aerospace atite marine industry. Furthermore, cast parts from titanium are used in
the automotive industry, medical engineering, dental technology as well as the electronics
industry[28].

1.6.4. Powder netallurgy

The major reason for using the powder metallurgy (PM) is to produce complex components
with little machining, thus keeping production costs down. The powdsallurgical production
of titanium parts covers both the powder production and the compactibasaf powders to the
final component. Most of the titanium PM effort has been done WiBAT#4V because it is the
most widely used alloy having a large data base for comparison. The two general approaches to
titanium PM are the blended elements (BE) mdthnd the prealloyed (PA) approach. Normally,
the mechanical properties of PM titanium alloys are superitretoast alloys. The BE method
produces a product with less than full density that can be asgsa® wrought material, but
generally, ithas laver ductility, toughness, and fatigue strength. Process modifications can
improve these latter properties, even making them comparable to wrought, but they increase
costs[29].
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1.7. Approach and aims
1.7.1. Field assisted sintering technique

A promising method to prodeditanium implants ighe powder metallurgy using the field
assisted sintering technique (FAST®3], an electrical discharge sintering method. The
equipment consists of a @xial compression device aradectrical components to applizet
pulsed and steady currents. Aaghite die and graphite punches are used. déwce is
commonly placed in a vacuum ar gas controlled environment. Thentering of powder is
achieved by combination of pulsed DC currents with rapid heating and pressure application.
Unlike conventional sintering techniques of Ti and Ti alloy pawd#hat require maintaining a
high sintering temperature (121)1014003(3) in high vacuum for a long time (2#s 48 hrs)[54],
FAST process is performed in a relatively short period of time. The use ofispldes materials
allows a simple and accurate control of pore fraction, shape and connectivignioni{55].
This method provides foam structures close to homogenous pore structireglatevels of

porosities.
1.7.2. Aims of this thesis

This thesis mainly focuses on two main goals: (1) Investigdktiaglifferent behavior of T4
6Al-4V synthesizd by the powder metallurgy method to addrebks influences of various heat
treatmers, on thephysical and structural parametarsd, thuspn theér mechanical performance.
(2) Applying new methods to synthesiperous Ti6Al-4V that provides satisfying mechanical
support and allows for bone ingrowth.
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Chapter 02 Theoretical background and instrumentation

2.1. Theoretical kackground
2.1.1. Crystal structure

Pure titanium, as well as the majority of titanium alloys, islwtropic element, existinm
more than one crystallographic form. At room temperature, titanium has hexagonaladked
(hcp) crystal struct u( @hasewAhhigh temperatures,ehisstiuatueed a s
transforms to a bodgenteedc ubi ¢ (bcc) cryst 4 |bphase 3(88213% re, C &
[28]. The atomic unit cells ahe Utitanium andb-titanium are schematically shown in Figure
2.1. InUtitanium the lattice parameters of the crystal structure are a=0.295 nm and ¢=0.468 nm,
giving a c/a ratio of 1.587. For bodgntereecubicb-titanium the lattice is a=0.332 nm.

0.468nm

» .
- / 0.332nm

Figurre 2.1. Crystal structure of hép a n db bpcfed.s e
2.1.2. Phase transformation

The complete transformation from one into another crystal structurealisdcallotropic
transformation. Thé&ansformation temperature is known Bgransus temperature. Upon cooling
from theb-phase field of titanium the most densely packed planes @Fpiase transform to the
basal planes of thetphase. The distance between the basal planéseib-phase is slightly
larger than the corresponding distance betweerplémes inthe b-phase. Therefore, the phase
transformation causes a slight atomic disbor (Figure 2.2). This leads to a slight contraction of
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the caxis relative to the-axis in theUphase and reduces the-céio (1.587) below the value

of ideally close packed hexagonal atomic structures (1.633).

Figure 2.2 Phase transformation according to Burgers relatiofi2gfp
The corresponding transformation of @ig planes of th® titanium into the basal planes of
the U titanium and the respective orientations of the slip directions is given by the following
Burgers relationshif28]:

{oood, #{u1d, 0120, a2,

2.1.3. Ti6Al-4V Microstructure

The Ti6Al-4V is anU b alloy, originally having ken developed as constioct alloy for
aircraft industry. Itbelongs to the most significant alloys within the implant alloys for hard tissue
replacemerst[56]. It has high strength, low density, excellent corrosion resistance and the best
biocompatibility among metallic materia]§7, 58]. In Ti-6Al-4V, alloying elements can act to
stabilize eithethe Uor the b-phase. Aluminum stabilizghe Ucrystal struatire by raising thé-
transus temperature. Beta stabilizers (vanadium) result in stability ob-fese at lower
temperatures. Through the use of alloying addititimsb-phase can be sufficiently stabilized to
coexist withUat room temperature.

The microstructure of this alloy can be varied significantly allowing for fitting the mechanical
properties to the speaifirequirements. Thredifferent types of microstructures can be obtained
by changingthe thermomechanical processing route: lamellar dinues, equiaxed structures,
and bimodal microstructures containiag equiaxed primary}phasein a lamellar matrixwith
anU B phas€52]. The formation process dfie microstructure is shown in Figure 2.3. It uses a

constardcomposition phase diagram section at 6% Al to illustrate the formatitmedfphase
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upon cooling. Theophase composition of the -BiAl-4V alloy after different heat treatments is
mainly the U-phase, with a small amount tife b-phase. Thi$-phase is present because there is
a small amount of vanadium present. Vanadium has low solubilibeit-phase and it therefore
is subjected to form thie-phase, either during solidification or subsequent cooling.

1100

1000

900

800

700

Temperaturg’c]

600 -

500 T T T T T T T T
0 2 4 6 8 10 12 14 16 18

Vanadium content in wt.%

Figure 2.3. Schematic ternary phase diagrat@Ali4V (Ms: martensitestart temperature).

Lamellar microstructures are a result of simple icmpfrom temperatures above thd¢ransus
temperature (the lowest equilibrium temperature at which material is t0O0%b-phas¢. Once
the temperature falls below tlfietransus temerature (about 9§O) [52] the Uphasenucleates at
the grain boundarieand then grows as lamellae into the phewhasegrain. Depending on the
cooling rate, the lamellae are either fine or coarse. During slow cooling, pure lamellar
microstructuresare produced, with the lamellae becoming coarser with reduced cooling rate
The microstructure consists of parallel plate§iphasedelineated by the-phasebetween them
This microstructural morphology is called a Widmanstatten structure. The diffusional
redistribution of the alloying ements leads tthe enrichment ofthe b-phase withthe b-phase
stabilizer (V). As a result, a small amount tife b-phase remains stable at room temperature.
With high cooling rates from temperatures above the martensitic start temperat)iranv
through the twephase fieldthe b-phasetransbrms into Martensite, resulting in a very fine
needlelike microstructure. Unlike lamellar microstructures, equiaxed microstructures are the
result of a recrystallization process. The alloy first has to be highly deformed Uh+tHeld to
introduce enogh work into the material. Upon subsequent heat treatment at temperatures in the

two-phase field, a recrystallized and equiaxed microstructure is generated. Heat treatment below
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the b-transus temperature results in bimodal microstructures that can beleredsio be a

combination othelamellar and equiaxed microstructure.
2.1.4. Influence ofthe microstructure on the properties of titanium alloys

The various microstructures have a strong influence on the mechanical behavior of the
titanium alloys (Table.1). Fine grain sizes can be used to increase the strength as described by
the Hall-Petch relationship antthe ductility. Coarse microstructures are more resistant to creep
and fatigue crack growth. Equiaxed microstructures often have high ductilityllaaswetigue
strength, while lamellar structures show superior resistance to creep and fatigue crack growth.
Bimodal microstructures combine the advantages of lamellar and equiaxed structures, they

exhibit a weltbalanced property profile.

Table 2.1. Infuence of microstructure on properties of titanium alloys (adapted 5&n

Property fine coarse lamellar equiaxed
Elastic modulus o} 0 0 +/- (texture)
Strength + - - +
Ductility + - - +
Fatigue crack propagation - + + -
Creep strength - + + -

2.2.Synthesismethods
2.2.1. Field assisted sintering technique

The field assisted sinteringethnique (FAST) experiments weperformed usinghe system
(FCT system GmbH, Rauenstein, Germany) installed at the Tycho Sinter Lab in the University of
Rostock. FAST also known as spark plasma sintering ($%%)or pulsed electric current
sintering (PECSJ60] belongs to a class of sintering tedunes that involve a pulsed DC current
to assist densification. The name SPS has been most widely used in the li{6BIUFAST is
probably more accurate because the formation of plasma during sintering has natelbeen
demonstratedFigure 2.4 shows a schematic of the main componénke d-AST apparatus and
a gascooling setup that was custom built at the University of Rostock. A typical system consists
of a vacuum chamber, electrodes for both current and load delivery, and a power supply capable
of delivering high electric currents at relatively low voltages.
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The FAST experiments wednducted in vacuum under uniaxial pressure. The parameters
that are typically associated with the process include the current, the applied uniaxial pressure,
the heding rate andhe temperature. The maximum current available depends on the specific
FAST apparatus; in the case of the FCT system, the current capacity ranges from 1000 A to 5000
A at 10Vi15V maximum. The pulsing pattern is made up of a sequence acéspulgh the
current, followed by the absence of a current. Thus, a pulse pattern of 12/2 means that 12 pulses

are applied, followed by a duration of 2 pulses where the current is not applied.

o L

Graphite
Die

(@) (b)

Figure 2.4.(a) A schematic depicting the main components of a FAST apparatus. (b) A picture of a rapid cooling
system(1, machine stamp, 2, sample block, 3, gas nozzle field, 4, thermocouples). This particular system was custom
built at the University of Rostock.

The pressure plays a crucial role in the consolidation of materials. During FAST, the samples
are densified inside a die that iapéd in between the electrode. A uniaxial mechanical load is
applied and leads wensificationalong the thickness directiomhus,the laterakhrinkage of the
sample remaingegligible. The maximum pressureattcan be uniaxially applied Isnited by
the mechanical property afie. Generally, materials that are suitable for sintering process are
stable at elevated temperatures. Materials that decompagsblonetend to be poor candidates
for sintering. The most common die material is Roghity, high-density graphite because
graphite has excellent mechanical strength up to very high temperatures, as well as high thermal
and electrical conductivity. In the case of FAST, the electrical currens flewugh the graphite

die and punches, so that the pressing tool also acts eatiaghelement by Joule heating. The
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interior of the graphite die and the surfaces of the punches were covered by a compressible
graphite foil to maximize the contact area between the rough powder compact surface and the
punches ando reduce friction. Tooemove the remaining graphite foil, the substrate surface is
blasted with compressed air jets carrying the abrasive sands.

The current andhe sintering temperature are dependent parameters as Joule heating is the
source ofthe thermal activation. Becaasof the nature of heating, higheating rates can be
achieved in the FAST, as high as about 2000in. Typical values otthe heating rate are
100C/mini 60(fC/min, and those for pressure areNdPa 150 MPa. During theexperiments, the
temperature isneasued in two different ways: drill hole in the surronding graphite allows
thermocouple temperature measurements; in the centtheofraphite setip, a pyrometer is
used. The pyrometes inot able to measure temperatures belombaihd, thus, limitedor the
control of temperatures above 2ﬂDOFigure 2.5 shows the die setup during a sintering run.

Figure 2.5. The apparatus during a densification run; the die that is visible through the viewport and temperature is
atD1200cC.

The unit is equiped with reatime data acquisition systems that monitor temperature,
current, voltage, and displxment. Reatime data allowdo monitor the densification process,
using the displacement data. However, the observed displacement represents an overall
chamlcterization of shrinkage as it also includes contributions from the dithasgstem, as is
demonstrated in Figure 2.6. The data acquisition system does not directly measure sample
displacemerst To measure the true displacement of the sample usingctaall displacement
data, the system can be calibrated without any sample so that the compliance of the system can

be removed. Using such an analysis, the FAST method can provide information on densification.
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Figure 2.6. The schemat-|rclrgeepicting the process of FAST.

The densification mechanisms that take place during this process are not well understood. In
conductive materials (metals), it is clear that thera Joule heating effect when the current is
applied, but in the case of nonconductive materials (ceranticspalpable that the current goes
through the punches and the graphite. digen the formation of plasma is not clear in the
literature. However what is patent is that FAST allows the processing of materials with
maximum density and with the lowest possible grain coarsening; this is a real advantage when
nanostructures or narmowders are used, and the benefits of the +ieatmres should be
maintained during the consolidation of the powd&23 63].

FAST can be viewed as an evolution of the field assisted hot pressing method. The main
difference between FAST artide conventional hot pressing methods is thaAST, the current
is applied inmany pulses over very short timestead one uniqueulse fora longer time.
Advantages of FASTarethe short processing timdy using high heating ratés a resli, less
grain growth and improvegroperties can be obtained. In addition, a mechanical compressive
load is applied during sintering, whictads to improved properties and advanced densification
without sintering aids. The disadvantage of this method is that the shape has just a simple
geometry because of the currently available pressing tools.

2.2.2. Metal foamsynthesis

Metal foamsynthesisstarted in the 1940s, with one of the first products being aluminum
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foam, which wassynthesied by inducing gas into molten metal $gsnik[64]. Metals are
tough, thermally and electrically conductigad strong. Foams have low weight and adjustable
densitieg[65]. Metallic macroporous structures in orthopedic implants are attracting increasing
attention because they combine hgfhength, relatively low stiffness that reduces the stress
shielding effect, and porosity that allows full bonegmowth and stable lontgrm fixation.
Various processes have been developed to create porous implants with improved mechanical
performancen order to get a stable mechanical banplant interfacg65-67]. Due to its high
melting point and high contamination susceptibility, perdi alloys are difficult to be produced
from the liquid state. These scaffolds are usually obtained by rthaésclude solid state
foaming by superplastic expansi¢f8], decomposition of foaming agenf69], directional
solidification of liquid titanium with dissolved gg§0], combustion syn#sis[71], sintered
metal fires and powdel¥2, 73], plasma sprayin§74], rapid prototypind75-78] and powder
metallurgy with help of space holdefs85]. Among the production methodshe powder
metallurgical with the spadeolder technique is promig) due to their considerable advantages
[79]. The most significant advantagef this method are low cost, better control and the
capability of neanetshape production.

There are some issues that must be considered in using the spasgratfesisof titanium
alloys. First, there is a considerable differencthaparticlesizes betweerthe titanium powders
and thespacers. In fact, the greater the size differences of the metal and spacer powders are, the
tougher the control of the process Additionally, some other spacer materidave some
solubility in titanium, whichaffects the final foam properties. Furthermore, the cost of some
common spacers is high, which makes them unsuitable fayttiresis Generally, there are two
types of space holders: those that can be removed thermally when the temperature is raised and
those that are dissolved and removed by a solvent. To process titanium and titanium alloy foams,
there are some typical spacers utilized by researdetan and Bor[80] used spherical
carbamide powders t®ynthesizeli-6Al-4V foams. Magnesium is another spacébpused to
process TiNi foamg81] and pure titanium foamg82]. In a similar process, Ti-has been
employed in thesynthesisof Ti alloy foams[83]. Sodium chloride is another spacer that can be
removed by a solvent. It is selected and processed in the productitvi shdpememory alloy
foams[84]. Sodium chloride is reliable, chemically stable and environmentally friendly that can

easily be removed in water. Spherical particles are suitable for foaming; moreover, sodium
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chloride is cheap and readily available. The characteristics, structure @iéizgns of sodium
chloride make it a good candidate as a spacer. As shown schematidaifyriem 2.7, the
technique using sodium chloride as a spacer consists of four major steps: powder selection,
mixing, compaction and sintering, spacer removal.tRine metal andhe spacer powders must

be selected. Selecting the proper spacer plays the most crucial role. After seleetizetal and

the spacer powders amixed completely to assure the homogeneity of the mixture. The next
step is sintering witltompaction of the powders into a mold under controlled presstiie. A
sintering, the samples atteen suspended in water to dissolve the spadaer.

Ti6AI4V

powder

4 =) Mixing e Sintering [== Dissolution of NaCl

!

Final foam

Spacer

powder

Figure 2.7. Schematic illustration of therp forming process by usifgAST and NaCl dissolution.

2.3. Examination methods
2.3.1. Density and porosity

The density oflensesamples was measured by the Archimedes method in water. The mass of
samples (rp) was measured on a balance. Distilled water was used for testing with a density of
1.0 g-cm3( 4).The sample was attached to a thread and fully immersed in a small beaker with
water, without touching the bottom of the beaker. The weight of the samplden (vg) was
measured, whereby the loss of weight of the sample when suspended in water is equal to the
mass of fluid displaced, from which its volume and hence denstdsn be calculated:

b= 4w M/ (Mg My) (2-1)

A total of eight specimens in each group were examined and average values were determined.
The relative density was calculated by comparing the bulk density of samples with thedhleore
density of Ti6AI-4V: 4.43g-cni . Thereafter, the degree of densification was traced using the
relative density examation.

One of the most important features of metal foams is their porosity, which defines how most
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metal foams will be used. Thepotosfy of f oams cannot be measured

method. The method can only be used to calculate the volume of water displaced by immersed
objects.For this reason, the density obtained from the weight of foams and the volume of water
displaced aly used for describing the situation of foam stiutg=weight of sampl&olume of

water displaced). The densify4) will be smaller than the theoretical ofes) when some
residual NaClor closed pores stay in the struts. In the present work, the concept was used to
measure the relative density of foam strytg)() for tracing the dissolutionfdNaCl after water
submergencdt can be concluded that the method described for calegl#te density of sample

struts cannot be applied to describe the porosity of foams. Hence, for porous samples, the
apparent density } Wwgs evaluated from the weight and the appawolume of the specimens

( J=weight of sampl&rolume of sample). The ive density calculation was made by dividing

the density of the cellular specimén; by)density of the parent orfeg), where} s is the density

of 100% dense aterial The porosity (p) was calculated by the formula: p=(1 § ¥100. A

total of 8 foamser structure were measured.
2.3.2 X-ray diffraction with synchrotron radiation

The XRD experiments were performed at the high energy materials science (HEMS)
beamline (P07) of the PETRA Ill synchrotron radiation source at DESY (Hamburg, Germany)
The emissionof electromagnetic radtion by accelerated electrenis the idea of a synchrotron
setup which has important advantages, namely:

1. High intensity: very short data acquisition times possible
Tunable wavelength: the users can select the wavelengtine@dor their experiment
High stability: submicron source stability
High degree of polarization: both linear and circular
High penetration depth: nestestructive bulk properties measurable

o gk WD

Large Ewald Sphere: small Bragg angles, therefore, monitofimpmplete diffraction

rings with area detectors possible

7. Highly collimated photon beam generated by a small divergence: study extsmagly
samples possible

8. Extinction and multiple Bragg scattering negligible

The HEMS beamline at PETRA 1l is optimizéal hard xrays (i.e. shd-wavelength) in the

fully tunable range 3@&eVi 250keV in order to investigate neatestructively bulk properties or
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deeply buried structures and interfaces mainly in the context of materials research. In a typical
synchrotrordiffraction experiment, monochromatic radiation is used and the sample is analyzed
in transmission. A schematic of the diffraction setup is shown in Figure 2.8. A hay béam
illuminated a sample and the sample was irradiated in transmission geomairgdirzg to
Debyeé Scherrer method. For a monochromatic incident beam, tinetd angle between the
incident and scattered beam is fixed for a given Bragg reflection, but the angle around the
incident beam is arbitrary. The locus of all the possible sedtteeams is a cone around the
direction of the incident beam. For the high energya¥)s the sample absorption is relatively
small, making it possible to study several mm thick samples in tranemigeometry. The
diffracted Debyé Scherrer cones were aygsed on the detector behind it and recorded using a
flat panel 2D detector (Perkin EImer XRD 1622,A)Svith a number of pixels of @8*2048

and a pixel size of 0.2*0.2 nfmCalibration of the wavelength and the santpleetector

distance was done by nseaing ALO3 as reference.

/

Diffracted cone

L -Debye-Scherrer
diffraction rings

/

Figure 2.8. DebyeScherrer geometry of the synchrotron diffraction experiment.

2.3.3. Rietveld refinement

The Rietveldmethod is a futprofile approach that was initially introduced for the refinement
of crystatstructure parametef85] but has been expanded for application in quantitative phase
analysis. The method is based on a legsiares fit between a measured diffraction pattern and a
simulated Xray-diffraction pattern. The simulated XRD pattern is calculated from a large

numberof parameters, including crystsfructure parameters of each component phase, a scale
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factor for each constituent phase to adjust the relative intensities of the reflections, parameters
describing the peak profile and the background, and parameters teigutee instrumental
aberrations as well as effects resulting from -setated strain, pferred orientation, and
crystallite size[86]. A feature of the quantitative analysis of phase proportions by the Rietveld
method is that the phase abundances of the constituent phases can be directgad@tont the
refined scaldactors. Therefore, quantitative analysis can be performed without the need of
experiments undertaken on standard samples to calibrate the method. It consists in minimizing a
function, named residue, which is the net resulhefdomparison between the experimental data
and a simulated one, based on a starting structural rtextbgdted fronj87]).

1

exp
I i

WSS:a \Ni(liexp_ IicaIC)Z’ \Nl -

The spectrum is calculated by the classical intensity equation:

Nphasef' Npeaks

Iicalc — SF a V_12 a Lk‘Fk,j‘ZSj (2(.7| - 2qk,j)F)k.J"A‘j +bkg
izt Vi ka1

J

1. The scale factor (for each phase) is written in classical Rietveld programs as:
S =S f
| T F\/2
Vi

S = phase scale factor (the overall Rietveld generic scale factor)

Sk = peam intensity (it depends on the measurement)
f. .

I'= phase volume fraction
V.

I' = phase cell volum

2. The LorentzPolarization factor I(F’):

1
4sin® gcosg

Polarizationfactor = /1+ cos (29)

L =1+ cos’(2g)

P sin®gcosg

Lorentzfator =

If a monochromator is used, then the polarization facté/ﬂ‘i'!-scosz(zq) COSZ(ZqM)
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where v is the Bragg angle for the monochromator.

3. The structure factor describes how the atom arrangement affects the scattered beam:

sirtg 2

‘Fk,i ‘2 =my g fne_ o (ezpi(hmkynﬂzn)

m<: themultiplicity of the k reflection (with h, k, | Miller indices)

B - the temperature factor

X Yy z _
no°h " coordinates of the nth atom

fy : atomic scattering factor

N: number of atoms
(Zq qu J)

approximation of the \Voigt function is the most widely used fera) and constant

4. Of the analytical profile shape function investigated, the pseudigt

wavelength neutron data. The function is simply a linear combination of Lorentzian and

Gaussian components in the ra(%(l' /7), Where/7 is the BeudeVoigt mixing
parameter:
e & 0 2 B
(Zq qu) Ine’7k6E‘L28+(1- hk)e_s'klnzl:I S =_2qi' qu
@ §'+S,k+ g K M/k

W =W +V tang+U tarf g
Where W, V, U are three experimental fitting parameters (the half width).

5. The MarchDollase formula for preferred orientation functiI(:j)ﬁj is used:

sinfa

a,Q
R, = Dcoszan+ 8

n
a

vO 8;%\?)0

S
m

Fuo is the MarchDollase parameter, summation dene over all equivalent k |

reflections(m<), a Is the angle between the preferred orientation vector and the

crystallographic plane h k I.
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- (-Iﬂl)
6. The absorption factor'?“' € , Mis the linear absorption coefficierand t is the

thickness of the sample.

7. The more used background in Rietveld refinements is a polynomial functi@ndin

n

N,
bkd2)= 4 a,(29)
n=0
Where,Nb is the polynomial degreea}n is the polynomial coeftients.

8. R indices (N=number of points, P=number of parameters):

Al 1

g [Wi ! ieXp]z

Rup =

The R, factor is the more valuable. Its absolute value does not depend on the
absolute value of the intensities. But it depends on the background. With a high
background is easy to reach very low values. Increasing the number of peaks is more
difficult to get a good value. ThecR is the minimum R, value reachable using a
certain number of refineable parameters. It needs a valid weighting scheme to be reliable
9. The goodness of fit is the ratio between the Rwp and Rexp:
- _Rup
sig = RTxp
The MAUD software program v4.1 wasaasfor the Rietveld refinemef88]. The use of the
program Maud proved to be particularly convenient because the measured and the calculated
diffraction-patterns, as well as the difference curve, could be observed and compared with the
peak positions of stored structures during calculatiime peak profiles were described by
separate consideration of the wavelength distribution of thayXthe instrumental assemblage,
and the contribution of the phases contained in the sample (e.g., crystallite sizes and degree of
microstrain). The peak prfile was modeled by a modified pseddoigt profile function. The
unit-cell parameters, used in the refinement, wer® 850A, c=4.686A for hexagonal close
packed( {phase) andy=3.306A for body-centered cubi¢ fphase) given by Wyckoff, R. W. G

[89]. During routine Rietveld analysis, only the sample function was refined because the
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wavelength distribubn of the Xray is constant and the instrumental settings remained
unmodified.The quality of the Rietveld refinement was assessed by inspection of the difference
curve between the measured and the calculated XRD patterns and examination of numerical
criteria of quality.A typical Rietveld refinement pldor Al,Oz is given in Figure 2.9 to visualize

the goodness of fit obtained between the measured and calculated intensities. The observed
weighted residual errors R ranged from approximately @&to 15%, indicating very good
agreement between the observed and simulated XRD patterns. Ideally, these weighted residual
errors should approach the statistically expected valugstiat ranged from % to 6%. The

calculated goodnesx fit values ranged from approximately 1.0 to 2.5.
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Figure 2.9. Rietveld plot of AD; from the refinement using synchrotron data.

2.3.4. Metallographic morphology characterization

Optical investigations wereonducted with samples cut from the sintered compacts. The
polished sample being etched wizinhOOKIH®)ands r e a
optical observations were performed to study the microstructure following standard

metallographical praite.
2.3.5 Compression evaluations

Mechanical tests were carried out on a universal testing machinek(Roell, Z050Q at room
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temperature, equipped with a BN load cell at a croskead speed of 0.3 mm/min with loading
direction parallel to the buildg direction eat with five specimens per groufhe dense
specimers were cylinders of 5 mm in diameter andyBn in height,cut out from the sintered
alloy. The porousspecimens exhibited cylindrical shape with a diameter of about 20 mm and a
height of 20 mmThe data of load and displacement obtained through compressive tests were
converted to true stress and strain using the formul@g §8d @-3) assuming that thesgas no
volume change in the compressive specifi@én9l].

0t = P/R*(1-L/Lo) (2-2)

U= -In(1-L/ Lo) (2-3)

wherel is the true stress)is the true strain, P is the measured loadsFhe initial cross

sectional area of specimensg is the initial length of specimens before testing and L is the
measured length of specimens during t€ke elastic modulus was calculated from the slope of
the compressive stressrain curve in the linear elastic region, while the compressive yield

strength was determined from the curve according to the 0.2% offset method.
2.3.6 Nanoindentation analysis

Nanoindentation analysis was performed to determine the elastic modulus (E) and surface
hardness (H) of the metal alloys. Testing was conducted usinganeindenter of our group
(APEX, CETR Inc.). According to the Oliv#tharr methodologythe nanoindentation tests are
performed by applying a force to drive an indenter probe into the surface of a sample and then
reducing the force to withdraw a probEhe applied load and indenter displacement into the
sample are continuously monitored. After experimentation, a load vs. displacement curve was
generated from collected data, allowing for the calculation of sample hardness (H) and elastic
modulus (E). Thetests were performed using a diamond Berkovich indenter ptabthis
procedurethe polished sample is mounted on a heavy mass and fixed with wax to it. Then a
camera microscope is used to align the indentation head next to the sample's surfacatAfter th
computer program performs an automatic standardized test. Test parameters included using the
load-controlled feedback mode with a 5 s linear loading to a peak force of 500 mN, a 10 s hold at
peak force, and a 5 s linear unloading duration. This measunt system offers a standardized
procedure to obtain the measured quantities. The results can be analyzed with a speaml progr
(UMT Test Viewer, CETR Inc.jFigure 2.8).
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Figure 2.10. An example for the nanoindentation test of thersihtsample

2.3.7. Scanning electron microscope

With the help of a scanning electron microscope (SEM) it is possible to analyze the
microstructure of sample surfaces. By gnitbe scanning the surface wistm electron beam of
several keVthe electronemission is induced. The emitted electrons are counted by a detector
point per point and recalculated to an image by a computer. The intensity of the detected
secondary electrons is influenced by the topography of the scanned material and its electronic
configuration. A detector which detects secondary electrons for images with a high topographical
contrast is usedlhe fracture surfaces after compression tesis he microstructures of the
porous Ti alloyswere observed using a scanning electron micras¢®kEM, Zeiss Supra25s,
Germany at 15 kV acceleration voltage.

2.3.8 3-D micro-focus computed tomography

The porous structure of the sample was analyzed with-gay XnicroCT (GE, USA). 3D
micro-focus computed tomography is a method that useyx to scan an object from different

positions and that reconstructs the thdemensional internal and external structure of the
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specimen by the performed scans. Because the pixel sizbe oécreated images are in the
range of micrometers it is called micro CT or high resolutimaytomography. In principle it is
similar to normal computer tomography used in hospitals. The used-@ilchas a stationary-x

ray tube and detector. Therefothe sample is rotated during the examinatidre specimens

were mounted on a rotary stage and scanned over the whole volume, being rotated by 360° in
1400 equiangular steps (4 pics per 1°). The detector size is 2284 pixel in x and y and 2304 pixel
in the z direction. The voxel size of the images is 10.2 um in all three axes.

2.39. Cellular acceptance of the surfaces

The human osteoblakke cell line MG63 (ATCC, CRL:1427, LGC Promochem, Wesel,
Germany) was used for the evaluation of the cellularmaoee of the surfacg92]. In general,
the cells were cultured in Dulbeccods modi f i e
serum (FCS, PAA), and 1% gentamicin (Ratiopharm GmbH, Ulm, Germany)t@tirs?a
humidified atmosphere with 5% GOFor cell analyses, 1xi@ells were grown on the porous
Ti-6Al-4V plates for 24 hours, fixed with 4% glutaraldehyde (1 h), dehydrated through a graded
series of acetone, dried in a critical point dryer (K 850, EMITECH, Taunus&emany) and
sputtered with a coater (SCD 004, BAEC, Balzers, Lichtenstein). The samples were
investigated with a SEM DSM 960A (Zeiss, Germany).
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Chapter 03 Ti-6Al-4V synthesizedby field assistedsintering technique

3.1 Experimental
3.11. Materials

The commerciallyavailable Ti6Al-4V powders wereemployed in this study, which are
prealloyed Ti6Al-4V (Arcam AB, Sweden) with spherical morphologies and the size
distribution of 45emil O Om (&igure 3.1). The chemical composition of the powders is

presented in Table 3.1.

Figure 3.1. Images of the raw-BAl-4V with spherical morphologies (a) and the solidification surface of the bead
(b). Thesize distributionis4%s M1 00 & m.

Table 3.1. Chemical composition of the@Al-4V alloy.

Chemical composition Al \% C N @) Fe H Ti

Percentages (wt.%) 6.75 4.24 0.03 0.01 0.15 0.17 <0.003 rest

3.1.2 Sample preparation

The field assisted sintering technique (FAST) was performedsyiothesize TFB6AI-4V
specimensThis process consists of the sintering 66Ai-4V powders in a cylindrical graphite
die under high compaction pressure and subsequent c¢®8hgrhe applied direct etent for
the process was 10@0 2000A with the pulse duration of 12 ms and an interval of2 Ti6Al-
4V powders were pressed into a graphite die, and heated under vacuum. A heating rate of
100€/min was applied, anthe sintering procedssted for 6 minutes. As soon as the sintering
was finished, argon gas was released into the chamber. After 2 minutes of hotdiggnnwvas

flowed into the chamber for cooling with different flow speeds. Augefor obtaining the gas
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cooling is shown schematically in Figure 3.2. The system is rotationally symmetric, with six
nozzles in one group and eight groups arranged aroumdsititered component. The core
temperature was measured by a central pyrometer and the surface temperature was measured by
thermocouples (TC). Continuous monitoring of the temperétione history dumg sintering,

cooling rate waderived therefrom.

pyrometer

gas tube

thermocofiié

thermocouple 2

(a) (b)

Figure 3.2. Schematic diagram showing the setup for field assisted sintering with gas cooling system (a) and the
image of the gas cooling apparatus (b).

The different conditions during sintering were as follows: After preheating powgets
425cb, holding at 75&!3, 85(5C, 95(5(3, 1050¢ for sintering and the compaction presswie30
MPa, 40MPa, 50 MPa were applied to get the sintered specimens (40 mm diameter, thickness 5
mmi 7 mm). The samples werethen cooled to room temperature Witdifferent cooling
procedures, i.e.: furnaamoling (FC), gaxooling (GC). Table 3.2 gives an overview of the
parameters used in the process.

Table 3.2. Overviews of the field assisted sintering parameters.

Sample No FC1 FC2 FC3 FC4 FC5 GC1 GC2 GC3 GC4 GC5

Temperature

(EC ) 750 850 850 850 950 850 850 750 950 1050
Pressure

(MPa) 50 30 40 50 50 50 50 50 50 50
Die

thickness 20 20 20 20 20 20 20 20 20 20

(mm)
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Cooling FC FC FC FC FC GC2.6K GCB8.0K GC8.0K GC8.0K GC8.0K
method

Relative 90.6x 96.5+ 97.5+ 989+ Q9. 98.8+ 98.% 89.5+ 99.0¢ 99.3t
density (%) 1.0 0.8 0.6 0.4 0.7 0.5 1.0 0.5 0.4 0.3

FC: furnace cooling; GC2.6k: gas cooling with a nitrogen flow speed of BB0®, GC8.0k: gas cooling with a
nitrogenflow speed of 8000min. Relative density is represented as mean * standard deviation.

3.2 Results
3.2.1. Synthesis of TH6AI-4V alloy

Figure 3.3 shows the calculated relative density as a function of sintering pressure and
temperature. The relativadensity increases with the rise of sintering temperature and pressure. It
is found that the relative ddties of samples sintered at §60950b with 50MPa compaction
pressure araearly 99% of the theoretical density (Table 3.2). Therefore, the peeskEOMPa

was routinely applied throughout the study.

100 100
(a) 850°C (b) 50MPa
98 4
98 4
— —= 961
g g,
2 96 2 944
.
g I 924
O 944 o
>
° [}
X o924 X ss-
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90 T T T T T 1 h T
25 30 35 40 45 50 55 700 750 800 850 900 950 1000
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Figure 3.3. Calculated relative density as a function of sintering pregsyrand temperatusgb) with furnace
cooling.

Figure 3.4 shows the temperatiurme curves of the fieléssisted sintered -BAI-4V alloy
with various cooling procedures. The red and the blue lines show the temperature values from
thermocouples and ¢hblack line shows values from the pyrometer abtd@C. The average

cooling rates were derived by takingtbooling time from 85( to 400C into account.
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Figure 3.4. Representative temperaitirae curves for 6AI-4V sintered at 85C with different cooling regimes:
(a) furnace cooling (FC4); (b) 2600 I/min gas cooling (GC1); (c) 8000 I/min gas cooling (GC2).

The comparison ofhe cooling curves is shown in Fig. 3.5. From the cooling curves, the
cooling rate of 1.5%/s is achieved wh a 20 mm thick graplet die and furnace oting,
3.54C/s and 4.7%/s are obtained with 2600min and 8000l/min nitrogen gas cooling,

respectively.
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Figure 3.5. Representative cooling cwvfer TF6Al-4V sintered at 85 with varied cooling rates. Cooling rates
are: 1.55/s (FC4), 3.54/s (GC1) and 4.78/s (GC?2), respectively.

3.22. X-ray diffraction analysis

Figure 3.6 shows the diffraction images ob@4 standard and T6Al-4V alloy with Debye
rings correspondingotreflections on tk | lattice planes. Debye rings are smooth, indicating
excellent grain statistics, which is a prerequisite for a quantitative analysis with the Rietveld
method. The recalculation of-Ray diffraction data was performed by assuming ideal structures
of materials except where the microstructures and scale factors were refined as a part of the
Rietveld analysis. For diffraction data a square root scale tiemsity was used, as smaller peaks
were more visible. The comparison of experimental and fitted spectra can be viewed with the
APl ot 2Do tab in which all i ndi vidual patter
instrument correction refinememadiffractions appear as straight lines.

An example of the Rietveld analysis for the-6RI-4V powders is given in Figure 3.8.
Because of the gh quality data obtained using tegnchrotron souss it is possible to identify
thesmall amount ob-phaseThe agreement factors as well as the visual inspection of the fitting
resulted in a good fit, with factor and goodessof-fit indicator being: Rw8.18, sig-1.55.
According to the Xray analysis, the weight ratio tie U- andb-phases amounts to 9%6ard
2.4%, respectively. Therygstal lattice parameters fohe Uphaseare a=2.925 A, ¢=4.669 A
and forthe b-phase: g3.189 A.

35



Ti-6Al-4V synthesied by filed assisted sintering technique

Figure 3.6. Diffraction images with Debye rings measured at Des@;Atandard (a), F6AI-4V alloy (b).
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Figure 3.7 Experimental (bottom) and calculated diffraction patterns (top) f&ATi4V at the end of refinement.
After refinement of detector, Plot2D display, diffraction lines are straight. Lattice plane indices are indicated.
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Figure 3.8 Rietveld analysis, using synchrotron data, for théAl-4V powders. The residual of fitting is indicated
below the graph. Thé i t t ed par @mbevtt e s dr=€: 4U=wt 1.85, NotBsiwRwS welgBted s i g =

residual error, sig: goodness of fit.
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Figure 3.9. Rietveld analysis for the-GAl-4Valloy sintered at 858, where t hphasepcana bberveal.f b
U=9 4. RBp, Rb=25.24, sigt.08. Rw: weighted residual error, sig: goodness of fit, proportion of phases in

wt.%.
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The X-ray diffraction patterns of samples sintered at ‘8s@and furnacecooled and gas
cooled are shown in Figure 3.10. Reflectionstleé U and b-phases are detected the
diffraction patterns of all samples. The furnao®led sample shows weak diffraction peaks
from the b-Ti lattice plane (110).The gascooled Ti6AI-4V specimensexhibit sharper
diffraction peaks corresponding tize b-phase. It should be noted thiaé b-reflections are rather
weak, suggesting a relatly low fraction ofb-phase. Thentensityof the b-reflections increases

with increasinghecooling rate, which indicates the increase offiieaction.
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Figure 3.10. Xray diffraction patterns of T6AI-4V samples sintered at g8Dafter cooling with different cooling
rates. Cooling rates are: 1'6% (FC4), 3.54/s (GCl)and 4.78/ s ( GC2) , r0d42plélti vely. o=

Figure 3.11 Bows a comparison of the average crystalliiee for the sintered samples
derived from the recalculation of-pay diffraction patterns, when the one obtained frorsAli-
4V powders included. AfteRietveld refinement, the crystalliggze is characterized in a range of
295nmi 349 nm. It is found duthat decreasinthe cooling rate leads to the growth of crystallite
size.

The plot ofthe phase fraction versuke cooling rates shown in kgure 3.12. The error bar is
determined by the Rietveld refinement. The plot demonstrates that the phase fraded with
different coding rates. The TF6AI-4V powder has weight fraction 0{97.6t0.6) wt.% for the
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Uphase and2.4+0.2) wt.% for the b-phase. The furnace cooled sample with a cooling rate of
1.55C/s has(94.8:0.5 wt.% Uphase and5.2+0.8) wt.% b-phase. The gas cooled gales
exhibit a fraction 0{93.8:1.0) wt.% U-phase an@6.3+0.8) wt.% b-phase fothe cooling rate of
3.54-%/3, (92.740.8) wt.% U-phase andq7.4+0.9) wt.% b-phase foithe cooling rate of 4.7%:/5,

respectively.
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Figure 3.11. Effectof he c ool i n erystalitesize af Ti6AL-4V alloyd. FC4: sintered at g¥Dwith a

furnace cooling (1.58/s); GC1: sintered at 88D with a gas cooling flow of 2600 I/min (3.8%s); GC2: sintered
at 850C with a gas cooling flow of 8000 I/min (4.718s).
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Figure 3.12. Effect of cooling rate on the phase fraction €fAli4V alloys. Powder: raw powder; FC4: sintered at
850C with furnace cooling (1.56/s); GC1: sintered at 88Dwith gas cooling flow of 2600 I/min (3.58/s); GC2:
sintered at 85€ with gas cooling flow of 8000 I/min (4.78/s).
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In Table 3.3, the values of crystal lattiparameters and phase fractionitanium alloys after
sintering at 856 with different cooling rates are given. Thiphasecrystallite sizeincreass
from (2957344 A to (3486:265 A while thecooling ratedecreasefrom 4.78C/s to 1.58C/s.
The weight fraction of theJphasedeaeases fron(94.8:0.5 wt.% to (92.70.8) wt.% with
increasing cooling ratavhereas in the opposite cdbe b-phasefraction increases frorb.2+0.9)
wt.% to (7.4+0.9) wt.%. Compared with the celjparameters of T6Al-4V powder the sintered
samples show that the wuéll of the b-phase increasing and the uwodll of the U-phase
decreasing, although not so significantly.

Table 3.3. Rietveld refinement results of present phases upon different treatmermnam(ﬁﬁ&:).

Sampe Crystallite U fract b fr act Celllength Cell length Cell length
size (A) (Wt.%) (Wt.%) ag (A) co(A) a (A)
Powder 869 + 178 97.6+0.6 24+0.2 2.925 4.669 3.189
FC4 3486 + 265 94.8+05 5.2+ 0.8 2.922 4.668 3.210
GC1 3237 £ 212 93.8+1.0 6.3+£0.8 2.923 4.669 3.221
GC2 2957 + 344 92.7+0.8 74+0.9 2.923 4.669 3.226

FC4: sintered at 850 with furnace cooling (1.58/s); ]
GC1: sintered at 8350 with gas cooling flow of 2600 I/min (3.58/s):
GC2: sintered at 850 with gas cooling flow of 8000 I/min (4.78/s).

X-ray diffraction patterns of T6Al-4V samples sintered at different temperatures after gas
cooling with a flow speed of 80d@min are shown in Figure 3.13. For all specimens, the XRD
patterns are compes of the same diffraction peaks indicatthg U-Ti andb-Ti phases. Thé&+
phase is the dominant phase in theéAli-4V alloys after the FAST process. Starting at%@
small amount of residu&l-phaseis detected. During the second samplsiateringtemperature
equals to 85‘&):, the b-phase peaks (110) and (200) aleserved. Gradually, BAI-4V samples
sintered at higher temperatures present hifhgiase peaks. Since some peakghefb-phase

coincide with peaks ahe U-phase, asymmetiyf peak shapeis observed.
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Figure 3.13. Xray diffraction patterns of T6Al-4V samples sintered at different temperatures after coolingawith
flow speed o00281BAO0OI / mi n. o=

Figure 3.14 shows the effect sinteringtemperatureon theU-crystallite size of Ti6AI-4V
alloys. When compared with the ones obtained at lower temperaturerytiallite size of U-
phase increases with increasing temperature. Table 3.4 shows the results of quantitative analyses
for the sinteed samples. The weight fraction ¢fie Uphase is reduced with increasing
temperature for the samples processed betweelC 780d 950C. The value varies from
(94.8t0.9) wt.% to (88.9t1.4) wt.% and the conterof the b-phase ranges up fro(®.3t0.8)
wt.% to(10.9t1.3) wt.%. The sample sintered at 185@3xhibitsab—phase fraction 0f9.8+1.6)
wt.%, which is lower than that at 94D In all samples investigated, the crystalkiee is found

to be increased from 1886 A to 7426 A with increasing teatpes.

Table 3.4. Rietveld refinement results of present phase upon different sintering temperature.

Temperature Crystallitesize U fraction b fraction
©) (A) (Wt.%) (Wt.%)
750 1886 + 243 94.8+0.9 5.3+0.8
850 2957 + 344 92.7+0.8 7.4+09
950 5753 + 552 88.9+1.4 10.9+1.3
1050 7426 + 877 90.6+1.8 9.8+1.6
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3.23. Metallographic examination

Figure 3.15 shows the microstructures ebAil-4V samples sintered different temperatures
with varied sintering pressures. Initial bonding between particles and neck formation appears at
750€, but the main evolution occurs at 850between 30MPa and 40MPa compaction
pressures with the particles get closer to each other and the porosity is highly rédtered.
sintered aB50C with the pressure of 50 Rk, a well densifiedi-6Al-4V alloy obtained, when
the separateriginal particlesdiffuse to the neightrs

The microstructuresf the alloys sintered at g¥Dwith controlled cooling rates are presented
in Figure. 3.16. The microstructure developedthg furnace cooling athe rate of 1.58/s
consists othe U-colonies within theprealloyed Ti6AI-4V paticles and equiaxettphase at the
boundary of particledncreasingthe cooling rate (4.6%:/5) leads to the reduction of thickness
and length for thé&plates.

Similar microstructures arebtained upon gas cooling from §€Oexcept that theize of the
Uplates is bigger sincthe sintering temperature is higher (Figure 3.17). Also, fursaoting

produces thickeU-plates than gasooling siftering atthe sameemperature.
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Figure 3.15. Microstructures of ‘BiAl-4V alloys sintered at different temperatures and varied compaction pressures
after furnace cool i n@A-4Vipatuléstsinteral gtg¥Dwitma compadtionpressure ofl i
50MPa(a)f or mi nrgd da afighgal o m&r3aNHa (bhancs8(T, 80MPa(c)ihar do aggl omer at i
Ti-6Al-4V particles sintered at 8%Dwith the compaction pressure of BPa (d).
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Eduiaxed a

Figure 3.16Microstructures of FTBAI-4V alloys after heating to 85D and cooling to room temperature at different
cooling rates:1.5%/s (a), 4.8'C/s (b). Optical mico gr ap h s h o w-phase greserd Bretlde patticle _
boundary. The intrparticles microstructer i s composed-pdfatlesn@npanmaltlagined b be
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Figure 3.17. Microstructures of MAI{ 4V alloys after heating to 950 and cooling to room temperature at
different cooling rates: 1.56/s (a), 4.68C/ s ( b) . T h eplateshincredses avshsdecredsingltooling rate.

Figure 3.18 shows the microstructures o6Ail-4V alloys sintered at different temperatures.
After gas cooling from 10§C, Widmanstétten prevails in the microstructiféggure 3.18(c)
Plates ofUphase with some retaindatphase are present in the sample sintered a‘iC950
whereas gas cooling from 8%1)produces a bimodal structure withphasecolonies at pre
existing particle interior and equiaxethphaseformed at bundaries. It is noticed that the

thickness and lengstof the U-plates increasewith raisedemperature.

Figure 3.18Microstructures of FBAI-4V alloys sintered at different temperatures ((a)EBS(Qb) 950C and (c)
1050€) and nitrogen gasooled with a flow speed of 8000/ mi n . T hptatessincreases with intyeasing
sintering temperature. A Widmanstattgsstructure being observed.
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3.2.4. Nanoindentation measurement

Table 3.5 summarizes the resutts nanoindentation measuremenihe alloy sintered at
850C with furnace cooling has a lower elastic modulus than those of specimens after gas
cooling. Notaby, the alloy formed at 1050 is revealed to possess higher (E) and (H) values

than other metal alloys.

Table 3.5 Nanoindentation results for the6Pil-4V specimens.

Specimens NO FC4 GC1 GC2 GC4 GC5
Surface hardness

(GPa) 45+0.7 4.4+0.9 46+0.6 45+0.8 48+0.9
Elasticmodulus

(GPa) 132+ 12 144 + 17 143 + 13 143 £ 17 1454 £ 19

Data is represented as mean * standard deviation.

3.2.5. Compression fracture analysis

After compressive tests, fractufeatures were examined by scanning electron microscopy.
Figure 3.19 shows the fracture views of the specimens after furnace cooling with different
sintering temperatures and varied compaction pressures. Fracture behavior shows ductile
characteristics asgplayed by the presence of dimples. In the sample sinteredtél Tobes are
identified. In Figure 3.19b) and (c), a lack of connection between raw prealloyed particles is
observedThe specimen synthesized at &50vith 50 MPa pressure displays gomderparticle
connection.

The fracture surfaces fthhe samples after gas cooling with different rates are shown in Figure
3.20. It can be seen that elongated dimple patterns are distributed on the fracture surfaces, which
is an indicative of sheared Idad. Somesmall dinples between large dimplese observed
from the microstructure of Figure 3.28). Thefracture surface in Figure 3.4d) shows the
dimples with a deeper ductile aspess the cooling ratevas raisedFigure3.20 (e) and (f), an

increase of the dimple size abserved.
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Figure 3.19. Views of fracture features for the6Ril-4V sintered at different procedures: (a) 5060 MPa; (b)
850€, 30MPa; (c) 85(C, 40MPa; (d) 856C, 50 MPa Fracture through interpaticle necks is clearly seen and the
figures show the occurrence of ductile fracture known as dimples.

Also the fracture surfaces from samples with different sintering temperatures were
investigated by SEM, as reportatFigure 321. The surfaces are covered by dimples, clearly
visible only at higher magnification. There are many microvoids on the frastuf@cefor the
specimen sintered at 8@ which display an elongated shape oriented in the ductile crack
propagéion directon. FromFigure 3.21(d), the fracture surfacexhibits shallower dimple and
larger average dimple size when compared to those at Figuréh®.Ebr the higher temperature

(10503C) sintered material, the size of dimple is reduced once more (Figuré)3.21
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Figure 3.20. Fracture surface of the6Rl-4V specimen sintered at 8&0with a cooling rate of 1.56/s (a) and (b)
the enlarged image of the dimple regior{a); Fracture surface of the specimen sintered at8sih a cooling rate
of 3.54C/s (c) and (d). (e) and (f) are the fracture images of specimen sintered@tv@80a cooling rate of
4.68C/s. Presence of dimples characteristic of ductile fractareathstrates a highly ductile fracture in6Al-4V

alloy.
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Figure 3.21. Fracture surface of the6lI-4V specimen sintered atB%D(a) and (b) the enlarged image of the
dimple region in (a); Fracture surfao the specimen sintered at 960(c) and (d); (e) and (f) are the fracture
images of specimen sintered at 1850
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3.2.6. Compressive mechanical properties

Typical true stresstrain curves obtained from compression tests are compared in Figure 3.22.
It is noted that for all the test samples, after the yield strength is reached, the curve firstly is of a
parabolic shape and then becomes linear under a specifichantkning re. At 750C
sintering temperature, the yield strength is present($@&t34) MPadue to the weak bonding
between raw particles. In comparing these curves with one another, it is seen that the increase of
temperature and compaction pressure has a very pronounced effect on the magnitude of the yield
strength. Compressive elongation cpes in the same manner, on the other hand, elongation

increases with both sintering temperature rise and compaction pressure increment.
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Figure 3.22. Compressive true stressain curves for samples sintered at different treatment regimset is the
side view of the fracture feature from the specimen deformed at room temperature. Data is represented as mean +
standard deviation.

Figure 3.23 displays true strestsain curves for the sintered specimens upon compressive
loading, in whicha curve obtained from the specimen with furnace cooling is included in order
to compare the cooling rate effect. For -gasled Ti6Al-4V alloys, the yield strengths are

superior to those cooled with furnace cooling. The highest strength of the allay,(2®6t14)
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MPa, is obtained from the specimen (GG2hthesizedt 850C and cooled in nitrogen gas with
a flow speed of 8000min. The lowest strength, abo(892t19) MPa, accompanied with the
lowest elongation 0{30.6:2.7)%, is obtained when the allgf¥C4) was produced at 85t
upon furnace cooling. The elongation at failure for G(38.2:1.9%) and GC2 (32.4t1.7)%)
are comparable to the GCBL.8:2.0)%). As the sintering temperature was reached tocf[DEO
little decrease of elongationabserved for GCY81.1+£2.3)%).
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Figure 3.23. Compressive true ssatrain curves for samples sintered at different treatment regimes. Data is
represented as mean * standard deviation.

Changes of yield strengths for the specimens sinré80C with different cooling rates are
shown in Figure 3.24. In general, the yield strength increases with increasingg rate, being
highest with thenitrogen cooling rate of 4.88/s. The strength of902t11) MPa was obtained
for the specimen siated at 854 with the cooling rate of 3.5%/3, whereas upon furnace
cooling the lowest strength val(@92+19) MPa) was registered.

Figure 3.25 shows the effect thfe sintering temperature on the compressive yield strength of
Ti-6Al-4V alloys. Itclearly indicates that the material has a low rate of decrease in the yield

strength with increasing temperature.
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Figure 3.24. Effect of the cooling rate on the compresgrle strength of T6AI-4V alloys.
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Figure 3.25. Effect of the sintering temperature on the compressive yield strengt®/f4\V alloys.
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3.3. Discussion
3.3.1. Xray diffraction

As shown in Figure 3.8some residual ob-phase is observed in the casethe sample
sintered at 85€ with furnace cooling Applying Rietveld refinement for all the specimens
produced after different cooling rates, the results are summaniZiable 3.3. According to the
data, lattice parameters fahe Uphase arels=(2.923#0.00) A, Ur(4.6696€.00) A and
be=(3.2194€.009 A for the b-phase, which are slightly bigger thtrat of prealloyed powders
The observed deviations can be accoufdedubstitutions among cations that were changed in
the sintering proces3he elative intensities of the pealof b-phaseare different in Figure 3.10
With cooling rates varied for 1.89s to 4.6&:/5, theb-phag amount is in the range of 2.4
wt.%i 7.4 wt.%. This indicates that the fast cooling delayed the phase transformation in the
sintered alloy. After field assisted sintering, thephase cannot transform tine U-phase
completely. There are some discrepancies compared to the published restiHsAbAV [94].
According to the rafrence, the amount of residimphase was independent of the cooling rate.
The difference might be due to the variationtie composition of the alloyused and the
accuracyof the X-ray diffraction. Refinement errors may also yield some changes between the
results.

Quantitative analysesvere performed on the diffraction data of the sampliesered at
different temperatures. The results are exposed in TabldBe4crystallitesize ofthe U-phase
increasesvhen the temperatungsing from 750C to 1050C. The similarsituation for theb-
phase fraction is experienced upon sintering temperature changing fr&fht@%db i.e., the
weight fraction ofthe b-phaseincreases from 5.3 wt.% to 10v8.% and the presence of the
phase is decreased with increasing sintetémgperature. At 10§b, the fracton of theb-phase
is reduced to 9.8vt.%. This indicates that phase transfer and dissipation are faster at this

temperature.
3.32. Metallography

The morphological features while cooling with different rates were ideatifthe
microstructure composed bfplates having a lamellar appearance and particle bouHagse
having an equiaxed appearance (Figure 3.16 and Blfhefield asssted sintering, the original
Ti-6Al-4V particles only occurs localized connectian except for the starting lamellar
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microstructure in the particle interidhe equiaxedJ-phase recrystallizeih the connection zone
was observedn situations where recrystallization takes place on cooling, the nucleation rate is
determined by &8oltzman type equation, which has an activation energy that decreases more
than linearly with decreasing temperat{®8]. As the alloy was cooled with treoling rate of
4.68[C/s,this gives a rapidly increasing reation rate, thus morequiaxed}phaseappeaed at
the particle boundariesDecreasing cooling rate to the lowest examined in this stud"}C/&,S
further growth otthe U-plates progressively observed

In addition, the sintering temperature appears to play an important role in the formation of the
observed microstructures (Figure 3.18).high temperatures, the crystallicé nucleation and
growth arecontrolled by volumetric diffusiorresuting in increased thicknesses of tbighase
colonies.Increasingthe sintering temperature to the highest examined in this study,ECLOEO
volumetric diffusion controled Widmanstatten formation isbserved. The elatures of the
Widmanstétten structure is consistent with those reported by Ahmed @8|aSintering below
theb-transus (98'&[2) leads to the development of microstructures composed both of lamellar and
equiaxedUphases. In this caséhe volumetric diffusion is limited, therefore the crystallite
growth controlled bythe interfacial diffusion. fie recrystallizedb-phasepenetrates into the
staringUphaselamellae along phageoundaries causing the separation into individiigtains

[97], theequiaed structure can be seen.
3.33. Hardness and elastienodulus

The modulus of elasticity (E) and hardness (H) for théAlt4V alloys were determined by
nanoirdentation testsThe i ncrease in elastic modul:i i s
structure and microstructure with gas cooling. The hardness f&AIF4V is related to the
presence of variation in the crystallseze. Comparing the results with the literat{f&] data
(elastic moduli: 10%5P4d 116 GP#¥, it is obvious that the valgeof elastic modulare higher. The
higher (E) values mean that the alloys regunore appliedtress to deform the materials

To account for these values, besides the effect of the two analytical procedures, the process of
indentation on a nehomogenous sample should be analyzed. In such a sample, areas of
separated phases formedthin the alloy possess different mechanical properties, which would
lead to different (E) and (H) values if the measurement was conducted on or near the grain
boundary.This matter has been extensively studj®8-101], the differences in tensile and

nanoindentation values were attributedho different size and micstructural levels that were
53
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probed.Nanoindentation tests measure a very small area of the sample surface, almost at the
dimension of a single grain. Conventional tent@igting procdures consider the entire alloy
However, the difference in this work @#dso due to the changes in the composition of the alloy
used. It is well known that, for example impurity or oxygen levels have a dramatic influence on

the Titanium alloy properti€d.07.
3.34. Compression fracture

The analysis on the compressive fraction shows that the fracture section was covered by
shearing dimples that elongated ineatain direction with different sizes and depths. Figure 3.19
(&) shows a decrease connection area of the intact particles, which leads to the premature
mechanical failure. Comparing the fracture surface of the sample subjectedﬁosBﬁéring
temperéure (Figure 3.20), except for the elonghtdimple patterns, many shebands a
observed on the surfacenaogous results have been found in other specimens (Figure 3.21).
The dimple patterns as well as the smooth regions between them indicate actlaaker
propagation speed.

The fracture surface for the sampgnthesizd with a cooling rate of 4.88/s has an
ocaurrence of bigger dimple siz€Bigure 3.20(f)). This indicates that it is more ductile, since
the size of dimples can be used to quantify ability of a material to absorb energy up to
fracture under loadinpL03. In the fracture surface referring to the specimen sintered aEthSO
Figure 321 (f), more microvoids are observedhis feature indicatea relativelyless ductile
behavior. Regardless dhe differences in the size of dimples, the fracture surfaces of all
specimens had a similar appearance which indicates that the fracture mechanism is similar.
Ductile fracture occurs as a result of the intense plastic deformation located along the crack
entrance. In other words, inhomogenous stress distribution contributes to the generation of
certain plasticity. It is known thahe packed crystal structui@cp) U-phase need a much higher
local deformation, i.e. energy consumption, to nucleate dimplesthiaamequired fothe body
centered cubidbcc) b-phase. Therefore, it can be inferred that, irR6AI-4V, the ductile
behavioris dominated by the deformation of tbighase

3.35. Compression mechanical results

A weak connection between original pad& was obtained in the alloy sintered at L}250
which contributed to the yield strength @06£34) MPa. Figure 3.24 plots the yield strength
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increases with increasing cooling ratehisl indicates the existence of théall-Petchtype
relationship, which gtablished that the yield strength varies inverselyhe square root of the
crystallite size. The finer crystallitan be obtained by rapid cooling and cause the enhancement
of a material 0s s t crystallig bdundaries i are ce@fectiubarrers ax s i n g
dislocation glide and climb, which moderates the localization of plastic deformation and delays
the fracture.

Figure 3.25 shows the variation of the yield strength as a functiotheofsintering
temperature As expected, the sintering tematere exhibits an obvious effect on the strength of
the material. The yield strength of-8Al-4V alloy sintered at 1050 ((900t22) MPa) is lower
than that sintered at 9%0 ((922+28) MPa), and 854 ((936t14) MPa), but most comparable to
literaturereported values (8281Pa 895 MPa)[52]. However, the ultimate compressisteength
distribution for the Ti6AI-4V alloys is quite narrow (Figure 3.23). This trend indicates that the
drop of yield strength caused byethise of crystallitesize is pronounced under the present test
conditions, and that the Hagdletch effect domirtas the deformation proces$n the bimodal
microstructure, tie localization of the equiaxddphase along the particle boundaries can also
strengthen the alloy by dispersive strengthening through pinning the movemethie of
dislocations.

Though the Uphaseis a roon temperature stable phase, fiphasecan also be steadily
retained at room temperature the gas cooling.The results so far obtained show that, besides
the U-phase, it must be considered the contribution offtphase to the overathechanical
properties.In this sense, studies are in progress seeking for the quantification of these partial
phases, by determining the fraction of phases through the Rietveld refinement. In the case of
shear buckling of FBAI-4V alloy, U-grain bucklingaids in dispersing localized stored energy
during compressive deformation. This allows the alloy to absorb relatively large amounts of
strain energy. Colonies ttie U-phase lamellae with various orientations hinder the crack growth.
When crossing the bodary between colonies, the crack changes direction, which causes crack
branching and secondary crack creation. These processes require additional energy and result in
increased yield strength of the material. Crack propagation thribediphase grains as not
require so much energy and in turn the strength is redwabdincreasing the fraction df-
phase Further, it is noted that sintering -BAI-4V at 1050 results in thewidmanstatten

microstructure (Figure 3.18), whietill also getthe strength eduction
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From the stre§strain characteristics mentioned above, it is also found that some
improvement in elongation could be achieved. High values of compressive strength together with
improved ductility cannot be ascribed to the pre of finer crysllitesin the microstructure,
but the effect of residudél-phase musbe considered. Thmicrovoidactive energy in theb-
phase is lower than those in ti@hase The increasingmount of thé-phase result a loss of

resistance tthe plastic deformtion thereforethe alloys display better ductility
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Chapter 04 Ti-6Al-4V foamssynthesizel by field assisted sintering technique

The content of this chapterpgrtly published in:

Quan Y, Zhang F, Rebl H, Nebe B, Keliler O, Burkel E6AI-4V foamsfabricatel by spark
plasma sintering with post heat treatment. MateBaience and Engineering. 2012, 565:118
25.

4.1 Experimental
4.11. Materials

As a basis of the powder mixtures, the6Hl-4V powders with chemical purity of 99.0%
(TLS Technik GmbH & Co, Germany) were blended with 99.0% pure NaCl powders and poly
vinyl alcohol as a binder. The-BiAlI-4V powders are spherical with size distribusasf 5emi
35em and the cuboidal sodium chloride powders have round angles as shown in Figure 4.1. In
the preparation process, the size of the metal powders should be smaller than the average powder
size of the spaebolder material[104]. The spacdolder particles witlsizes of 125 emi 250

em, 250emi 425em and425emi 650em, can be obtained by sieving.

EMZURIEG

Figure 4.1 SEM imagef the prealloyedTi-6Al-4V (a) andNaCl powderg(b).
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4.1.2 Foams preparation

All blends were FAST treated under vacuum in cylindrical graphite dies. After heating the
samples with a rate of 18Dmin up to different sintering temperatures, varied pressures were
applied for 8 minutes to get disbaped pellets. Porous-8AI-4V foams were obtained through
dissolution of the NaCl spadwlder in renewed deionized water for 72 hours at room
temperatee. The foams were cleaned in an ultrasonic water bath for 30 min and furnace dried at
120¢ for 2 h. By changing the weight ratio of NaCl, a series of samples with different porosities
were obtained.

In addition, a posheat treatment was used to inceedbe strength of the foams. It was
carried out by a pressureless mode of the FA®Thod[53, 105. The setup is shown in Figure
4.2. A small gap d was designed to avoid damaging the porous materials. The foams after the
NaCl being removed were sintered at 1406or 5 minutes in this pressureless mode. The
sintering cycles as presented in Figure #ahle 4.1 gives an overview of tparameters used in

the process.

Figure 4.2.Schematic diagram of the graphite dieggtforthe pressureless mode of the FAST (1. graphite form, 2.
graphite bottom punch, 3. graphite up punch yometer measurement hole, 5. sample, d>0apn).
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Figure 4.3.Field assisted sintering cycles of poroussAi-4V samples(a) sinering with compaction pressure and
(b) sintering without pressure

Table 4.1 Overview of the parameters used in the sintering.

Temperature Pressure Dwell time

&) (MPa) (min) Resul

650 50 8 success
700 50 8 success
720 50 8 NaCl melt
750 50 8 NaCl melt
700 60 8 Die break
700 80 8 Die break
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1000 0 5 Weak densitification

1100 0 5 Well densitification

1200 0 5 Well densitification
4.2 Results

4.21 Synthesis of Ti6AI-4V foams

Figure 4.4 shows the calculated relative density for foam struts as a function of N&XIHTi
4V ratio after sintering at different temperaturéke red line shows the values from the samples
with sintering temperature 7#Dand the blue line shows values after Hosated at 1186. The
relative density increases with the rise of sintering temperatures and NaCl fraction. It is found
that the vale for samples sintered at 1¥rpwith a NaCITi-6Al-4V ratio of 0.34 is nearly 99%

of the theoretical density.
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Figure 4.4. The relative density ofoam strutsafter different sintering temperaturas a function of NaCIl/T6Al-
4V ratics.

Figure 4.5 shows the porosities of the post heate@AIF4V foams with changing Nadli-
6Al-4V ratios. The red line shows the values evaluated from the weight and the apparent volume
of the specimens and the blue line shows values from a theoreticdatwatciBelow theratio of
0.73, the porosity of the foams is higher than the theoretical ones. Increasing the ratio to 2.27, the
foams show a lower apparent porosity compared to the theoretical value.

Table 4.2 shows a summary of the parameters t@AH4V foams afterthe field asssted
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sintering. After the foams were singer at 70&:, they showporosities 0f(48+3)%, (58+3)%,
(64+1)%, (68+3)%, (73£3)%, (76+2)%, (79t3)% and(82+3)%, respectively. When tlgeare post
heat treated at 11511 they display porosities of45+2)%, (54+3)%, (61+3)%, (65+3)%,
(70£3)%, (74£2)%, (77+3)% and(81+3)%. The densies of the foams increase 5.5%, 7.5%,
8.9%, 8.6%, 9.1%, 9.7%, 9.5% and %.S@fter the heat treatments. The foasimstered with

higher spacdolder size show bigger increments of density (10.1% and 9.7%, respectively).
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Figure 4.5.Porosities varied with the changing weight ratio of NaCl sgaalders.
Table 4.2 Porosities of the T6AI-4V foamsafter sintering at different temperatures.

SpecimenO Spfaceholder Na-CI Porosity POFQSity Increrr-lents of
size(e M ratio (7OOLC) (%) (1100LC) (%) density (%)
1 125250 0.34 48+ 3 45+ 2 55
2 125250 0.53 58+3 54+3 7.5
3 125250 0.73 64+1 61+3 8.9
4 125250 0.89 68+ 3 65+ 2 8.6
5 125250 1.12 73+3 70+ 3 9.1
6 125250 1.44 76+ 2 74+ 2 9.7
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7 125250 1.92 79+ 3 77+3 9.5

8 125250 2.27 82+ 3 81+3 9.5

9 250425 1.92 79+ 3 77+3 10.1
10 425650 1.92 80+ 4 78+ 4 9.7

4.2.2. X-ray diffraction analysis

Figure 4.6 demonstrates the high energyaX diffraction patterns for the -BAI-4V foams
produced by the FAST and the prealloysalvders.The XRD patterns are compes of the
diffraction peaks indicatinghe U-Ti and b-Ti phases. Thé&tphase is thelominant phase in the
prealloyedpowders Sintering at 70(C, in addition to tle diffraction peaks of the-phase, a peak
of theb-phase (110) is visible. TH&Ti phase is still thelominant phase in the-BAI-4V foams
afterthe postheat treatmert 10T, Additionally, theb-phase peaks (110), (200) afd1) are

detected.
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Figure 4.6. Synchrotron Radiation high energy-rdy diffraction patterns of the BAI-4V powdes andfield
assisted sintered -BAI-4V foams.

4.2.3. SEM micrographs

Figure 4.7 shows the imagestae porous metals with different pore sizelhe foamsvere
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produced by a similar Nadli-6Al-4V ratio with increasingspaceholder size, which restdd in
identical structure withincreasing pore sizeBecause oftte increasing size of the spaualder

particles the distance between the struts were larger leadinkgtger interconnecting pore sge

Figure 4.7. SEM images of the porous structures ttoe Ti6Al-4V foamssinteredwith different spacéiolder size:
@)125e 250 e m, e fd2)5 250 ¢ 6S5)0 £ b

SEM imagesf the samples after pekeat treatrant atdifferent temperatures ashown in
Figure 4.8. Figure 4.8a) shows the cell strut of the foam, having rough surfaces, with many
micropores, indicating that at 10t cannot densify the foam strut well. Conversely,
microstructures are smooth on theustof the Ti6Al-4V implant postheat treated at 116D
(Figure 4.8(b)). At 120(5C, the strut of pores was well densified with melting of the particle
boundaries (Figure 4@®)).
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Figure 4.8. SEM images of thpore walls forthe TF6AI-4V foamspressureless sintered at (a))(IJHC, (b) 1]OOLC,
(c) 1200C.

Figure 4.9 shows the SEM micrographs of the porouSATi4V foams with different
porosities 0f{45+£2)%, (54+3)%, (61+£3)% and(70+3)%. It showsthe pore szes ranged fromi50
em to 260em with theNaCl spacing material in the range of X326 to 250em. The thicknesses
of the pore strutslecrease with increasing porosity. The higher porosity samples show good
interconnectivities The primary pores replicate the szaend shape of the angular NaCl
particles with rounded corners. Thus, pore shapes can be controlled by using NaCl powders with
various shapes. Finally, interconnected pores are visible either as pmee& or as necks
between adjacent pores in cross sections. These interconnected pores usually rangied 2D

em in sizes, indicating that osteoblasts may be able to penetrate into the porous structure.
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EMZUniRo:

Figure 4.9. SEM images ofhe Ti6Al-4V foams prepared by FASHith different porosities of (a) 44.7%, (b)
54.4%, (c) 60.7%, (d) 70%.

Detailed microstructural viewsf the Ti6Al-4V foam with (70+3)% porosity are shown in
Figure 4.10. Figure 4.10 (a) and (b) display the foaymhesizd at 708C and 50 MPa. They
show the porous structure atie pore struts, revealing relatively uniformly shaped macropores
having rough surfase with many microporeand the shapes and the sizes of the original alloy
powders being visible. This indicates that théAi-4V/NaCl mixture is difficult to be densified
and, as expected, the melt of the alloy powdﬂrgodb was not sufficient to smooth the
micropores duectthe very high melting point of BAI-4V. Figure 4.10c), (d) display the i
6Al-4V foans postheat treated at 118D with the pressureless mode. After the heat treatment,

the junctions between tteiginal particles are formed with only few microporésft. As seen in
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General discussion and future outlook

Figure 4.10(d), most of the micropores disappeared due to the heat treaBimer@.no pressure
was applied and only diffusion dominated the FAST procéss,ridicates that the pressureless
heat treatment contributes to reduce the omorosity of the struts. Thus,-BAl-4V foams with
higher density of thg@ore struts can bgynthesizd by the FASTmethodat 700C with apost
heat treatment at 116D

EMZUniRo-

EMZUniRo"

Figure 4.10 SEM images of the porous structures and pore walls of H8AIF#4V foamssintered at 70, 50MPa
(a, b), andFAST post heat treatmeat 1100C (c, d).
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4.2.4. Micro computed tomography

The outer shapef the Ti6Al-4V foam with (54+£3)% porosity is shown in Figure 4.14).
Figure 4.11(b), (c), (d) displaythe micreCT 3D reconstructions of the foafrom the images,
the complex macroporous structure is recognizable. The macrostructure of the foamosed
of homogeneously dispersed porous cavitilesk) and continuously connected-8Al-4V struts
(yellow). The MicraCT 2D top view and side views show thag fhore sizes range from 1t
to 23 em. Other samples show similar morphologies but daffer strut thickness and
interconnectivities

(@) (b)

(d)

Figure 4.11.Micro-CT threedimensional 3D reconstructions of the@Al-4V foam (544 of porosity) withouter
shape of the alloy foam (an isometric view (b), 2D togiew (c), left side view (d) (scare bar 200 um
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