
Titanium Alloys 
Advances in Properties Control

Edited by Jan Sieniawski and Waldemar Ziaja

Edited by Jan Sieniawski and Waldemar Ziaja

The book contains six chapters and covers topics dealing with biomedical applications 
of titanium alloys, surface treatment, relationships between microstructure and 

mechanical and technological properties, and the effect of radiation on the structure of 
the titanium alloys.

Photo by Esebene / iStock

ISBN 978-953-51-1110-8

Titanium
 A

lloys - A
dvances in Properties C

ontrol



TITANIUM ALLOYS -
ADVANCES IN

PROPERTIES CONTROL

Edited by Jan Sieniawski
and Waldemar Ziaja



TITANIUM ALLOYS -
ADVANCES IN

PROPERTIES CONTROL

Edited by Jan Sieniawski
and Waldemar Ziaja



Titanium Alloys - Advances in Properties Control
http://dx.doi.org/10.5772/49999
Edited by Jan Sieniawski and Waldemar Ziaja

Contributors

James Wang, Farid Umarov, Yaroslav Matychak, Iryna Pohrelyuk, Viktor Fedirko, Oleh Tkachuk, Faramarz Djavanroodi, 
Wilson Wang, Poh Chye Khoon, Jan Sieniawski, Maciej Motyka

© The Editor(s) and the Author(s) 2013
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2013 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Titanium Alloys - Advances in Properties Control
Edited by Jan Sieniawski and Waldemar Ziaja

p. cm.

ISBN 978-953-51-1110-8

eBook (PDF) ISBN 978-953-51-6340-4



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

4,200+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

125M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editors

Professor Jan Sieniawski graduated in Materials Science 
from Silesian University of Technology in Gliwice in 1972. 
He has been engaged with the Faculty of Mechanical 
Engineering and Aeronautics of the Rzeszów University 
of Technology since 1974. He leads the Department of 
Material Science since 1996. He is one of the originators 
and prime mover of the R&D Laboratory for Aerospace 

Materials which he heads since 2004. Scientific activity of Prof. Sieniawski 
covers topics in the area of physical metallurgy of aerospace materials – tita-
nium and aluminium alloys, nickel and cobalt-based superalloys, develop-
ment and characterization of single crystal castings and thermal barrier coat-
ings on the elements of the hot section of gas turbines. Prof. Sieniawski is a 
founder member of the Polish Materials Society, member of The Committee 
on Materials Science and Committee on Machine Building of the Polish 
Academy of Sciences. He holds the position of Editor-in-Chief of the quar-
terly journal of The Committee on Machine Building of the Polish Academy 
of Sciences “Advances of Manufacturing Science and Technology” and acts 
as a division editor of the scientific technical monthly journal “Mechanik”. 
He is a member of international editorial board of the “Archives of Materials 
Science and Engineering” journal. Professor Sieniawski is an author and 
co-author of six books and over 300 papers in domestic and international 
scientific journals and conference proceedings.

Waldemar Ziaja graduated in Aeronautical Engineering 
from Rzeszów University of Technology in 1992 and ever 
since he is engaged with Department of Material Science 
at the Faculty of Mechanical Engineering and Aeronautics 
of the Rzeszów University of Technology. He obtained 
his PhD degree in 1999. Scientific interests of Dr. Ziaja 
include relationships between processing, microstructure 

and mechanical properties of the advanced structural materials, mainly tita-
nium and nickel based alloys.  He is also working on modelling the micro-
structure dependant deformation of materials in fatigue and creep condi-
tions including damage initiation and growth. Dr. Ziaja is an author and 
co-author of over 50 papers in domestic and international scientific journals 
and conference proceedings.



Contents

Preface VII

Chapter 1 Titanium Alloys in Orthopaedics   1
Wilson Wang and Chye Khoon Poh

Chapter 2 Sputtered Hydroxyapatite Nanocoatings on Novel Titanium
Alloys for Biomedical Applications   21
Kun Mediaswanti, Cuie Wen, Elena P. Ivanova, Christopher C.
Berndt and James Wang

Chapter 3 Modelling of Microstructural Evolution of Titanium During
Diffusive Saturation by Interstitial Elements   45
Yaroslav Matychak, Iryna Pohrelyuk, Viktor Fedirko and Oleh
Tkachuk

Chapter 4 Microstructure and Mechanical Properties of High Strength
Two-Phase Titanium Alloys   69
J. Sieniawski, W. Ziaja, K. Kubiak and M. Motyka

Chapter 5 Formability Characterization of Titanium Alloy Sheets   81
F. Djavanroodi and M. Janbakhsh

Chapter 6 Physicochemical and Radiation Modification of Titanium Alloys
Structure   115
Kanat M. Mukashev and Farid F. Umarov



Contents

Preface XI

Chapter 1 Titanium Alloys in Orthopaedics   1
Wilson Wang and Chye Khoon Poh

Chapter 2 Sputtered Hydroxyapatite Nanocoatings on Novel Titanium
Alloys for Biomedical Applications   21
Kun Mediaswanti, Cuie Wen, Elena P. Ivanova, Christopher C.
Berndt and James Wang

Chapter 3 Modelling of Microstructural Evolution of Titanium During
Diffusive Saturation by Interstitial Elements   45
Yaroslav Matychak, Iryna Pohrelyuk, Viktor Fedirko and Oleh
Tkachuk

Chapter 4 Microstructure and Mechanical Properties of High Strength
Two-Phase Titanium Alloys   69
J. Sieniawski, W. Ziaja, K. Kubiak and M. Motyka

Chapter 5 Formability Characterization of Titanium Alloy Sheets   81
F. Djavanroodi and M. Janbakhsh

Chapter 6 Physicochemical and Radiation Modification of Titanium Alloys
Structure   115
Kanat M. Mukashev and Farid F. Umarov



Preface

Constant progress in engineering in the area of advanced structures and technologies for
aerospace and power industry, medicine, automatics and mechatronics, manufacturing of
control and measurement equipment, is driven to a large extent by development and appli‐
cation of new or modified functional materials. It includes titanium and its alloys, although
initially they were intended mainly for use as a structural material for load, carrying air‐
frame elements of aircraft and helicopters.

Titanium enables implementation of new solutions in structures and technologies due to its
unique combination of physical, chemical and mechanical properties. First of all, it has a low
density, high strength properties and good corrosion resistance in many chemical environ‐
ments. Titanium is also characterized by low thermal conductivity and thermal expansion,
high friction coefficient and propensity for seizure.

During the last decades, extensive research efforts have been concentrated on the evolution
and control of the titanium alloys microstructure through adjustment of the processing pa‐
rameters in order to obtain desirable balance of properties for specific applications.

Simultaneously, there was significant development of the methods for obtaining better
properties of the surface layer of the elements made of titanium and its alloys. The aim was
to increase hardness, prevent seizure in case of machine kinematic pairs and also to increase
biocompatibility and corrosion resistance of medical implants in human body. The results of
the studies falling into both subject areas are presented in this publication.

The book contains six chapters and covers topics dealing with biomedical applications of
titanium alloys, surface treatment, relationships between microstructure and mechanical
and technological properties, and the effect of radiation on the structure of the titanium al‐
loys.

In the first chapter application of titanium alloys in orthopaedics is explored with emphasis
on strategies for enhancing their bioactivity and promoting osseointegration of the implants.

The second chapter deals with techniques for surface modification of medical implants lead‐
ing to their prolonged use. The results of the studies on the influence of sputtered hydroxya‐
patite and SiO2 nanocoatings on titanium are discussed.

In the third chapter the processes of diffusive saturation of titanium by interstitial elements
are modeled taking into account interaction of titanium with nitrogen and oxygen. The po‐
tentials of the model for estimating the effects of thermo-chemical treatment are discussed.
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In the fourth chapter the relationships between processing parameters, morphology of the
microstructure characterized by quantitative stereological parameters of microstructure and
mechanical properties of selected high strength two-phase titanium alloys are summarized.

In the next chapter the formability of titanium alloys is discussed on the example of Ti-6Al-4V
alloy. Forming limit diagrams are determined experimentally in the hydroforming bulge test
and numerically, using finite element method and various constitutive models.

In the final chapter the influence of the radiation and others factors like plastic deformation
and thermo-chemical treatment on the structure and crystal lattice defects in binary titanium
alloys is investigated.

Prof. Jan Sieniawski
Faculty of Mechanical Engineering and Aeronautics

of the Rzeszów University of Technology
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Chapter 1

Titanium Alloys in Orthopaedics

Wilson  Wang and Chye Khoon  Poh

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55353

1. Introduction

Metallic implants are commonly used in the orthopedic field. Despite the large number of
metallic medical devices in use today, they are predominantly make up of only a few metals.
Metallic alloys such as titanium continue to be one of the most important components used in
orthopaedic implant devices due to favorable properties of high strength, rigidity, fracture
toughness and their reliable mechanical performance as replacement for hard tissues. Ortho‐
paedic implants are medical devices used for the treatment of musculoskeletal diseases and
may consist of a single type of biomaterial or comprise a number of different biomaterials
working together in modular parts. Prime examples of titanium implants used in orthopaedics
would include prosthetic hip and knee replacements for various types of arthritis affecting
these joints, spinal fusion instruments for stabilizing degenerate and unstable vertebral
segments, and fracture fixation devices of various types such as plates, screws and intrame‐
dullary rods. Although titanium based implants are typically expected to last ten years or more,
however longevity is not assured and the lack of integration into the bone for long-term
survival often occurs and leads to implant failure. Revision surgery to address such failure
involves increased risk, complications and costs. The main reason for the failure of these
implants is aseptic loosening which accounts for 60 to 70% of the cases for revision surgery.
The success of implants is dependent on firm bonding or fixation of implant biomaterial to
bone, for optimal function and lastingness. Therefore one of the key challenges in bone healing
and regeneration is the engineering of an implant that incorporates osseointegration with
enhanced bioactivity and improved implant-host interactions so as to reduce biological related
implant failure.

1.1. Development of titanium alloys for use in orthopaedics

Titanium alloys, originally used for aeronautics, garnered attention from the biomedical field,
due to their biocompatibility, low modulus of elasticity, and good corrosion resistance.

© 2013 Wang and Poh; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Wang and Poh; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Nonetheless, it was the osseointegration phenomenon due to the presence of a naturally
formed oxide layer on the titanium surface that sparked development of titanium for use in
orthopaedics [1]. Titanium alloys are often used in non-weight-bearing surface components
such as femoral necks and stems (Figure 1), as they have lower modulus of elasticity resulting
in less stress shielding of bone [2]. Nonetheless the osseointegrative bioactivity is still often
not sufficient to attain true adhesion between the implant and bone, which may ultimately
lead to mechanical instability and implant failure [3].

Figure 1. a) Titanium stem and (b) surface elemental analysis.

The mechanical properties of suitable titanium alloys based on Young's moduli should be
similar to that of cortical bone. Cortical bone also termed compact bone is the major and most
important constituent of the human skeleton and is crucial for bone functions including organ
protection, movement, support etc. Young's moduli of β-type titanium alloys are substantially
smaller than those of the α- and (α + β)-type alloys. This has brought on the discovery of
harmless low-rigidity Ti alloys such as Ti-13Nb-13Zr, Ti-12Mo-6Zr-2Fe, Ti-15Mo-5Zr-3Al,
Ti-15Mo, Ti-35Nb-7Zr-5Ta and Ti-29Nb-13Ta-4.6Zr. Nonetheless there are both advantages
and disadvantages of the application of these titanium alloys. These alloys have proved to be
effective in preventing bone atropy and enhancing bone remodeling, however the high amount
of spring back and low fatigue strength make them undesirable as implant material. Ti-6Al-4V

Titanium Alloys - Advances in Properties Control2

and commercial purity Ti are currently the most popular materials for implantation purposes.
Commercial purity Ti has been tested to be inferior considering tensile strength, while Al and
V have been shown to be unsafe. Currently researchers are still trying to develop other grades
of alloys, such as Ti-6Al-7Nb and Ti–15Sn–4Nb–2Ta–0.2Pd. The most Ti alloys researched upon
are the (α + β)-type alloys for their strength and ductility.

1.2. Bioactivity of titanium alloys

Each manufacturer of titanium implants has his own differing theories on implant designs for
specific orthopaedic applications. Generally there are certain guiding principles that will affect
the ultimate viability of an implant. The design of the implant has to take into account
biomechanical and biological factors that may affect its success. Conformity to native anatomy,
material properties and mechanical strength appropriate for the targeted function and
environment are some of the considerations that come into play. Despite the benefits and
successes of these medical devices, their use is not without risk of adverse effects. Titanium
implants generally develop an oxide layer which allows it to integrate with living bone tissue.
However, the body can have adverse reactions to titanium like fibrosis and inflammation
which may affect its long term functional performance [4]. Success in the application of an
orthopaedic implant would depend on various factors and implants may fail due to physio‐
logic reasons such as aseptic loosening.

Generally there are two types of implant-tissue responses [5-7]. The first type is the response
of the hosts' tissues to the toxicity of the implanted material. Implanted material may be toxic
or release chemicals that could damage the surrounding tissues. The second response which
is also the most common is the formation of a nonadherent fibrous capsule between the implant
and the hosts' tissues termed fibrosis. This is a natural response to protect the body from a
foreign object which may eventually lead to complete fibrous encapsulation [8]. Typically
implants are intended to stay fixed in the human body for a long time and bone is expected to
grow into the surface of the implant. Unfortunately this does not always happen. Fibrosis
referred to as foreign body reaction, develops in response to almost all implanted biomaterials
and consists of overlapping phases similar to those in wound healing and tissue repair
processes [9]. Despite the biocompatibility of metallic implants used, titanium materials are
generally encapsulated by fibrous tissue after implantation into the living body [10]. Cells
trapped between the implant and the fibrous capsule also lack general housekeeping tissue
functions like removing apoptotic or necrotic cells which can also promote chronic inflamma‐
tion [11]. Not only that the ECM (extra cellular matrix) secreted by fibroblast is different from
the bone matrix formation generated by osteoblast, in the long run this ECM layer may lead
to micromotion and the generation of wear particles on the surfaces of the implant [12]. The
resulting titanium debris may play a leading role in the initiation of the inflammatory cascade
leading to osteolysis [13]. Eventually this causes aseptic loosening as the bonds of the implant
to the bone are destroyed by the body's attempts to digest the wear particles. When this occurs
the prosthesis becomes loose and the patient may experience instability and pain. Revision
surgery to resolve this would entail further costs and morbidities to the patients. For bone
tissue, direct osteoblast attachment on metal is important to prevent aseptic loosening of the

Titanium Alloys in Orthopaedics
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metal implant caused by fibroblast layer attachment. Fibrosis can also cause osteoclast-
independent bone resorption by fibroblast-like cells. It has been shown that fibroblast-like cells,
under pathological conditions, not only enhance but also actively contribute to bone resorption
[14]. Successful implant integration into the surrounding tissue is highly dependent on the
crucial role of native cells, chiefly osteoblast attaching to the implant surface. Therefore one of
the key challenges in orthopaedics is the engineering of an implant with enhanced osseointe‐
gration properties to reduce implant failure rates.

Figure 2. Schematic figure of a hip implant. The femoral neck is the region at risk of compromised vascularity. Arrows
indicate area of compromised vascularity where osseiointegration fails to take place.

2. Strategies for conferring enhanced bioactivity to titanium alloys

So far most research efforts have been concentrated on improving the bone-implant interface,
with the aim of enhancing bone healing and implant integration via either physical or chemical
approaches [15]. The physical approach is focused on the modification of the implant surface
morphology and topography using mechanical methods such as machining, acid-etching,
plasma spraying, grit-blasting and anodization to improve the microtopography of the surface.
The rationale behind this is that an increase in surface roughness of the implant material would
provide a higher level of surface energy which would improve bone anchorage, matrix protein
adsorption, osteoblasts functions and ultimately osseointegration [16].

The chemical approach is towards the creation of a bioactive implant surface via application
of coatings onto the implant layer by biochemical and physicochemical techniques. In bio‐

Titanium Alloys - Advances in Properties Control4

chemical techniques, organic molecules such as growth factors, peptides or enzymes are
incorporated to the implant layer to affect specific cellular responses [17]. While in physico‐
chemical techniques, the incorporation is achieved with inorganic phases such as calcium
phosphate which may increase the biochemical interlocking between bone matrix proteins and
surface materials thereby enhancing bone-bonding [16]. Many implant modifications may
combine both physical and chemical engineering methods. In the following sections we will
discuss some of the more popular strategies used to enhance implant integration and bone-
bonding.

2.1. Inorganic coatings

Calcium phosphate coating has been widely used in the orthopaedic field due to their
similarity with the mineral phase of bone [18] and are known for their bioactive properties
which are beneficial in bone-bonding [19]. As calcium phosphate generally lacks the mechan‐
ical strength for use as bulk materials under loading conditions, they are often coated onto the
surface of metallic implants. There are several studies published which have shown the
favorable use of calcium phosphate coatings in increasing the biocompatibility of bone-implant
interface, implant anchorage and integration [20]. The calcium phosphate layer functions as a
physiological transition between the implant surface and the hosts' tissues which guides bone
formation along the implant surface and the surrounding tissues. One of the most successful
method for the application of calcium phosphate coatings is via the plasma-spraying method
due to its advantage of extensive coating capability and high deposition rate. However despite
numerous findings [21] that report the beneficial osteoinductive properties of plasma-sprayed
calcium phosphate coatings, there are still some concerns regarding its use. Plasma-sprayed
coatings are not uniform and there is poor control over thickness and surface topography,
which may result in implant inflammation when particles are released from these heteroge‐
neous coatings. To overcome these drawbacks, various other deposition strategies have been
developed and employed such as biomimetic, electrophoretic and electrospray deposition etc.
However care should be taken when comparing the efficacy of each of these methods which
would require a comprehensive evaluation of both biological response and clinical perform‐
ance. Although calcium phosphate coatings have been shown to be beneficial in enhancing
bone-bonding, there is still no general consensus on the use of calcium phosphate coating
systems. The main problems include large variation in the quality of calcium phosphate
coatings, even between different batches and market forces which offer other cheaper alter‐
natives [22].

2.2. Organic coatings

Surface  modification  of  implant  materials  with  growth  factors  and  peptides  is  gaining
popularity in the recent years [23, 24]. Various therapeutic biomolecules of interest can be
immobilized  onto  implant  surfaces  to  enhance  the  bone-implant  interface  interactions.
Currently  more  popular  approaches  would  include  the  immobilization  of  bone  growth
factors  such  as  bone  morphogenetic  proteins  (BMPs)  to  enhance  osteogenesis  and  the
deposition  of  peptide  sequences  to  induce  specific  cellular  functions.  Growth  factors
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metal implant caused by fibroblast layer attachment. Fibrosis can also cause osteoclast-
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Figure 2. Schematic figure of a hip implant. The femoral neck is the region at risk of compromised vascularity. Arrows
indicate area of compromised vascularity where osseiointegration fails to take place.

2. Strategies for conferring enhanced bioactivity to titanium alloys
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chemical techniques, organic molecules such as growth factors, peptides or enzymes are
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immobilized on orthopaedic  devices have been reported to enhance osteoblastic  activity
and favor implant integration [25]. The most commonly used growth factors in orthopae‐
dics are members of the transforming growth factor beta (TGF-β) superfamily including
the BMP family, especially BMP2 and BMP7. Growth factors may be physically adsorbed
or covalently grafted onto the implant surface and various studies have shown that  the
loading of implant with these factors can enhance interactions at the bone-implant interface
and aid the remodeling process ultimately improving implant integration [26-28]. Howev‐
er  critical  factors  in  the  successful  use  of  growth factors  in  orthopaedic  devices  are  the
optimum dosage, exposure period and release kinetics, all have to be considered careful‐
ly to avoid the detrimental effects associated with growth factor use such as high initial
burst rate, ectopic bone formation and short half-life. More recently, peptide sequences with
the ability to target specific osteogenic cellular functions of differentiation and mineraliza‐
tion  have  been  developed  [29,  30].  These  short  functional  fragments  derived  from  the
original  protein  have  increased  shelf  life,  can  be  synthetically  produced  and  are  more
resistant to denaturizing effects. Their usage would provide significant clinical benefits over
the  use  of  conventional  proteins.  They can be  linked to  the  implant  surface  to  provide
biological cues for bone formation. Additionally other peptide sequences in use include the
RGD, YIGSR, IKVAV and KRSR which have been used to improve cellular adhesion and
bone matrix formation [31-33].

2.3. Organic–inorganic composite coatings

Research in the recent years have concentrated on the development of bioactive compo‐
site coatings which mimics the structure of the bone tissue. These composite coatings would
combine  calcium  phosphate  with  growth  factors,  peptides,  antibodies  etc.  to  enhance
interactions  at  the  bone-implant  interface.  However  due  to  the  fact  that  often  high
temperature  or  non-physiological  conditions  are  needed  in  the  preparation  of  calcium
phosphate coatings,  only physical  adsorption is  employed in deposition of  the biomole‐
cules on the implant surface [34, 35]. However with physical adsorption techniques, initial
high burst rate is often observed, which is not desired [36]. Therefore coating techniques
that  create  a  gentle  sustained release  kinetics  are  preferred.  A recently  published paper
have shown that calcium phosphate coating combining slow release of antibiotics, aids in
early  success  at  recruitment  of  bone  cells  [37].  Many  other  studies  have  shown  that
depositing  BMP2  and  TGF-β  onto  the  implant  surface  would  greatly  enhance  bone-
bonding  at  the  bone-implant  interface  [25,  34].  The  biological  efficacy  of  orthopaedic
implants can be improved greatly by both physical and chemical modifications. The use of
a  wide multitude of  engineering techniques  in  the  manipulation of  surface  topography,
morphology and incorporating the use of various inorganic and organic components would
directly influence the response in the local  bone-implant interface and the apposition of
new bone. With the development of new techniques and strategies on composite coatings
to  better  mimic  the  human  bone  structure  this  would  result  in  a  new  generation  of
orthopaedic implants with improved implant integration and bone healing.
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3. Osseointegration of the implants

The clinical strategies to manage musculoskeletal defects would center around three compo‐
nents: cells, structure and growth factors. For the design of implant materials, cells and proteins
at the implant interface plays a critical role [38]. The utilization of biosignal proteins such as
growth factors for development of bioactive implant materials holds great potential. Especially
due to the scarcity of stem cells in the body, materials which regulates cellular functions such
as adhesion, growth and differentiation are desired.

One of the most important process in determining the success of an orthopaedic implant is
osseointegration. Osseointegration is defined as the formation of a direct structural and
functional connection between the living bone and the surface of a implant [39, 40]. An implant
is considered osseointegrated if there is no progressive relative movement between the implant
and the bone it has direct contact with [40]. Under ideal conditions, implants could perma‐
nently become incorporated within the bone and persist under all normal conditions of
loading, that is the two could not be separated without fracture. Vascularization which is the
provision of blood supply is a critical component for the process of osseointegration. The
differentiation of osteogenic cells is highly dependent on tissue vascularity and ossification is
closely linked to the vascularization of differentiating tissue [40]. Therefore the success of tissue
healing, regeneration and integration lies in the key process of revascularization which is
crucial in improving the successful integration of implants [41, 42].

Bone healing around implants involves a cascade of cellular and biological events that take
place at the bone-implant interface until finally the entire surface of the implant is covered by
newly formed bone. This cascade of biological events is regulated by differentiation of cells
stimulated by growth factors secreted at the bone-implant interface [40]. There has been
considerable interest in modifying implant surfaces with growth factors to improve their cell
functions and tissue integration capacity at the bone-implant interface. Enhanced cell functions
and cell substrate interactions have been demonstrated with growth factors immobilized onto
implant materials [26-28]. One of the more important growth factors for stimulating neovas‐
cularization (i.e. formation of new blood vessels) in target areas [43] would be angiogenic
growth factors, crucial in improving the successful integration of implants both in vitro and in
vivo [41, 42]. Of these angiogenic factors, vascular endothelial growth factor (VEGF) is the most
potent and widely used key regulator of neovascularization [43, 44]. VEGF is a crucial factor
in not only angiogenesis regulation but also in osteoblast [45] and osteoclast function [46-48]
during bone repair. VEGF acts directly on osteoblasts, promoting cell functions such as
proliferation, migration and differentiation [49, 50]. In addition, VEGF also indirectly affect
osteoblasts via its influences on endothelial cells [51, 52]. VEGF is known to induce endothelial
cells in surrounding tissues to migrate, proliferate and form tubular structures [53] and is an
essential survival factor for endothelial cells [51] and new vessel formation [54]. Endothelial
cells are needed to provide complex interactive communication networks in bone for gap
junction communication with osteoblasts crucial to their formation from osteoprogenitors [55].
Furthermore VEGF stimulates endothelial cells in the production of beneficial bone forming
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factors acting on osteoblasts [50]. In all, the effects of VEGF on osteoblasts, osteoclasts and
endothelial cells may synergistically act to enhance bone formation.

3.1. Fixation of titanium implants

The fixation of prosthetic components to the bone can be done with or without bone cement.
In the cemented technique polymethylmethacrylate (PMMA) is used to "glue" the metal to
the bone. In direct biological fixation, precise bone cuts are required to achieve maximum
contact between metal and bone. The advantage of cement fixation is that the prosthetic
components are instantly fixed, allowing movement immediately after surgery. However
in the instances where revision surgery is required, it is extremely difficult to chip out all
the cement during implant replacement. Cement fixation is usually employed on elderly
patients over sixty-five where their bone stock is more osteoporotic with less likelihood of
growing into the prosthesis and chances of revision is lower due to less demands on the
implant  and  shorter  remaining  life  expectancy  compared  to  younger  patients.  Direct
biological  fixation  is  generally  used  for  young  patients  due  to  better  bone  stock  and
ingrowth potential.  The  disadvantage  of  biological  fixation  is  that  it  can  take  weeks  or
months to be fully complete during which weight bearing activity is restricted. However
the final fixation achieved is more natural with complete incorporation of implant within
the bone in ideal situations. Furthermore in case of young patients the chances for future
revision surgery is higher and it would be easier to revise a cementless prosthesis with‐
out the need for cement removal. Another problem perceived was that cementless titani‐
um stems have been reported to  be  more  resistant  to  osteolysis  and mechanical  failure
compared  to  similar  cemented  titanium  stems  [56].  The  features  of  titanium  that  are
detrimental to the cement environment seems to have no effects in the cementless environ‐
ment  and  may  in  fact  be  beneficial  leading  to  differences  in  performance  of  the  two
techniques.  Therefore the enhancement of the bone implant interface especially in direct
biological fixation with titanium implants would be extremely useful. This would greatly
reduce  the  lag  period  in  which  osseointegration  occurs  between the  prosthesis  and the
patient's bone.

3.2. Surface functionalization by growth factors immobilization

One promising way to incorporate growth factors usage with implant materials would be by
surface functionalization of growth factors. Soluble growth factors work by binding with
cognate receptors on cells to form complexes which would result in autophosphorylation of
the cytoplasmic domains of the receptors and this phosphorylation activates intracellular
signal transduction. The formed complexes are then aggregated and internalized into the cells
by both clathrin-dependent and clathrin-independent mechanisms which leads to the recy‐
cling of the receptors for degradatory down-regulation [57]. Similarly immobilized growth
factors work by forming complexes with the cell surface receptors, however the signal
transduction is expected to last longer than soluble growth factors due to the inhibition of the
internalization process. Multivalency is another important phenomenon responsible for this
prolonged enhanced mitogenic effect. Multivalent ligands interact and bind avidly to multiple
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surface cell receptors through several binding modes. This enhances the formation of ligand-
receptor complexes which are critical for signal transduction and the multivalent ligands are
able to stabilize and prevent lateral diffusion of the formed complexes leading to the prolonged
effect. Figure 3 shows the interactions of cells with the different forms of growth factor and
the enhanced mitogenic effects.

Figure 3. Effects of soluble growth factors compared to immobilized growth factors.

In order to effectively derive the effect from immobilized growth factors, strategies have to be
developed that can optimize the structure to elicit the desired biological response. One of the
problems encountered with implant materials for surface functionalizaton is the lack of
suitable chemical groups on the surface. For more versatility and applicability, the concentra‐
tions of the OH group and other reactive groups such as amino or carboxyl groups have to be
increased. The initial organic layer immobilized on the implant materials can then be used as
a tether for biomolecular components used to mediate cell attachment. Another issue which
merits investigation is the control of the retention and/or release of the biomolecules from the
implant surface. The easiest and most common method employed for delivery of biomolecules
is physical adsorption, which unfortunately provides little control over the delivery and
orientation of the biomolecules. Bonding of the biomolecules and use of coatings incorporating
them would be alternative methods of delivery to the bone-implant interface. Regardless, the
preferred and chosen immobilization technique would depend on the specific working
mechanism of the biomolecules. Given the above scenario, surface functionalization of
biomaterials in order to enhance biocompatibility and promote osseointegration has great
potential in addressing the problems of prosthetic joint implant longevity and survival.

Immobilization techniques are broadly classified into four categories, namely a) physical
adsorption (via van der Waals or electrostatic interactions), b) physical entrapment (use of
barrier systems), c) cross-linking and d) covalent binding. The choice of the technique would
depend on the nature of the bioactive factors, substrates and its application. It will not be
possible to have a universal means of immobilization, however developing a viable method‐
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Immobilization techniques are broadly classified into four categories, namely a) physical
adsorption (via van der Waals or electrostatic interactions), b) physical entrapment (use of
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ology which can provide for a facile, secure immobilization with good interactions for
orthopaedic implants is vital.

3.2.1. Physical adsorption

This is the simplest of all the techniques available and does not alter the activity of the bioactive
factors. Physical adsorption techniques are mainly based on ionic and hydrophobic interac‐
tions. If the bioactive factors are immobilized via ionic interactions, adsorption and desorption
of the factors will depend on the basicity of the ion exchanger. A reversible dynamic equili‐
brium is achieved between the adsorbed factors and substrates which is affected by the pH as
well as ionic strength of the surrounding medium. Hydrophobic interactions offer slightly
higher stability with less loss of the factors from the surface of the substrates. Although physical
adsorption systems are simple to perform and do not require extensive treatment to the
bioactive factors and substrates used however there are certain drawbacks. These systems
suffer from low surface loading and biomolecules may desorbed from the surface in an
uncontrolled manner.

Figure 4. Schematic diagram showing physical adsorption system with proteins.

3.2.2. Physical entrapment

This method is employed with barriers including natural polymers like gelatin, agar and
alginate entrapment systems. Other synthetic polymers employed include resins, polyur‐
ethane prepolymers etc. Some of the major limitations of the entrapment system is the
diffusional problem where there is possible slow leakage during continuous use due to the
small molecular size of bioactive factors, and steric hindrance which may affect the reactivity
of the factors. Recent development of hydrogels and water soluble polymers attempt to
overcome these drawbacks and have attracted much attention from the biomedical field.

Figure 5. Schematic diagram showing barrier system with proteins.
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3.2.3. Cross-linking

Bioactive factors can also be immobilized through chemical cross-linking via homo- as well as
heterobifunctional cross-linking agents. Among these glutaraldehyde cross-linking are the
most popular due to its low cost, high efficiency and stability [58-60]. Glutaraldehyde is often
used as an amine reactive homobifunctional crosslinker for biochemistry applications.

Figure 6. Schematic diagram showing glutaraldehyde cross-linking with proteins.

3.2.4. Covalent binding

Covalent binding is another technique used for the immobilization of bioactive molecules. The
functional groups investigated are usually the carboxyl, amino and phenolic group of tyrosine.
Bioactive factors are covalently linked through functional groups in the factors not essential
for the bioactivity. The covalent binding should be optimized so as to protect the active site
and not alter its conformational flexibility.
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of the factors. Recent development of hydrogels and water soluble polymers attempt to
overcome these drawbacks and have attracted much attention from the biomedical field.

Figure 5. Schematic diagram showing barrier system with proteins.
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3.2.3. Cross-linking

Bioactive factors can also be immobilized through chemical cross-linking via homo- as well as
heterobifunctional cross-linking agents. Among these glutaraldehyde cross-linking are the
most popular due to its low cost, high efficiency and stability [58-60]. Glutaraldehyde is often
used as an amine reactive homobifunctional crosslinker for biochemistry applications.

Figure 6. Schematic diagram showing glutaraldehyde cross-linking with proteins.

3.2.4. Covalent binding

Covalent binding is another technique used for the immobilization of bioactive molecules. The
functional groups investigated are usually the carboxyl, amino and phenolic group of tyrosine.
Bioactive factors are covalently linked through functional groups in the factors not essential
for the bioactivity. The covalent binding should be optimized so as to protect the active site
and not alter its conformational flexibility.
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Figure 7. Schematic diagram showing polymerization of dopamine under alkaline pH and the equilibrium shift to‐
wards the quinone functional groups for reactivity with proteins.

3.2.5. Comparison of the various immobilization techniques

Several methods of immobilizing angiogenic growth factors onto substrates have been studied
and reported [61-66]. A summary of a short study investigating the efficacy of immobilization
of VEGF via various modes of functionalization on Ti-6Al-4V including physical adsorption,
cross-linking and covalent binding (adapted for orthopaedic applications) is presented here
to evaluate the effectiveness of each technique. As physical entrapment is not suitable in this
case of improving the bone-implant interface via the surface of the implant material, therefore
this system is not investigated. Table 1 summarizes the parameters of the binding efficiency,
cytotoxicity, release profile and number of steps required for the fabrication of the substrates.

Although physical adsorption had the highest rate of binding however there was also
uncontrolled release of the factors from the substrate which may be undesirable [67-69]. A
measurement of the percentage of factors released into the solution over a 30 day period
showed that more than 30% of the factors were released. A number of studies have examined
simple coating or loading of factors onto implants [67-73] in order to provide local and
sustained delivery after implantation. However with this strategy some studies showed an
uncontrolled initial burst in the release kinetics of factors from such implants [67-69]. High
levels of factors in the local microenvironments of these implants may be detrimental to healing
and may promote tumorogenesis [74]. To avoid the deleterious effects, secure immobilization
strategy would be preferred [61, 64-66]. Immobilization of growth factors on implants have
been shown to promote desirable cell substrate interactions and enhance cell functions [62,
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63]. Furthermore it has been demonstrated that immobilized factors is more effective in
promoting proliferation of cells compared to soluble factors [65]. Both immobilized and soluble
factors bind to receptors on cells, however they have differing effects due to the fact that soluble
factors are internalized and subsequently degraded, while immobilization inhibits internali‐
zation and prevents down regulation [64, 75], thereby enabling the factors to stimulate
proliferation for an extended period of time. A comparison of cross-linking and covalent
binding shows that they come quite close in terms of binding efficiency and there is no release
of growth factors into the solution which is the preferred methodology.

From the cytotoxicity indications (Table 1) follows that there is a lower cell viability with
glutaraldehyde cross-linking compared to the other groups. This may be due to the fact that
glutaraldehyde is known to be toxic and is able to kill cells quickly by cross-linking with their
proteins. There have also been reports of its toxicity implicated in poor cell growth, attachment
and apoptosis [58-60] by other groups. Although glutaraldehyde cross-linking effectively
anchors a high density of factors onto the titanium substrate surface and the molecules are also
more firmly attached than those which are physically adsorbed however the associated toxicity
has made it unsuitable for clinical applications. The use of covalent immobilization with
polydopamine looks promising. Polydopamine has been found to be able to form thin adherent
films onto a wide variety of metallic substrates via covalent bonds and various strong inter‐
molecular interactions including metal chelation, hydrogen bonding and π-π interactions [76]
which cannot be disrupted by normal mechanical forces. The use of this bioreactive layer for
covalent bioconjugation with bioactive factors for orthopaedic applications holds great
potential. Although it will not be possible to have a universal means of immobilization,
however it is vital to develop a viable methodology which can provide for secure immobili‐
zation with good interactions for orthopaedic implants. The choice of the technique would
depend on the nature of the bioactive factors, substrates and their application. The develop‐
ment of surface modification procedures that do not affect the integrity of the substrate and
bioactivity of the growth factors are crucial in producing the desired surface functionalization
effect. This would provide us with a secure and efficient method of attaching bioactive

Binding

Efficiency

(50ng loading)

Cytotoxicity
Factor release

overtime
Active form

Number of steps

required for

fabrication

Physical adsorption

(via simple coating)
86% 0.677

"/> 30% after 1

month
Soluble Single step

Cross-linking

(via glutaraldehyde

cross-linking)

56% 0.449 Nil Immobilized Three steps

Covalent Binding

(via polydopamine

conjugation)

52% 0.841 Nil Immobilized Two steps

Table 1. please add caption
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molecules to titanium implant material surface conferring enhancement of cell-implant
interactions beneficial for orthopaedic applications.

4. Conclusions

There is an ever growing need for orthopaedic advancement with the high prevalence and
impact of musculoskeletal diseases. 50% of the world's population over 65 suffer from joint
diseases and more than 25% of population over 65 require health care for joint related diseases.
The instances for failed joint replacements associated with osteolysis and bone defects is
increasing. There is an urgency to increase the success of bone implant fixation and the
longevity of implant. Fixation of orthopaedic implants has been one of the most challenging
and difficult problem faced by orthopaedic surgeons and patients. Fixation can often be
achieved via direct biological fixation by allowing tissues to grow into the surfaces of the
implants or with the use of bone cement acting as a grouting material. Whether cemented or
cementless fixation are employed, the problems of micromotion and the generation of wear
particles may eventually necessitate further surgery. Revision surgery poses increased risks
like deep venous thrombosis, infection and dislocation, in addition to being an economic
burden to the patient. Therefore the enhancement of implant integration would bring enor‐
mous benefits. Titanium alloy is one of the most frequently used material in orthopaedic
implants. However despite the good inherent bioactivity and biocompatibility exhibited by
titanium alloys, osseointegration with host tissue is still not definite, the lack of bioactivity may
cause implant failure at times. Fixation of orthopaedic implants has been one of the most
challenging and difficult problem faced by orthopaedic surgeons and patients. With the ever
growing number of patients requiring orthopaedic reconstructions the development and
evolvement of titanium alloys with structural and biological potential to manage bone healing
impairment and defects would be desirable.
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1. Introduction

Titanium and titanium alloys have been extensively studied for many applications in the
area of bone tissue engineering. It was believed that the excellent properties of titanium al‐
loys, e.g. lightweight, excellent corrosion resistance, high mechanical strength and low elas‐
tic modulus compared to other metallic biomaterials such as stainless steels and Cr-Co
alloys, would provide enhanced stability for load-bearing implants. However, they usually
lack sufficient osseointegration for implant longevity, and their biocompatibility is also an
important concern in these applications due to the potential adverse reactions of metallic
ions with the surrounding tissues once these metallic ions are released from the implant sur‐
faces. One approach for consideration to improve the healing process is the application of a
hydroxyapatite nanocoating onto the surface of biomedical devices and implants. Hydrox‐
yapatite, with its excellent biocompatibility, and similar chemistry and structure to the min‐
eral component of bone, provides a bioactive surface for direct bone formation and
apposition with adjacent hard tissues. The deposition of a SiO2 interlayer between the im‐
plant surface and the hydroxyapatite nanocoating is necessary to further improve the bio‐
compatibility of metal implants, as SiO2 has its own excellent compatibility with living
tissues, and high chemical inertness, which lead to enhanced osteointegrative and functional
properties of the system as a whole.

Therefore, SiO2 and hydroxyapatite nanocoatings were deposited onto titanium alloys using
electron beam evaporation and magnetron sputtering techniques, respectively, with differ‐
ent process parameters to optimize the deposition conditions and so achieve desired proper‐
ties. Surface characteristics are essential due to their role in enhancing osseointegration.
Surface morphology and microstructure were observed using a scanning electron micro‐
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scope (SEM) and elemental analysis was performed by the energy dispersive X-ray spectro‐
scopy method (EDS). The crystal structure was examined using X-ray diffractometer (XRD)
to identify the phase components, while nanocoating thickness was measured using profil‐
ometer.

This chapter is divided into five major parts. First is an overview of bone and bone implants,
including their structure and mechanical properties. The second part highlights the impor‐
tance of nanocoatings for bone implants longevity. Various coatings and surface modifica‐
tion techniques of titanium and its alloys are also elucidated. The advantages and
drawbacks of each technique are reviewed. The last part focuses on the study of sputtered
hydroxyapatite and SiO2 nanocoatings on titanium. A thorough discussion of the results is
presented.

2. Natural bone and bone implants

2.1. Natural bone

Bone is a complex living tissue that harnesses the synergies of osseous tissue, cartilage,
dense connective tissues, epithelium, adipose tissue and nervous tissue. Bone as a functional
organ in the human body has various roles, such as supporting soft tissues, protecting many
internal organs, enabling movements in human activity and facilitating mineral homeosta‐
sis, i.e., storage of osseous tissue minerals such as calcium and phosphate, providing blood
cell production sites and acting as a location for triglyceride storage [1].

Bone consists of both organic and inorganic materials that are distributed within an extracel‐
lular matrix. Organic material, called fibrous protein collagen, is predominant in bone struc‐
ture and this collagen contributes to the tensile strength of bone. The inorganic material
impregnated inside bone is mainly hydroxyapatite, i.e., minerals of calcium phosphate and
calcium carbonate. Usually, the calcium to phosphorus ratio of natural bone ranges between
1.50-1.65 depending on its location. Around 25 wt.% of bone consists of water that is present
in bone pores, thereby ensuring nutrient diffusion and contributing to the viscoelastic prop‐
erties of the material. Calcification is a process of crystallisation of mineral salts i.e., calcium
phosphate, which occurs in the biological framework formed by the collagen fibres [2].

There are four types of cells in osseous tissues: osteogenic cells, osteoblasts, osteocytes and
osteoclasts. Osteogenic cells undergo cell division and develop into osteoblasts. Osteoblasts
play a role in bone formation and collagen secretion. As osteoblasts secrete extracellular ma‐
trix, then osteoblasts evolve into osteocytes. Osteocytes, also known as mature bone cells,
are responsible for nutrients and waste exchange with the blood. Osteoclasts are bone de‐
stroying cells and responsible for bone resorption. Bone consists of bone lining cells, fibro‐
blasts, and fibrocytes. Bone lining cells control the movement of ions between bone and the
surrounding tissue. The role of fibroblasts and fibrocytes is, in brief, to form collagen [1].

Bone can be categorized into five types on the basis of its shape, namely long, short, flat, ir‐
regular, and sesamoid. In addition to the dense structures present, osseous tissue has many
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small spaces between its cellular and extracellular matrix. There are two types of osseous tis‐
sue on the basis of the size and distribution of these spaces: compact bone tissue and spongy
bone tissue. About 80 wt.% of the human skeleton is compact bone tissue. Compact bone
consists of a packed osteon within the Haversian architecture. Each osteon consists of a cen‐
tral Haversian canal, concentric lamellae, lacunae, osteocytes, and canaliculi. Spongy bone,
also termed as trabecular bone, exhibits a porous structure with porosity ranging from 50-90
wt.% and consists of an integrate lamellae network. The role of trabeculae is to support and
protect the red bone marrow [2].

Bone structure contains macro, micro and nanoscale pores with different functions and char‐
acteristics. Macro-scale porosity gives rise to mechanical anisotropy. Micro-scale porosity
provides sufficient vascularisation and cell migration, while nanoscale features act as a
framework for cell and mineral binding [2].

Bone mechanics is determined mainly by the bone structure. Compact bone is stiffer and
stronger than cancellous bone. The mechanical properties of human bone are listed in Table
1 [2]. The elastic modulus of human bone is approximately 0.05-2 GPa for cancellous bone
and 7-30 GPa for compact bone [2]. It should be kept in mind that “elastic modulus” is not
an exact description for bone properties since they are anisotropic and viscoelastic.

Mechanical Properties Human Haversian (MPa)

Tensile strength 158

Tensile yield stress 128

Compressive strength 213

Compressive yield stress 180

Shear strength 71

Table 1. Mechanical properties of human haversian [2]

2.2. Bone implant

The history of implants started with the applications of autograph, allograph, and artificial de‐
vice techniques [3]. Autographs utilized tissues from other parts of the patient’s body, whilst
allograft techniques used tissue from a donor. However, both techniques had drawbacks in
application. The autograph method was limited only to nose bone and finger junctions [3].
Moreover, there were adverse side effects, such as infections and pain at the implant area. The
allograft technique required a compatible donor that matched the patient’s body system,
which was usually difficult to find. There was always the potential risk of infections and dis‐
ease transmission from the donor to the recipient’s body. Artificial grafts employed artificial
materials, now known as biomaterials. The advantages of using artificial device grafts include
(i) lower risk for any transmission of disease, (ii) a reduced risk of infections, and (iii) the avail‐
ability of many biomaterials for potential use as scaffolds. Therefore, ongoing studies aim to
develop a new generation of biomaterials for bone implants.
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impregnated inside bone is mainly hydroxyapatite, i.e., minerals of calcium phosphate and
calcium carbonate. Usually, the calcium to phosphorus ratio of natural bone ranges between
1.50-1.65 depending on its location. Around 25 wt.% of bone consists of water that is present
in bone pores, thereby ensuring nutrient diffusion and contributing to the viscoelastic prop‐
erties of the material. Calcification is a process of crystallisation of mineral salts i.e., calcium
phosphate, which occurs in the biological framework formed by the collagen fibres [2].

There are four types of cells in osseous tissues: osteogenic cells, osteoblasts, osteocytes and
osteoclasts. Osteogenic cells undergo cell division and develop into osteoblasts. Osteoblasts
play a role in bone formation and collagen secretion. As osteoblasts secrete extracellular ma‐
trix, then osteoblasts evolve into osteocytes. Osteocytes, also known as mature bone cells,
are responsible for nutrients and waste exchange with the blood. Osteoclasts are bone de‐
stroying cells and responsible for bone resorption. Bone consists of bone lining cells, fibro‐
blasts, and fibrocytes. Bone lining cells control the movement of ions between bone and the
surrounding tissue. The role of fibroblasts and fibrocytes is, in brief, to form collagen [1].

Bone can be categorized into five types on the basis of its shape, namely long, short, flat, ir‐
regular, and sesamoid. In addition to the dense structures present, osseous tissue has many
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small spaces between its cellular and extracellular matrix. There are two types of osseous tis‐
sue on the basis of the size and distribution of these spaces: compact bone tissue and spongy
bone tissue. About 80 wt.% of the human skeleton is compact bone tissue. Compact bone
consists of a packed osteon within the Haversian architecture. Each osteon consists of a cen‐
tral Haversian canal, concentric lamellae, lacunae, osteocytes, and canaliculi. Spongy bone,
also termed as trabecular bone, exhibits a porous structure with porosity ranging from 50-90
wt.% and consists of an integrate lamellae network. The role of trabeculae is to support and
protect the red bone marrow [2].

Bone structure contains macro, micro and nanoscale pores with different functions and char‐
acteristics. Macro-scale porosity gives rise to mechanical anisotropy. Micro-scale porosity
provides sufficient vascularisation and cell migration, while nanoscale features act as a
framework for cell and mineral binding [2].

Bone mechanics is determined mainly by the bone structure. Compact bone is stiffer and
stronger than cancellous bone. The mechanical properties of human bone are listed in Table
1 [2]. The elastic modulus of human bone is approximately 0.05-2 GPa for cancellous bone
and 7-30 GPa for compact bone [2]. It should be kept in mind that “elastic modulus” is not
an exact description for bone properties since they are anisotropic and viscoelastic.

Mechanical Properties Human Haversian (MPa)

Tensile strength 158

Tensile yield stress 128

Compressive strength 213

Compressive yield stress 180

Shear strength 71

Table 1. Mechanical properties of human haversian [2]

2.2. Bone implant

The history of implants started with the applications of autograph, allograph, and artificial de‐
vice techniques [3]. Autographs utilized tissues from other parts of the patient’s body, whilst
allograft techniques used tissue from a donor. However, both techniques had drawbacks in
application. The autograph method was limited only to nose bone and finger junctions [3].
Moreover, there were adverse side effects, such as infections and pain at the implant area. The
allograft technique required a compatible donor that matched the patient’s body system,
which was usually difficult to find. There was always the potential risk of infections and dis‐
ease transmission from the donor to the recipient’s body. Artificial grafts employed artificial
materials, now known as biomaterials. The advantages of using artificial device grafts include
(i) lower risk for any transmission of disease, (ii) a reduced risk of infections, and (iii) the avail‐
ability of many biomaterials for potential use as scaffolds. Therefore, ongoing studies aim to
develop a new generation of biomaterials for bone implants.
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2.3. Criteria of ideal bone implant

An ideal bone implant material should be osteoconductive, osteoinductive and should have
osseointegration ability [3]. Furthermore, other key criteria for excellent implant perform‐
ance include biocompatibility and mechanical compatibility. In addition, any implant waste
after degradation should not cause harmful effects to the body. Recent trends in bone tissue
engineering studies have revealed that bone implants may also serve as a drug delivery sys‐
tem if they are appropriately designed.

Osteoconduction is a process by which bone is directed to conform to a material’s surface,
while osteoinduction is the ability of an implant to induce osteogenesis. An inductive agent
will stimulate undifferentiated cells to form preosteoblasts [3]. According to Branemark et al.
[4], osseointegration could be defined as the “continuing structural and functional co-exis‐
tence, possibly in a symbiotic manner, between differentiated, adequately remodelled, bio‐
logic tissues, and strictly defined and controlled synthetic components, providing lasting,
specific clinical functions without initiating rejection mechanisms”.

In the context of orthopaedic implants, the development of a drug delivery system is still at
an early developing stage. The promising concept of using an implant as part of a drug de‐
livery system could be described as the integration of therapeutic agents and devices.

In addition to high mechanical strength, the Young’s modulus is a critical mechanical prop‐
erty in an artificial device when designing materials for bone implants. Other fundamental
requirements for an ideal orthopaedic biomedical implant include high wear resistance,
good fatigue properties if used under cyclic loading, no adverse tissue reactions, and high
corrosion resistance.

3. Titanium and titanium alloys as bone implant materials

The applications of titanium in modern society, such as aviation and military defence, have
been exploited widely. Titanium components have also been used in biomedical devices, in‐
cluding screws, plates, and hip and knee prostheses, for either bone fractures or bone re‐
placement. These proven applications can be attributed to the distinctive properties of
titanium and its alloys; properties such as high strength to density ratio and high corrosion
resistance that enable their use as bone substitutes under load bearing conditions. Moreover,
titanium exhibits a high tensile strength that is not featured in polymer or ceramic biomate‐
rials. However, the long term inertness of titanium towards human tissues after implanta‐
tion is a major drawback, as this means a lack of direct chemical bonding between the
implant and host tissues [5-6].

Another concern regarding the use of solid titanium is that the dense structure is unable
to  support  new bone tissues  in  growth and vascularisation.  In  addition,  titanium has  a
much higher  elastic  modulus  than natural  bone,  i.e.,  5  GPa and 110  GPa for  bone  and
dense  titanium,  respectively  [7-8].  This  biomechanical  mismatch  causes  stress  shielding
and, eventually, may lead to aseptic loosening that results in additional surgery after 10-15
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years of implantation [9]. The development of porous titanium may potentially overcome
problems of this nature.

The development of new titanium alloys has been extensively explored. Usually Al, Sn, O,
C, N, Ga, and Zr are used as α stabilizers, while V, Mo, Ta, Nb, and Cr are used as β stabiliz‐
ers [10]. Titanium alloys such as Ti6Al4V with aluminium and vanadium as α and β stabiliz‐
ing elements have been widely used as implant materials. These first generation biomedical
titanium alloys, however, have revealed that the release of Al and V metal ions is harmful to
the human body [11]. The decisive requirement of a biomedical implant is its biocompatibili‐
ty in the human body. Thus, alloying elements must be carefully chosen to reduce any bio‐
logically adverse impacts. Alloying elements that attract biomedical applications are Ta, Nb,
and Zr due to their non-cytotoxicity, good biocompatibility, high corrosion resistance and
their complete solid solubility in titanium [10].

Beta alloys that have higher β stabilizers content are attracting great interest for bone im‐
plant applications due to their low elastic modulus. Beta alloys that have been studied for
bone  implant  applications  include  Ti50Ta20Zr,  Ti64Ta,  Ti13Nb13Zr,  Ti42Nb,  and
Ti30Zr10Nb10Ta.  Studies  conducted by Obbard et  al.  [12]  showed that  by adjusting the
concentration of β stabilizer Ta, the elastic modulus could be reduced. In this fashion the
compliance mismatch between the implant and bone would be reduced, leading to lesser
stress shielding.

Alpha-beta alloys may have some advantages over β alloys, namely lower density and high‐
er tensile ductility. Some studies have succeeded in the production of alpha-beta alloys with
a porous structure. The porous structure serves as an anchorage for bone in-growth and ex‐
hibits a lower elastic modulus, while the α and β phases provide sufficient mechanical
strength for load bearing applications.

The development of porous titanium alloys with a variety of alloy components has brought
about many improvements in bio-mechanical properties. For example, porous Ti10Nb10Zr
with 69% porosity exhibited a tensile strength of 67 MPa, while pure Ti and pure Ta scaf‐
folds with the same porosity demonstrated lower strengths of 53 MPa and 35.2 MPa, respec‐
tively [13]. Xiong et al. [14] reported that the elastic moduli of porous Ti-26Nb alloys with
porosity of 50, 60, 70, and 80% were 25.4, 11.0, 5.2 and 2.0 GPa, respectively, while the pla‐
teau strength ranged from 180 MPa to 11 MPa.

4. The importance of nano-coatings for bone implant materials

Surface modification is a process that changes the composition, microstructure and mor‐
phology of a surface layer while maintaining the mechanical properties of the material. The
aim of surface modification is to improve the bioactivity of the biomaterials so that the bio‐
materials demonstrate a higher apatite inducing ability that, in turn, leads to rapid osseoin‐
tegration. After surface treatment, it is expected that the implant’s surface will form an
active apatite layer. The role of the thin apatite layer is to be a bonding interface to stimulate
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2.3. Criteria of ideal bone implant

An ideal bone implant material should be osteoconductive, osteoinductive and should have
osseointegration ability [3]. Furthermore, other key criteria for excellent implant perform‐
ance include biocompatibility and mechanical compatibility. In addition, any implant waste
after degradation should not cause harmful effects to the body. Recent trends in bone tissue
engineering studies have revealed that bone implants may also serve as a drug delivery sys‐
tem if they are appropriately designed.

Osteoconduction is a process by which bone is directed to conform to a material’s surface,
while osteoinduction is the ability of an implant to induce osteogenesis. An inductive agent
will stimulate undifferentiated cells to form preosteoblasts [3]. According to Branemark et al.
[4], osseointegration could be defined as the “continuing structural and functional co-exis‐
tence, possibly in a symbiotic manner, between differentiated, adequately remodelled, bio‐
logic tissues, and strictly defined and controlled synthetic components, providing lasting,
specific clinical functions without initiating rejection mechanisms”.

In the context of orthopaedic implants, the development of a drug delivery system is still at
an early developing stage. The promising concept of using an implant as part of a drug de‐
livery system could be described as the integration of therapeutic agents and devices.

In addition to high mechanical strength, the Young’s modulus is a critical mechanical prop‐
erty in an artificial device when designing materials for bone implants. Other fundamental
requirements for an ideal orthopaedic biomedical implant include high wear resistance,
good fatigue properties if used under cyclic loading, no adverse tissue reactions, and high
corrosion resistance.

3. Titanium and titanium alloys as bone implant materials

The applications of titanium in modern society, such as aviation and military defence, have
been exploited widely. Titanium components have also been used in biomedical devices, in‐
cluding screws, plates, and hip and knee prostheses, for either bone fractures or bone re‐
placement. These proven applications can be attributed to the distinctive properties of
titanium and its alloys; properties such as high strength to density ratio and high corrosion
resistance that enable their use as bone substitutes under load bearing conditions. Moreover,
titanium exhibits a high tensile strength that is not featured in polymer or ceramic biomate‐
rials. However, the long term inertness of titanium towards human tissues after implanta‐
tion is a major drawback, as this means a lack of direct chemical bonding between the
implant and host tissues [5-6].

Another concern regarding the use of solid titanium is that the dense structure is unable
to  support  new bone tissues  in  growth and vascularisation.  In  addition,  titanium has  a
much higher  elastic  modulus  than natural  bone,  i.e.,  5  GPa and 110  GPa for  bone  and
dense  titanium,  respectively  [7-8].  This  biomechanical  mismatch  causes  stress  shielding
and, eventually, may lead to aseptic loosening that results in additional surgery after 10-15
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years of implantation [9]. The development of porous titanium may potentially overcome
problems of this nature.

The development of new titanium alloys has been extensively explored. Usually Al, Sn, O,
C, N, Ga, and Zr are used as α stabilizers, while V, Mo, Ta, Nb, and Cr are used as β stabiliz‐
ers [10]. Titanium alloys such as Ti6Al4V with aluminium and vanadium as α and β stabiliz‐
ing elements have been widely used as implant materials. These first generation biomedical
titanium alloys, however, have revealed that the release of Al and V metal ions is harmful to
the human body [11]. The decisive requirement of a biomedical implant is its biocompatibili‐
ty in the human body. Thus, alloying elements must be carefully chosen to reduce any bio‐
logically adverse impacts. Alloying elements that attract biomedical applications are Ta, Nb,
and Zr due to their non-cytotoxicity, good biocompatibility, high corrosion resistance and
their complete solid solubility in titanium [10].

Beta alloys that have higher β stabilizers content are attracting great interest for bone im‐
plant applications due to their low elastic modulus. Beta alloys that have been studied for
bone  implant  applications  include  Ti50Ta20Zr,  Ti64Ta,  Ti13Nb13Zr,  Ti42Nb,  and
Ti30Zr10Nb10Ta.  Studies  conducted by Obbard et  al.  [12]  showed that  by adjusting the
concentration of β stabilizer Ta, the elastic modulus could be reduced. In this fashion the
compliance mismatch between the implant and bone would be reduced, leading to lesser
stress shielding.

Alpha-beta alloys may have some advantages over β alloys, namely lower density and high‐
er tensile ductility. Some studies have succeeded in the production of alpha-beta alloys with
a porous structure. The porous structure serves as an anchorage for bone in-growth and ex‐
hibits a lower elastic modulus, while the α and β phases provide sufficient mechanical
strength for load bearing applications.

The development of porous titanium alloys with a variety of alloy components has brought
about many improvements in bio-mechanical properties. For example, porous Ti10Nb10Zr
with 69% porosity exhibited a tensile strength of 67 MPa, while pure Ti and pure Ta scaf‐
folds with the same porosity demonstrated lower strengths of 53 MPa and 35.2 MPa, respec‐
tively [13]. Xiong et al. [14] reported that the elastic moduli of porous Ti-26Nb alloys with
porosity of 50, 60, 70, and 80% were 25.4, 11.0, 5.2 and 2.0 GPa, respectively, while the pla‐
teau strength ranged from 180 MPa to 11 MPa.

4. The importance of nano-coatings for bone implant materials

Surface modification is a process that changes the composition, microstructure and mor‐
phology of a surface layer while maintaining the mechanical properties of the material. The
aim of surface modification is to improve the bioactivity of the biomaterials so that the bio‐
materials demonstrate a higher apatite inducing ability that, in turn, leads to rapid osseoin‐
tegration. After surface treatment, it is expected that the implant’s surface will form an
active apatite layer. The role of the thin apatite layer is to be a bonding interface to stimulate
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bone apatite and collagen production [15-16]. It is suggested that altering the nanostruc‐
tured surface morphology influences the apatite inducing ability and improves osteoblast
adhesion and differentiation [17].

4.1. Calcium phosphate coatings

Calcium phosphate is a synthetic ceramic that has been proven to support bone apposition
and to enhance the osteoconduction of the bone. Calcium phosphate ceramics for bone tis‐
sue applications include tricalcium phosphate (TCP), octocalcium phosphate (OCP), hydrox‐
yapatite (Ca10(PO4)6(OH)2, HA), and biphasic calcium phosphate (BCP) [18]. These ceramics
accelerate the healing process and have been widely used in conjunction with metallic mate‐
rial as a bioactive coating material. The ratio of Ca/P in calcium phosphate should resemble
the biological apatite mineral of bone (i.e., 1.50-1.69). Calcium phosphate has the natural fa‐
cility to bond directly to bone.

4.2. Nano-hydroxyapatite coatings

Hydroxyapatite demonstrates the best bioactivity amongst all the forms of calcium phos‐
phate. Hydroxyapatite (HA) exhibits functionality in promoting osteoblast adhesion, migra‐
tion, differentiation and proliferation; all of which are essential for bone regeneration. HA
also has the ability to bond directly onto bone. The bioactivity of HA has made this ceramic
the favourite for implant applications. HA nanoparticles may also induce cancer cell apopto‐
sis [19]. The crystalline form of HA exhibits biointegration and prevents formation of ad‐
verse fibrous tissue. It is a more desirable coating than amorphous HA due to its ability to
provide a better substrate for a different cell line [20]. Amorphous HA tends to dissolve in
human fluid more easily and leads to loosening of the implant. Nanocrystalline HA is more
favourable than microcrystalline HA because of its structural similarity with apatite [21].

5. Surface modification techniques

5.1. Sol-gel

The sol-gel method has been widely used to deposit calcium phosphate onto dense or po‐
rous metallic materials. There are two routes for a sol-gel reaction, namely inorganic and or‐
ganic, using reagents consisting of a colloidal suspension solution of inorganic or organic
precursors. The sol-gel technique transforms a liquid (sol) into a solid phase (gel) and re‐
quires drying and heat treatment stages. The advantages of the sol-gel method include: (i) it
is cost-effective, (ii) it is easy to control the final chemical composition and thickness of the
coating, (iii) the coating is readily anchored on the substrate, and it is usually homogenous
with a good surface finish, and (iv) it can be used for coating implants or substrates that
have complex surfaces or large surface areas.

Wen et al. [22] reported that a sol-gel method for HA and titania (TiO2) coatings exhibited
excellent bioactivity after immersion in simulated body fluid (SBF) that mimics human body
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fluid of a similar ion concentration and pH value to human blood plasma. In addition to en‐
hancing titanium bioactivity, HA-titania coating is expected to increase the bonding strength
and corrosion resistance. The surface morphology and microstructure of HA and titania
coating before and after being immersed in SBF are presented in Figure 1 (a)-(d). It can be
seen that the coating is dense, uniform and without cracks. Wen et al. also reported that after
soaking in SBF, HA granules grow gradually.

Figure 1. SEM micrographs of the surface morphology of HA/TiO2 films after soaking in SBF for (a) 0 day, (b) 1 day, (c)
8 days, and (d) 15 days

5.2. Electrodeposition of materials

Electrodeposition is a coating method applied to the fabrication of computer chips and mag‐
netic data storage. Recently, that has been rising interest in electrochemical deposition for
tissue engineering applications due to its ability to coat complex 3D components.

Lopez-Heredia et al. [23] coated calcium phosphate onto porous titanium using the electro‐
deposition method. In the process, Ti, platinum mesh, and supersaturated calcium phos‐
phate solution were used as the cathode, electrode and electrolyte, respectively. The ratio of
Ca/P in the calcium phosphate coating was 1.65 and the coating thickness was 25 µm. The
calcium phosphate coating was homogenous and covered the entire Ti surface. Moreover,

Sputtered Hydroxyapatite Nanocoatings on Novel Titanium Alloys for Biomedical Applications
http://dx.doi.org/10.5772/54263

27



bone apatite and collagen production [15-16]. It is suggested that altering the nanostruc‐
tured surface morphology influences the apatite inducing ability and improves osteoblast
adhesion and differentiation [17].

4.1. Calcium phosphate coatings

Calcium phosphate is a synthetic ceramic that has been proven to support bone apposition
and to enhance the osteoconduction of the bone. Calcium phosphate ceramics for bone tis‐
sue applications include tricalcium phosphate (TCP), octocalcium phosphate (OCP), hydrox‐
yapatite (Ca10(PO4)6(OH)2, HA), and biphasic calcium phosphate (BCP) [18]. These ceramics
accelerate the healing process and have been widely used in conjunction with metallic mate‐
rial as a bioactive coating material. The ratio of Ca/P in calcium phosphate should resemble
the biological apatite mineral of bone (i.e., 1.50-1.69). Calcium phosphate has the natural fa‐
cility to bond directly to bone.

4.2. Nano-hydroxyapatite coatings

Hydroxyapatite demonstrates the best bioactivity amongst all the forms of calcium phos‐
phate. Hydroxyapatite (HA) exhibits functionality in promoting osteoblast adhesion, migra‐
tion, differentiation and proliferation; all of which are essential for bone regeneration. HA
also has the ability to bond directly onto bone. The bioactivity of HA has made this ceramic
the favourite for implant applications. HA nanoparticles may also induce cancer cell apopto‐
sis [19]. The crystalline form of HA exhibits biointegration and prevents formation of ad‐
verse fibrous tissue. It is a more desirable coating than amorphous HA due to its ability to
provide a better substrate for a different cell line [20]. Amorphous HA tends to dissolve in
human fluid more easily and leads to loosening of the implant. Nanocrystalline HA is more
favourable than microcrystalline HA because of its structural similarity with apatite [21].

5. Surface modification techniques

5.1. Sol-gel

The sol-gel method has been widely used to deposit calcium phosphate onto dense or po‐
rous metallic materials. There are two routes for a sol-gel reaction, namely inorganic and or‐
ganic, using reagents consisting of a colloidal suspension solution of inorganic or organic
precursors. The sol-gel technique transforms a liquid (sol) into a solid phase (gel) and re‐
quires drying and heat treatment stages. The advantages of the sol-gel method include: (i) it
is cost-effective, (ii) it is easy to control the final chemical composition and thickness of the
coating, (iii) the coating is readily anchored on the substrate, and it is usually homogenous
with a good surface finish, and (iv) it can be used for coating implants or substrates that
have complex surfaces or large surface areas.

Wen et al. [22] reported that a sol-gel method for HA and titania (TiO2) coatings exhibited
excellent bioactivity after immersion in simulated body fluid (SBF) that mimics human body
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fluid of a similar ion concentration and pH value to human blood plasma. In addition to en‐
hancing titanium bioactivity, HA-titania coating is expected to increase the bonding strength
and corrosion resistance. The surface morphology and microstructure of HA and titania
coating before and after being immersed in SBF are presented in Figure 1 (a)-(d). It can be
seen that the coating is dense, uniform and without cracks. Wen et al. also reported that after
soaking in SBF, HA granules grow gradually.

Figure 1. SEM micrographs of the surface morphology of HA/TiO2 films after soaking in SBF for (a) 0 day, (b) 1 day, (c)
8 days, and (d) 15 days

5.2. Electrodeposition of materials

Electrodeposition is a coating method applied to the fabrication of computer chips and mag‐
netic data storage. Recently, that has been rising interest in electrochemical deposition for
tissue engineering applications due to its ability to coat complex 3D components.

Lopez-Heredia et al. [23] coated calcium phosphate onto porous titanium using the electro‐
deposition method. In the process, Ti, platinum mesh, and supersaturated calcium phos‐
phate solution were used as the cathode, electrode and electrolyte, respectively. The ratio of
Ca/P in the calcium phosphate coating was 1.65 and the coating thickness was 25 µm. The
calcium phosphate coating was homogenous and covered the entire Ti surface. Moreover,
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they reported that the coating presented good adhesion to the underlying substrate. The
electrodeposition of CaP showed that calcium phosphate enhances the adherence of cells.

Adamek et al. [24] succeeded in producing an HA coating on porous Ti6Al4V using electro‐
deposition. The intermediate layer between the bone and metallic implant was rough and
porous. Large pores and nanolamellae were present within the HA layer. The flexibility of
the electrodeposition technique for coating solid and porous metallic implants has acquired
increasing interest due to this ability to enhance the bioactivity of bone implant materials.

5.3. Biomimetic creation of surfaces

There are two major steps involved in the biomimetic technique. The first step is to conduct
a pre-treatment of the implant material surface to create a layer functional group that can
induce formation of an effective apatite layer. Several studies have revealed that an apatite
layer has not been formed on materials without any treatment prior to immersion [25]. Pre‐
liminary treatment includes, for example, hydrothermal, sol-gel, alkali heat treatment and
micro-arc. The second step is to immerse the biomaterials into a simulated body fluid (SBF).
In this step, the bone apatite layer is formed on the biomaterial’s surface. The high apatite
forming ability of titanium arises from the formation of a hydrated titanate surface layer
during chemical treatment. The advantages of the biomimetic process include (i) flexibility
in the control of the chemical composition and thickness of the coating, (ii) the formation of
relatively homogenous bioactive bonelike apatite coatings, (iii) a lower processing tempera‐
ture, and (iv) the ability to coat 3D geometries.

Wang et al. [25] used a modified biomimetic approach to improve the biocompatibility of
porous titanium alloy scaffolds. In their experiment, porous Ti10Nb10Zr underwent an alka‐
li heat treatment prior to soaking in SBF. Two NaOH concentrations of 5 M and 0.5 M were
used, and the samples were soaked for 1 week. The surface morphologies of porous TiNbZr
after alkali soaking and heat treatment revealed a nanofiber layer, that consisted of sodium
titanate. Parameters that influenced the morphology and thickness of the sodium titanate
were reaction temperature and NaOH concentration.

Calcium phosphate was successfully deposited on the surface of the porous TiNbZr. The
calcium phosphate layer was uniform and homogenously spread onto the surface. Anoth‐
er biomimetic study, conducted by Habibovic et al. [26], indicated that a thick and homo‐
genenous  crystalline  hyroxyapatite  coating  was  deposited  on  all  pores  and  resembled
bone minerals.

An evaporation-based biomimetic coating was introduced by Duan et al. [27]. In their study,
a supersaturated calcium phosphate was prepared by mixing NaCl, CaCl2, HCl, NH4H2PO4,
tri(hydroxymethyl)aminomethane (Tris), and distilled water, which they termed the acceler‐
ated calcification solution (ACS). Calcium phosphate crystallites formed on the surface on
dipping the samples into the ACS. The main component in the coating was octa-calcium-
phosphate (OCP) and apatite was observed after soaking in SBF. The advantages of this
method include (i) no surface etching is required, (ii) high supersaturations of the coating
chemistry can be achieved, and (iii) tight control of the solutions is achieved [27].
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5.4. Thermal spray

The thermal spray technique is a well-established and versatile technique that can be ap‐
plied for a wide variety of coating materials, i.e., metallic, non-metallic, ceramic, and poly‐
meric. Thermal spray coated medical implants, such as orthopaedic and dental prostheses,
have been commercially used. Thermal spray offers several advantages, such as the ability
to coat low and high melting materials, a high deposition rate, and flexibility in coating 3D
shape components. It is also cost effective [28]. Despite these advantages, some problems
have been revealed after long term implantations using thermal spray coatings, such as de‐
lamination, resorption, biodegradation of the thick coating and mechanical instability [29].
Thus, improving the adhesion strength of thermal sprayed coatings is a major concern for
bone or dental applications.

There are several types of thermal spraying; for example, plasma spray, flame spray, and
cold spray [29]. Plasma spray is commonly applied to produce thick coatings for metallic
corrosion protection. It is also flexible, due to its ability to coat different substrates. During
plasma spraying, the precursor is atomised and injected into plasma jet, then accelerated to‐
wards the substrate with the aid of an inert carrier gas [30]. There are many parameters that
must be controlled to produce a high quality coating.

Flame spray uses a combustion flame to melt the solid precursor. There is, additionally, an‐
other type of flame spray termed as high velocity oxygen fuel (HVOF). This technology is
favourable due to its high spray velocity and the formation of a strong bond coating [30-32].

The  thermal  spray  technique  has  been  widely  employed  for  HA  coatings.  The  surface
morphology of HA coatings obtained with various parameters of stand-off distance (SOD)
and power are presented in Figure 2 (a)-(d). Sun et al. [28] reported that when the spray
power  increased,  the  crystallinity  of  HA  decreased  and  the  amorphous  phase  became
more obvious. The effect of SOD indicated an inverse correlation with deposition efficien‐
cy. Several parameters that influence the deposition of HA are SOD, spray power, feed‐
stock particle size and velocity.

Cold spray is a new member of the thermal spray family. This technique uses small particles
of 1-50 µm. A supersonic jet of compressed gas is used to accelerate the particles. The ad‐
vantage of using this technique is the ability to produce dense coatings and maintain the
material chemistry and phase composition of the feedstock. Noppakun et al. [33] have ap‐
plied cold spray technique to deposit HA-Ag/poly-esther-ether-ketone on glass slides. This
study reported that cold spray was able to retain and elicit a coating functionality that was
the same as the starting materials.

5.5. Physical vapor deposition

Physical vapor deposition (PVD) is a deposition method where materials are evaporated or
sputtered, transferred and deposited onto the substrate surface. This physical process in‐
cludes thermal evaporation or plasma-induced ion bombardment onto the sputtering target.
A condensation or reaction of the coating materials then takes place on the substrate surface to
form coatings. Variants of the PVD process include evaporation, ion plating, pulsed laser dep‐
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they reported that the coating presented good adhesion to the underlying substrate. The
electrodeposition of CaP showed that calcium phosphate enhances the adherence of cells.

Adamek et al. [24] succeeded in producing an HA coating on porous Ti6Al4V using electro‐
deposition. The intermediate layer between the bone and metallic implant was rough and
porous. Large pores and nanolamellae were present within the HA layer. The flexibility of
the electrodeposition technique for coating solid and porous metallic implants has acquired
increasing interest due to this ability to enhance the bioactivity of bone implant materials.

5.3. Biomimetic creation of surfaces

There are two major steps involved in the biomimetic technique. The first step is to conduct
a pre-treatment of the implant material surface to create a layer functional group that can
induce formation of an effective apatite layer. Several studies have revealed that an apatite
layer has not been formed on materials without any treatment prior to immersion [25]. Pre‐
liminary treatment includes, for example, hydrothermal, sol-gel, alkali heat treatment and
micro-arc. The second step is to immerse the biomaterials into a simulated body fluid (SBF).
In this step, the bone apatite layer is formed on the biomaterial’s surface. The high apatite
forming ability of titanium arises from the formation of a hydrated titanate surface layer
during chemical treatment. The advantages of the biomimetic process include (i) flexibility
in the control of the chemical composition and thickness of the coating, (ii) the formation of
relatively homogenous bioactive bonelike apatite coatings, (iii) a lower processing tempera‐
ture, and (iv) the ability to coat 3D geometries.

Wang et al. [25] used a modified biomimetic approach to improve the biocompatibility of
porous titanium alloy scaffolds. In their experiment, porous Ti10Nb10Zr underwent an alka‐
li heat treatment prior to soaking in SBF. Two NaOH concentrations of 5 M and 0.5 M were
used, and the samples were soaked for 1 week. The surface morphologies of porous TiNbZr
after alkali soaking and heat treatment revealed a nanofiber layer, that consisted of sodium
titanate. Parameters that influenced the morphology and thickness of the sodium titanate
were reaction temperature and NaOH concentration.

Calcium phosphate was successfully deposited on the surface of the porous TiNbZr. The
calcium phosphate layer was uniform and homogenously spread onto the surface. Anoth‐
er biomimetic study, conducted by Habibovic et al. [26], indicated that a thick and homo‐
genenous  crystalline  hyroxyapatite  coating  was  deposited  on  all  pores  and  resembled
bone minerals.

An evaporation-based biomimetic coating was introduced by Duan et al. [27]. In their study,
a supersaturated calcium phosphate was prepared by mixing NaCl, CaCl2, HCl, NH4H2PO4,
tri(hydroxymethyl)aminomethane (Tris), and distilled water, which they termed the acceler‐
ated calcification solution (ACS). Calcium phosphate crystallites formed on the surface on
dipping the samples into the ACS. The main component in the coating was octa-calcium-
phosphate (OCP) and apatite was observed after soaking in SBF. The advantages of this
method include (i) no surface etching is required, (ii) high supersaturations of the coating
chemistry can be achieved, and (iii) tight control of the solutions is achieved [27].
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5.4. Thermal spray

The thermal spray technique is a well-established and versatile technique that can be ap‐
plied for a wide variety of coating materials, i.e., metallic, non-metallic, ceramic, and poly‐
meric. Thermal spray coated medical implants, such as orthopaedic and dental prostheses,
have been commercially used. Thermal spray offers several advantages, such as the ability
to coat low and high melting materials, a high deposition rate, and flexibility in coating 3D
shape components. It is also cost effective [28]. Despite these advantages, some problems
have been revealed after long term implantations using thermal spray coatings, such as de‐
lamination, resorption, biodegradation of the thick coating and mechanical instability [29].
Thus, improving the adhesion strength of thermal sprayed coatings is a major concern for
bone or dental applications.

There are several types of thermal spraying; for example, plasma spray, flame spray, and
cold spray [29]. Plasma spray is commonly applied to produce thick coatings for metallic
corrosion protection. It is also flexible, due to its ability to coat different substrates. During
plasma spraying, the precursor is atomised and injected into plasma jet, then accelerated to‐
wards the substrate with the aid of an inert carrier gas [30]. There are many parameters that
must be controlled to produce a high quality coating.

Flame spray uses a combustion flame to melt the solid precursor. There is, additionally, an‐
other type of flame spray termed as high velocity oxygen fuel (HVOF). This technology is
favourable due to its high spray velocity and the formation of a strong bond coating [30-32].

The  thermal  spray  technique  has  been  widely  employed  for  HA  coatings.  The  surface
morphology of HA coatings obtained with various parameters of stand-off distance (SOD)
and power are presented in Figure 2 (a)-(d). Sun et al. [28] reported that when the spray
power  increased,  the  crystallinity  of  HA  decreased  and  the  amorphous  phase  became
more obvious. The effect of SOD indicated an inverse correlation with deposition efficien‐
cy. Several parameters that influence the deposition of HA are SOD, spray power, feed‐
stock particle size and velocity.

Cold spray is a new member of the thermal spray family. This technique uses small particles
of 1-50 µm. A supersonic jet of compressed gas is used to accelerate the particles. The ad‐
vantage of using this technique is the ability to produce dense coatings and maintain the
material chemistry and phase composition of the feedstock. Noppakun et al. [33] have ap‐
plied cold spray technique to deposit HA-Ag/poly-esther-ether-ketone on glass slides. This
study reported that cold spray was able to retain and elicit a coating functionality that was
the same as the starting materials.

5.5. Physical vapor deposition

Physical vapor deposition (PVD) is a deposition method where materials are evaporated or
sputtered, transferred and deposited onto the substrate surface. This physical process in‐
cludes thermal evaporation or plasma-induced ion bombardment onto the sputtering target.
A condensation or reaction of the coating materials then takes place on the substrate surface to
form coatings. Variants of the PVD process include evaporation, ion plating, pulsed laser dep‐
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osition and sputtering. The beneficial features of PVD are high coating density, high bio-adhe‐
sion strength, formation of multi-component layers, and low substrate temperature [34].

Figure 2. Surface morphology of HA coatings obtained by thermal spray method (a) 27.5 kW at 80 mm SOD, (b) 27.5
kW at 160 mm SOD, (c) 42 kW at 80 mm SOD, and (d) 42 kW at 160 mm SOD

Evaporation involves the thermal phase change from solid to vapor under vacuum condi‐
tions, in which evaporated atoms of a solid precursor placed in an open crucible can travel
directly and condense onto the surface of a substrate [35]. A vacuum environment is used to
minimize contamination [36]. Han et al. [37] have created an HA coating using electron
beam evaporation and then incorporated silver by immersion into AgNO3 solution. One ad‐
vantage of this method is an improved bond strength between the coating and substrate.
The ratio of Ca/P in the HA coating was 1.62 with a bond strength of 64.8 MPa, which was
significantly higher than a plasma sprayed bond strength of 5.3 MPa [37].

Sputtering involves a process of ejecting neutral atoms from a target surface using energetic
particle bombardment. The energetic particles used in the sputtering process are argon ions,
which can be easily accelerated towards the cathode by means of an applied electric poten‐
tial, hence bombarding the target, and ejecting neutral atoms from the target. These ejected
atoms are then transferred and condense to the substrate to form a coating. Sputtering has
been used in many applications such as the semiconductor, photovoltaic and automotive
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sectors. There are several sputtering methods, such as DC glow discharge, radio frequency
(RF), ion beam sputtering (IBS), and reactive sputtering [36].

Figure 3. Schematic diagram of the sputtering mechanism

The simplest model for sputtering is the diode plasma, which consists of a pair of planar
electrodes, an anode and a cathode, inside a vacuum system [37]. The sputtering target is
mounted on the cathode. Application of the appropriate potential difference between the
cathode and anode will ionize argon gas and create a plasma discharge. The argon ions
will  then be  attracted and accelerated toward the  sputtering target.  Such ion bombard‐
ment on the target will  displace some of the target atoms. This results in electron emis‐
sion  that  will  subsequently  collide  with  gas  atoms  to  form  more  ions  that  sustain  the
discharge [37]. Ion beam sputtering has disadvantages, such as a high capital investment
cost (approximately one million dollars per machine), low deposition rates and a relative‐
ly small  capacity per chamber batch [38].  Another type of sputtering employs radio fre‐
quency (RF) diodes that operate at high frequency.

Magnetron sputtering is one option to overcome the problems such as delamination and
low bond strength that may arise with plasma spray methods. Magnetron sputtering ena‐
bles lower pressures to be used, because a magnetic field allows trapping of the secondary
electrons near the target. This induces more collisions with neutral gases and increases plas‐
ma ionisation. Figure 3 is a diagram of the magnetron sputtering mechanism. RF magnetron
sputtering is an improved ion-sputtering method. It has also been noted that sputtered films
possess higher adhesion to the substrate compared to the evaporation method.
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sectors. There are several sputtering methods, such as DC glow discharge, radio frequency
(RF), ion beam sputtering (IBS), and reactive sputtering [36].

Figure 3. Schematic diagram of the sputtering mechanism

The simplest model for sputtering is the diode plasma, which consists of a pair of planar
electrodes, an anode and a cathode, inside a vacuum system [37]. The sputtering target is
mounted on the cathode. Application of the appropriate potential difference between the
cathode and anode will ionize argon gas and create a plasma discharge. The argon ions
will  then be  attracted and accelerated toward the  sputtering target.  Such ion bombard‐
ment on the target will  displace some of the target atoms. This results in electron emis‐
sion  that  will  subsequently  collide  with  gas  atoms  to  form  more  ions  that  sustain  the
discharge [37]. Ion beam sputtering has disadvantages, such as a high capital investment
cost (approximately one million dollars per machine), low deposition rates and a relative‐
ly small  capacity per chamber batch [38].  Another type of sputtering employs radio fre‐
quency (RF) diodes that operate at high frequency.

Magnetron sputtering is one option to overcome the problems such as delamination and
low bond strength that may arise with plasma spray methods. Magnetron sputtering ena‐
bles lower pressures to be used, because a magnetic field allows trapping of the secondary
electrons near the target. This induces more collisions with neutral gases and increases plas‐
ma ionisation. Figure 3 is a diagram of the magnetron sputtering mechanism. RF magnetron
sputtering is an improved ion-sputtering method. It has also been noted that sputtered films
possess higher adhesion to the substrate compared to the evaporation method.
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A summary of the characteristics of the various coating techniques for calcium phosphate is
presented in Table 2. Each technique has its own benefits and drawbacks. However, sputter‐
ing is a promising method due to its ability to produce dense and thin coatings, as well as
provide good bond strength [39-41].

Techniques Advantages Disadvantages Coating thickness

Sol-gel
Flexible in coating complex

shapes,
Sometimes expensive < 1 µm

Electrodeposition

Flexible in coating complex

shapes. Low energy process, can

be scaled down to deposition of

a few atoms or scaled up to

large dimensions.

Tends to crack 25 µm

Plasma Spray

Able to coat high and low

melting materials. High

deposition rate

Delamination and resorption.

High temperature leads to

decomposition

50 - 100 µm

Biomimetic

Flexible in coating complex

shapes and flexible in

controlling chemical

composition of the coating.

Homogenous.

The use of alkali heat

treatment could reduce

mechanical strength.

Requires much time

10 - 30 µm

Sputtering
Dense, homogenous coating.

Excellent adhesion

Needs annealing for

crystalline structure
< 1 µm

Table 2. Summary of various techniques for calcium phosphate coatings

5.5.1. Properties of sputtered hydroxyapatite coatings

Coating thickness.  The HA coating thickness varies.  Molagic [42]  succeeded in producing
HA/ZrO2 coatings with an average thickness of 3.2 µm. Hong et al.  [43] manufactured a
500 nm thick coating of crystalline HA using magnetron sputtering. Ding [44] sputter de‐
posited HA/Ti coatings with a film thickness of 3-7 µm onto a titanium substrate. Thian et
al.  [45]  succeeded  in  incorporating  silicon  in  hydroxyapatite  (Si-HA)  using  magnetron
sputtering and discovered its potential use as a bio-coating. The Si-HA film thickness was
up to 700 nm.

Bond strength. An in vitro and in vivo experiment on coatings using the sputtering technique
revealed coating detachment problems. Cooley et al. [46] reported that HA coatings were re‐
moved after 3 weeks of implantation. A bond layer coating was suggested to overcome this
weak adhesion at the interface and subsequent delamination. Ievlev et al. [47] measured the
adhesion strength of HA coatings with a sublayer and revealed that the adhesion strength
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was higher than coatings without a sublayer. Nieh et al. [48] used titanium as a pre-coat on
Ti6Al4V and found strong bonding between the Ti layer and the HA coating.

Layered materials have previously been demonstrated to improve bonding between dissim‐
ilar materials. According to Ding [45], the top layer provides an excellent interaction with
the surrounding tissue and promotes bone healing. A functionally graded coating (FGC) is
an alternative method to enhance coating adhesion strength. Ozeki et al. [49] prepared an
FGC of HA/Ti onto a metallic substrate. The coating thickness was 1 µm and consisted of 5
layers. The configuration of FGC was designed so that the HA was more dense near the sur‐
face, whilst the Ti was more dense near the substrate. The bonding strength using the FGC
configuration was higher than using only HA, i.e., 15.2 MPa and 8 MPa for the FGC and
pure HA, respectively.

Elastic properties. Snyders et al. [50] manufactured HA via RF sputtering and revealed that
the chemical composition influenced the elastic properties. As the Ca/P ratio decreased, the
elastic modulus also decreased due to the insertion of Ca vacancies in the HA lattices.

5.5.2. Biological performance of sputtered hydroxyapatite coatings

The biological behaviour of biomaterials has been a fundamental criterion for successful
candidate implant materials, along with their mechanical properties. The surface properties
of a biomaterial play a significant role in the cell response. Thus, surface modification is an
established strategy that has been used for biomedical applications due to its ability to en‐
hance bioactivity. High cell density enhances bone formation. The cell adhesion behaviour
and proliferation are influenced by several factors, such as pore size, porosity, and surface
composition [51].

Thian et al. [45] carried out an in vitro test using a human osteoblast (HOB) cell model for
a  silicon  incorporated  hydroxyapatite  (Si-HA)  coating  on  titanium.  The  sample  demon‐
strated an increase in metabolic  activity compared to mono-HA coatings.  Sputtered HA
and Si coatings exhibited good differentiation of osteogenic cells and good biocompatibili‐
ty. It was noted that the biological response was influenced by the crystallinity of the HA
coatings. Sputtered composite coatings of HA with other compounds may provide addi‐
tional advantages for implant performance. For instance, Chen et al. [52] incorporated sil‐
ver into HA, conducted a cytotoxic and antibacterial test, and reported that the silver had
an antibacterial  effect  since  the  bacterial  attachment  was  reduced compared to  coatings
that did not contain silver.

6. Experimental methods

6.1. Design and preparation of titanium alloys

Tin and niobium were chosen as alloying elements because both metals are biocompatible
and non-cytotoxic. The titanium alloy composition was designed using the molecular orbital
DV-Xα method [53]. The calculation of the nominal composition of the alloys was based on
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Bond strength. An in vitro and in vivo experiment on coatings using the sputtering technique
revealed coating detachment problems. Cooley et al. [46] reported that HA coatings were re‐
moved after 3 weeks of implantation. A bond layer coating was suggested to overcome this
weak adhesion at the interface and subsequent delamination. Ievlev et al. [47] measured the
adhesion strength of HA coatings with a sublayer and revealed that the adhesion strength
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was higher than coatings without a sublayer. Nieh et al. [48] used titanium as a pre-coat on
Ti6Al4V and found strong bonding between the Ti layer and the HA coating.

Layered materials have previously been demonstrated to improve bonding between dissim‐
ilar materials. According to Ding [45], the top layer provides an excellent interaction with
the surrounding tissue and promotes bone healing. A functionally graded coating (FGC) is
an alternative method to enhance coating adhesion strength. Ozeki et al. [49] prepared an
FGC of HA/Ti onto a metallic substrate. The coating thickness was 1 µm and consisted of 5
layers. The configuration of FGC was designed so that the HA was more dense near the sur‐
face, whilst the Ti was more dense near the substrate. The bonding strength using the FGC
configuration was higher than using only HA, i.e., 15.2 MPa and 8 MPa for the FGC and
pure HA, respectively.

Elastic properties. Snyders et al. [50] manufactured HA via RF sputtering and revealed that
the chemical composition influenced the elastic properties. As the Ca/P ratio decreased, the
elastic modulus also decreased due to the insertion of Ca vacancies in the HA lattices.

5.5.2. Biological performance of sputtered hydroxyapatite coatings

The biological behaviour of biomaterials has been a fundamental criterion for successful
candidate implant materials, along with their mechanical properties. The surface properties
of a biomaterial play a significant role in the cell response. Thus, surface modification is an
established strategy that has been used for biomedical applications due to its ability to en‐
hance bioactivity. High cell density enhances bone formation. The cell adhesion behaviour
and proliferation are influenced by several factors, such as pore size, porosity, and surface
composition [51].

Thian et al. [45] carried out an in vitro test using a human osteoblast (HOB) cell model for
a  silicon  incorporated  hydroxyapatite  (Si-HA)  coating  on  titanium.  The  sample  demon‐
strated an increase in metabolic  activity compared to mono-HA coatings.  Sputtered HA
and Si coatings exhibited good differentiation of osteogenic cells and good biocompatibili‐
ty. It was noted that the biological response was influenced by the crystallinity of the HA
coatings. Sputtered composite coatings of HA with other compounds may provide addi‐
tional advantages for implant performance. For instance, Chen et al. [52] incorporated sil‐
ver into HA, conducted a cytotoxic and antibacterial test, and reported that the silver had
an antibacterial  effect  since  the  bacterial  attachment  was  reduced compared to  coatings
that did not contain silver.

6. Experimental methods

6.1. Design and preparation of titanium alloys

Tin and niobium were chosen as alloying elements because both metals are biocompatible
and non-cytotoxic. The titanium alloy composition was designed using the molecular orbital
DV-Xα method [53]. The calculation of the nominal composition of the alloys was based on

Sputtered Hydroxyapatite Nanocoatings on Novel Titanium Alloys for Biomedical Applications
http://dx.doi.org/10.5772/54263

33



two parameters, known as the bond order (Bo) and d-orbital energy level (Md). The parame‐
ter Bo is the covalent bond strength between titanium and an alloying element, while the
parameter Md represents the d-orbital energy level of a transition alloying metal that corre‐
lates with the electro-negativity and the atomic radius of element. The list of Md and Bo val‐
ues for each alloying elements (Ti, Nb and Sn) was obtained from a study conducted by
Abdel Hady et al. [54].

Titanium alloys were fabricated using the powder metallurgy technique. Titanium powders
(purity 99.7%), tin powders (purity 99.0%) and niobium powders (purity 99.8%) with parti‐
cle sizes less than 45 µm were used. Each component was first weighted to give the desired
composition of Ti14Nb4Sn. Ammonium hydrogen carbonate (NH4HCO3) was used as a
space holder material. The particle size chosen was 300-500 µm in diameter.

The desired porosity and pore size were controlled by adjusting the initial weight ratio of
NH4HCO3 to metal powders and the particle size of NH4HCO3. These components were
mixed and blended in a planetary ball milling for 4 h with a weight ratio of ball to powder
of 1:2 and a rotation rate of 100 rpm. A small amount of ethanol was employed during the
mixing of the ammonium hydrogen carbonate with elemental metal powders to prevent
segregation. After mixing the ammonium hydrogen carbonate with the metal powders, the
mixture was pressed into green compacts in a 50 ton hydraulic press.

The green compacts were sintered at a pressure of 1.3 x 10-3 Pa using a vacuum furnace. Two
steps of heat treatment were employed to produce porous structures. The first step was to
burn out the space holder particles at 200°C for 2 h. The second step was to sinter the com‐
pacts at 1200°C for 10 h. Dense samples were prepared using powder metallurgy with the
absence of space holder particles, and heat treatment was carried out at 1200°C. The dimen‐
sions of dense and porous titanium alloy samples were 9 mm in diameter and 2 mm in
thickness for subsequent sample characterization. The sintering process was conducted at
1200°C for 10 h. A schematic diagram of the fabrication sequence for titanium alloys is pre‐
sented in Figure 4.

Figure 4. Schematic of Ti14Nb4Sn fabrication process by powder metallurgy route

Titanium alloy discs with 6 mm in diameter and 2 mm in thickness were gently wet ground‐
ed using (i) silicon carbide paper of 600 grit, (ii) followed by 1200 grit, and (iii) fine polished
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using 15, 9, 6, and 1 µm diamond compounds progressively. All metallic discs were then ul‐
trasonically cleaned using ethanol for 5 min.

6.2. E-beam evaporation and sputtering

Silica thin films and nanocrystalline hydroxyapatite coatings were successively deposited
onto the prepared titanium alloy substrates by e-beam evaporation and sputtering techni‐
ques. A HV thin film deposition system (CMS-18 Kurt J. Lesker, USA) was used. Both the e-
beam evaporation and the sputtering processes were performed at room temperature. The
base pressure of the system was 6.6 x 10-6 Pa.

A 200 nm SiO2 thin film was deposited at a working pressure of 6.6 x 10-4 Pa and a depo‐
sition rate of 10 nm/s. During the sputtering process, the working pressure was set at 0.8
Pa.  The sputtering power was 90 W. The distance between the substrate and sputtering
target was kept at 30 cm. During deposition, the substrate holder rotated in order to ach‐
ieve uniform coating. Heat treatment of samples was performed at 500°C for 2 h in a vac‐
uum furnace.

6.3. Characterization

The elemental composition was analyzed using an energy dispersive X-ray spectrometer
(EDS, Oxford instruments INCA suite v.4.13) interfaced with a field-emission scanning elec‐
tron microscope (FE-SEM, ZEISS SUPRA 40 VP) operated at 15 kV. Surface morphology of
the samples was observed using scanning electron microscopy, and phase identification was
performed using the X-ray diffraction method (XRD, Bruker D8 Advance), operated with
CuKα radiation in the Bragg-Brentano mode at a scanning rate of 0.5°/min over a 2θ range of
30-80°. Phase analysis was conducted using the database PDF-2 version 2005.

The porosity of the scaffold was characterised by gravimetry using the formula [13]:

ε =  (1 -  ρρs
) ×  100 (1)

where ρ and ρs are the actual and theoretical densities of the porous alloy, respectively.

7. Results and discussion

7.1. Physico-chemical properties of the Ti14Nb4Sn alloy

The X-ray diffraction pattern of sintered Ti14Nb4Sn is shown in Figure 5. Alpha peaks were
observed at 39.0° and 40.5°, which are indexed as the reflection planes (101) and (103), while
β peaks were observed at 38.5°, which is indexed as (110). The titanium alloy consisted of
both α and β phases. Weak niobium peaks were also detected, while tin was not detected.
Elemental analysis using EDS was performed concurrently with the SEM examination to
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1200°C for 10 h. A schematic diagram of the fabrication sequence for titanium alloys is pre‐
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using 15, 9, 6, and 1 µm diamond compounds progressively. All metallic discs were then ul‐
trasonically cleaned using ethanol for 5 min.

6.2. E-beam evaporation and sputtering

Silica thin films and nanocrystalline hydroxyapatite coatings were successively deposited
onto the prepared titanium alloy substrates by e-beam evaporation and sputtering techni‐
ques. A HV thin film deposition system (CMS-18 Kurt J. Lesker, USA) was used. Both the e-
beam evaporation and the sputtering processes were performed at room temperature. The
base pressure of the system was 6.6 x 10-6 Pa.

A 200 nm SiO2 thin film was deposited at a working pressure of 6.6 x 10-4 Pa and a depo‐
sition rate of 10 nm/s. During the sputtering process, the working pressure was set at 0.8
Pa.  The sputtering power was 90 W. The distance between the substrate and sputtering
target was kept at 30 cm. During deposition, the substrate holder rotated in order to ach‐
ieve uniform coating. Heat treatment of samples was performed at 500°C for 2 h in a vac‐
uum furnace.

6.3. Characterization

The elemental composition was analyzed using an energy dispersive X-ray spectrometer
(EDS, Oxford instruments INCA suite v.4.13) interfaced with a field-emission scanning elec‐
tron microscope (FE-SEM, ZEISS SUPRA 40 VP) operated at 15 kV. Surface morphology of
the samples was observed using scanning electron microscopy, and phase identification was
performed using the X-ray diffraction method (XRD, Bruker D8 Advance), operated with
CuKα radiation in the Bragg-Brentano mode at a scanning rate of 0.5°/min over a 2θ range of
30-80°. Phase analysis was conducted using the database PDF-2 version 2005.

The porosity of the scaffold was characterised by gravimetry using the formula [13]:

ε =  (1 -  ρρs
) ×  100 (1)

where ρ and ρs are the actual and theoretical densities of the porous alloy, respectively.

7. Results and discussion

7.1. Physico-chemical properties of the Ti14Nb4Sn alloy

The X-ray diffraction pattern of sintered Ti14Nb4Sn is shown in Figure 5. Alpha peaks were
observed at 39.0° and 40.5°, which are indexed as the reflection planes (101) and (103), while
β peaks were observed at 38.5°, which is indexed as (110). The titanium alloy consisted of
both α and β phases. Weak niobium peaks were also detected, while tin was not detected.
Elemental analysis using EDS was performed concurrently with the SEM examination to
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identify the chemical composition of the samples. The EDS analyses verified that the alloy
composition corresponded to Ti14Nb4Sn.

Figure 5. XRD pattern of sintered Ti14Nb4Sn alloy

SEM images of fabricated porous titanium alloys showed a combination of both macropores
and micropores on the surface, as shown in Figure 6 (a)-(f). The micropore size ranged from
0.5 to 10 µm, while the macropore size ranged from 50 to 700 µm. Samples with greater po‐
rosity exhibited more interconnected features, more accessible inner surfaces, and interpene‐
trated macropores. It is believed that the optimal pore size to ensure vascularization and
bone in-growth is 50-400 µm [13]. Compared to other studies, fabrication of Ti10Nb10Zr al‐
loy resulted in pore sizes ranging from 300 to 800 µm since the size of the space-holder par‐
ticles was set to be 500-800 µm [13].

Usually there are two types of pores when using the space-holder method to fabricate titani‐
um alloys: (i) macro-pores determined by the size of the space holder particles, and (ii) mi‐
cro-pores determined by the dimension of the titanium powder particles. The micropores
can be designed to allow the scaffold to be impregnated with functional coatings or thera‐
peutic agents.

Porosity enhances the interlocking processes for the stability and immobility of the new im‐
plant, often referred to as stabilization and fixation of the implant. The porosity is influenced
by several factors, namely the particle size of the metallic powder and the sintering pressure
[13]. The porosity of the samples ranges from 55 to 80%. The optimum porosity of the im‐
plant for bone in-growth is in the range of 50-90%. It has been noted that the porosity level
of an implant should be selected to provide the optimum mechanical behaviour, since po‐
rosity has a dominant and adverse influence on the strength of a porous material.
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The pore connectivity, which can be determined by percolation theory, is a crucial param‐
eter  that  determines successful  bone in-growth.  Connectivity between the pore provides
sufficient area for physiological fluid to flow throughout the new tissue that enhances nu‐
trient transportation. The images in Figure 6 exhibit variation in pores connectivity. High
porosity results in high pore interconnectivity, i.e., samples with 80% porosity exhibit high
pore connectivity.

Figure 6. Morphology of porous Ti14Nb4Sn alloys with different porosity: (a) 55%, (b) 60%, (c) 70%, (d) 72%, (e)
75%, and (f) 80%

7.2. Physico-chemical properties of sputtered hydroxyapatite coated titanium alloys

The application of SiO2 as a bond layer between the substrate and the coating should im‐
prove coating adhesion to the substrate. One advantage of using silica is its influence on the
bone mineralization process. Li et al. applied silica onto a titanium surface using a sol gel
process and demonstrated its bioactivity [11]. Hong et al. [4] conducted an in vitro bioactivity
test on bioactive ceramic glass with higher silicon content and revealed a superior minerali‐
zation capability. Thian et al. [46] succeeded in incorporating silicon into hydroxyapatite (Si-
HA) using magnetron sputtering, and reported that higher silica content was beneficial for
biomedical applications due to its higher corrosion resistance.

Figure 7 shows the surface topography of the HA-silica coating on titanium alloy
Ti14Nb4Sn. The 2 µm thick hydroxyapatite coating and 200 nm thick SiO2 film were deposit‐
ed onto the titanium alloy using RF magnetron sputtering and e-beam evaporation, respec‐
tively. The HA coating was homogenous, which is characteristic of thin films deposited by
sputtering. However, some cracks on the surface were observed. Some morphological fea‐
tures of rough coatings with some cracks could be advantageous for bone implant applica‐
tions since this morphology could act as an anchorage for tissue growth.
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Figure 7. Morphology of HA-SiO2 coated Ti14Nb4Sn alloy

The XRD pattern of the HA-SiO2 coated titanium alloys is shown in Figure 8. The identified
phases were hydroxyapatite, CaO.SiO2.TiO2, calcium pyrophosphate, CaTiO3 and titanium.
After annealing, the crystalline phase of HA was present at 2θ = 30° which matches the (107)
plane. A peak corresponding to CaO.SiO2.TiO2 phase was also observed at 43.5° and in‐
dexed as (223). In addition, the peak confirms the presence of the silica phase. The phase
CaO, i.e., in CaO.SiO2.TiO2 observed in the XRD pattern could be related to the partial de‐
composition of hydroxyapatite during the deposition process.

Figure 8. XRD patterns of HA-SiO2 coatings on Ti14Nb4Sn alloy
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The titanium alloys are likely to be oxidized during the annealing process. Therefore, TiO2

appeared in the CaO.SiO2.TiO2 phase and CaTiO3 phase. The CaTiO3 peak was detected at
47.8° with an orientation of (800). The four peaks at 38.8°, 39.7°, 40.5° and 48.9° correspond‐
ing to calcium phosphate (Ca2P2O7) are indexed as the reflection planes (222), (223), (301)
and (320), respectively. However this phase might have higher solubility compared to HA.
It is possible that during the sputtering process not all components of the HA target were
sputtered and transferred onto the substrate. The titanium peak was present at 53.5° and in‐
dexed as (102). The results indicated that HA coatings using magnetron sputtering could
produce the crystalline apatite phase.

8. Conclusions

This chapter describes the importance of developing a bioactive titanium alloy scaffold for
bone tissue engineering applications. Ti14Nb4Sn alloy was designed and then fabricated us‐
ing powder metallurgy method. The porosity ranged from 55 to 80% with pore sizes of
100-600 µm.

Powder  metallurgy  that  employed the  space-holder  sintering  method was  successful  in
fabricating samples for biomedical  implant studies.  The method produced porous struc‐
tures that (i)  enable better fixation, (ii)  lower elastic modulus to match the properties of
natural  bone,  and  (iii)  construct  morphologies  that  mimic  the  features  of  natural  bone
structures.

To further enhance the biocompatibility of titanium alloys, 2 µm thick hydroxyapatite and
200 nm thick SiO2 coatings were deposited onto Ti alloys using e-beam evaporation and RF
magnetron sputtering. SEM images showed that the microstructure of the hydroxyapatite
coating is homogenous, with some cracks appearing on its surface. XRD results confirmed
that the coatings consisted of an HA phase with some CaO.SiO2.TiO2, CaTiO3 and phases.
Silica was also present in the XRD spectrum, which corresponds to the CaO.SiO2.TiO2 phase.
It was demonstrated that the e-beam evaporation and magnetron sputtering methods are
suitable for depositing silica and hydroxyapatite coatings. The hydroxyapatite-silica config‐
uration may be useful for biomedical implants, as it provides better adhesion strength for
rapid osseointegration acceleration. Further study will focus on the biological response of
these coatings.
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1. Introduction

Titanium and titanium alloys are the most promising structural materials for the products of
the contemporary aircraft and spacecraft engineering, medicine. The complex of characteristics
of such products strongly depends on the properties of their surface layers. One of the efficient
method of their hardening is the thermodiffusive saturation with interstitial elements, in
particular nitrogen or oxygen (Fedirko & Pohrelyuk, 1995; Panasyuk, 2007). Such high-
temperature interaction with these interstitial elements is accompanied by not only the
formation and growth of a nitride or oxide film, but also the significant dissolution of nitrogen
or oxygen in the base metal. The competition of these processes complicates significantly the
study of the kinetics and mechanism of such an interaction. In this case, useful information
can be obtained from results of an investigation of the high-temperature interaction of titanium
in an atmosphere with a decreased nitrogen or oxygen pressure, which simultaneously
generates practical interest, because deep diffusion layers without a continuous nitride or
oxide film on a titanium surface can be formed (Fedirko & Pohrelyuk, 1995; Panasyuk, 2007).
The incubation period of formation of such a film depends to a large degree on the partial gas
pressure and saturation temperature. Attempts to choose purposefully an optimal nitrogen or
oxygen pressure and temperature–time parameters of such a thermochemical treatment failed.
This is due to the complexity and diversity of the interactions of titanium with rarefied gas-
containing atmospheres, the absence of data on parameters that characterize surface phenom‐
ena, and a large spread (up to two orders of magnitude) of available data on the diffusion
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coefficient of nitrogen or oxygen in titanium (Panasyuk, 2007; Metin, 1989; Kofstad, 1966). This
is why investigations (experimental and theoretical) aimed at elucidating the kinetic regular‐
ities and peculiarities of the distribution of interstitial elements in a surface layer, which
determines the changes of its physicomechanical characteristics, are urgent.

Diffusive processes determine changes of properties of surface layers of the structural
materials in many cases, for example, in the process of their thermochemical treatment or in
the conditions of operation at high temperature. However, the diffusion in solids is often
accompanied by the structural phase transformations. These processes are interconnected and
interdependent: diffusion of the elements can stimulate structural phase transformations, and
the latter change the conditions of diffusion. It is difficult to describe these processes analyti‐
cally. Titanium, which undergoes the polymorphic transformation at Tα↔β = 882 0С (Fromm &
Gebhardt, 1976), is interesting for such theoretical and experimental investigations, in
particular its high-temperature interaction with nitrogen or oxygen. Due to high affinity of
these elements with titanium nitride or oxide layer forms and grows on the surface. Unlike
many alloying elements, in particular vanadium, molybdenum, which are β-stabilizers, above
mentioned interstitial elements are α-stabilizers, which can stimulate structural phase
transformations in titanium. The microstructural evolution during α↔β phase transformation
as a result of migration of β-stabilizers is presented in (Malinov et al., 2003). However, the
authors did not take into consideration the role of nitrogen as α-stabilizer in the structural
transformations. It was demonstrated (Matychak, 2009) in the studies of interconnection of
nitrogen diffusion and structural phase transformations during high-temperature nitriding
that, in particular, under the rarefied atmosphere, the continuous nitride layer on the surface
was absent for a long time.

The aim of work is:

• to establish the kinetic peculiarities of interaction of titanium with the interstitial element A
(nitrogen or oxygen) at the temperature lower and higher than temperature of allotropic
transformation Tα↔β;

• to investigate experimentally and model analytically the process of diffusive saturation of
α-titanium with the interstitial element from a rarefied atmosphere taking into account the
surface phenomena;

• to model the interdependence of the processes of external supply of the interstitial element
to the surface and its chemosorption with diffusive dissolution and segregation on defects,
caused by the chemical interaction with the titanium atoms;

• to estimate the influence of temperature-time parameters of treatment on the depth of
diffusion zone and change of its microhardness;

• to establish the kinetic peculiarities of diffusive saturation of titanium with the interstitial
element caused by the structural phase transformations.
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2. Thermodiffusion saturation of titanium with interstitial elements from
a rarefied atmosphere at T<T

α↔β

2.1. Physicomathematical model

2.1.1. Phenomenology of surface phenomena

Let us consider the interaction of α-titanium with a rarefied gas atmosphere in a temperature
range which is below the temperature of the α↔ β allotropic transformation. In such a system,
peculiarities of the interaction predominantly manifest themselves on the titanium surface as
a result of adsorption, chemisorption, chemical reactions, generation of point defects, and the
formation of two-dimensional structures. Along with phase formation, which includes these
processes on the surface, the transfer of the interstitial element in the depth of titanium, i.e.,
its diffusive saturation, plays an important role. Experimental data indicate that, for rather
long exposures, at certain rarefaction of the interstitial element, only islands of a nitride or
oxide film, rather than a continuous film, are formed on the titanium surface (Fedirko &
Pohrelyuk, 1995). In this case, the kinetics of saturation is sensitive to the interstitial element
transfer to the surface of titanium and the intensity of surface processes. Thus, the surface
interstitial element concentration depends on time. The defectiveness of the metal and its
influences on the diffusion activity and reactivity of the interstitial element also play an
important role. Due to lattice defects, in particular vacancies, dislocations of the surface layer,
the probability of inequilibrium segregations of the interstitial element increases as a result of
the chemical interaction with titanium, which introduces changes in the diffusive saturation
of titanium with the interstitial element. That is why it is incorrect to describe analytically the
kinetics of saturation with the known Fick’s equation by setting constant values of the surface
concentration (the first boundary-value task). This indicates the actuality and importance of
an adequate choice of boundary conditions for the formulation of the corresponding diffusion
problem. To do this, it is necessary to have a clear notion of the interrelation of the physico‐
chemical processes on a surface and near it.

The interaction of titanium with a rarefied gas atmosphere can be schematically illustrated by
following processes with relevant parameters characterizing them (Fig. 1):

a. transport of the interstitial element molecules to a metal surface followed by their physical
adsorption, dissociation, and chemisorption (the mass transfer coefficient h, cm/sec);

b. segregation of the interstitial element on defects in a contact layer (with a mass capacity
ϖ, cm) as a result of the chemical interaction with the metal (the rate of reaction k, cm/
sec);

c. diffusion of the interstitial element in α-titanium (diffusion coefficient D, cm2/sec).

Processes enumerated in clause a) can be interpreted as a two-stage reaction which consists of
a diffusive stage, described by the constant rate hD, and a stage of chemisorption at a constant
rate hR. Then, according to the law of summation of kinetic resistances, we have
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h −1 =h D
−1 + h R

−1. The introduced kinetic parameters (Рі=D, h, k) of the model representation
characterize the aforementioned thermoactivated physicochemical processes with the corre‐
sponding activation energies (Ei), according to the dependence Рі=Р0іехр(-Eі/RT). The effective
parameters h and k depend not only on temperature, but also largely on the partial pressure
of interstitial element and defectiveness of the material. That is why they are usually calculated
from specific experimental data of the kinetics of saturation. In particular, the experimental
data for the spatial distribution of the interstitial element in surface layer of titanium after
various exposure time (τ1 and τ2) allow to use a graphical method to compute the mass transfer
coefficient h and the surface content (Ceq) of nitrogen which is in equilibrium with the atmos‐
phere (Fig. 2) (Matychak et al., 2009).

Figure 2. Graphical method for the determination of the h and Ceq parameters

Figure 1. Scheme of mass fluxes in the Ti–A system
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Let us represent the inequilibrium processes mentioned in clauses (a) – (c) in the formulation
of the diffusion problem through the adequate setting of the boundary conditions of mass
exchange on the surface.

2.1.2. Mathematical description

Since the aim of the diffusive saturation of a titanium sample is primarily to harden its surface
layer, as an object of the analytic investigation of the kinetics of this process, we chose a half-
space (0 ≤ x < ∞) with the initial (τ=0) interstitial element concentration C(x,τ=0)=C0. For the
calculation of the concentration of dissolved interstitial element in the titanium sample it is
need to solve Fick’s diffusion equation considering initial and boundary conditions (Matychak
et al., 2007):
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Here Ceq is a quasiequilibrium surface concentration of the interstitial element, which depends
on its partial pressure in the atmosphere.

The boundary condition (2) was proposed on the basis of notions of a contact layer with a
thickness 2δ between the metal and the environment, in which processes of migration of an
impurity and the chemical reaction of the first order (Fig. 1) occur (Prytula et al., 2005). Using
a mathematical procedure (Fedirko et al., 2005; Matychak, 1999), this layer was replaced by an
imaginary layer of zero thickness (2δ→ 0) with a mass capacity ω. For such a transition, we
introduced averaged characteristics of the contact layer, specifically the surface concentration
of the impurity C(+0,τ). Note that neglecting the contact layer ω=0, and, correspondingly, k =
0, from Eq.(2) we obtain the typical boundary condition of mass exchange of the third kind
(Raichenko, 1981):

/ [ (0, )]0 t- ¶ ¶ = -=D C x h C Ceqx (3)

or even the simpler condition (D/h →0) of the first kind:
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Let us point at the characteristic peculiarities of the proposed generalized boundary condition
(2), which distinguishes it from the quasistationary boundary condition (3). The latter one
reflects to a certain extent the real situation of the asymptotic approximation of the surface
concentration to its equilibrium value. At the same time, according to condition (3), all atoms
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−1. The introduced kinetic parameters (Рі=D, h, k) of the model representation
characterize the aforementioned thermoactivated physicochemical processes with the corre‐
sponding activation energies (Ei), according to the dependence Рі=Р0іехр(-Eі/RT). The effective
parameters h and k depend not only on temperature, but also largely on the partial pressure
of interstitial element and defectiveness of the material. That is why they are usually calculated
from specific experimental data of the kinetics of saturation. In particular, the experimental
data for the spatial distribution of the interstitial element in surface layer of titanium after
various exposure time (τ1 and τ2) allow to use a graphical method to compute the mass transfer
coefficient h and the surface content (Ceq) of nitrogen which is in equilibrium with the atmos‐
phere (Fig. 2) (Matychak et al., 2009).

Figure 2. Graphical method for the determination of the h and Ceq parameters

Figure 1. Scheme of mass fluxes in the Ti–A system
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(2), which distinguishes it from the quasistationary boundary condition (3). The latter one
reflects to a certain extent the real situation of the asymptotic approximation of the surface
concentration to its equilibrium value. At the same time, according to condition (3), all atoms
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adsorbed on the surface diffuse into the metal and are distributed in compliance with the law
of diffusion. That is why, according to condition (3), when D→ 0, we have C(0,τ)=Ceq. That is,
the surface concentration becomes equilibrium instantaneously and is independent of time.
Thus, from the proposed generalized nonstationary boundary condition (2), in the absence of
diffusion D→ 0 of the impurity in the volume of the metal, we have the following time
dependence of its surface concentration:

( ) ( )eq 0eq 0(0, ) exp ,
t

t
w

-+ é ù+
= - -ê ú

+ + ê úë û

h C ChC kC h k
C

h k h k
(5)

which is determined by the intensity of surface processes. One more peculiarity of proposed
non-stationary condition (2) concerns the action of the operator d/dτ, which describes the
kinetics of accumulation of the interstitial element in the vicinity of the interface. In particular,
the difference between the flux j1 of the interstitial element from the environment to the surface
(x=-0) and its diffusion flux j = jdiff in the metal (x=+0) determine the kinetics of accumulation
(segregation) of the interstitial element in the vicinity of the interface as a result of the chemical
interaction (Fig. 1). The interstitial element is accumulated in the contact layer on defects
modeled as “traps” for the diffusant. Then its concentration in the surface layer in the bound
state (in nitride or oxide compounds) and its total concentration (in the solid solution and
compounds) in the vicinity of the surface are computed from the relations

0
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t t t t
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ò
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Thus, only a part of all adsorbed interstitial element atoms dissolves in the metal and diffuses
in the volume. The remaining nitrogen atoms segregate in the form of compounds near the
surface (Fig. 3).

Figure 3. Evolution of the interstitial element distribution during diffusive saturation: (a: τ= τ1, b: τ= τ2; τ1<τ2
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The evolution of spatial distribution of dissolved nitrogen in titanium (Fig. 3) during its
thermodiffusive saturation gives a solution of the equations (1), (2), which in the analytic form
is as follows (Matychak et al., 2007):

1 1 1
2 2 1 1( , )  ( ) / (2 ) ( , ) ( , ) / ( ),t t t t- - -é ù é ù= + - - Dë ûë ûC x h h k erfc x D h q F x q F x D (7)

where

F1(x, τ)=exp(q1x + q1
2Dτ)⋅ erfc q1 Dτ + x / (2 Dτ) ,

F2(x, τ)=exp(q2x + q2
2Dτ)⋅ erfc q2 Dτ + x / (2 Dτ) ,

q1 = (1 + Δ) / 2ω , q2 = (1−Δ) / 2ω , Δ = 1−4ω(h + k) / D .

Specifically, the surface concentration of dissolved interstitial element is

2 2 1 1(0, ) / ( ) [ ( ) / ( ) / ] / ( ) ,t t t= + - - × DC h h k f q f q h D (8)

where
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Here C̄(x, τ)= (C(x, τ)−C0) / (Ceq −C0) is the relative change of the interstitial element concen‐
tration in the solid solution in α-titanium. Its surface concentration C*(0,τ) in the bound state
and the total concentration CΣ(0,τ) are determined by formulas (6).

The obtained results for the diffusive saturation of titanium with nitrogen under low partial
pressure (1 Pa) in the temperature range of 750-850 0C (below the temperature of allotropic
transformation) were confirmed by the experimental results (Matychak et al., 2009).

2.2. Technique and results of experimental tests

2.2.1. Methods

The samples (10×15×1 mm) of VT1-0 commercially pure titanium were investigated after an
isothermal exposure at temperatures of 750, 800, and 850 0C for 1, 5, and 10 h in a rarefied (to
1 Pa) dynamic nitrogen atmosphere (the specific inleakage rate was 7×10-3 Ра/sec). Before
treatment, samples were ground to Ra = 0,4 µm, washed in acetone and alcohol, and dried.

Upon loading the samples in an ampoule, the system was pumped down to a pressure of
10-3 Ра, then the nitrogen was blown through, and required parameters of the gas medium
were set. Heating was performed at a rate 0.04 0C/sec. After an isothermal exposure, the
samples were furnace-cooled in nitrogen (the mean cooling rate was 100 0C/h).
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thermodiffusive saturation gives a solution of the equations (1), (2), which in the analytic form
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Here C̄(x, τ)= (C(x, τ)−C0) / (Ceq −C0) is the relative change of the interstitial element concen‐
tration in the solid solution in α-titanium. Its surface concentration C*(0,τ) in the bound state
and the total concentration CΣ(0,τ) are determined by formulas (6).

The obtained results for the diffusive saturation of titanium with nitrogen under low partial
pressure (1 Pa) in the temperature range of 750-850 0C (below the temperature of allotropic
transformation) were confirmed by the experimental results (Matychak et al., 2009).

2.2. Technique and results of experimental tests

2.2.1. Methods

The samples (10×15×1 mm) of VT1-0 commercially pure titanium were investigated after an
isothermal exposure at temperatures of 750, 800, and 850 0C for 1, 5, and 10 h in a rarefied (to
1 Pa) dynamic nitrogen atmosphere (the specific inleakage rate was 7×10-3 Ра/sec). Before
treatment, samples were ground to Ra = 0,4 µm, washed in acetone and alcohol, and dried.

Upon loading the samples in an ampoule, the system was pumped down to a pressure of
10-3 Ра, then the nitrogen was blown through, and required parameters of the gas medium
were set. Heating was performed at a rate 0.04 0C/sec. After an isothermal exposure, the
samples were furnace-cooled in nitrogen (the mean cooling rate was 100 0C/h).
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Commercially-pure gaseous nitrogen was used, which, according to a technical specification,
contained not more than 0.4 vol. % of oxygen and 0.07 g/m3 of water vapor. Before feeding in
the reaction space of a furnace, nitrogen was purified from oxygen and moisture by passing
through a capsule with silica gel and titanium chips heated to a temperature higher by 50 0C
than the saturation temperature. After every 3–4 tests, to restore the efficiency of the system
for purification of nitrogen, silica gel was annealed at 180 0C for 3–4 h, and titanium chips were
replaced by new ones. Due to this, the oxygen concentration in nitrogen ranged from 0.01 to
0.03 vol. %.

The microstructure of “oblique” microsections of samples was studied with a “Epiquant”
microscope equipped with a camera and a computer with digital image analysis software.

The surface hardening was assessed based on the microhardness measured with a PMT-3M
unit under a load of 0.49 N. As the depth of a nitrided layer, the depth of a zone was accepted
in which the microhardness was higher than that of the core by δН=0.2 GРа (Fedirko &
Pohrelyuk, 1995).

2.2.2. Results of experimental investigations

An analysis of experimental data of the influence of the partial nitrogen pressure on the saturation
of titanium alloys during nitriding indicates that, in the range of rarefaction of the active gas 0.1–
10 Pa (the specific inleakage rate ranged from 7×10-2 to 7×10-4 Ра/sec), the kinetics of nitriding is
sensitive to processes related to the nitrogen feed to the gas–metal interaction zone (Fedirko &
Pohrelyuk, 1995). Under such conditions, in a certain time range, which depends on the nitriding
temperature, one can maintain the dynamic equilibrium between the adsorbed nitrogen and
nitrogen transported by diffusion in the depth of the titanium matrix and shift significantly in
time the beginning of the formation of a continuous nitride film. Metallographic analysis of the
surface of VT1-0 titanium samples nitrided in this range of gas-dynamic (1 Pa; 7×10-3 Ра/sec) and
temperature–time (750-850 0C; 5 h) parameters confirmed the absence of a continuous nitride
film on their surfaces (Fig. 4). Instead of it, we observe the initiation and growth of nitride islands,
predominantly between grains (Fig. 4 a-c).

(a) (b) (c) (d) 

Figure 4. Surface of VT1-0 titanium after nitriding in a rarefied dynamic nitrogen atmosphere (1 Pa): (a) 750 0C, 5 h;
(b) 800 0C, 5 h;(c) 850 0C, 5 h; (d) 850 0C, 10 h

After an exposure for 10 h at 850 0C (Fig. 4 d), almost all grain boundaries contain nitrides,
which favor the formation of a surface network from nitride inclusions and the formation of
the corresponding surface topography. The dissolution of nitrogen in titanium stabilizes an
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α-solid solution, the layer of which increases in thickness as the temperature–time parameters
increase; its grains are etched less than the matrix (Fig. 5).

The surface microhardness of titanium changes as a result of nitride formation. After nitriding
at 750 and 800 0C for 5 h and at 850 0C for 1 h when nitride formation is not very intensive,
which is evidenced by reflexes of relative intensity of the nitride of lower valence (Ti2N), the
surface microhardness of titanium ranges from 4.4 to 7.3 GPa (Fig. 6). As the exposure time
increases to 5 – 10 h at 850 0C when nitride islands cover a major part of the surface of the alloy,
it rises to 10–13 GPa. The temperature–time nitriding parameters affect the surface micro‐
hardness of titanium and the depth of the nitrided layer, which increases monotonically in
thickness with the temperature and time of exposure in a nitrogen-containing atmosphere
(Fig. 6 c, d). Temperature influences analogously the surface microhardness for a given
exposure time (Fig. 6 a). The effect of the time of saturation at 850 0C is somewhat different. As
the exposure time increases from 1 to 5 h, the microhardness increases 2.5 times, and as the
exposure time increases from 5 to 10 h, it rises only by 1.67 GPa (Fig. 6 b).

(a) (b) (c) 

(d) (e) 

Figure 5. Microstructure of surface layers of VT1-0 titanium nitrided in a rarefied dynamic nitrogen atmosphere (1 Pa):
(a) 750 0C, 5 h;(b) 800 0C, 5 h; (c) 850 0C, 1 h; (d) 850 0C, 5 h; (e) 850 0C, 10 h

Curves of the distribution of the microhardness over a cross-section of the hardened surface
layers shift in the direction of higher values of the hardness with increases in the saturation
temperature (Fig. 7 a) and saturation time (Fig. 7 b). During nitriding at a temperature of 850
0C for 5 h, the surface hardening of titanium is more significant than those at 750 and 800 0C
and the same exposure time (Fig. 7 a).
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After an exposure for 10 h at 850 0C (Fig. 4 d), almost all grain boundaries contain nitrides,
which favor the formation of a surface network from nitride inclusions and the formation of
the corresponding surface topography. The dissolution of nitrogen in titanium stabilizes an
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α-solid solution, the layer of which increases in thickness as the temperature–time parameters
increase; its grains are etched less than the matrix (Fig. 5).

The surface microhardness of titanium changes as a result of nitride formation. After nitriding
at 750 and 800 0C for 5 h and at 850 0C for 1 h when nitride formation is not very intensive,
which is evidenced by reflexes of relative intensity of the nitride of lower valence (Ti2N), the
surface microhardness of titanium ranges from 4.4 to 7.3 GPa (Fig. 6). As the exposure time
increases to 5 – 10 h at 850 0C when nitride islands cover a major part of the surface of the alloy,
it rises to 10–13 GPa. The temperature–time nitriding parameters affect the surface micro‐
hardness of titanium and the depth of the nitrided layer, which increases monotonically in
thickness with the temperature and time of exposure in a nitrogen-containing atmosphere
(Fig. 6 c, d). Temperature influences analogously the surface microhardness for a given
exposure time (Fig. 6 a). The effect of the time of saturation at 850 0C is somewhat different. As
the exposure time increases from 1 to 5 h, the microhardness increases 2.5 times, and as the
exposure time increases from 5 to 10 h, it rises only by 1.67 GPa (Fig. 6 b).
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Curves of the distribution of the microhardness over a cross-section of the hardened surface
layers shift in the direction of higher values of the hardness with increases in the saturation
temperature (Fig. 7 a) and saturation time (Fig. 7 b). During nitriding at a temperature of 850
0C for 5 h, the surface hardening of titanium is more significant than those at 750 and 800 0C
and the same exposure time (Fig. 7 a).
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Figure 7. Distribution of the microhardness over the cross-section of surface layers of VT1-0 titanium nitrided in a rare‐
fied dynamic atmosphere (1 Pa) depending on the temperature (a) and time of an isothermal exposure (b): (1) 750 0C,
5 h; (2) 800 0C, 5 h; (3) 850 0C, 5 h; (4) 850 0C, 1 h; (5) 850 0C, 10 h

2.3. Assessment of the temperature–time parameters of nitriding and analysis of results

It is known that the profile of nitrogen concentration in the surface layer of titanium substan‐
tially affects its physicomechanical properties. For experimental investigations of hardened
nitrided layers, the method of layer-by layer testing of microhardness, which substantially
depends on the content of dissolved nitrogen in titanium, is widely used. Let us use a known
linear dependence of change of the microhardness on the concentration of an interstitial
impurities in titanium (Korotaev et al., 1989):

Figure 6. Dependences of the surface microhardness (a, b) and the depth of the hardened zone (c, d) on the tempera‐
ture–time nitriding parameters of VT1-0 titanium in a rarefied dynamic atmosphere (1 Pa)
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0 0( , ) [ ( , ) ]t t= + × -H x H a C x C (10)

Then the relative change in the microhardness in the diffusion zone due to dissolved nitrogen
(neglecting the contribution of nitride inclusions) is as follows:

0 max 0( , ) [ ( , ) ] / [ ] ( , )t t t= - - ºH x H x H H H C x (11)

Here H0 is the microhardness of the initial titanium sample, Hmax is the microhardness of
titanium at a maximum concentration of dissolved nitrogen Cmax=Ceq, and a is the proportion‐
ality coefficient. Relation (11) indicates the possibility to plot the calculated relative concen‐
trations C̄(x, τ) of nitrogen and experimental data of the relative change in the microhardness
H̄ (x, τ), on the same ordinate axis.

The roles of the time parameter and temperature are illustrated by analytic curves of the
nitrogen content (Fig. 8, Fig. 9, Fig. 10), constructed from relations (6) – (8), and experimental
data (see Fig. 4) using relation (11). For analytic calculations the following parameters were
used: for T=750 0C – D =1∙10-11 cm2/sec, h=1∙10-8 cm2/ sec; for T=800 0C – D = 3.4∙10-11 cm2/sec,
h = 3∙10-8 cm/sec; for T = 850 0C – D=1∙10-10 cm2/sec, h=1∙10-7 cm/sec; ω = 10-5 cm, k/h = 0.002.
Diffusion coefficients of nitrogen were calculated according to the dependence
D = D0exp(− E / RT ), where D0=0.96 cm2/sec, Е=214.7 kJ/mole (Metin & Inal, 1989). An analysis
of these curves gives grounds for the following conclusions.

For an isothermal exposure T=850 0C in nitrogen, with increase in the saturation time, both the
surface concentration of dissolved nitrogen C(0, τ) (curve 1) and its concentration in nitride
inclusions C*(0, τ) (curve 2), as well as its total content CΣ(0, τ) (curve 3, Fig. 8 a), increase.

Figure 8. Time dependence of the surface nitrogen content ( (a): curve (1) in the solid solutionC(0, τ); (2) in nitride
inclusions C ∗(0, τ); (3) total content C∑(0, τ)and its distribution in the surface layer of titanium (b) for different expo‐

sure times: (1), τ = 1 h; (2) τ = 5 h, (3) and (4) τ = 10 h (curve (4) was constructed for the condition C(0, τ)=const,h →∞)
at a nitriding temperature T = 850 0C. Marks correspond to experimental data (H(x, τ))
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Figure 7. Distribution of the microhardness over the cross-section of surface layers of VT1-0 titanium nitrided in a rare‐
fied dynamic atmosphere (1 Pa) depending on the temperature (a) and time of an isothermal exposure (b): (1) 750 0C,
5 h; (2) 800 0C, 5 h; (3) 850 0C, 5 h; (4) 850 0C, 1 h; (5) 850 0C, 10 h
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depends on the content of dissolved nitrogen in titanium, is widely used. Let us use a known
linear dependence of change of the microhardness on the concentration of an interstitial
impurities in titanium (Korotaev et al., 1989):

Figure 6. Dependences of the surface microhardness (a, b) and the depth of the hardened zone (c, d) on the tempera‐
ture–time nitriding parameters of VT1-0 titanium in a rarefied dynamic atmosphere (1 Pa)
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0 0( , ) [ ( , ) ]t t= + × -H x H a C x C (10)

Then the relative change in the microhardness in the diffusion zone due to dissolved nitrogen
(neglecting the contribution of nitride inclusions) is as follows:

0 max 0( , ) [ ( , ) ] / [ ] ( , )t t t= - - ºH x H x H H H C x (11)

Here H0 is the microhardness of the initial titanium sample, Hmax is the microhardness of
titanium at a maximum concentration of dissolved nitrogen Cmax=Ceq, and a is the proportion‐
ality coefficient. Relation (11) indicates the possibility to plot the calculated relative concen‐
trations C̄(x, τ) of nitrogen and experimental data of the relative change in the microhardness
H̄ (x, τ), on the same ordinate axis.

The roles of the time parameter and temperature are illustrated by analytic curves of the
nitrogen content (Fig. 8, Fig. 9, Fig. 10), constructed from relations (6) – (8), and experimental
data (see Fig. 4) using relation (11). For analytic calculations the following parameters were
used: for T=750 0C – D =1∙10-11 cm2/sec, h=1∙10-8 cm2/ sec; for T=800 0C – D = 3.4∙10-11 cm2/sec,
h = 3∙10-8 cm/sec; for T = 850 0C – D=1∙10-10 cm2/sec, h=1∙10-7 cm/sec; ω = 10-5 cm, k/h = 0.002.
Diffusion coefficients of nitrogen were calculated according to the dependence
D = D0exp(− E / RT ), where D0=0.96 cm2/sec, Е=214.7 kJ/mole (Metin & Inal, 1989). An analysis
of these curves gives grounds for the following conclusions.

For an isothermal exposure T=850 0C in nitrogen, with increase in the saturation time, both the
surface concentration of dissolved nitrogen C(0, τ) (curve 1) and its concentration in nitride
inclusions C*(0, τ) (curve 2), as well as its total content CΣ(0, τ) (curve 3, Fig. 8 a), increase.

Figure 8. Time dependence of the surface nitrogen content ( (a): curve (1) in the solid solutionC(0, τ); (2) in nitride
inclusions C ∗(0, τ); (3) total content C∑(0, τ)and its distribution in the surface layer of titanium (b) for different expo‐

sure times: (1), τ = 1 h; (2) τ = 5 h, (3) and (4) τ = 10 h (curve (4) was constructed for the condition C(0, τ)=const,h →∞)
at a nitriding temperature T = 850 0C. Marks correspond to experimental data (H(x, τ))
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The nitrogen content in the surface layer and the depth of the diffusion zone change additively
as the exposure time (curves 1 – 3, Fig. 8 b) and the temperature of the isothermal exposure
(curves 1 – 3, Fig. 9) change.

On the whole, the analytic calculations of content profiles correlate well with the experimental
results of relative changes in the microhardness of the surface layer (Fig. 8 b, Fig. 9). The
corresponding curves have a monotonic character; the microhardness over the cross-section
of the sample decreases gradually in the depth of the metal until it attains values characteristic
for titanium. At the same time, there are insignificant disagreements between the theoretical
and experimental results. In particular, for short exposures, the zone of change of the micro‐
hardness extends to a larger depth than the value which follows from the nitrogen distribution
(Fig. 8 b). This can be explained by an insignificant content of oxygen, which is characterized
by a larger diffusion mobility than nitrogen. For larger exposure times when the percentage
of nitrogen is larger than that of oxygen, this effect is leveled.

Figure 9. Distribution of nitrogen in the surface layer of titanium after an exposure τ= 5 h for different saturation tem‐
perature: (1), 750 0C; (2), 800 0C; (3), 850 0C. Marks correspond to experimental data H̄ (x, τ)

Some disagreement between the calculated nitrogen distribution and experimental data of
change in the microhardness is also observed near the surface, particularly as the time (Fig. 8
b) and temperature (Fig. 9) of the treatment increase. In our opinion, this is due to the influence
of nitride inclusions, the content of which increases under such conditions, on the microhard‐
ness. That is why it is more expedient to use the modified dependence (11) with allowance for
such an influence.

Not only data of the surface concentration of nitrogen (correspondingly, the hardness as well),
but also data of its concentration at a certain distance from the surface and the depth of the
nitrided layer depending on the temperature–time parameters are of practical interest. The
corresponding curves (Fig. 10) were constructed for the same parameters as in the preceding
figures. It should be noted that the depth of the diffusion zone was determined behind the
front of propagation of the relative nitrogen concentration С̄=0.02, which corresponds to a
change in the microhardness by an amount Hδ = 0.2 GPa, equal to the error in its measurements.
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An analysis of these curves confirms an adequate increase in the nitrogen content over the whole
depth of the diffusion zone and the increase in the depth of this zone as the treatment time and
temperature increase (curves 1 – 3, Fig. 10). It was found that, in the statement of the first boundary-
value problem (h →0 , C(0, τ)=Const),overestimated values of the nitrogen concentration
were obtained (curves 4 in Fig. 8 b Fig. 10). The calculated data show that the surface phenom‐
ena affect substantially not only the surface concentration of nitrogen (Fig. 10 a) (corresponding‐
ly, the surface hardness of titanium), but also the nitrogen content in layers more remote from
the surface (Fig. 10 b), and the depth of the hardened diffusion zone (Fig. 10 c).

Figure 10. Time dependence of the content of dissolved nitrogen on the surface (a) and at a depth x = 10 μm (b), and
the depth of the nitrided layer (c) for different saturation temperatures: (1) 750 0C; (2) 800 0C; (3, 4) 850 0C (curves 4
were constructed for the condition C(0, τ) = const, h → ∞)

Thus, the presented results indicate the critical role of the surface phenomena (adsorption and
chemisorption) in the kinetic regularities of nitriding of titanium in a rarefied atmosphere. The
calculated data obtained on the basis of the solution of the diffusion task using the nonsta‐
tionary boundary condition (2) indicate that its model representation reflects rather satisfac‐
torily the main tendencies of the high-temperature interaction of titanium with rarefied
nitrogen. For the provision of a specified hardened layer, the proposed model gives scientifi‐
cally justified recommendations on external parameters (exposure temperature and time) of
nitriding of titanium.
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Thus, the presented results indicate the critical role of the surface phenomena (adsorption and
chemisorption) in the kinetic regularities of nitriding of titanium in a rarefied atmosphere. The
calculated data obtained on the basis of the solution of the diffusion task using the nonsta‐
tionary boundary condition (2) indicate that its model representation reflects rather satisfac‐
torily the main tendencies of the high-temperature interaction of titanium with rarefied
nitrogen. For the provision of a specified hardened layer, the proposed model gives scientifi‐
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3. Kinetic peculiarities of thermodiffusion saturation of titanium with
interstitial elements at T>T

α↔β

3.1. Thermodynamic analysis

According to the phase diagram (Fig. 11 a, b), titanium undergoes allotropic transformation
(change of crystal lattice from hcp to bcc) at Tα↔β = 882 0C (Fromm & Gebhardt, 1976).

Figure 11. Ti-N (a) and Ti-O (b) phase diagrams (Fromm & Gebhardt, 1976)

We will be interested in high-temperature (T>Tα↔β) interaction of titanium with the interstitial
element A (A – N (nitrogen) or O (oxygen)). Under these conditions, according to the phase
diagrams (Fig. 11 a, b), titanium nitrides or oxides (TiAх) as products of chemical reactions and
solid solutions of nitrogen or oxygen in α and β-phases of titanium are stable in the system.

In particular, in the concentration range 0<CA <C23 solid solution of interstitial element in β-
phase is stable, while in the concentration range С12 <CA <C1S  – solid solution of interstitial
element in α-phase. In the concentration range С23 <CA <C12 solid solutions of interstitial
element in α- and β-phases can coexist.
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It should be noted that the solubility of nitrogen and oxygen in α-phase is high in comparison
with β-phase. At the same time, their diffusion coefficients in α-phase are by two orders lesser
than in β-phase (Fedirko & Pohrelyuk, 1995; Fromm & Gebhardt, 1976; Panasyuk, 2007). The
solubility and diffusion coefficient of oxygen in α- and β-phases are much higher in compar‐
ison with nitrogen.

3.2. Physico-mathematical model

Let us consider the process of isothermal saturation of titanium by nitrogen or oxygen at
temperature higher than temperature of allotropic transformation (T>Tα↔β). In this case the
initial microstructure of titanium consists of β-phase. According to the thermodynamic
analysis, the following scheme of the gas-saturated layer of titanium is suggested (Fig. 12)
(Tkachuk, 2012).

Figure 12. Scheme of the concentration distribution of interstitial element A (N or O) during saturation of titanium at
T>Tα↔β

During the interaction of titanium with nitrogen or oxygen nitride or oxide layer (0 < x < Y0(τ))
and diffusion zone are formed. The diffusion zone consists of three layers. The layer І (Y0(τ) <
x < Y1(τ)), which borders on the nitride layer, is α-phase, significantly enriched in nitrogen or
oxygen because of their high solubility in α-phase. This layer is formed and it grows during
saturation because of diffusion dissolution of nitrogen or oxygen and structural transforma‐
tions in titanium, because these interstitial elements are α-stabilizers. The layer III (Y2(τ) < x <
∞), which borders on the titanium matrix, at the temperature of saturation consists of β-phase
enriched by nitrogen or oxygen. Between the first and third layers the layer II (Y1(τ) < x < Y2(τ))
is formed, which is the dispersed mixture of α- and β-phases, enriched in nitrogen or oxygen.

For analytical description of the process of saturation of titanium by nitrogen or oxygen some
model assumptions should be done. The aim of thermochemical treatment of titanium samples
is strengthening of their surface layer and as the object of analytical investigation of the kinetics
of diffusion saturation of titanium the half-space (0≤x<∞) has been chosen. Nitride or oxide
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film is formed immediately. Surface concentration of nitrogen or oxygen does not change with
time and corresponds to stoichiometric titanium nitride (TiN) or oxide (ТіО2). On the interfaces
the nitrogen or oxygen concentration, corresponding to equilibrium concentration, according
to the phase diagram is constant (Fig. 11 a, b).

The diffusion process in such heterogeneous system will be described by Fick’s system of
equations:

2 2( , ) / ( , ) / , 0,1,2,3.t t t¶ ¶ = ¶ ¶ =i i iD C x x C x i (12)

Here Сі(x,τ) and Di are concentration and diffusion coefficients of the interstitial element; index
i=0 corresponds to nitride TiNx or oxide TiO2-x layer (0 < x < Y0(τ)); i=1 – α-Ti layer (Y0(τ) < x <
Y1(τ)); i=2 – (α+β)-Ti layer (Y1(τ) < x < Y2(τ)); i=3 – β-Ti layer (Y2(τ) < x < ∞)).

Initial conditions (τ=0):

( ,0) 0, (0) 0 0.= = >i iC x Y for x (13)

Boundary conditions (τ>0):
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The motion of interfaces will be set by the parabolic dependencies (Lyubov, 1981):

0 0 0 1 1 1 2 2 2( ) 2 , ( ) 2 , ( ) 2 .t b t t b t t b t= × × × = × × × = × × ×Y D Y D Y D (15)

Here βj (j=0,1,2) are dimensionless constants (for the specific temperature), which will be
determined from the law of conservation of mass on the interfaces. Thus for diffusion fluxes
on the interfaces Yj(τ)are set:
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(16)

It is difficult to solve the equations system (12) – (16) in analytical form. The method of
approximate solution of above mentioned task should be used (Lykov, 1966). It is accepted the
linear distribution law of the concentration of the interstitial element in TiAx layer (Fig. 12)
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 corresponded to the quasi-stationary state. It is accepted the same distribution law in the first
two layers of diffusion zone. It was considered that in the third layer of diffusion zone the
distribution of the interstitial element is realized by Gauss's law:
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The chosen functions Сі(x,τ) satisfy the initial (13) and boundary (14) conditions as well as the
differential equations (12). The following system of equations for calculating the parameters
βj (j=0,1,2) was obtained by the conditions of mass balance on interfaces (16) and relation (15)
(Tkachuk et al., 2012):

0 1 0 0 2 1 1

0 0 1 0 1 0 0 2 1 2 1 1 3 2

( ) 2( )1 1[ ] 1 , 1 , 1 .
2 ( ) ( )

b b l b b l
b b l b b l l b b l l p
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- = = =
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A

A A A (18)

Having solved the system of equations (18), following equations were:

2
0 0 0 1 0 0 2 3 1 2

2 1 1 3 2

( 2 / ) / 2 , / 2 ,

/ 2 ,

b b b l l l p

b b l l p

= + - = +

= +

A B A B A A

A
(19)

where

B =1 / A1A2A3λ0λ1λ2 π , λ0 = D0 / D1 , λ1 = D1 / D2 , λ2 = D2 / D3 ,

A0 =
C0S −C01
C01 −C1S

, A1 =
C0S −C01
C1S −C12

, A2 =
C1S −C12
C12 −C23

, A3 =
C12 −C23

C23
.

The parameters βj depend on concentration of nitrogen or oxygen on interfaces and their
diffusion coefficients in α- and β-phases, which in turn depend on the temperature. In
particular, for saturation temperature of Т=950 0C the diffusion coefficients of nitrogen and
oxygen in surface layers of titanium, and equilibrium concentrations of nitrogen and oxygen
on interfaces, according to the corresponding phase diagrams (Fig. 11 a, b), are presented in
Table 1.

Taking the values of these parameters, according to relations (19), the constants βj for nitrogen
and oxygen were calculated (Table 2).
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A β0 β1 β2 K0, cm/ sec 1/2 K1, cm/ sec 1/2 K2, cm/ sec 1/2

N 0.183 1.691 0.782 6.328×10-7 5.348×10-5 7.825×10-5

O 0.082 1.481 0.789 8.175×10-7 1.357×10-4 2.288×10-4

Table 2. Calculated constants βj and Кj (j=0,1,2) at saturation temperature of Т=950 0С

Taking into consideration the correlation (15), the motion of interfaces will be presented as:
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where K0 =2β0 D0 , K1 =2β1 D1 , K2 =2β2 D2 – constants of the parabolic growth of nitride
or oxide layer and α, (α+β) layers of diffusion zone stabilized by nitrogen or oxygen. In
particular, for saturation temperature of Т=950 0C these calculated constants are presented in
Table 2.

Having found the constants of parabolic growth of the layers, and having used the relations
(20), it is easy to foresee the kinetics of motion of interfaces: Y0(τ) – interface of nitride or oxide
layer (Fig. 13 a), Y1(τ) – interface of solid solution of interstitial element in α-phase (Fig. 13
b), Y2(τ) – interface of mixture of solid solutions of interstitial element in α- and β-phases (Fig.
13 c), Y3(τ) – interface of solid solution of interstitial element in β-phase (Fig. 13 d) at nitriding
and oxidation of titanium at Т=950 0C. One could notice that the last interface is identified by
the motion of conventional boundary with the specific nitrogen or oxygen concentration, for
example С33 = 0.25 аt. %, that is from transcendental equation С3(Y3(τ), τ)=C33.

Calculated constants Yі(τ) (і=0,1,2,3) after isothermal exposures of 1 and 5 h during nitriding
and oxidation of titanium at Т=950 0C are presented in Table 3. It is clear that according to the
assumptions (15) with the increase of processing time the motion of interfaces (Fig. 13 a, b, c,
d) occur according to the parabolic dependences proportionally to the corresponding constants
of parabolic growth Kj (j=0,1,2).

On the basis of relations (17) the concentration profiles of nitrogen (curves 1) and oxygen
(curves 2) in the diffusion zone of titanium after nitriding and oxidation during 1 h (Fig. 14 a)
and 5 h (Fig. 14 b) are calculated.
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Table 1. Diffusion coefficients of nitrogen and oxygen in the surface layer of titanium (Fedirko & Pohrelyuk, 1995;
Fromm & Gebhardt, 1976; Panasyuk, 2007) and equilibrium concentration of nitrogen and oxygen on the interfaces at
saturation temperature of Т=950 0С
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The diffusion coefficient of nitrogen or oxygen in β-phase is by two-four orders higher than
in α-phase and in nitride or oxide layers, that’s why the thickness of β layer is much larger
than the thickness of the other layers of diffusion zone (Fig. 13). If the thickness of nitride layer
is less than 0.2% and oxide layer is less than 0.1 % of the total thickness of diffusion zone (Y3(τ)),
the thickness of α, α + β and β layers will be 16, 8 and 76 % for nitriding and 12, 8 and 80 % for
oxidation respectively.
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N 0.4 32 47 194 0.85 72 105 433

O 0.5 81 137 658 1.1 182 307 1470

Table 3. Calculated Yі(τ) (і=0,1,2,3) after isothermal exposures of 1 and 5 h at saturation temperature of Т=950 0С

At the same time, the different solubility of nitrogen or oxygen in α and β-phases influences
on the distribution of nitrogen or oxygen in the diffusion zone. When the structural phase
transformations did not occur in the diffusion zone, the profiles of nitrogen and oxygen in this
zone would be with a small gradients because of the low solubility of nitrogen or oxygen in
β-phase. In fact, nitrogen and oxygen, being α-stabilizers, stimulate the β→ α phase transfor‐
mation in the layers of the diffusion zone adjacent to nitride or oxide layer. And as the solubility
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The diffusion coefficient of nitrogen or oxygen in β-phase is by two-four orders higher than
in α-phase and in nitride or oxide layers, that’s why the thickness of β layer is much larger
than the thickness of the other layers of diffusion zone (Fig. 13). If the thickness of nitride layer
is less than 0.2% and oxide layer is less than 0.1 % of the total thickness of diffusion zone (Y3(τ)),
the thickness of α, α + β and β layers will be 16, 8 and 76 % for nitriding and 12, 8 and 80 % for
oxidation respectively.
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of nitrogen and oxygen in α-phase is much higher than in β-phase, it can be foreseen that in
zone I the profiles of nitrogen and oxygen will have a large gradients (Fig. 14), and respectively
the distributions of microhardness in this zone will have a large gradients. It has been
confirmed by the literature data (Lazarev et al., 1985) and the experimental investigations’ data
on nitriding.

Figure 14. Concentration profiles of nitrogen and oxygen in diffusion zone of titanium after its saturation at Т=950 0C
for two isothermal exposures: a - τ = 1 h; b - τ = 5 h; curves 1 – for nitrogen, curves 2 – for oxygen

It was observed 2.5-3.0 times larger thickness of all layers of diffusion zone after oxidation
comparing to nitriding (Fig. 13 b, c, d) as a result of the higher on order diffusion coefficients
of oxygen in α- and β-phases compared to the diffusion coefficients of nitrogen (Table 1). Also
the larger concentration gradient of oxygen in the layer I adjacent to oxide layer than concen‐
tration gradient of nitrogen in the layer I adjacent to nitride layer was received (Fig. 14). It is
caused by higher solubility of oxygen in comparison with nitrogen in α-phase (Table 1).

3.3. Experimental procedure

Experimental investigation on the example of nitriding of titanium at the temperature of Т=950
0C was conducted to check the validity of the above elaborated model representations.

Commercially pure (c.p.) titanium samples with dimensions of 10×15×4 mm were investigated.
The samples were polished (Rа=0,4 µm), washed with deionized water prior to the treatment.
The samples were heated to nitriding temperature in a vacuum of 10-3 Pa. Then they were
saturated with molecular nitrogen of the atmospheric pressure at temperature of 950 0C. The
isothermal exposure time in nitrogen was 1 and 5 h. After isothermal exposure the samples
were cooled in nitrogen to room temperature.

The microstructure of nitride layers was studied by the use of metallographic microscope
“EPIQUANT”. Distribution of microhardness on cross section of surface layers of c.p. titanium
after nitriding was estimated measuring microhardness at loading of 0.49 N.
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3.4. Results and discussion

The nitride layer of goldish colour is formed on the surface of c.p. titanium after nitriding. Its
colour is darkening with the increase of isothermal exposure time in nitrogen atmosphere. It
indicates the increase of its thickness.

The diffusion zone is formed under titanium nitride layer (Fig. 15 a, b).

(a) (b) 

Figure 15. Microstructure of surface layer of c.p. titanium for nitriding at τ=1 (а) and 5 h (b) (Т=950 0С, p=105 Pа)

It is difficult to find the layer II (Fig. 12) in this zone which, according to the phase diagram
(Fig. 11 a) has to form. However, two parts of diffusion zone (zone A and zone В) of different
structure are clearly identified. Zone A is α-phase formed during nitriding by nitrogen as α-
stabilizer. Its thickness, according to data of metallographic analysis, increases from 20 to 45
µm with the increase of duration of nitriding from 1 to 5 h. Zone B is α-phase on the basis of
solid solution of nitrogen, however formed as a result of β→ α transformation at cooling.

The results of investigation of character of distribution of microhardness on cross section of
surface layers of c.p. titanium after nitriding are presented in Fig. 16 a. It is distinguished zone
A (layer I, Fig. 12) and zone B (probably, layer ІІ + layer ІІІ, Fig. 12) on curves of distribution
of microhardness.

Figure 16. Distribution of nitrogen in diffusion zone of titanium (theory) (а) and distribution of microhardness on
cross section of surface layer of c.p. titanium (experiment) (b) after its nitriding at Т=950 0С and p=105 Pа for two iso‐
thermal exposure times: curve 1 – τ = 1 h; curve 2 – τ = 5 h
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The large gradient of microhardness is characteristic for zone A. It is caused by β→ α trans‐
formation as a result of saturation by nitrogen as α-stabilizer and comparatively its high
solubility in α-phase. With increasing distance from surface the microhardness is decreased
sharply (Fig. 16 a) that is explained by decrease of nitrogen concentration (Fig. 16 b). The
hardness of zone B is considerably less than zone A because of large difference of nitrogen
solubility in α- and β-phases. The thickness of these zones is increased with the increase of
duration of nitriding (Fig. 16 a). In particular, the thickness of zone A is 34 µm for τ= 1 h and
69 µm for τ=5 h. It can be noticed that this thickness is larger than corresponding thickness,
determined by the data of metallographic analysis. The total depth of diffusion zone (zone A
+ zone В) is 185 µm for τ= 1 h and 425 µm for τ=5 h (Fig. 16 a).

The received analytical distribution of nitrogen (Fig. 16 b) and results of microhardness
measurements (Fig. 16 a) confirm the correlation between model calculations and experimental
data.

4. Conclusions

The process of high-temperature interaction of titanium with gaseous medium (nitrogen or
oxygen) was modelled at temperatures T<Tα↔β and T>Tα↔β considering the surface processes
and structural phase transformations.

The kinetics of surface processes is reflected by the mass balance equation, which takes into
account the interaction of an external flux of impurities to the surface and its chemisorption
with diffusion dissolution and segregation on defects as a result of a chemical interaction with
titanium atoms.

The kinetics of diffusion saturation of α-titanium by nitrogen under rarefied atmosphere (1
Pa) in the temperature range of 750-850 0C was investigated experimentally and analytically.
The influence of time and temperature parameters on the depth of the nitrided layer and a
change of its microhardness was estimated.

It was shown the role of these interstitial elements as α-stabilizers in forming the diffusion
zone which contains three layers based on α-phase, α+β-phases and β-phase.

It was received the solution of the formulated task as for diffusion of nitrogen or oxygen in
such a heterogeneous medium taking into account the motion of interfaces.

The constants of parabolic growth of layers were calculated. It allowed to foresee the kinetics
of their growth and distribution of interstitial elements (nitrogen or oxygen) in diffusion zone.

The adequacy of the proposed model representations was confirmed by the results of experi‐
mental investigations on nitriding of titanium at Т=950 0C. The microstructural evolution (after
processing times of 1 and 5 h) of the diffusion zone which is caused by the structural phase
transformations during diffusion of nitrogen was examined experimentally.
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The large gradient of microhardness is characteristic for zone A. It is caused by β→ α trans‐
formation as a result of saturation by nitrogen as α-stabilizer and comparatively its high
solubility in α-phase. With increasing distance from surface the microhardness is decreased
sharply (Fig. 16 a) that is explained by decrease of nitrogen concentration (Fig. 16 b). The
hardness of zone B is considerably less than zone A because of large difference of nitrogen
solubility in α- and β-phases. The thickness of these zones is increased with the increase of
duration of nitriding (Fig. 16 a). In particular, the thickness of zone A is 34 µm for τ= 1 h and
69 µm for τ=5 h. It can be noticed that this thickness is larger than corresponding thickness,
determined by the data of metallographic analysis. The total depth of diffusion zone (zone A
+ zone В) is 185 µm for τ= 1 h and 425 µm for τ=5 h (Fig. 16 a).

The received analytical distribution of nitrogen (Fig. 16 b) and results of microhardness
measurements (Fig. 16 a) confirm the correlation between model calculations and experimental
data.

4. Conclusions

The process of high-temperature interaction of titanium with gaseous medium (nitrogen or
oxygen) was modelled at temperatures T<Tα↔β and T>Tα↔β considering the surface processes
and structural phase transformations.

The kinetics of surface processes is reflected by the mass balance equation, which takes into
account the interaction of an external flux of impurities to the surface and its chemisorption
with diffusion dissolution and segregation on defects as a result of a chemical interaction with
titanium atoms.

The kinetics of diffusion saturation of α-titanium by nitrogen under rarefied atmosphere (1
Pa) in the temperature range of 750-850 0C was investigated experimentally and analytically.
The influence of time and temperature parameters on the depth of the nitrided layer and a
change of its microhardness was estimated.

It was shown the role of these interstitial elements as α-stabilizers in forming the diffusion
zone which contains three layers based on α-phase, α+β-phases and β-phase.

It was received the solution of the formulated task as for diffusion of nitrogen or oxygen in
such a heterogeneous medium taking into account the motion of interfaces.

The constants of parabolic growth of layers were calculated. It allowed to foresee the kinetics
of their growth and distribution of interstitial elements (nitrogen or oxygen) in diffusion zone.

The adequacy of the proposed model representations was confirmed by the results of experi‐
mental investigations on nitriding of titanium at Т=950 0C. The microstructural evolution (after
processing times of 1 and 5 h) of the diffusion zone which is caused by the structural phase
transformations during diffusion of nitrogen was examined experimentally.

Titanium Alloys - Advances in Properties Control66

Author details

Yaroslav  Matychak*, Iryna  Pohrelyuk, Viktor  Fedirko and Oleh  Tkachuk

Karpenko Physico-Mechanical Institute of National Academy of Sciences of Ukraine, Lviv,
Ukraine

References

[1] Fedirko, V. M. & Pohrelyuk, I. M. (1995). Nitriding of Titanium and its Alloys, Naukova
Dumka, Kiev

[2] Fedirko, V. M., Matychak, Ya. S., Pohrelyuk, I. M. & Prytula, A. O. (2005). Description
of the diffusion saturation of titanium with nonmetallic admixtures with regard for
their segregation on the surface. Materials Science, Vol. 41, No. 1, pp. 39–46

[3] Fromm, E. & Gebhardt, E. (1976). Gase und Kohlenstoff in Metallen, Springer-Verlag,
Berlin-Heidelberg-New York

[4] Kofstad, P. (1966). High-Temperature Oxidation of Metals, John Wiley & Sons, New York

[5] Korotaev, A. D., Tyumentsev, A. N. & Sukhovarov, V. F. (1989). Disperse Hardening of
Refractory Metals, Nauka, Novosibirsk

[6] Lazarev, E.M., Kornilova, Z.I. & Fedorchuk, N.M. (1985). Oxidation of Titanium Alloys,
Nauka, Moskow

[7] Lykov, А.V. (1966). Theory of Heat Conduction, Vysshaya shkola, Moskow

[8] Lyubov, B.Ya. (1981). Diffusive processes in heterogeneous solids, Nauka, Moskow

[9] Malinov, S., Zhecheva, A. & Sha, W. (2003). Modelling the nitriding in titanium alloys.
ASM International, pp. 344–352

[10] Matychak, Ya. S., Fedirko, V. M., Pavlyna, V.S. & Yeliseyeva, O.I. (1999). The research
of initial stage of oxide diffusion growth in Fe-Pb-O system. Metallofizika i Noveishie
Tekhnologii, Vol. 21 № 2, pp. 78-83

[11] Matychak, Ya., Fedirko, V., Prytula, A. & Pohrelyuk, I. (2007). Modeling of diffusion
saturation of titanium by interstitial elements under rarefied atmospheres. Defect
Diffusion Forum, Vol. 261–262, pp. 47–54

[12] Matychak, Ya. S., Pohrelyuk, I. M. & Fedirko, V. M. (2009). Thermodiffusion saturation
of α-titanium with nitrogen from a rarefied atmosphere. Materials Science, Vol. 45, No.
1, pp. 72-83

[13] Metin, E. & Inal, O. T. (1989). Kinetics of layer growth and multiphase diffusion in ion-
nitrided titanium. Metallurgical and Materials Transactions A, Vol. 20A, pp. 1819–1832

Modelling of Microstructural Evolution of Titanium During Diffusive Saturation by Interstitial Elements
http://dx.doi.org/10.5772/54626

67



[14] Panasyuk, V.V. (2007). Strength and Durability of Airplane Materials and Structural
Elements, Spolom, Lviv

[15] Prytula, A. O., Fedirko, V. M., Pohrelyuk, I. M. & Matychak, Ya. S. (2005). Surface
chemical reactions in processes of diffusion mass transfer. Defect Diffusion Forum, Vol.
237–240, pp. 1312–1318

[16] Raichenko, A. I. (1981). Mathematical Theory of Diffusion in Supplements, Naukova
Dumka, Kiev

[17] Tkachuk, O., Matychak, Ya., Pohrelyuk, I. & Fedirko, V. (2012). Diffusion of nitrogen
and phase-structural transformations in titanium, Proceedings of International Workshop
“Diffusion, Stress, Segregation and Reactions (DSSR-2012)”, Svitanok, Cherkasy region,
June, 2012

Titanium Alloys - Advances in Properties Control68

Chapter 4

Microstructure and Mechanical Properties of High
Strength Two-Phase Titanium Alloys

J. Sieniawski, W. Ziaja, K. Kubiak and M. Motyka

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56197

1. Introduction

Two-phase titanium alloys constitute very important group of structural materials used in
aerospace applications [1-3]. Microstructure of these alloys can be varied significantly in the
processes of plastic working and heat treatment allowing for fitting their mechanical properties
including fatigue behaviour to the specific requirements [4-6].

The main types of microstructure are (1) lamellar – formed after slow cooling when deforma‐
tion or heat treatment takes place at a temperature in the single-phase β-field above the so-
called beta-transus temperature Tβ (at which the α+β→β transformation takes place), consisting
of colonies of hexagonal close packed (hcp) α-phase lamellae within large body centered cubic
(bcc) β-phase grains of several hundred microns in diameter, and (2) equiaxed – formed after
deformation in the two-phase α+β field (i.e., below Tβ), consisting of globular α-phase
dispersed in β-phase matrix [7-8].

The first type of microstructure is characterized by relatively low tensile ductility, moderate
fatigue properties, and good creep and crack growth resistance.

The second microstructure has a better balance of strength and ductility at room temper‐
ature and fatigue properties  which depend noticeably on the crystallographic texture of
the hcp α-phase.

An advantageous balance of properties can be obtained by development of bimodal micro‐
structure consisting of primary α-grains and fine lamellar α colonies within relatively small
β-grains (10-20 µm in diameter) [9-10].

In the following sections the relations between microstructure morphology and mechanical
properties of selected high strength two-phase titanium alloys were analysed.
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Dilatometric tests, microstructure observation and X-ray structural analysis were carried out
for cooling rates in the range of 48-0.004°C s-1 and time-temperature-transformation diagrams
were developed for continuous cooling conditions (CCT).

The influence of the quantitative parameters of lamellar microstructure on the tensile proper‐
ties and fatigue behaviour of selected two-phase titanium alloys was analysed. Rotational
bending tests were carried out to determine high cycle fatigue (HCF) strength at 107 cycles.

2. High strength two-phase titanium alloys

The materials tested were high strength, two-phase α+β titanium alloys: Ti-6Al-4V,
Ti-6Al-2Mo-2Cr and Ti-6Al-5Mo-5V-1Cr-1Fe (Table 1).

Alloy Stability

factor of β-

phase

Alloying elements content, wt.%

Kβ Al Mo V Cr Fe C Si Ti

Ti-6Al-4V 0.3 6.1 − 4.3 − 0.16 0.01 − bal.

Ti-6Al-2Mo-2Cr 0.6 6.3 2.6 − 2.1 0.40 0.05 0.2 bal.

Ti-6Al-5Mo-5V-1Cr-1Fe 1.2 5.8 5.3 5.1 0.9 0.8 0.05 0.15 bal.

Table 1. Chemical composition of the investigated titanium alloys.

Ti-6Al-4V – martensitic α+β alloy (Kβ = 0.3) – is the most widespread titanium alloy (>60% of all
titanium alloys produced in USA and EU). Its high applicability results from good balance of
mechanical properties and good castability, plastic workability, heat treatability and weldabil‐
ity. Aluminium addition stabilizes and strengthen α phase, increases α+β↔β transformation
temperature and reduces alloy density. Vanadium – β-stabilizer – reduces α+β↔β transforma‐
tion temperature and facilitates hot working (higher volume fraction of β-phase). Depending
on required mechanical properties following heat treatment can be applied to Ti-6Al-4V alloy:
partial annealing (600÷650ºC / 1h), full annealing (700÷850ºC / furnace cooling to 600ºC / air
cooling) or solutioning (880÷950ºC / water quenching) and ageing (400÷600ºC) [1,3].

Ti-6Al-2Mo-2Cr – martensitic α+β alloy – known as VT3-1, is one of the first widespread high-
temperature titanium alloys used in Russia for aircraft engine elements. Amount of β-
stabilizers is similar to Ti-6Al-4V alloy but β-stabilizing factor is higher (Kβ = 0.6). Mo –
stabilises and strengthens β-phase, in the presence of Si increases creep resistance, facilitates
plastic working, Cr, Fe – eutectoid elements, stabilise β-phase and strengthen α and β phases
in the low and medium temperature range [1].

The alloy is processed by forging, stamping, rolling and pressing. Depending on the applica‐
tion and required properties following heat treatment can be applied to the semiproducts:
isothermal annealing (870ºC / 1h / furnace cooling to 650ºC / holding for 2 h / air cooling),
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duplex annealing (880ºC / 1h / air cooling and following heating 550ºC / 2÷5 h / air cooling) or
hardening heat treatment (water quenching and ageing) [1,7].

Ti-6Al-2Mo-2Cr alloy retains its mechanical properties up to 300°C. At the temperature higher
than 400°C mechanical properties are reduced due to partitioning of alloying elements
proceeding by diffusion.

Ti-6Al-5Mo-5V-1Cr-1Fe transition α+β titanium alloy (Kβ = 1.2) is produced in Russia and
Ukraine, where is known as VT22. It is characterized by very good mechanical properties thus
is mainly used for large, heavy loaded, forged parts for long-term operation at elevated
temperature up to 350÷400ºC and short-term up to 750÷800ºC. Typical applications include
disks and blades of low pressure compressors, landing gear elements, engine mount struts and
others [1,11].

3. Development of microstructure during continuous cooling

Phase composition of titanium alloys after cooling from β phase range is controlled by cooling
rate. Kinetics of phase transformations is related to the value of β-phase stability coefficient
Kβ resulting from the chemical composition of the alloy [7].

One important characteristic of the alloy is a range of α+β→β phase transformation tempera‐
ture that determines conditions of thermomechanical processing intended for development of
suitable microstructure. Start and finish temperatures of α+β→β phase transformation, vary
depending on the contents of β stabilizing elements (Table 2).

Phase transformation Alloy

temperature, °C Ti-6Al-4V Ti-6Al-2Mo-2Cr Ti-6Al-5Mo-5V-1Cr-1Fe

Tα+β→β
ns 890 840 790

Tα+β→β
ps 930 920 830

Tα+β→β
f 985 980 880

Tβ→α+β
s 950 940 850

Tβ→α+β
f 870 850 810

ns – nucleation start

ps – precipitation start

s – start

f – finish

Table 2. Start and finish temperature of the α+β→β phase transformation for selected titanium alloys (vh = vc = 0.08°C s-1)
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Figure 1. CCT diagram for Ti-6Al-4V alloy.

Cooling of Ti-6Al-2Mo-2Cr and Ti-6Al-4V alloys from above β transus temperature at the rate
higher than 18°C s-1 leads to development of martensitic microstructure consisting of α'(α")
phases (Fig. 4). Start and finish temperatures of the martensitic transformation β→α'(α") or
β→α" do not depend on cooling rate but on β-stabilizing elements content and decrease with
increasing Kβ value.

For the intermediate cooling rates, down to 3.5°C s-1, martensitic transformation is accompa‐
nied by diffusional transformation β→α + β and the volume fraction of martensitic phases
decreases to the benefit of stable α and β phases (Figs 1-2). Cooling rates below 2°C s-1 lead to
a diffusion controlled nucleation and growth of stable α and β phases in the shape of colonies
of parallel α-phase lamellae in primary β-phase grains (Fig. 5). For extremely low cooling rates
precipitations of TiCr2 phase were identified in the Ti-6Al-2Mo-2Cr alloy which were formed
in eutectoid transformation.

In the transition alloy Ti-6Al-5Mo-5V-1Cr-1Fe martensitic transformation was not observed at
any cooling rate. High cooling rate (>18°C s-1) results in metastable βM microstructure. At lower
cooling rates α-phase precipitates as a result of diffusional transformation. At lowest cooling
rate, similarly to Ti-6Al-2Mo-2Cr alloy eutectoid transformation occurs and traces of TiCr2 and
TiFe2 appears [7].
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Figure 2. CCT diagram for Ti-6Al-2Mo-2Cr alloy.

Figure 3. Fig. 3.CCT diagram for Ti-6Al-5Mo-5V-1Cr-1Fe alloy.
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Cooling rate, °C·s-1 Phase composition of the alloy

Ti-6Al-4V Ti-6Al-2Mo-2Cr Ti-6Al-5Mo-5V-1Cr-1Fe

48-18

9

7

3.5

1.2-0.04

0.024-0.004

α'(α")

α + α'(α")

α + α'(α")

α + α'(α")trace + β

α + β

α + β

α'(α")

α + α'(α") + β

α + α'(α")trace + β

α + α'(α")trace + β

α + β

α + β + TiCr2

βM

βM + α

βM + α

βM + α

α + β

α + β + TiCr2(Fe2)

Table 3. Phase composition of the selected titanium alloys after controlled cooling from the β-phase range [6,9]

Figure 4. Martensitic microstructure of Ti-6Al-2Mo-2Cr alloy after cooling from 1050ºC at a rate of 48°C s-1 (LM–DIC
micrograph).

The important parameters for a lamellar microstructure with respect to mechanical properties
of the alloy are the β-grain size, size of the colonies of α-phase lamellae, thickness of the α-
lamellae and the morphology of the interlamellar interface (β-phase) (Fig. 6) [12-13].

Increase in cooling rate leads to refinement of the microstructure – both α colony size and α-
lamellae thickness are reduced. Additionally new colonies tend to nucleate not only on β-phase
boundaries but also on boundaries of other colonies, growing perpendicularly to the existing
lamellae. This leads to formation of characteristic microstructure called “basket weave” or
Widmanstätten microstructure (Fig. 7) [3].

4. Tensile and fatigue properties

Mechanical properties of two phase titanium alloys strongly depend on morphology of
particular phases. In the case of the alloys with lamellar microstructure, the thickness of α
lamellae and diameter of their colonies have the most significant influence [3,14].
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Refinement of the microstructure results in higher yield stress (Fig. 8a). However the increase
of yield stress is moderate unless martensitic phase is present. Tensile elongation increases
with increasing cooling rate at first (Fig. 8b). However, after reaching maximum the ductility
curve declines. Such behaviour was reported earlier and attributed to the change of fracture
mode from ductile transcrystalline for low cooling rates to ductile intercrystalline fracture
along continuous α phase layers at primary β grain boundaries [6,8].

The size of the colonies of α lamellae having the same crystallographic orientation have
significant influence on the mechanical properties of the alloy as it is a measure of effective
slip length [8,15]. However transition to the ‘basket weave’ type of microstructure makes the
determination of colonies size even more difficult. Because of that the thickness of α-lamellae
was also taken into account as the quantitative parameter illustrating the effect of microstruc‐
ture refinement on mechanical properties.

(a) (b) 

Figure 5. Microstructure of Ti-6Al-2Mo-2Cr alloys after cooling from 1050°C at a rate of 1.2°C s-1: a) LM micrograph, b)
TEM micrograph.

Figure 6. Stereological parameters of lamellar microstructure: D – primary β-phase grain size, d – size of the colony of
parallel α-lamellae, t – thickness of α-lamellae.
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Table 3. Phase composition of the selected titanium alloys after controlled cooling from the β-phase range [6,9]

Figure 4. Martensitic microstructure of Ti-6Al-2Mo-2Cr alloy after cooling from 1050ºC at a rate of 48°C s-1 (LM–DIC
micrograph).

The important parameters for a lamellar microstructure with respect to mechanical properties
of the alloy are the β-grain size, size of the colonies of α-phase lamellae, thickness of the α-
lamellae and the morphology of the interlamellar interface (β-phase) (Fig. 6) [12-13].

Increase in cooling rate leads to refinement of the microstructure – both α colony size and α-
lamellae thickness are reduced. Additionally new colonies tend to nucleate not only on β-phase
boundaries but also on boundaries of other colonies, growing perpendicularly to the existing
lamellae. This leads to formation of characteristic microstructure called “basket weave” or
Widmanstätten microstructure (Fig. 7) [3].

4. Tensile and fatigue properties

Mechanical properties of two phase titanium alloys strongly depend on morphology of
particular phases. In the case of the alloys with lamellar microstructure, the thickness of α
lamellae and diameter of their colonies have the most significant influence [3,14].
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Refinement of the microstructure results in higher yield stress (Fig. 8a). However the increase
of yield stress is moderate unless martensitic phase is present. Tensile elongation increases
with increasing cooling rate at first (Fig. 8b). However, after reaching maximum the ductility
curve declines. Such behaviour was reported earlier and attributed to the change of fracture
mode from ductile transcrystalline for low cooling rates to ductile intercrystalline fracture
along continuous α phase layers at primary β grain boundaries [6,8].

The size of the colonies of α lamellae having the same crystallographic orientation have
significant influence on the mechanical properties of the alloy as it is a measure of effective
slip length [8,15]. However transition to the ‘basket weave’ type of microstructure makes the
determination of colonies size even more difficult. Because of that the thickness of α-lamellae
was also taken into account as the quantitative parameter illustrating the effect of microstruc‐
ture refinement on mechanical properties.

(a) (b) 

Figure 5. Microstructure of Ti-6Al-2Mo-2Cr alloys after cooling from 1050°C at a rate of 1.2°C s-1: a) LM micrograph, b)
TEM micrograph.

Figure 6. Stereological parameters of lamellar microstructure: D – primary β-phase grain size, d – size of the colony of
parallel α-lamellae, t – thickness of α-lamellae.
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Figure 7. “Basket-weave" or Widmanstätten microstructure of Ti-6Al-4V alloy after cooling from β-phase range at the
rate of 9°C s-1.

Figure 8. Yield stress and tensile elongation dependence on the cooling rate from β-phase range for selected titanium
alloys.
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Average thickness of

α-phase lamellae, μm

YS,

MPa

UTS,

MPa

σf,

MPa
HV

2.4 970 1115 565 326

3.0 928 1068 580 330

5.5 916 1056 570 325

7.6 908 1038 560 336

σf – fatigue strength at 107 cycles in rotational bending test.

Table 4. Mechanical properties of the Ti-6Al-4V alloy

Average thickness of α-phase

lamellae, μm

YS,

MPa

UTS,

MPa

σf,

MPa
HV

1.7 980 1136 550 340

2.0 944 1108 575 338

3.6 924 1055 560 336

6.2 922 1024 540 332

Table 5. Mechanical properties of the Ti-6Al-2Mo-2Cr alloy.

Average thickness of α-phase

lamellae, μm

YS,

MPa

UTS,

MPa

σf,

MPa
HV

0.8 1235 1305 540 348

1.5 1225 1285 555 340

2.6 1186 1262 535 342

4.3 1160 1236 520 336

Table 6. Mechanical properties of the Ti-6Al-5Mo-5V-1Cr-1Fe alloy.

Following values of geometrical parameters of lamellar α-phase, i.e. thickness of the α-lamellae
(t) and diameter of the α-phase lamellae colony (d), provided maximum fatigue strength of the
investigated alloys:

• Ti-6Al-2Mo-2Cr t = 2 µm, d = 20 µm,

• Ti-6Al-4V t = 3 µm, d = 30 µm,

• Ti-6Al-5Mo-5V-1Cr-1Fe t = 1.5 µm, d = 35 µm.

Fatigue fracture surfaces showed transgranular character with typical ductile surroundings of
β-phase around α-phase (Fig. 9). Size of the dimples were closely related to thickness of the
α-lamellae and size of the colonies of parallel α-lamellae [16]. No pronounced beach markings
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or striations were identified which is an evidence of frequent change of the crack growth
direction. This phenomenon along with secondary crack branching are important reasons for
advantageous effect of lamellar microstructure on fatigue behaviour.

Figure 9. Fatigue fracture surfaces of Ti-6Al-5Mo-5V-1Cr-1Fe alloy cooled from 1020°C at a rate of 0.8°C s-1.

The progress of the crack tip through regions of interfacial β-phase is accompanied by the
absorption of large amount of energy due to intensive plastic deformation, contributing to
lowering the rate of crack propagation. When thickness of β-phase regions decreases, it cannot
absorb sufficient amounts of energy and retard the crack propagation.

5. Summary

Microstructure of two-phase titanium alloys after deformation or heat treatment carried out
at a temperature in the range of β-phase stability depends on cooling rate. High cooling rates
(>18°C s-1) result in martensitic α'(α") microstructure for alloys having β stability factor Kβ<1
and metastable βM microstructure for alloys with higher contents of β-stabilizers. Low and
moderate cooling rates lead to development of lamellar microstructure consisting of colonies
of α-phase lamellae within large β-phase grains. Decrease of cooling rate cause increase both
in thickness of individual α-phase lamellae and size of the colonies of parallel α-lamellae. This
in turn lowers yield stress and tensile strength of the alloys.

Lamellar α-phase microstructure of the alloy heat treated in the β-range has beneficial effect
on its fatigue behaviour. This is the result of frequent change in crack direction and secondary
crack branching. When α-phase lamellae are too large thin layers of β-phase are not capable
to absorb large amounts of energy and retard the crack propagation. In this case the colony of
the α-phase lamellae behaves as singular element of the microstructure. This phenomenon is
more intensive in the alloy with smaller value of Kβ coefficient (Ti-6Al-4V). Sufficient thickness
of β-phase surroundings enables absorption of energy in the process of plastic deformation of
regions ahead of the crack tip, contributing to slowing the rate of crack propagation and
therefore increasing fatigue life.
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1. Introduction

Recently, different industries faced the challenge of implementation of titanium alloys in order
to produce components with different formability characteristics. Titanium alloy sheets are
defined as hard-to-form materials regarding to their strength and formability characteristics.
Consequently, in order to soundly manufacture a part made from the mentioned alloys, novel
processes such as hydroforming, rubber pad forming and viscous pressure forming instead of
conventional stamping or deep drawing are applied.

In sheet metal forming industries, FE simulations are commonly used for the process/tool
design. Availability of suitable mechanical properties of the sheet material is important factor
for obtaining accurate FE simulations results.

1.1. Biaxial bulge test

The most commonly used method to investigate the flow stress curve is uniaxial tensile test in
which true stress-true strain curve is expressed in uniaxial stress state. However, maximum
plastic strains obtained in uniaxial loading condition is not sufficient for most sheet metal
forming simulation processes which involve biaxial state of stress [1-5]. Hydraulic bulge test
is a comparative test method in which biaxial stress-strain curve could be attained. In 1950, a
key theoretical pillar for the hydraulic bulge test was established by Hill [6]. In his study, Hill
assumed a circular profile for the deforming work piece which allowed for the introduction
of a closed form expression for the thickness at the pole region [5].

The experimental bulge test method involves pumping hydraulic fluid [4, 7-10] or a viscous
material as a pressure medium [2-3, 11] instead of a hydraulic fluid into the die cavity. Circular
as well as elliptical dies can also be used to determine anisotropy coefficients of material in
different directions with respect to rolling direction [12-15].
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1.2. Forming Limit Diagrams (FLD)

As mentioned before, due to increased demand for light weight components in aerospace,
automotive and marine industries, recently, titanium sheet alloys have gained ever more
interests in production of structural parts. In order to better understand the cold formability
of these alloys, their behavior in sheet metal forming operations must be determined both
experimentally and theoretically. Sheet metal formability is often evaluated by forming limit
diagram. The concept of FLD was first introduced by Keeler [16] and Goodwin [17]. Forming
limit diagram provides the limiting strains a sheet metal can sustain whilst being formed.
Laboratory testing has shown that the forming limit diagrams are influenced by several factors
including strain hardening exponent and anisotropy coefficients [18-20], strain rate [21-23],
temperature [24], grain size and microstructure [25-26], sheet thickness [27], strain path
changes [28-29], and heat treatment [30].

In recent years many experimental techniques have been developed to investigate the FLDs
from different aspects [31-34]. These studies were based on elimination of frictional effects
resulted from toolsets and materials, the uniformity of the blank surface and mechanical
properties of sheet materials deduced from the conventional tensile testing.

The available tests for the determination of FLDs include: hydraulic bulge test [35], Keeler
punch stretching test [36], Marciniak test [37], Nakazima test [38], Hasek test [39] and the bi-
axial tensile test using cruciform specimen [40] (in short cruciform testing device). From
previous studies [36-39], it is widely acknowledged that friction remains an unknown factor
yet to be effectively characterized and understood. Thus, the list of available tests is greatly
reduced to only two options - hydraulic bulge test and cruciform testing device. Further
analysis shows that due to simplicity of equipment and specimen (i.e. less costly), hydraulic
bulge test is comparatively preferred [41].

On the other hand, several researchers have proposed a number of analytical models to
predict  FLD.  Hill’s  localized  instability  criterion  [42],  combined  with  Swift’s  diffused
instability criterion [43] was the first  analytical  approach to predict  FLDs. It  was shown
that  forming  limit  curves  are  influenced  by  material  work  hardening  exponent  and
anisotropy coefficient. Xu and Wienmann [44] showed that for prediction of the FLD, the
shape of the used yield surface had a direct influence on the limit strains. They used the
Hill’93 criterion to study the effect of material properties on the FLDs. The M-K model [45]
predicts the FLD based on the assumption of an initial defect in perpendicular direction
with respect to loading direction. The assumption made for this non-homogeneity factor
is subjective and hence, the forming limit diagram is directly influenced by it. This method
was then developed considering the material properties [46-47].

Several researchers used the ductile fracture criteria for forming limit predictions in hydro‐
forming process [48], deep drawing process [49], bore-expanding [50] and biaxial stretching
[51]. Fahrettin and Daeyong [52] and Kumar et al. [53] proposed the thickness variations and
the thickness gradient criterion respectively. These criteria are limited because they require
precise measurements of thickness. Bressan and Williams [54] used the method of shear
instability to predict the FLDs. Consequently, experimental techniques are widely accepted
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for determination of the FLDs and for verification of the predicted FLDs resulted from
analytical models.

Djavanroodi and Derogar [19] used the Hill-Swift model to predict the limit strains for titanium
and aluminum sheets. They performed hydroforming deep drawing test in conjunction with
a novel technique called “floating disc” to determine the FLDs experimentally. It was con‐
cluded from their work that as strain hardening exponent and anisotropic coefficients increase,
the limit strains will also increase, and consequently, this allows the FLD to be shifted up.

In this chapter, different analytical approaches as well as the experimental methods are applied
to obtain the uniaxial and biaxial flow stress curves for Ti-6Al-4V sheet metal alloy. The
hydraulic bulge test was carried out and findings were compared with the results obtained
from the uniaxial tensile test. Circular-shaped die was used. Stepwise test with gridded
specimens and continuous experiments were performed. For flow stress calculations, both the
dome height and pressure were measured during the bulge tests. The effects of anisotropy and
strain hardening on material formability were also investigated.

On the other hand, a practical approach was implemented for experimental determination of
FLD and several theoretical models for prediction of forming limit diagrams for 1.08mm thick
Ti-6Al-4V titanium sheet alloy subjected to linear strain paths were applied. For the experi‐
mental approach, the following test pieces have been used to obtain different regions of FLD:
circle specimens to simulate biaxial stretching region of FLD (positive range of minor strain);
non-grooved tensile specimens (dog-bone shaped specimens) to simulate the uniaxial strain
path and two distinctive grooved tensile specimens representing the strain path ranging from
uniaxial tension to plane strain region of FLD. The onset of localized necking was distinguished
by investigating the strain distribution profiles near the necking region. Furthermore to predict
the theoretical FLDs, Swift model with Hill93 yield criteria [55] and M-K model with Hill93
and BBC2000 yield criteria [56] were used. Predicted FLDs were compared with the experi‐
mental data to evaluate the suitability of the approaches used. Moreover, considering the
extensive application of Autoform 4.4 software in sheet metal forming industries, several parts
representing different strain paths were formed to evaluate the FLDs of the tested sheets
numerically. The effects of process parameters as well as yield loci and material properties
used in simulations were also discussed.

2. Theoretical approaches

2.1. Hydroforming bulge test

Hydroforming bulge test is one of the most commonly used balanced biaxial tests in which a
circular sheet metal fully clamped between two die surfaces is drawn within a die cavity by
applying hydrostatic pressure on the inner surface of the sheet. The die cavity diameter (dd

=2Rd), the upper die fillet radius (Rf) and initial sheet thickness (t0) are constant parameters of
any hydroforming bulge testing. Instantaneous variables of biaxial test are: bulge pressure (p),
dome height (hb), bulge radius (Rb) and sheet thickness at the dome apex (t). The schematic
view of hydroforming bulge test is shown in Fig.1.
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1.2. Forming Limit Diagrams (FLD)

As mentioned before, due to increased demand for light weight components in aerospace,
automotive and marine industries, recently, titanium sheet alloys have gained ever more
interests in production of structural parts. In order to better understand the cold formability
of these alloys, their behavior in sheet metal forming operations must be determined both
experimentally and theoretically. Sheet metal formability is often evaluated by forming limit
diagram. The concept of FLD was first introduced by Keeler [16] and Goodwin [17]. Forming
limit diagram provides the limiting strains a sheet metal can sustain whilst being formed.
Laboratory testing has shown that the forming limit diagrams are influenced by several factors
including strain hardening exponent and anisotropy coefficients [18-20], strain rate [21-23],
temperature [24], grain size and microstructure [25-26], sheet thickness [27], strain path
changes [28-29], and heat treatment [30].
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resulted from toolsets and materials, the uniformity of the blank surface and mechanical
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The available tests for the determination of FLDs include: hydraulic bulge test [35], Keeler
punch stretching test [36], Marciniak test [37], Nakazima test [38], Hasek test [39] and the bi-
axial tensile test using cruciform specimen [40] (in short cruciform testing device). From
previous studies [36-39], it is widely acknowledged that friction remains an unknown factor
yet to be effectively characterized and understood. Thus, the list of available tests is greatly
reduced to only two options - hydraulic bulge test and cruciform testing device. Further
analysis shows that due to simplicity of equipment and specimen (i.e. less costly), hydraulic
bulge test is comparatively preferred [41].

On the other hand, several researchers have proposed a number of analytical models to
predict  FLD.  Hill’s  localized  instability  criterion  [42],  combined  with  Swift’s  diffused
instability criterion [43] was the first  analytical  approach to predict  FLDs. It  was shown
that  forming  limit  curves  are  influenced  by  material  work  hardening  exponent  and
anisotropy coefficient. Xu and Wienmann [44] showed that for prediction of the FLD, the
shape of the used yield surface had a direct influence on the limit strains. They used the
Hill’93 criterion to study the effect of material properties on the FLDs. The M-K model [45]
predicts the FLD based on the assumption of an initial defect in perpendicular direction
with respect to loading direction. The assumption made for this non-homogeneity factor
is subjective and hence, the forming limit diagram is directly influenced by it. This method
was then developed considering the material properties [46-47].

Several researchers used the ductile fracture criteria for forming limit predictions in hydro‐
forming process [48], deep drawing process [49], bore-expanding [50] and biaxial stretching
[51]. Fahrettin and Daeyong [52] and Kumar et al. [53] proposed the thickness variations and
the thickness gradient criterion respectively. These criteria are limited because they require
precise measurements of thickness. Bressan and Williams [54] used the method of shear
instability to predict the FLDs. Consequently, experimental techniques are widely accepted
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for determination of the FLDs and for verification of the predicted FLDs resulted from
analytical models.

Djavanroodi and Derogar [19] used the Hill-Swift model to predict the limit strains for titanium
and aluminum sheets. They performed hydroforming deep drawing test in conjunction with
a novel technique called “floating disc” to determine the FLDs experimentally. It was con‐
cluded from their work that as strain hardening exponent and anisotropic coefficients increase,
the limit strains will also increase, and consequently, this allows the FLD to be shifted up.

In this chapter, different analytical approaches as well as the experimental methods are applied
to obtain the uniaxial and biaxial flow stress curves for Ti-6Al-4V sheet metal alloy. The
hydraulic bulge test was carried out and findings were compared with the results obtained
from the uniaxial tensile test. Circular-shaped die was used. Stepwise test with gridded
specimens and continuous experiments were performed. For flow stress calculations, both the
dome height and pressure were measured during the bulge tests. The effects of anisotropy and
strain hardening on material formability were also investigated.
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FLD and several theoretical models for prediction of forming limit diagrams for 1.08mm thick
Ti-6Al-4V titanium sheet alloy subjected to linear strain paths were applied. For the experi‐
mental approach, the following test pieces have been used to obtain different regions of FLD:
circle specimens to simulate biaxial stretching region of FLD (positive range of minor strain);
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path and two distinctive grooved tensile specimens representing the strain path ranging from
uniaxial tension to plane strain region of FLD. The onset of localized necking was distinguished
by investigating the strain distribution profiles near the necking region. Furthermore to predict
the theoretical FLDs, Swift model with Hill93 yield criteria [55] and M-K model with Hill93
and BBC2000 yield criteria [56] were used. Predicted FLDs were compared with the experi‐
mental data to evaluate the suitability of the approaches used. Moreover, considering the
extensive application of Autoform 4.4 software in sheet metal forming industries, several parts
representing different strain paths were formed to evaluate the FLDs of the tested sheets
numerically. The effects of process parameters as well as yield loci and material properties
used in simulations were also discussed.

2. Theoretical approaches

2.1. Hydroforming bulge test

Hydroforming bulge test is one of the most commonly used balanced biaxial tests in which a
circular sheet metal fully clamped between two die surfaces is drawn within a die cavity by
applying hydrostatic pressure on the inner surface of the sheet. The die cavity diameter (dd

=2Rd), the upper die fillet radius (Rf) and initial sheet thickness (t0) are constant parameters of
any hydroforming bulge testing. Instantaneous variables of biaxial test are: bulge pressure (p),
dome height (hb), bulge radius (Rb) and sheet thickness at the dome apex (t). The schematic
view of hydroforming bulge test is shown in Fig.1.
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Figure 1. Scheme of the hydroforming bulge test

In order to obtain flow stress curve, first, a combination of constant and variable parameters
are introduced to several equations proposed by the other researchers to calculate the instan‐
taneous bulge radius [6, 57] and the sheet thickness [6, 58-59] at the dome apex. Subsequently,
by making the assumption that during the bulging process the sheet metal behavior is the same
as thin-walled structure and by implementing the classical membrane theory, the flow stress
curves are obtained. Eqs.1 and 2 represent the theories for calculating the bulge radius
proposed by Hill [6] and Panknin [57], respectively:
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Eqs.3 to 5 represents the theories for calculating the instantaneous sheet thickness at the dome
apex proposed by Hill [6], Chakrabarty et al. [58] and Kruglov et al. [59], respectively. In this
chapter, Eqs.1 to 5 was used in the theoretical approach.
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The second stage for calculating the flow stress curves for sheet material is implementing the
classical membrane theory. Due to very low ratio of thickness to radius of the sheet (t/Rd <<0.1),
the stress component in perpendicular direction to sheet surface is not considered (σz=0). By
considering Tresca’s yield criterion, Gutscher et al. [2], proposed an equation to evaluate the
effective stress resulted from the hydroforming bulge test:
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Principle strains at dome are: εθ, εϕ and εt . Assuming Von-Mises yield criterion and equality
εθ =εϕ, the effective strain can be calculated as:
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It is known that due to the principle of volume constancy (εθ + εϕ + εt =0),  plastic deformation
does not yield any volume change [2, 60]:
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Since due to rolling conditions, sheet metal properties differ in various directions with respect
to rolling direction (anisotropy), effective stress and effective strain components should be
corrected for anisotropy. In Equations 6 and 8, no anisotropy correction was introduced.
Consequently, assuming Hill’48 yield criterion in conjunction with plane stress assumption,
Smith et al. [5], proposed equations 9 and 10 for determination of effective stress and effective
strains for sheet metals considering the average normal anisotropy (R), respectively.
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The second stage for calculating the flow stress curves for sheet material is implementing the
classical membrane theory. Due to very low ratio of thickness to radius of the sheet (t/Rd <<0.1),
the stress component in perpendicular direction to sheet surface is not considered (σz=0). By
considering Tresca’s yield criterion, Gutscher et al. [2], proposed an equation to evaluate the
effective stress resulted from the hydroforming bulge test:
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Since due to rolling conditions, sheet metal properties differ in various directions with respect
to rolling direction (anisotropy), effective stress and effective strain components should be
corrected for anisotropy. In Equations 6 and 8, no anisotropy correction was introduced.
Consequently, assuming Hill’48 yield criterion in conjunction with plane stress assumption,
Smith et al. [5], proposed equations 9 and 10 for determination of effective stress and effective
strains for sheet metals considering the average normal anisotropy (R), respectively.
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2.2. Forming Limit Diagrams

Hill93 and BBC2000 constitutive models

In this paper Hill 93 and BBC2000 constitutive models were used to predict the FLDs. Eq.11
represents Hill’93 yield criterion [55]:
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Where c, p and q are Hill’93 coefficients and can be calculated using five mechanical parameters
obtained from two uni-axial tensile tests and an equi-biaxial tension (Eq.12).

Banabic et. al [56] proposed a new yield criterion called BBC2000 for orthotropic sheet metals
under plane stress conditions. The equivalent stress is defined as:
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Where a, b, c and k are material parameters, while Γ and Ψ are functions of the second and third
invariants of a fictitious deviatoric stress tensor and can be expressed as explicit dependencies
of the actual stress components:
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Where d,e, f and g are anisotropy coefficients of material and k-value is set in accordance with
the crystallographic structure of the material (k=3 for BCC alloys and k=4 for FCC alloys). For
the BBC2000 yield model, the detailed description can be found in [56].
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Theoretical prediction of the FLD

The simulation of plastic instability is performed using M–K and Hill-Swift analysis. The rigid
plastic material model with isotropic work hardening and the plane stress condition were
assumed.

A detailed description of the theoretical M–K analysis, schematically illustrated in Fig.2, can
be found in [45]. The M-K model is based on the growth of an initial defect in the form of a
narrowband perpendicular to the principal axis. The initial value of the geometrical defect (f0)
is characterized by Eq.15, where ta

0 and tb
0 are the initial thicknesses in the homogeneous and

grooved region, respectively.

Figure 2. Schematic description of M-K model
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Where d,e, f and g are anisotropy coefficients of material and k-value is set in accordance with
the crystallographic structure of the material (k=3 for BCC alloys and k=4 for FCC alloys). For
the BBC2000 yield model, the detailed description can be found in [56].
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The x, y, z-axes correspond to rolling, transverse and normal directions of the sheet, whereas
1 and 2 represent the principal stress and strain directions in the homogeneous region. The set
of axis bound to the groove is represented by n, t, z-axes where ‘t’ is the longitudinal one. The
plastic flow occurs in both regions, but the evolution of strain rates is different in the two zones.
When the flow localization occurs in the groove at a critical strain in homogeneous region, the
limiting strain of the sheet is reached. Furthermore, the major strain is assumed to occur along
the X-axis. M–K necking criterion assumes that the plastic flow localization occurs when the
equivalent strain increment in imperfect region (b) reaches the value ten times greater than in
homogeneous zone (a) (dεb>10dεa). When the necking criterion is reached the computation is
stopped and the corresponding strains (εa

xx, εa
yy) obtained at that moment in the homogeneous

zone are the limit strains. For the model, equation expressing the equilibrium of the forces
acting along the interface of the two regions could be expressed as follow:

1 1a a b bt ts s= (16)

Strains parallel to the notch are equal in both regions:

2 2a bd de e= (17)

In addition, the model assumes that the strain ratio in zone a, is constant during the whole
process:

2 1a ad de r e= (18)

Detailed FLD calculation using BBC2000 yield criterion is presented in [61]. Swift work-
hardening model with strain rate sensitivity factor was used:

( )0
n mKs e e e= + & (19)

In this chapter, in addition to M-K analysis, the Swift analysis [43] with Hill’93 yield criterion
was used to predict the FLDs [62-63].

3. Experimental work

3.1. Tensile test

Tensile test specimens were cut according to ASTM E8 standard. At least two samples at each
direction (0˚,45˚,90˚) with respect to rolling directions were tested according to ASTM E517-00
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standard [64]. Tensile test was carried out under constant strain rate of 1×10-3 s-1 at room
temperature.

Although r-value is introduced as the ratio of width strain εw to thickness strain εt , the thickness
strain in thin sheets can not be accurately measured. Hence, by measuring longitudinal εl  and
width strains and also by implementing the principle of volume constancy (Eq.20), the
thickness strain was obtained as follows (Eq.21):

0l w te e e+ + = (20)

( )t l we e e= - + (21)

The strain ratio (r-value) was calculated for all the materials at different direction (0, 45 and
90˚ to the rolling direction) (Eq.22). Subsequent to that, normal anisotropy R (Eq.23) as well as
planar anisotropy ΔR (Eq.24) were calculated according to ASTM E517-00 [64].
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Where: x is the angle relative to the rolling direction (0˚, 45˚, 90˚).

3.2. Hydroforming bulge test

The experimental apparatus used to conduct the hydraulic bulge test is composed of a tooling
set, a hydraulic power generator and measurement devices. For the assembled toolset,
maximum forming pressure can reach 500bars. To avoid any oil leakage during the forming
process, a rubber diaphragm was placed between the conical part of the die and the conjunctive
disc. A pressure gage and a dial indicator were used to measure the chamber pressure and
bulge height, respectively during the bulging process. The indicator used in the experiments
was delicate and could not withstand impact loads as the specimen bursts. Hence, for bulge
testing of titanium sheets, at least three samples were burst in the absence of the indicator to
discern the bursting pressures. Other samples were tested up to 90-95% of bursting pressure
while the indicator was used to measure the bulge height during the process. In order to ensure
pure stretching, the pre-fabricated draw bead was implemented at the flange area of the bulge
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The x, y, z-axes correspond to rolling, transverse and normal directions of the sheet, whereas
1 and 2 represent the principal stress and strain directions in the homogeneous region. The set
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stopped and the corresponding strains (εa
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zone are the limit strains. For the model, equation expressing the equilibrium of the forces
acting along the interface of the two regions could be expressed as follow:

1 1a a b bt ts s= (16)

Strains parallel to the notch are equal in both regions:

2 2a bd de e= (17)

In addition, the model assumes that the strain ratio in zone a, is constant during the whole
process:

2 1a ad de r e= (18)

Detailed FLD calculation using BBC2000 yield criterion is presented in [61]. Swift work-
hardening model with strain rate sensitivity factor was used:
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In this chapter, in addition to M-K analysis, the Swift analysis [43] with Hill’93 yield criterion
was used to predict the FLDs [62-63].

3. Experimental work

3.1. Tensile test

Tensile test specimens were cut according to ASTM E8 standard. At least two samples at each
direction (0˚,45˚,90˚) with respect to rolling directions were tested according to ASTM E517-00
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standard [64]. Tensile test was carried out under constant strain rate of 1×10-3 s-1 at room
temperature.

Although r-value is introduced as the ratio of width strain εw to thickness strain εt , the thickness
strain in thin sheets can not be accurately measured. Hence, by measuring longitudinal εl  and
width strains and also by implementing the principle of volume constancy (Eq.20), the
thickness strain was obtained as follows (Eq.21):

0l w te e e+ + = (20)

( )t l we e e= - + (21)

The strain ratio (r-value) was calculated for all the materials at different direction (0, 45 and
90˚ to the rolling direction) (Eq.22). Subsequent to that, normal anisotropy R (Eq.23) as well as
planar anisotropy ΔR (Eq.24) were calculated according to ASTM E517-00 [64].
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Where: x is the angle relative to the rolling direction (0˚, 45˚, 90˚).

3.2. Hydroforming bulge test

The experimental apparatus used to conduct the hydraulic bulge test is composed of a tooling
set, a hydraulic power generator and measurement devices. For the assembled toolset,
maximum forming pressure can reach 500bars. To avoid any oil leakage during the forming
process, a rubber diaphragm was placed between the conical part of the die and the conjunctive
disc. A pressure gage and a dial indicator were used to measure the chamber pressure and
bulge height, respectively during the bulging process. The indicator used in the experiments
was delicate and could not withstand impact loads as the specimen bursts. Hence, for bulge
testing of titanium sheets, at least three samples were burst in the absence of the indicator to
discern the bursting pressures. Other samples were tested up to 90-95% of bursting pressure
while the indicator was used to measure the bulge height during the process. In order to ensure
pure stretching, the pre-fabricated draw bead was implemented at the flange area of the bulge
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samples. Consequently, pure stretching of the sheet material was obtained during the bulging
process. Measuring devices were also calibrated before the test to ensure precise measure‐
ments. For bulge testing of sheet materials a die set was used. For bulge testing of Ti-6Al-4V,
a large die set was designed and manufactured in order to reach the bursting pressure through
available hydraulic pressure unit. Table 1 shows dimensions of the die set in addition to
specifications of hydroforming bulge test apparatus. Hydroforming die used for bulge testing
is shown in Fig.3.

Die set specification

Bulge diameter (2Rd) 90 mm (3.54 in)

Die fillet radius 6 mm (0.236 in)

Maximum chamber pressure 50 MPa (7400 psi)

Flow rate 2.5 lit/min

Table 1. Specifications of hydroforming bulge apparatus.

Figure 3. Hydroforming bulge test apparatus

3.3. Forming limit diagrams

In order to evaluate the FLDs, different strain paths, which cover full domain of the FLD, were
examined and shown in Fig.4. These paths are spanned between the uniaxial tension region
(ε1=-2ε2) and the equi-biaxial stretching (ε1=ε2). The linear strain paths are described through
the strain ratio (Eq.25) parameter representative of the strain state.
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Figure 4. Different types of specimen representative of the linear strain paths

3.4. Preparation of the specimens

Three different shapes of tensile specimens were prepared using wire EDM. According to Fig.
4, a non-grooved specimen was prepared to simulate the strain path#1, two distinctive grooved
specimens were used to obtain draw points representing the strain paths#2 and 3. The non-
grooved and grooved specimens were then drawn under a linear load. The specimens are
shown in Figures 5-7 and the dimensions are listed in Table 2.

In order to obtain the tension-tension side of the FLD (pure stretching region), the bulge test
specimens were prepared. The bulge samples for simulation of the strain path#4, were 160mm
in diameter and the cavity diameter of circular dies was 90mm (as shown in Table 1). LASER
imprinting technique was used to print a grid of circles on the surface of the tension and the
bulging samples. The circles were 2mm in diameter. The diameter of the circles of the grids
have been measured before and after the deformation throughout the major and minor
principal directions taking as reference a perpendicular axis system placed in the geometric
centre of each circle or in the centre of the tension specimen. These principal directions are
parallel and perpendicular, respectively, to the rolling direction of the sheet.

Tensile specimens were tested up to the fracture point. Likewise, bulge testing of the bulge
samples were carried out to reach the bursting point. Subsequent to that, diameters of ellipses
which were the conclusions of deformed circles were measured precisely.
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samples. Consequently, pure stretching of the sheet material was obtained during the bulging
process. Measuring devices were also calibrated before the test to ensure precise measure‐
ments. For bulge testing of sheet materials a die set was used. For bulge testing of Ti-6Al-4V,
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Figure 5. Uniaxial tensile specimen representative of strain path#1 (no.1).

Figure 6. Grooved specimen representative of strain path#2 (no.2).

Figure 7. Grooved specimen representative of strain path#3 (no.3).

Specimens no. A (mm) B (mm) C (mm) D (mm) E (mm) F (mm) G (mm)

1 150 17 75 12 28 R20 -

2 150 40 45 16 52.5 R26 -

3 150 40 12 12 69 R6 8

Table 2. Dimensions of the tensile specimens
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4. Numerical approach

More recently, several researchers [19, 65-67] have investigated the forming limit diagrams
through finite element codes. In this chapter, Autoform Master 4.4 was employed for FE analysis
of forming limit diagrams. The setting of the numerical simulation is based on the hemispher‐
ical punch and different shapes of specimens, as shown in Fig.8. Descriptions of the specimen
dimensions and the geometrical model used in the simulation are shown in Table 3 and 4,
respectively. The tensile properties of sheet metal were then input into the program and
forming limit diagram were generated in Autoform 4.4 software using Keeler method [16].
Autoform 4.4 software automatically generates yield surface proposed by Banabic (BBC yield
surface) and Hill for sheet materials when anisotropy coefficients and elasto-plastic behavior
of sheet are imported. In Autoform the use of the shell element for the element formulation is
mandatory, and therefore default, for the process steps Drawing, Forming, Bending and
Hydroforming. Moreover, since for titanium and ultra high strength steels more complex
material laws (for example Barlat or Banabic) are used, Autoform uses the implicit integration
algorithm which contribution to the total calculation time is substantially smaller.

In this approach, CAD data were modeled in CATIA software first and then imported into
Autoform 4.4 environment. In order to cover full range of the FLD, different specimens with
different groove dimensions were modelled to simulate the tension-compression to tension-
tension side of the FLD (Fig.8).

For the FE simulation, the punch, holder and die were considered as rigid parts. A displace‐
ment rate of 1mm/s was assumed for the hemispherical punch while for the clamping a draw
bead with lock mode was selected to ensure pure stretching of the sheet into die cavity. Friction
coefficient was taken to be 0.15 between the surfaces. The virtual samples were engraved with
the gridded pattern of 3mm diameter circles (Fig.8). Major and minor strains were recorded
after each time step to evaluate the numerical FLD.

Sample # A(mm) B(mm)

1 100 5
2 100 12
3 100 20
4 100 30
5 100 40
6 100 50
7 100 60

8 100 100

Table 3. Dimensions of different FLD samples prepared for FE approach
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Process parameter Value/Type

Punch diameter (mm) 50

Diameter of die opening (mm) 55

Die profile radius (mm) 8

Punch speed (mm/s) 1

Punch travel Up to rupture

Clamping type Draw bead (lock mode)

Table 4. Process parameters used for the simulation

Figure 8. Schematic view of the model used in FE analysis as well as gridded sample shapes

5. Results and discussion

5.1. Tensile test

Table 5 illustrates mechanical properties of the tested sheet material deduced from the tensile
test at room temperature. Tensile tests results on 1.08 mm thick Ti-6Al-4V sheets show the
average values for strain-hardening (n) and anisotropy (r) are (0.151, 3.63). As it can be seen
Ti alloy has large plastic strain ratio (r) values. Generally higher strain-hardening exponent
(n) delays the onset of instability and this delay, enhances the limiting strain (i.e. a better
stretchability and formability is achieved with higher (n) value). Also, increasing plastic strain
ratio (r) results in a better resistance to thinning in the thickness direction during drawing
which in turn increase the formability of sheet material. On the other hand, high planar
anisotropy will bring about earring effect in sheet metal forming processes especially in deep
drawing process [19].
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Property
Ti-6Al-4V

0º 45º 90º

Yield stress, σy (MPa) 544 558 571

Ultimate tensile stress, σuts (MPa) 632 607 629

Work-hardening exponent, n 0.151 0.134 0.167

Hardening coefficient, K (MPa) 975 912.5 1022

Total elongation, δ(%) 30.7 27.2 28.0

Anisotropy factor, r 2.4644 4.1218 3.8292

Normal anisotropy, Rave 3.6343

Poisson’s ratio, υ 0.342

Table 5. Mechanical properties of tested sheet material obtained in tensile test

5.2. Hydroforming bulge test

Investigation of bursting pressure

As discussed in section 3, in order to discern the bursting pressure of Ti-6Al-4V sheet material,
at least three specimens were bulged up to bursting point and average bursting pressure for
these alloys was obtained (Table 6). After obtaining burst pressure, test samples were bulged
up to 90-95% bursting pressure while the bulge height was being monitored by the indicator.
The resulted bulging pressure vs. dome height curves were then extrapolated up to burst
pressure by using a third order polynomial approximation. Fig.9 shows bulge pressure versus
dome height for the tested material. In this figure, experimentally measured curves along with
the extrapolated regions are depicted. In Fig.10 tested samples are shown.

Figure 9. Experimental bulge pressure versus dome height curve for Ti-6Al-4V alloy (the curve is extrapolated)
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Burst pressure (Bars) Ti-6Al-4V

Sample 1 305

Sample 2 307

Sample 3 308

Sample 4 309

Average 306

Table 6. Burst pressure for different samples

Figure 10. Burst and not burst samples of Ti-6Al-4V alloy

Measurements/calculations of bulge radius

In order to measure the bulge radius, several photographs of the bulged samples were taken.
The camera was stabilized parallel to the blank. By using Solid Works software, 3-point circle
was fitted to the bulge geometry and the radius of the bulge was measured. Fig.11 shows
photographs of the bulged samples in stepwise approach. Measured and calculated bulge radii
were compared. Among the compared approaches, Panknin’s calculations for bulge radius
yielded values closer to step-wise bulge results for the alloy tested. Fig.12 shows the compar‐
ison of calculated bulge radii with the step-wise measured bulge radius.

Figure 11. Photography of the bulged sample in stepwise approach
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Measurements/calculations of thickness at the dome apex

Figure 12. Comparison of calculated and measured bulge radii for Ti-6Al-4V

Eqs.3-5 were used to calculate the sheet thickness at the dome apex and the results were
compared with the step-wise experiments. For measurement of the thickness at the dome apex,
a 10mm diameter circle was imprinted on the centre of each bulge sample. After each step, the
major and minor diameters of the formed circle were measured by using an accurate caliper
(0.05 mm accuracy). Subsequently, the effective strain was obtained for each step at the dome
apex by replacing the instantaneous sheet thickness obtained from Eq.26 into Eq.7. The
instantaneous thickness of the dome apex was extracted from Eq.8 and is shown as follows:

0
( )

t
t

e q fe e+
= (26)

The results show that for calculating the sheet thickness at the dome apex, Kruglov’s approach
gives best results when compared with step-wise experiments. Fig.13 shows the comparison
of calculated sheet thickness at the dome apex with the step-wise measured sheet thickness at
the dome of the bulge.

As discussed before (Table 5) higher n-value indicates better stretchability and formabili‐
ty, therefore, for the same bulge height,  sheet materials with larger n-values have lower
thinning than sheet materials with smaller n-values. Also, when drawing is the deforma‐
tion  mode  (e.g.  tensile  test)  r-values  strongly  influence  the  thinning  process  of  sheet
deformation since higher r-values promote in-plane deformation (ε1>0, ε2<0).  As a result,
Ti-6Al-4V sheet  is  very  resistant  to  thinning due to  the  high normal  anisotropy during
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drawing deformations. On the other hand, when stretching is the deformation mode (e.g.
bulge test),  then both ε1  and ε2  are  positive  and thinning has  to  occur  by constancy of
volume (in this case the n-value having a strong influence). This experimental conclusion
directly validates the numerical finding obtained by Gutscher et al. [2]. Their FE simula‐
tions indicated that  anisotropy had very small  influence on the correlation between the
dome wall thickness at the apex of the dome and the dome height. They also concluded
that anisotropy had no significant effect on the radius at the apex of the dome.

Determination of flow stress curves

Several flow stress curves were calculated for Ti-6Al-4V titanium sheet by using several
proposed approaches discussed in previous sections. Calculated flow stress curves for
titanium alloy were first corrected for anisotropy according to Eqs.9 and 10. Corrected curves
are depicted in Fig.14. Step-wise measurements of stress-strain relationships in biaxial test are
also shown in the same figure. As it can be seen, step-wise experiments are in good agreement
with calculated flow stress curves when Kruglov’s and Panknin’s approaches are used for
dome thickness and bulge radius calculations, respectively.

Fig.15 shows an overall comparison between flow stress curves obtained from tensile (up to
instability point) and hydroforming bulge test. A constant scaling parameter was applied to
transform biaxial stress-strain curve into effective flow stress curve which can be compared
with the uniaxial curve [11]. Kruglov’s sheet thickness calculation combined with Panknin’s
bulge radius calculation was used to obtain these curves. In this figure, tensile curves are
depicted along the direction in which the highest elongation was obtained. This comparison

Influence of material properties and anisotropy on material deformation

Figure 13. Comparison of calculated and measured thickness at the dome apex for Ti-6Al-4V alloy
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indicates, that balanced biaxial bulge test covers larger strain range than tensile test. Under
balanced biaxial loading, the theoretical effective strain at instability is twice the instability
strain under uniaxial loading. Comparing the data between uniaxial and bulge tests (Fig. 15
and Table 7), it can be seen that strain values obtained in the bulge test are higher than in the
tensile test. This is an advantage of the bulge test, especially if the flow stress data is to be used
for FE simulation, since no extrapolations is needed as in the case of tensile data. Moreover, in
Table 7 it is shown that the percent difference is as high as 504% (for Ti-6Al-4V). This empha‐
sizes the importance of the bulge test because of its capability to provide data for a wider range
of strain compared to the traditional tensile test. Also, the constant scaling factor (kb) [11],
which transforms biaxial stress-strain relationships into the effective stress-strain curves, is
0.937 for the tested material.

Ti-6Al-4V

Maximum true strain that can be obtained in tensile test (up to uniform elongation) 0.115

Maximum true strain obtained in the bulge test 0.58

Maximum difference between tensile test and bulge test, (%) 504

Table 7. Comparison between the maximum true strain in tensile and hydroforming bulge tests

Figure 14. Comparison of measured and calculated flow stress curves for Ti-6Al-4V alloy
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5.3. Determination of the FLD

High resolution photography was employed to measure the diameters of the deformed circles
imprinted on the samples (Fig.16). Non-deformed circles were used for calibration of the
pictures. As a result, deformed circles were measured using measuring techniques in Solid‐
works software. Ellipses located in the fractured region, were considered as unsafe points.
Likewise, ellipses with one row offset from the fractured region were considered as marginal
points and ellipses located in other rows of imprinted grids were considered as safe points.
Eqs.27 and 28, were used to obtain true major strain (ε1) and true minor strain (ε2) from the
measured diameters considering the approach shown in Fig.17.
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Experimental determination and theoretical calculation of the FLD

One of the most important factors for prediction of FLD through the M-K analysis is the applied
constitutive yield model. Fig.18 presents the experimental and numerical forming limits for
Ti-6Al-4V titanium alloy. For numerical analysis, yield surfaces were described by Hill93 and

Figure 15. Comparison of effective flow stress curves obtained from tensile and bulge tests
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BBC2000 yield functions and hardening model was expressed by Swift equation. As it can be
observed in Fig.18, although curves predicted using Hill93-Swift model and M-K with
BBC2000 are in rather good agreement with the experimental data, the best prediction is
obtained when M-K model when the yield surface of Hill93 and initial geometrical defect (f0)
of 0.955, are used. As it can be observed in Fig.18, for Ti-6Al-4V sheet alloy, curve predicted
using Hill-Swift model has small deviation from the experimental data from uni-axial region
(ρ=-1/2) to equi-biaxial region (ρ=1). Moreover, slight difference in stretching region of the FLD
between the experimental data points and the theoretical curve can be seen when BBC2000 is
used as the yielding surface for the M-K model.

Note: As discussed by Graf and Hosford [29], applying prestrain in biaxial tension (ρ=1) will
decrease the formability if followed by plane strain or biaxial tension. Moreover, for uniaxial
tension sample (ρ=-1/2), if both prestrain and final testing with ε1 are applied normal to the
rolling direction, the FLD will be increased for subsequent plane strain and biaxial regions.
Furthermore, for plane strain sample (ρ=0) a slight increase of the overall level of the curve is
expected when prestrain and final testing with ε1 are applied normal to the rolling direction.

Figure 16. The ruptured tensile and bulge specimens

Influence of n-value and r-value on FLD

Figure 17. Deformation of the grid of circles to ellipses.
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measured diameters considering the approach shown in Fig.17.
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Experimental determination and theoretical calculation of the FLD

One of the most important factors for prediction of FLD through the M-K analysis is the applied
constitutive yield model. Fig.18 presents the experimental and numerical forming limits for
Ti-6Al-4V titanium alloy. For numerical analysis, yield surfaces were described by Hill93 and

Figure 15. Comparison of effective flow stress curves obtained from tensile and bulge tests
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BBC2000 yield functions and hardening model was expressed by Swift equation. As it can be
observed in Fig.18, although curves predicted using Hill93-Swift model and M-K with
BBC2000 are in rather good agreement with the experimental data, the best prediction is
obtained when M-K model when the yield surface of Hill93 and initial geometrical defect (f0)
of 0.955, are used. As it can be observed in Fig.18, for Ti-6Al-4V sheet alloy, curve predicted
using Hill-Swift model has small deviation from the experimental data from uni-axial region
(ρ=-1/2) to equi-biaxial region (ρ=1). Moreover, slight difference in stretching region of the FLD
between the experimental data points and the theoretical curve can be seen when BBC2000 is
used as the yielding surface for the M-K model.

Note: As discussed by Graf and Hosford [29], applying prestrain in biaxial tension (ρ=1) will
decrease the formability if followed by plane strain or biaxial tension. Moreover, for uniaxial
tension sample (ρ=-1/2), if both prestrain and final testing with ε1 are applied normal to the
rolling direction, the FLD will be increased for subsequent plane strain and biaxial regions.
Furthermore, for plane strain sample (ρ=0) a slight increase of the overall level of the curve is
expected when prestrain and final testing with ε1 are applied normal to the rolling direction.

Figure 16. The ruptured tensile and bulge specimens

Influence of n-value and r-value on FLD

Figure 17. Deformation of the grid of circles to ellipses.

Formability Characterization of Titanium Alloy Sheets
http://dx.doi.org/10.5772/55889

101



Generally, there are two material properties which have significant influence on forming limit
diagram; the anisotropy and the work-hardening exponent (n-value). R-values less than one
(rave<1), will result in the reduction of limit strains in drawing side of the FLD and lower levels
for the FLD in plane strain region is expected. For R-values larger than one (rave>1), the opposite
trend is expected

Consequently, among the tested sheets, Ti-6Al-4V severely resists to thinning during the sheet
metal forming processes.

For most materials, forming limit curve intersects the major strain axis at the point equivalent
to n-value. As n-value decreases, the limit strain level decreases. For Ti-6Al-4V, the major strain
values are approximately 0.14 and 0.16 at plane strain region of the FLD.

Comparison of experimental FLD with other works

Figure 18. Experimental and calculated forming limit diagram for Ti-6Al-4V alloy.
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Fig.19 compares the FLDs for 1.08 mm thick Ti-6Al-4V sheet determined in this study and the
same sheet investigated by Djavanroodi and Derogar [19] during hydroforming deep drawing
process. Frictional effect between the toolset and the sheet were not considered in their study.
Moreover, in hydroforming deep drawing process, the strain rate is far different from the bulge
and the tensile test method. Consequently, the experimental procedure and the strain rate are
two reasons for this offset between the experimental FLD results for Ti-6Al-4V sheet.

Figure 19. Comparison of forming limit diagrams for Ti-6Al-4V alloy.

5.4. Finite element analysis

Figs.20 and 21 show the numerical results generated by Autoform 4.4. The mechanical proper‐
ties were input into the software, and the yield surface and FLD were generated as shown in
Fig.20. Fig.21 shows that engraved circles were deformed and their shapes were changed to
ellipses. The major and minor diameters of the ellipses were measured in the software to
simulate the FLDs through the FE method. Fig.22 shows the comparison of the experimental
and numerical FLDs. As shown in the figure, employing Hill’s yield criterion for Ti sheet will
result in better prediction of the FLDs compared to experimental data. Predicted FLDs using
the industrial sheet metal forming code showed that the shape of the yield loci will have
influence on the level of the FLD. Moreover, Fig.22 shows that necking points predicted by
Hill’s yield criterion and BBC yield criterion stand in good agreement compared to the
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result in better prediction of the FLDs compared to experimental data. Predicted FLDs using
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experimental marginal points, the overall comparison shows a fair agreement between FE
results and data obtained from the experiments. The small deviation between numerical and
experimental results may be the conclusion of frictional effects between hemispherical punch
(in FE simulation) and the sheet metals. While frictional effects remained as an unknown, in
order to define the FLDs for different materials, either procedures without frictional effects
should be employed or the effect of friction should be taken into account.

Figure 20. Numerical flow stress, yield locus and FLD generated in Autoform software.
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Figure 21. Deformed specimens simulated using Autoform software

Figure 22. Comparison of the experimental FLD with the ones obtained by FEM for Ti-6Al-4V alloy
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Figure 21. Deformed specimens simulated using Autoform software

Figure 22. Comparison of the experimental FLD with the ones obtained by FEM for Ti-6Al-4V alloy
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Although the forming behavior of materials can be well expressed through uni-axial tensile
tests, the theoretical prediction of FLD may still lie in large deviations from the experimentally
determined FLDs. This finding proves that suitable theoretical approaches depend not only
on the thorough understanding of the forming behavior of materials, but also on the suppo‐
sitions for yield surfaces as well as material specifications.

6. Conclusions

Based upon the experimental, theoretical and numerical approaches used in this research
the  following  conclusions  could  be  drawn  for  forming  titanium  sheet  alloys  at  room
temperature:

1. Several approaches were used to generate true stress strain data based on thebulge test.
Equations based on Kruglov and Panknin gave the most accurate results comparing to
the step-wise experimental measurements.

2. Tensile tests showed that Ti-6Al-4V sheet alloy has large plastic strain ratio (r) values.
Generally higher strain-hardening exponent (n) delays the onset of instability and this
delay, enhances the limiting strain (i.e. better stretchability is achieved with higher n-
value).

3. Investigation of the influence of material anisotropy showed that increase in normal
anisotropy would result in lower thickness thinning when drawing is the deformation
mode and higher n-value would bring about higher bulge height, lower bulge radius and
lower thickness thinning when stretching is the deformation mode.

4. The comparison between uniaxial and balanced biaxial bulge tests indicates that, in bulge
test the flow stress curve can be determined up to larger strains than in the tensile test.
This is an advantage of the bulge test, especially for metal forming processes in which the
state of stress is almost biaxial; using bulge test is a more suitable method for obtaining
the flow stress of the above sheet materials for use as an input to Finite Element (FE)
simulation models.

5. It was shown that the percent difference for maximum plastic strain obtained from bulge
and tensile test is as high as 504% (for Ti-6Al-4V).

6. For Ti-6Al-4V alloy, the best agreement between experimental and theoretical approaches
is achieved when the M-K with Hill’93 yield criteria is used. As a result, the overall
comparison shows a well agreement between FE results and data obtained from the
experiments.

7. The small deviation between numerical and experimental results may be the conclu‐
sion of frictional effects between hemispherical punch (in FE simulation) and the sheet
metals.
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Nomenclature

Nomenclature Description

dd Die diameter

hb Bulge height

n Work hardening exponent

p Bulge pressure

t0,t Initial thickness, instantaneous thickness

c, p, q Coefficients of Hill’93 yield criterion

a ,b, c, k Material parameters in BBC2000 criterion

d ,e, f, g Anisotropy coefficients of material in BBC2000 yield criterion

m Strain rate sensitivity factor

ta
0 , tb

0 Initial thicknesses at homogeneous and grooved region

f0 Geometrical defect

R0, R45, R90 Anisotropy coefficients

K Strength coefficient

R Average normal anisotropy

Rb Bulge radius

Rd Die radius

Rf Upper die fillet radius

ΔR Planar anisotropy

σ̄ isotropic Isotropic effective stress

σ̄anisotropic Anisotropic effective stress

σ̄ Effective stress

σ1, σ2 Principle stresses

σ0, σ90 Yielding stresses obtained from tensile tests

σb Biaxial yield stress

εθ, εϕ, εt Principal strains

ε1, ε2 Major and minor limit strain

ε̄ Effective strain

ε0 Pre-strain

ε̇ Strain rate

dε2a, dε2b Strains parallel to the notch
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ε̄ isotropic Isotropic effective strain

ε̄anisotropic Anisotropic effective strain

εl , εw Longitudinal strain, Width strain

Γ ,Ψ Functions of the second and third invariants

ρ Strain ratio
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1. Introduction

Intense development of science and technology with ever-increasing needs in new materials
with the unique properties requires implementation of careful research in this area. Develop‐
ment and production of new types of materials is always related to the enormous costs and
solving new technical problems of analytical and experimental nature. Recently a large class
of the model alloys on metallic base, which meets various demands, has been created. A special
place among them is occupied by the metals and alloys that undergo phase transformations.
The requirements for the radiation resistance of these materials are of extraordinary impor‐
tance. Investigation of the fundamental properties of materials that determine their physical,
chemical, mechanical, technological, operational and other characteristics enables one to
establish a field of their rational application with maximal efficiency.

The attention of the researchers should be drawn to investigation of the structure transforma‐
tions in crystals, especially, their electronic and defect structure as well as their role in the
process of formation of the material’s final physical properties. Almost all of the material’s
properties are related to its electronic structure, and the constancy of the structure under
external exposure determines stability of the main characteristics and can serve as a principal
indicator of materials radiation resistance.

The problems of nuclear and thermonuclear power pose an urgent demand on continuous and
wide range investigation of interaction processes of nuclear radiation with metallic materials,
along with subsequent modification of their structure. For authentic establishing of common
regularities of the observed phenomena, deep understanding of the processes of nucleation,
formation and subsequent evolution and modification of the metals and alloys defect structure
is crucial.

© 2013 Mukashev and Umarov; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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In spite of considerable amount of realized investigations, the analysis of the obtained results
justifies the following findings: by the time of preparation of this work, the lack of the
systematic information was experienced about the character of the radiation damageability of
some perspective constructional refractory metals and their alloys, which firstly undergo
polymorphous or phase transformations; influence of the type and concentration of alloying
elements on the character of the structural disturbances at plastic deformation and radiation
exposure in conditions of vacancy and vacancy-impurity complexes formation, packing
defects, dislocation loops subject to material history, fluence, energy, flux, nature of ionizing
radiation, temperature of irradiation and postradiational annealing.

There was no a thorough research of the influence of preliminary thermochemical treatment,
including hydrogen and other atomic gases saturation and cyclic thermal shocks with an account
of reconstruction of electron structure and density of pulse distribution of electrons in the field
of defect production on the materials’ final properties. Availability of such data would com‐
plete a full picture of purposeful properties changes and make possible working the materials
with predetermined properties. This problem definition caused by demands of the state-of-the-
art science and technology appears to be strategically important area of research in the fields of
physics of metals, physics of radiation damage and radiative study of materials.

Therefore, the main goal of the present work, which is based on the authors’ own research, is
investigation and establishment of regularities of the electron structure alteration and its
correlation with different titanium alloys crystal lattice defects created as a result of deforma‐
tion radiation and complex thermochemical treatment.

2. Experimental and software-supported investigations

Since science of metals is generally experimental science, the depth, objectivity and reliability
of our understanding of investigated phenomena related to materials electronic and defect
structure are determined by capacity of the technical means and methods of investigation used
in order to solve the problem.

The method of positron spectroscopy is the most important instrument of investigation in this
case. Not only did the relativistic quantum mechanical theory developed by Dirac (1928)
explain the main properties of electron and obtain the right values of its spin and magnetic
moment, but also it determined the positron existence probability. Positron is the antiparticle
of electron with the mass me+ = me-= 9.1 10-28 g same as electron’s, rest energy moс2 = 0.511 MeV
and elemental, but opposite in sign, electron charge е = 1.6 10-19 K and spin S= 1/2h.

Natural positron sources normally do not exist. Therefore positrons are usually obtained from
nuclear reactions in different nuclear power plants. The principal criteria for choosing positron
sources are the cost and half-life period. The most widespread is the sodium isotope 22Na
obtained from 25Mg by reaction (p,α). It is convenient in all respects and easy-to-use in the
positron spectroscopy experiments, as well as for angular distributions measurements,
Doppler broadening of annihilation line, positrons life time and counting rate of 3γ – coinci‐
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dence. 22Na nuclear decay occurs by the following scheme: N11
22 a → N10

22 e + e + + γЯ. In this
nuclear decay reaction the 22Nа nuclear is produced in an excited state with the time of life less
than 10-12 s. At the return to the ground state it emits the nuclear quantum with energy Е=1.28
MeV, which effectively testifies positron production.

The essence of using positrons for solid structure probing is explained in the following. A
positron emitted by a source while penetrating in solid to a certain depth subject to energy,
experiences numerous collisions with the atoms of the solid, and consequently this positron
gradually loses its velocity and at the end gains energy that corresponds to environment’s
absolute temperature: E0 = kT=0.025 eV, where k is the Boltzmann constant. This process is
referred to as the positron thermolysis. The fundamental result of this phenomenon is the
positron thermalization time, during which the positron dissipates its initial energy. Its
calculated value is 3 10-12 s. [1].

Positron thermolysis process occurs during the time, which is considerably shorter than its life
time before annihilation. This circumstance serves as grounds for using positrons in order to
study the properties of condensed matters, because the conduction electrons, with which
positron interacts, occupy the energetic band of the range of several electron-volt and more
importantly positron does not contribute to the total pulse and energy of the pair and hence
can be neglected. Therefore, the information, which is carried by the positron annihilation
photons, corresponds to solid electrons state, in which positron’s thermolysis and interaction
and annihilation processes have occurred.

Annihilation is the act of mutual destruction of a particle and its appropriate antiparticle. While
no absolute destruction of either matter or energy occurs, instead there is a mutual transfor‐
mation of particles and energy transitions from one form to another.

Due to the law of charge parity a positron in singlet state (1S0) decays with emission of even
number (usually two) gamma-ray quanta. A positron in triplet state annihilates with emission
of odd number (usually three) photons. The probability of the 3γ - process is lower by more
than two orders than the probability of the 2γ - process. Therefore, all basic research that is
oriented towards studying properties of condensed state properties is performed around this
phenomenon.

If an annihilation pair is found in the state of rest in center-of-mass system (v=0), then in
laboratory system of coordinates two photons would be emitted strictly in opposite directions
at sinθ =0 (Fig.1a). As a result of interaction with the medium’s electrons and phonons, positron
completely thermalizes and in essence is in state of rest. However, we cannot state the same
about electron, the other immediate participant of the annihilation process. At the same time
pulse transverse component leads to deflection of γ1 and γ2 photons from collinearity:

0 ;Z zP m cq= (1)

This circumstance is initiating development of the method of measuring angular distribution of
annihilated photons (ADAP). The purpose of the method is to obtain information about electrons
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distribution function in momentum space. To this effect, it is supposed that length of the detector
(ℓ), which registers the annihilated photons, must be much longer than its width (δ), and
substantially smaller than distance (L) from positron source to detector. These facts correspond
to so-called long-slot geometry of experiment, which is schematically represented in Fig. 1a.

(a) (b) 

Figure 1. Line and slot geometry circuit with pulse decomposition е--е+ - pair on components (a) and Fermi surface
cross-section for gas of free electrons (b)

At rest positron the impulse of annihilated photons is defined by electron impulse. The latter
is uniformly distributed on whole Fermi sphere for ideal gas of electrons [2,3]. Therefore,
ADAP measuring boils down to choosing thin sphere layer on distance Pz from its center
located perpendicularly of this component of impulse (Fig. 1b). In this case angular correlation
spectrum N(θ) must be of shape of reverse parabola, which mathematically can be described
by the following equation:

( ) 2 2(0)( ) for P F FN Nq q q q q= - £ (2)

This distribution vanishes outside θF and this area corresponds to the boundary Fermi
momentumPF= mоc θF. Besides the parabolic component the spectrum also contains a wide
angular component caused by positrons annihilation with inner electrons of ion core with the
impulse that considerably exceeds the Fermi momentum. The regularities of positron annihi‐
lation in this case have sufficiently reasonable description by Gaussian function:
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where θg is a Gaussian parameter and determines the penetration depth of positron's wave
functions into the ion core. Hence, the ADAP general curve for any materials can be presented
as the following:
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The constant factors Np(0), Ng(0) and N0 in equation (4) define the intensity of the Gaussian
parabola at θ=0 and the background level of random coincidence, respectively. Besides the
angular distribution there also exist other characteristics, which describe the regularities of
electron-positron annihilation phenomena (EPA). The most important among them are the
positron lifetime and Doppler broadening of annihilation line (DBAL). The logical interrelation
of these three methods of positron annihilation is schematically depicted in Fig.2

Figure 2. Schematic diagram of different methods of electron-positron annihilation (EPA)

The positrons annihilation process in solids can be described by a set of parameters. But, the
most informative for material properties characteristics are those, which successfully fit into
different physical regularities, i.e. those that carry in themselves one or another physical
meaning. One of these parameters can be the values of probability of positrons annihilation
with free and bound electrons. These parameters are derived from processing of experimental
angular distributions spectra of annihilation emission (4). The area under each component
(SP , Sg) is usually defined by integration. Knowing the total area under the whole curve

S0 = ∫
−∞

+∞

N (θ)dθ, we can calculate the positron annihilation probability with free electrons and

electrons of ion core, respectively:

/ 0, / 0,WP SP S WG Sg S= = (6)

as well as the redistribution of positron annihilation probability between the free electrons and
the electrons of ion core:
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distribution function in momentum space. To this effect, it is supposed that length of the detector
(ℓ), which registers the annihilated photons, must be much longer than its width (δ), and
substantially smaller than distance (L) from positron source to detector. These facts correspond
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(a) (b) 

Figure 1. Line and slot geometry circuit with pulse decomposition е--е+ - pair on components (a) and Fermi surface
cross-section for gas of free electrons (b)
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/ / .F WP WG SP Sg= = (7)

The example of decomposition of experimental spectra to components is shown in Fig. 3. Due
to parabolic component spreading in the θ = θF region, the Fermi angle value is usually
determined by extrapolation.

Figure 3. The decomposition of the angular correlation spectra into components

The changes in the investigated material structure are by all means reflected on the spectra
form and lead to redistribution of positron annihilation probabilities. In this case after
normalization to a single area, they can be built on one axis for comparison purposes (Fig. 4).

Figure 4. The APAD spectra normalized to a single area for annealed (1) and deformed (2) titanium
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While comparing results of one set of measurements, which are related to thermal, deformative
or radiative influences on the investigated materials, one can use a special configuration
parameter sensible to the presence of only one kind of defect in the crystal [4]:

,
ft

V V
Ñ ft

c c

N N
R

N N
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=
-

(8)

where N is a counting rate value in the structurally sensitive region of the annihilated photons
angular distribution spectrum; subscripts v and c of N refer to a positron annihilation with free
and core electrons, respectively; superscripts t and f correspond to positron annihilation from
the trapped and free states. It is assumed that this parameter does not depend on defects
concentration in the material and is determined by its structure only.

The basic specifications of the experimental spectrometer of annihilated photons angular
distributions with line and slot geometry are the following:

• Angular resolution of the setup changes within the range of 0.5–1.5 mrad.

• The time resolution on the fast channel equals to 100 ns and on the slow channel ranges
within the interval of 0.3–1.0µs.

• The movable detector step width is set stepwise by 0.25, 0.5 and 1.0 mrad; in all the setup
permits to measure up to 50 values of coinciding gamma photons intensity in one direction
from the spectrum maximum position.

• The counting rate instability in the course of three days of continuous work does not exceed
two standard deviations.

• The allowed maximum intensity of incoming information on the slow channel is no worse
than 3 × 105 s−1.

• The maximal vacuum in the measuring chamber is no worse than 10−4 Pa at the temperature
of 300 – 1100 К.

• The positrons source activity of 22Na is 3.7 × 108 Bk (10 mKi).

The reliability of positron investigations results depends on a number of reasons which are as
far as possible taken into account during the process of experimental investigations.

The preparation of investigated objects of different composition was realized in the high
temperature electroarc furnace on a copper bottom with nonexpendable electrodes. After batch
charging and before alloying, a vacuum of ~10−2 Pa was created in the furnace. After that a high
purity argon was introduced into the furnace, in which all the processes of melting were
conducted in this atmosphere. For homogeneity, ingots were repeatedly melted (up to 5–6
times).The finished ingots were rolled at a temperature of 9000C up to 1–2mm strips and then
annealed at 10−5 Pa vacuum at 900 0C during 2 hours. The annealed samples were prepared
from 1mm strips, which repeatedly underwent plastic deformation (ε = 50%) by rolling at room
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• The allowed maximum intensity of incoming information on the slow channel is no worse
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• The maximal vacuum in the measuring chamber is no worse than 10−4 Pa at the temperature
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• The positrons source activity of 22Na is 3.7 × 108 Bk (10 mKi).

The reliability of positron investigations results depends on a number of reasons which are as
far as possible taken into account during the process of experimental investigations.

The preparation of investigated objects of different composition was realized in the high
temperature electroarc furnace on a copper bottom with nonexpendable electrodes. After batch
charging and before alloying, a vacuum of ~10−2 Pa was created in the furnace. After that a high
purity argon was introduced into the furnace, in which all the processes of melting were
conducted in this atmosphere. For homogeneity, ingots were repeatedly melted (up to 5–6
times).The finished ingots were rolled at a temperature of 9000C up to 1–2mm strips and then
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temperature. The true content of the components in the check samples of the material was
determined by chemical and spectral analysis methods. Then the surfaces of these samples
were thoroughly burnished, and the samples were polished electrochemically in the solution
of the following composition: HF – one part, HNO3 – three parts and H2O – two parts. The
prepared samples were flushed with flowing water and wiped with alcohol. The temperature
measurement of samples at irradiation and annealing was performed by thermometry
methods. All measurement processes of annihilation characteristics of investigated materials
after different kinds of influences (plastic deformation, radiative and other complex physico‐
chemical and thermal treatments) were conducted at room temperature.

2. Modification of titanium alloys defect structure by plastic deformation
method

The progress of modern engineering and technology is closely related to the achievements in
science of metals, which before taking a specified form and properties usually undergo plastic
deformation. Not only is the deformation process one of the effective methods for giving the
required form to a material but it is also an important means for modifying its structure and
properties. Yet defect formation and defects influence on metals physico-mechanical proper‐
ties is one of the important problems in metal physics. For investigation of modification
processes in metals structures the titanium binary alloys, alloyed with Zr, Al, Sn, V, Ge and In
within the range of solid solution, were prepared. The elements content in alloys was defined
more precisely by chemical and spectral analysis.

Zirconium Zr is an analog of Ti and forms with it a substitutional solid solution of complete
solubility. As far as concentration of Zr is increased the temperature of the allotropic trans‐
formation of Ti slightly drops and reaches the minimum at equiatomic ratio (50 at.% and
545ºС). Thus, Zr is a weak β–stabilizer for Ti. Usually β–phase is not preserved in this system
at the room temperature. Al is a substitutional element for Ti with limited solubility in α- and
β-phase at presence of peritectoid breakup of the β–solid solution. The Ti-Al system plays the
same role as the Fe-C system for steels in physical metallurgy.

While alloying Ti by Sn, the eutectic systems are formed. Sn forms the system with limited
solubility of alloying elements at presence of the eutectic breakup of β–solid solution. Sn
considerably differs from Ti by its properties and it is restrictedly soluble in both Ti modifi‐
cations. Ti-In is one of those systems that are most insufficiently explored due to considerable
difficulties related to preparation of alloys. In slightly reduces the temperature of alloy
polymorphic transformation and is therefore a weak β–stabilizer.

When alloying titanium with vanadium a solid solution in β-Ti is formed, with complete
solubility. Ti-V phase diagram strongly depends on the method of obtaining Ti (iodide,
hydride-calcic or magnesium-thermic). The V solubility in α−Ti at 650ºС does not exceed 3.5
weight %. Alloying with V leads to Ti lattice spacing decrease, therefore the с/αratio consec‐
utively decreases with increase of V content in alloy.
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2.1. Structural transformations in plastically deformed alloys of the Ti-Zr system

Influence of plastic deformation on the structural damages formation was investigated on the
alloys that contained 0; 2.7; 8.3; 17.0; 22.0 and 39.0 at.% Zr. Plastic deformation ε = 50%
considerably changes shape of the curves by decreasing width on the half height (FWHM) and
increase of counting rate at maximum of N(0) relative to the initial (annealed) state, which is
the effect of crystal structure defects occurrence in the material (Fig.4). For interpretation of
investigation results the above mentioned annihilation parameters F=SP/Sg, θF = PF/mc and their
relative changes ΔF and ΔθF were used.

In order to establish regularities of changes of annihilation parameters depending on the
structure damages level, Ti and its alloy Ti – 2.7 at.% Zr underwent plastic deformation by
different degrees in the range from ε = 5 up to 80 %. It is determined that main changes of the
annihilation parameter occur when ε takes values up to 30%, whereupon it reaches saturation.
Though for Ti–2.7 at.% Zr alloy it reaches saturation considerably quicker than for pure Ti
(Fig. 5). Evidently it can be stated that with an increase of deformation degree the defects
concentration in metals also increases and at certain level virtually all positrons are captured
and annihilated in defects. In such state the annihilation parameters are typical for deformation
defects. In other words, in the conditions of ultimate strains the EPA characteristics contain
information about structure of the crystal regions, in which the vast majority of positrons
annihilation occurs.

Figure 5. The influence of deformation degree and alloying element concentration on titanium alloys structural-sensi‐
tive characteristics: 1-Ti; 2- Ti-2.7 at.% Zr; 3- N(0)/S0 relationship; 4- the β-phase content in alloy

In order to determine the phase composition, titanium and Ti–2.7at.% Zr alloy underwent X-
ray analysis using the DRON-2 diffractometer in the filtered CuKα radiation with the help of
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the special methods of accuracy enhancement. Then the β−phase concentration in the lattice
structure can be determined by the equation [5]:

100% ,
1 2.33( / )

C
I Ib
a b

=
+ (9)

where Ια and Ιβ are X-ray radiation integral intensity for α- and β–phases of the alloy, respec‐
tively. It has been established that the cold deformed Ti at any deformation degrees has only
a single-phase structure. Also after plastic deformation in the alloy there is a two-phase α+β
microstructure is observed, where the β−phase content changes monotonically with the
deformation degree (Table 1 and Fig.5).

Ε (%) 0 5 10 20 30 40 50 60 70 80

Сβ (%) - 2,66 3,61 3,76 4,85 5,90 6,96 7,25 8,05 8,77

Accuracy ±0,05

Table 1. The β−phase content in Ti–2.7at.% Zr alloy

Hence, one can do the following conclusion. For those alloys that undergo transformation,
plastic deformation at room temperature initiates phase transformation since energy rise in
the crystal introduced by the defects may thereby decrease. In this case, the boundary with
matrix regions of new phase nucleus should be assumed as the most likely positrons capture
centers.

In such metals as Ti and Zr, in which the phase transformations from HCP to BCC-structure
occur at relatively low temperatures, the packing defect formation energy in prismatic plane
must be small [6]. With this in mind one cannot help noticing the nature of dependence of the
relative change ΔF = (Fdef – Frel)/Frel parameter on alloys composition (Fig.6).

The maximum changes ΔF are observed for alloys with 2.7 and 3.9 at.% Zr, while for other
concentrations this value is significantly lower. By individual cases, possible role of other
factors is indicated by this behavior of the parameter F; one of such factors can be interaction
of localized-in-defects positrons with lattice instability. In other words, it is pertaining to the
different degrees of alloys lattice stability towards transformation initiation. It is evident that
the maximum deviation of the parameter F related to Zr concentration nearly corresponds to
the minimum value of the α→β transformation temperature.

Experimentally obtained value of ΔθF=(θε-θF0)/θF0 parameter reaches ~9,5%, which is higher
by order of magnitude than expected. This testifies that the positrons are annihilated in the
defect regions, in which electron density is significantly lower than in the matrix. Thus the
most likely positrons capture centers in this case are the new phase regions on its boundaries
with the matrix. The structure of these new phase regions differs by far from that of the matrix.
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Therefore, one should consider two main factors that are responsible for initiation of the
polymorphic transformation in the Ti-Zr alloys: plastic deformation, which leads to the
formation of packing defect with the BCC-phase structure in the HCP-phase matrix, and
positron interaction with lattice instability. Separation of contribution pertaining to each factor
to annihilation parameters change is as yet an impracticable problem for employed experiment
conditions.

2.2. Structure modification in the Ti-Al and Ti-In alloys

In order to obtain additional information about the nature of positrons interaction with the
structure damages in the plastically deformed metals the second group of binary titanium
alloys was prepared. These alloys contain alloying elements from the III group of the periodic
system, namely Al in concentrations 0; 5.2; 10.2; 12.5 and 16.5 at.%, and also In with concen‐
trations 0; 1.4; 2.9; 5.1; 8.5 and 10.3 at.%. The maximum concentration of alloying element in
each of these systems meets the requirements of mandatory occurrence of alloys in the solid
solution region, where the chemical compounds formation is ruled out in advance.

All alloy samples with the specified concentrations of alloying elements were deformed by the
cold rolling method by ε =50%. Concentration dependencies of the ΔF and ΔθF annihilation
parameters for the investigated materials are presented in Fig. 7. One can see that relative
changes of the F parameter for these alloys are also considerable as in the previous case and
reach 130% for Ti–5.2 Al alloy and 250% for Ti–1.4 In alloy. At the same time the Fermi angle
decrease for the first case reaches Δθ = 17% and 12.7% - for the second case. For Ti-In system
the ΔF concentration dependence is of complex nature with two maximum points with In
concentrations 1.4 and 7.4 at.%.

Figure 6. Concentration dependencies of annihilation characteristics for Ti-Zr system alloys.
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Figure 7. The concentration dependencies of annihilation parameters for Ti-In (1) and Ti-Al (2) deformed alloys systems.

If a strongly deformed alloy is to be considered as a two-phase system, then on the basis of
positrons capture models one can define approximate bulk defect size therein: RV = 10 Å.
Therefore, one can assume that strong deformation of titanium alloys is accompanied, along
with the new phase, by the formation of vacancy clusters and their aggregations, which can
serve as deep potential wells for positrons.

2.3. Peculiarities of positrons annihilation in the deformed Ti-Sn alloys

These alloys contained the following concentrations of alloying element: 0; 1.2; 2.5; 4.3; 6.2 and
7.6 at.% Sn. All alloys were deformed by cold rolling by ε = 50 %. The investigation results are
presented in Fig.8. The observed changes of parameters in this case, as in the earlier one, are
substantial and possess a complex nature dependent on alloy composition. Thus, the relative
change of annihilation probability ΔF for Ti–1.2 at.% Sn alloy passes through maximum and
reaches 135 % and then reaches minimum value (ΔF = 85 %) at the concentration of 6.2 at. %
Sn. For comparison, in the case of Ti-Ge alloys system this factor also passes through maximum
at the concentration of 0.8 at.% Ge, but with ΔF =185 %.

One can make yet another observation which is typical for these alloys: the nature of change
of the alloying elements parameters at small concentrations roughly coincide, whereas
maximum decrease of the Fermi angle (ΔθF = −17%) is detected for the Ti–1.5 at.% Ge alloy. In
other words, it is facing a certain shift between maximum locations for two dependencies of
one system of alloys.

Based on abnormally large changes of F and θF annihilation parameters one can make an
assumption that the positrons capture centers structure conform to the regions with average
electron density, which is considerably lower than for general vacancy-dislocation defects.
Since the deformation causes a considerable increase of the parameter F with the respective
decease of the Fermi momentum, this indicates that with general decrease of average electron
density in these defects the contribution of ion core electrons to the EPA process also decreases.
This means that the annihilation occurs mainly with free electrons in the defects.
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On the basis of the findings related to studying Ti alloys one can state the following. For the
deformed Ti alloys the sharply expressed anomalies are typical, which become even stronger
with certain concentrations of the alloying elements and when the initial lattice is fully
reconstructed as a result of considerable shortening of material interatomic distance. Conse‐
quently it is not possible for crystal lattice to preserve initial electron structure. Therefore,
probably for the investigated Ti binary alloys we should adopt a concept of autonomy of d-
electron matrix subsystem relative to the alloying elements interstitial atoms conduction band,
when the wave functions of the matrix atoms d-electrons are overlapped with the wave
functions of impurity atoms conduction electrons. The latter is probably correlated somehow
with the lattice instability. With this in mind the largest lattice instability are displayed by the
investigated Ti alloys systems that contain 1.2 at.% Sn, due to which the maximum change of
ΔF annihilation parameter is observed.

2.4. Restoration of structure damages in plastically deformed titanium alloys

In many metals, the structure damages generated at low temperatures are usually “frozen”,
which enables investigation of their spectrum by measuring some macroscopic properties of
the crystal with its subsequent heating. Among the most applicable are the methods of residual
electrical resistance measurement, crystalline lattice period measurement, X-ray line profile
measurement, etc. For dislocation structure investigation, electron microscopic and neutron
diffraction methods were most effective [7, 8].

The main task of investigating metals modified by cold deformation is the differentiation
between effects that are related to the presence of the structure defects ensemble in them. These
effects can be more or less successfully determined while investigating the processes of
recovery and recrystalization of deformed metals by annealing. The most important structure
imperfection annealing mechanisms are absorption of point defects by dislocations, mutual
destruction of vacancy and interstitial atoms, breakup of point defects aggregations into
individual one, etc. As a result of these mechanisms, while heating, the structure damages are
partially or fully annealed in different temperature ranges. Eventually the annealing process
can be interrupted after recrystallization, due to which full removal of the defect structure and
the initial structure restoration is observed.

Figure 8. The concentration dependencies of annihilation parameters for Ti-Sn system.
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which enables investigation of their spectrum by measuring some macroscopic properties of
the crystal with its subsequent heating. Among the most applicable are the methods of residual
electrical resistance measurement, crystalline lattice period measurement, X-ray line profile
measurement, etc. For dislocation structure investigation, electron microscopic and neutron
diffraction methods were most effective [7, 8].

The main task of investigating metals modified by cold deformation is the differentiation
between effects that are related to the presence of the structure defects ensemble in them. These
effects can be more or less successfully determined while investigating the processes of
recovery and recrystalization of deformed metals by annealing. The most important structure
imperfection annealing mechanisms are absorption of point defects by dislocations, mutual
destruction of vacancy and interstitial atoms, breakup of point defects aggregations into
individual one, etc. As a result of these mechanisms, while heating, the structure damages are
partially or fully annealed in different temperature ranges. Eventually the annealing process
can be interrupted after recrystallization, due to which full removal of the defect structure and
the initial structure restoration is observed.
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Of course, in the given temperature range more than one independent or concurrent processes
can occur. Then the overall picture of annealing kinetics can be presented as superposition of
separate individual processes each of which is responsible for a certain return mechanism. In
addition, it appears to be impossible to avoid formation of the complexes, mobility of which
can significantly differ from that of the single defects. The annealing kinetics of structure
damages in metals, provided that there is one type of defects, can be described by following
equation [9, 10]:

0 0/ ( )exp / ,n n
adP dt P A P t E kTl é ù= - = - -ë û (10)

where P(t) is the change of some material’s physical property; T is absolute temperature. Here
the activation energy of migration Еа is a typical sign of each of the defects type [11, 12]. If there
are several active processes in the crystal then the search of the respective Еа values becomes
complicated. At the same time the determination of the physical meaning of each value of Еа

also becomes nontrivial. Therefore, it is often assumed that in the given narrow temperature
range only one active process is running.

The essence of conducting the isochronal annealing by EPA method is based on the ADAP
curve return for a defect material up to annealed state. As a result, the defects annealing states
are usually established and the respective activation energy is defined by the following
equation [13]:

0 ln( / ),a aE kT k En a= × (11)

where ν ≈1013s −1 is a Debye frequency; k =8.62⋅10−5eV/K is the Boltzmann constant; Т0 is
average temperature of annealing stage (K); α =Δ(T −1) /Δt ; Δ(T −1)=TI

−1 −TF
−1; ТI and ТF are

initial and final temperatures of the stage; Δt is annealing time at a given temperature (Т).

The results of annealing investigations for titanium deformed by ε = 50% and 2.7 at.% Zr
titanium alloy at different degree of deformation (ε = 5, 10 and 20%) are presented in Fig. 9 as
isochronal annealing curves, which are shifted one relative to another by a constant value
downward along the Y-coordinate. Isochronal annealing of iodide titanium is implemented in
two steps. The first one is a low-temperature stage in the temperature range of 150-350ºС, i.e.
the recrystallization temperature threshold for this stage is 150ºС. This stage, which has defects
migration energy activation Еа1 =1.35eV, corresponds to the vacancy complexes. The high-
temperature stage is located between 350ºС and 650ºС with activation energy Еа2 = 1.9eV. It is
obvious that in this stage the dislocation defects and the packing defects, as β-phase initiated
by plastic deformation, are annealed.

The results of annealing of Ti–2.7 at. % Zr alloy, which was exposed to different degrees of
deformation, seems more interesting. It is easy to see that the annealing curves shape for alloy
considerably differs from those of Ti that verifies the appropriate role of the alloying element
Zr. With an increase of the plastic deformation degree the temperature threshold of recrystal‐
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lization gradually shifts towards low temperature: from 200ºС at ε = 5% down to 100ºС at ε =
20%. At the same time the I-stage part tends to increase depending on the deformation degree.
This effectively confirms successive accumulation of vacancy defects. This stage with Еа1 =
1.65–1.75 eV, evidently corresponds to vacancy and vacancy-impurity complexes. The II stage
of annealing for this alloy tends to narrowing along with an increase of the deformation degree.
All narrowing processes of the II stage are also accompanied by an increase of its relative level.
Based on these results it can easily be established that it is Zr that serves as the β-phase initiating
element. The given high-temperature stage, for which the migration activation energy occupies
the interval of Еа2=1.85eV, probably corresponds to the dislocation and packing defects
annealing with β-phase with split dislocations initiated by plastic deformation.

2.5. The structure modification of Ti-V alloys system as a source of packing defects

The positrons interaction with packing defects is of certain interest because some researchers
tend to doubt that positrons can be captured by defects of this type [14]. Therefore, arrange‐
ment of special experiments with more precise methods for detecting the latter is the task of
high importance. However, in order to ensure with the highest probability packing defects
occurrence as a result of plastic deformation, the investigated titanium alloys have to be
accordingly chosen. To this effect, the alloying elements must form a complete solubility of
solid solution with titanium without eutectic and peritectic in the investigated concentration
range of the second component with the successive decrease of the phase transformation
temperature. In other words, the alloying element must be β−stabilizer.

Packing defects are a voluminous lesion. The objective of this research was to study packing
defects by virtue of comparing X-ray structural analysis results with positron annihilation data.
Based on the aforementioned, vanadium (V) was chosen as an alloying element, which is
located in the Y-group of the periodic system. The energy of V packing defects formation is
ν = 0.1 J/m2, that is five times greater than for Ti but considerably smaller than for other metals

Figure 9. Annealing kinetics of Ti-Zr alloys
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of the transition group. V is a β-stabilizing substitutional element for Ti with the atomic
diameter of 2,72Å. The V alloys with 0; 0.5; 1.5; 2.0; 4.0 and 5.8 at. % content were prepared by
the technique described above. The plastic deformation by ε = 80 % was implemented by rolling

at room temperature. (101
__

0), (0002) and (101
__

0) lines profiles were taken in the filtered CuKα

radiation using the DRON-2 diffractometer. The packing defects formation on prismatic plane
α(1010) probability calculation results along with the annihilation parameters are summarized
in Table 2.

Materials

at. %
State F

ΔF

%

θF
mrad

ΔθF
%

Ti
annealed

ε=80%

-

1.2 10-3

0.30

0.44

-

46

6.33

5.83

-

7.9

Ti-0.5 V
annealed

ε=80%

-

4.2 10-3

0.28

0.42

-

50

6.36

5.75

-

9.6

Ti-1.5 V
annealed

ε=80%

-

6.2 10-3

0.29

0.39

-

35

6.40

5.83

-

8.9

Ti-2 V
annealed

ε=80%

-

7.7 10-3

0.23

0.34

-

49

6.40

6.00

-

6.2

Ti-4.6 V
annealed

ε=80%

-

9.0 10-3
0.24 0.35

-

44

6.42

6.08

-

5.3

Ti-5.8 V
annealed

ε=80%

-

10.2 10-3
0.28 0.35

-

25

6.29

5.79

-

7.9

Accuracy ± 0.001 0.01 2.0 0.05 0.1

Table 2. The packing defects probability and Ti-V alloys annihilation parameters

One can see that for all investigated alloys the plastic deformation leads to an increase of the
parameter F by 25-50% with a simultaneous decrease of the Fermi angle θF by 5-10%. The
changes of the annihilation parameters depending on the composition are of monotonous
nature. The packing defects probability on the basal plane both for Ti and alloys remains
practically without changes and equals α(0001) = 2 10-3, whereas on the prismatic plane (1010)
the probability monotonically increases from 4.2 10-3 up to 10.2 10-3 depending on V concen‐
tration. Thus, the packing defects formation under plastic deformation in Ti – V alloys became
an established fact and alloying with V only facilitates this.

The results of the isochronal annealing for deformed Ti, V and Ti – V alloys are presented in
Fig. 10.

On the basis of stage II annealing results analysis one can notice that among the investigated
materials the packing defects are most pronounced only in the alloy with 2 at.% V, which
corresponds to the temperature range 350 - 720ºС with Еа2 = 2.35eV. For all other alloys this
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process is shaded by the bound vacancy-impurity complexes, which are caused by plastic
deformation, and the impurity atoms atmosphere formation around packing defects.

3. Radiation modificationof the titanium alloys properties

3.1. Problem statement

The study of positrons behavior in the plastically deformed metals showed high sensitivity
and selectivity of the EPA method to the structure damages in these materials. Therefore it is
natural that investigators tend to use this method to learn about radiation effects in solids as
a result of nuclear irradiations of a material. This irradiation is accompanied by a number of
new phenomena. The most important among them are nuclear reactions and related to them
change in the elemental composition, point defects formation and crystal integrity disturbance,
point defects aggregations occurrence and matrix disturbance caused by atomic collisions
cascades, etc.

It is clear that without careful and detailed study of all aspects of nuclear radiation interaction
with material and its consequences it is impossible to predict behavior of the materials in the
field of strong ionizing radiation. The positron annihilation methods are promising and
sufficiently informative for investigations of this kind.

As known, interaction of nuclear radiation with a material occurs by elastic and inelastic
collisions channels. It is impossible to trace the process of radiation damage, which happens
during 10-13–10-11s. Therefore, using different experimental methods the final structure of
radiation damaged material is usually studied, which is in the state of equilibrium with an
environment. Consequently, investigation and control of construction materials radiation

Figure 10. The concentration dependencies of annealing kinetics for deformed Ti-V alloys 1 – Ti; 2 – Ti – 2.0 at. %V; 3 –
Ti – 4.6 at.%V; 4 – V

Physicochemical and Radiation Modification of Titanium Alloys Structure
http://dx.doi.org/10.5772/55485

131



of the transition group. V is a β-stabilizing substitutional element for Ti with the atomic
diameter of 2,72Å. The V alloys with 0; 0.5; 1.5; 2.0; 4.0 and 5.8 at. % content were prepared by
the technique described above. The plastic deformation by ε = 80 % was implemented by rolling

at room temperature. (101
__

0), (0002) and (101
__

0) lines profiles were taken in the filtered CuKα

radiation using the DRON-2 diffractometer. The packing defects formation on prismatic plane
α(1010) probability calculation results along with the annihilation parameters are summarized
in Table 2.

Materials

at. %
State F

ΔF

%

θF
mrad

ΔθF
%

Ti
annealed

ε=80%

-

1.2 10-3

0.30

0.44

-

46

6.33

5.83

-

7.9

Ti-0.5 V
annealed

ε=80%

-

4.2 10-3

0.28

0.42

-

50

6.36

5.75

-

9.6

Ti-1.5 V
annealed

ε=80%

-

6.2 10-3

0.29

0.39

-

35

6.40

5.83

-

8.9

Ti-2 V
annealed

ε=80%

-

7.7 10-3

0.23

0.34

-

49

6.40

6.00

-

6.2

Ti-4.6 V
annealed

ε=80%

-

9.0 10-3
0.24 0.35

-

44

6.42

6.08

-

5.3

Ti-5.8 V
annealed

ε=80%

-

10.2 10-3
0.28 0.35

-

25

6.29

5.79

-

7.9

Accuracy ± 0.001 0.01 2.0 0.05 0.1

Table 2. The packing defects probability and Ti-V alloys annihilation parameters
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the probability monotonically increases from 4.2 10-3 up to 10.2 10-3 depending on V concen‐
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an established fact and alloying with V only facilitates this.
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process is shaded by the bound vacancy-impurity complexes, which are caused by plastic
deformation, and the impurity atoms atmosphere formation around packing defects.

3. Radiation modificationof the titanium alloys properties

3.1. Problem statement

The study of positrons behavior in the plastically deformed metals showed high sensitivity
and selectivity of the EPA method to the structure damages in these materials. Therefore it is
natural that investigators tend to use this method to learn about radiation effects in solids as
a result of nuclear irradiations of a material. This irradiation is accompanied by a number of
new phenomena. The most important among them are nuclear reactions and related to them
change in the elemental composition, point defects formation and crystal integrity disturbance,
point defects aggregations occurrence and matrix disturbance caused by atomic collisions
cascades, etc.

It is clear that without careful and detailed study of all aspects of nuclear radiation interaction
with material and its consequences it is impossible to predict behavior of the materials in the
field of strong ionizing radiation. The positron annihilation methods are promising and
sufficiently informative for investigations of this kind.
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collisions channels. It is impossible to trace the process of radiation damage, which happens
during 10-13–10-11s. Therefore, using different experimental methods the final structure of
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damageability is the task of primary importance and, undoubtedly, attracts a considerable
scientific and practical interest. Though, as of today there are practically no systematic, detailed
and purposeful investigations of titanium and its alloys radiation properties. In this chapter
the results of authors’ own investigations in this field are thoroughly described.

3.2. The methodology of materials irradiation on accelerator and reactors

Reliable and reproducible results of the investigation of ionizing radiation influence on the
solid can be obtained only under conditions of guaranteed high accuracy of measurement of
irradiated target temperature. The final structure of the material is determined by the condi‐
tions of irradiation.

Since positron annihilation methods are mainly sensible to vacancy defects, in this case the
problem was to preserve just this type of defects during the irradiation process of the investi‐
gated material. Taking into account these circumstances, the irradiation of the samples on the
electron accelerator ELU-6 and isochronous accelerator U-150 was conducted in the air
atmosphere with the water-cooled base and forced blow-off of the sample with liquid nitrogen
vapor. With the charged particles intensity of (1.5 − 2) × 1016 m−2 s−1, the sample’s temperature
did not exceed 60–700C.

The major portion of the reactor irradiation, related to investigation of neutron flux influence
on metals, was implemented using the nuclear reactor VVR-K at the National Nuclear Centre
of the Institute of Nuclear Physics of the Republic of Kazakhstan. The reactor’s nominal power
is 10MW. Energy distributions of the thermal and fast neutrons fluxes for irradiated channels
were determined by the activation analysis method. For thermal neutrons cutoff the method
of samples screening by cadmium was applied. After irradiation the materials were exposed
to the chain of “hot chambers” where they undergo cutting and dosimetry control. The samples
temperature in the irradiation process was taken to be equal to the temperature of the primary-
coolant system heat carrier (+80ºС).

3.3. Titanium structure modification as a result of electrons irradiation

As any other charged particles, while interacting with the crystalline lattice, the high energy
electrons experience losses of energy on excitation, ionization and atoms displacement. For
metals the first two electron interaction processes usually end without consequences. The
consequences of elastic interactions depend on electron and recoil atom mass ratio as well as
recoil energy Ер. If the recoil energy is greater than the defect formation threshold energy (ЕP

>Ed), then atom will leave its place in the lattice, which leads to formation of the elemental
Frenkel pair, i.e. interstitial atom and vacancy. When Ер values are high the displacement
cascades can appear and they consist of two or three vacancies and a certain number of
interstitial atoms. The latter move towards the sinks or recombine with vacancies at the room
temperature. Therefore, as a consequence of high energy electrons irradiation vacancy defect
structure is generally formed in the crystal, which can be effectively studied by positrons
diagnostics methods.

To this end, iodide titanium samples of high purity were irradiated by Е = 4MeV electrons with
intensity of about 5 1012 cm-2s-1 and up to 3.7 1017; 1018; 3.7 1018; 1019 and 3.7 1019 cm-2 fluencies
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at a temperature lower than 70ºС with the following ADAP spectra measurement and structure
sensitive annihilation parameters determination. The results of these investigations are shown
in Table 3. One can see that the positrons and conduction electrons annihilation relative
probability practically grows in linear fashion with the fluence increase and rate of this growth
decreases only at the last two fluence values: 1019 and 3.7 1019 cm-2. At the same time the Fermi
momentum angle θF has a trend to stabilization at 5.70 mrad.
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Table 3. The annihilation parameters dose dependence for titanium irradiated by electrons

If the positrons and conduction electrons annihilation probability growth with a fluence
increase can indicate an increase in the respective point defects concentration, then the Fermi
momentum practical constancy indicates lack of changes in the electron structure of the latter.
In other words, the vacancy defects configuration on the reached level of fluence remains the
same. On the basis of positrons capture model one can calculate the average size of the defect
region created in Ti as a result of electron irradiation: r = 0.81Å. This means that the positrons
capture centers in this case are really the vacancies.

Figure 11. The structure damages annealing in deformed and electron irradiated titanium 1- deformed on ε =50%; 2-
electron irradiated Ф1 = 1018 cm-2; 3 - electron irradiated Ф2= 1019cm -2.
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damageability is the task of primary importance and, undoubtedly, attracts a considerable
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This statement is also confirmed by calculation results of the configuration parameter Rс, which
is determined according to the positrons capture model (Table 2). It can be seen that within
the calculation error Rс remains constant (Rc = 1.55±0.05), that is regardless of electrons fluence
the radiation defects configuration remains invariant. Consequently, the observed increase of
the probability of positrons annihilation with the conduction electrons F is caused only by a
respective increase of radiation defects in Ti. These data are verified by the isochronal
annealing results performed for three cases (Fig.11). One can see that in the temperature
interval 170-240ºС only one return stage for irradiated materials is observed, which is related
to removal of radiation defects regardless of electrons fluence. The higher return effect value
for Ф2=1019 cm-2 fluence in comparison with Ф1=1018 cm-2 fluence also confirms enhanced
concentration of vacancy defects formation. The defect migration activation energy value did
not exceed Еа = 1.22±0.05 eV and according to the data of [11, 12] it enabled us to identify them
as point defects. Thus, the titanium structure modification by high energy electrons irradiation
leads to formation of point defects of vacancy type, the concentration of which depends on the
irradiation fluence.

3.4. Radiation induced modification of titanium structure at the helium ions irradiation

Use of accelerators of high energy charged particles plays quite an important role in studying
radiation modification fundamental problems. This is first of all important for prediction of
the construction materials behavior and change of their properties. To this end, the structure
modification process of titanium binary alloys that contain 0; 1.2; 2.5; 3.3; and 4.1 at. % Ge; 1.2;
2.5; 4.3; 6.2 and 7.6 at.% Sn and 1.4; 2.9; 5.1 and 10.3 at.% In was performed. The modification
was realized by α-particles irradiation with Е = 50 MeV with the flux density 1.5 1012 cm-2 с-1

and the temperature not higher than 70ºС.

It should be noted that irradiation by α-particles with Е=50 MeV causes significant deformation
of the spectra shape that considerably exceeds the influence of the plastic deformation of
sufficiently high degree ε =50% (Fig.11). The probability of positron annihilation with con‐
duction electrons as a result of irradiation by α-particles in all cases significantly exceeds its
values for alloys both in initial state and also after strong plastic deformation with simultane‐
ous and significant decrease of the Fermi angle θF. It is important that the nature of change of
the concentration dependence of these parameters is preserved from one alloy to another.
Meanwhile, those alloys, in which abnormally high increase of the annihilation parameter after
plastic deformation is observed, also show this tendency after α-particles irradiation. For some
alloys these changes exceed by more than twice the corresponding indicators for the deformed
state. This indicates that the α-particles irradiation appears to be more effective on structure
changes in metals than plastic deformation.

Stability of the each alloys system towards the α-particles exposure depends on the nature and
concentration of the alloying element. The smallest stability towards the α-particles exposure
was observed in the alloys containing 0.8 at.% Ge; 1.2 and 7.6 at.% Sn, as well as 1.4 and 7.4 at.
% In. Therefore, the damageability of alloys of the indicated compositions in relation with ? Ti
under α-particles irradiation is higher than for alloys of other compositions (Fig.12).
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Figure 12. The alloys structure modification: Ti-Ge (a), Ti-Sn (b) and Ti-In (c) in different states: 1 – annealed; 2 – de‐
formed by ε=50 %; 3 – irradiated by α-particles with Е=50MeV

On the basis of positrons capture model and assuming formation of new allocations in crystal
structure due to α - particles irradiation we can estimate the average size of these regions. The
sizes are: r = 16 Å for Ti–1.4 Ge at.% alloy; r = 15Å for Ti-1.4 at.% In alloy and r= 20 Å for Ti –
7.6 аt.% Sn alloy. These data are confirmed by the isochronous annealing results.

Figure 13. Annealing kinetics of titanium alloys, irradiated by α - particles with Е = 50MeV: 1 - 1.2 at.% Ge 2 - 1.2 at.%
Sn 3 - 2.9 at.% In

The results of isochronal annealing of the Ti irradiated alloys presented in Fig.13 reveal only
one stage of return regardless of the composition of the alloy. This annealing is completed at
the temperature of 300-320ºС with radiation defects migration activation energy of
Еа=1.50-1.55eV and corresponds to vacancy complexes that occur in the Ti alloys’ α−phase.
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3.5. The dose dependence of titanium alloys structure modification under α−particles
irradiation

This characteristics is estimated by radiation defects accumulation kinetics at α−particles
irradiation with 1014; 3.2 1014; 3.2 1015 and 1016 cm-2 fluences on the example of the Ti-Ge alloys
system. The α−particles energy was Е=29 MeV with the beam intensity 1.5 1012 cm-2с-1 (Fig.
14). One can see that the accumulation curve character is practically not dependent on the Ge
concentration. The 1014÷5 1015 cm-2 fluence is correspond to the incubation period of radiation
defects accumulation. Further, the defects accumulation obeys the point defects clusterization
principle.

Figure 14. Positrons capture efficiency dosage dependencies for Ti (1) and Ti–3.1 at.% Ge (2)

3.6. The peculiarities of structure modification of titanium alloys irradiated by protons

By the time of setting the experiment for the purpose of studying radiation modifications of
Ti and its binary alloys structure under irradiation by high energy protons, there was no a
single research work with published results that was devoted to this problem. Therefore,
investigation of radiation damageability caused by strong protons beam was realized on the
example of Ti binary alloys, alloyed by Sn in aforementioned concentration. The Ti–Sn alloy
samples in the initial annealed and deformed (ε = 50%) states underwent irradiation by protons
with E = 30 MeV up to two-value (5 1015 and 2.5 1016 cm−2) fluence for the purpose of elucidating
not only the dopant agent role but also the material’s history in the formation of the final
defective structure of alloys. It is necessary to point that for the protons with E = 30 MeV, the
thickness of the samples used (1 mm) was absolutely insufficient for providing their complete
deceleration. The calculated value of protons energy on the backside of the samples differed
from protons initial energy only by 5–6MeV [15, 16]. Therefore, all investigated samples were
irradiated actually by shooting. The results of this investigation are presented in Table 4. One
can see that for the materials’ initial state the alloying elements concentration increase has a
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weak influence on positrons annihilation process nature both in respect of the probability WP

= Sp/So and the Fermi angle θF.

At the same time the proton irradiation of annealed alloys leads to a significant increase of
positrons annihilation probability at a fluence of 5 1015 cm-2: by 36% for Ti and by 50% - on an
average for alloys containing 0.8 and 1.5 at.% of Ge. If we take the WP value for the alloys
deformed by ε = 50% as saturating, then the results for alloys irradiated by protons from an
annealed state confirms the absence of tendency of the annihilation parameter to saturate
within the range of reached fluence level. The annihilation parameter increase with the fluence
characterizes the respective increase of radiation defects concentration in the materials’
structure. The largest increase of positron traps as a result of proton irradiation is observed in
the alloys containing 1.2 and 7.6 at.% Sn, i.e. these alloys, as in the case of α−irradiation
influence, manifest certain instability to proton irradiation influence.

Analysis of the results of alloys irradiation to up to 5×1014 cm−2 fluence in the previously
deformed state testifies a completely opposite picture. In this case the positron annihilation
probability takes substantially smaller values than before irradiation practically for all
investigated alloys of this system. This tendency remains even after re-irradiation of up to
2.5×1016 cm−2 fluence, which indicates the significant role of the material’s history and the
dopant agent nature in the formation of the structure damages caused by proton irradiation.
The primary decrease in the positron annihilation probability WP caused by proton irradiation
of deformed materials is probably related to the appropriate decrease in the efficiency of
structure damages towards positron trapping. The following increase of WP is obviously
caused by probable radiation-stimulated reconstruction of alloys dislocation structure as a
result of proton irradiation.

Alloys composition,

at.%.
Materials state

Annealed

Plastic

deformed

ε=50%

Protons fluence, Е=30MeV

5·1015 cm –2 2.5·1016 cm –2

After

annealing

After

deformation

ε=50%

After

annealing

After

deformation

ε=50%

Ti 0.22 0.38 0.30 0.41 0.42 0.45

Ti-1.2 Sn

Ti-2.5 Sn

Ti-4.3 Sn

Ti-6.2 Sn

Ti-7.6 Sn

0.25

0.22

0.26

0.27

0.26

0.44

0.39

0.41

0.41

0.43

0.36

0.29

0.28

0.34

0.30

0.32

0.34

0.37

0.33

0.36

0.38

0.31

0.38

0.37

0.41

0.36

0.38

0.40

0.46

0.41

Accuracy ± 0.02 0.02 0.02 0.02 0.02 0.02

Table 4. The positrons annihilation probability in titanium alloys irradiated by protons
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dopant agent nature in the formation of the structure damages caused by proton irradiation.
The primary decrease in the positron annihilation probability WP caused by proton irradiation
of deformed materials is probably related to the appropriate decrease in the efficiency of
structure damages towards positron trapping. The following increase of WP is obviously
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The calculation of the average size of these centers on the basis of a one-trap model positron
capture for Ti–2.5 at% Sn alloy irradiated by E = 30 MeV protons up to 2.5 1016 cm−2 fluence
gives RV = 10Å, i.e. in the investigated materials one can assume a generation of vacancy
clusters.

These very peculiarities of the concerned problem are well confirmed by the results of
isochronal annealing of structure defects. As an example, Ti and Ti–7.6 at% Sn alloy were
chosen for studying annealing. These samples underwent all of the three abovementioned
types of external exposure. The results of these investigations are reflected in Fig. 15(a) and
(b) as curves of isochronal annealing. In each case, in order to establish the nature of the
structural transformations, the curves of annealing for the deformed materials obtained earlier
are provided. Comparing the annealing results for all states of the materials is useful as it
enables formulation of quite important conclusions about some redistribution of defects in the
crystal structure of materials that underwent a combined treatment. One can observe a
pronounced low-temperature stage for Ti caused by an irradiation by protons up to 2.5 1016

cm−2 fluence from a deformed state within the temperature range of 60 – 2200C (Fig. 15(a), curve
2). It occurred as a result of the transformation, evolution and redistribution of the initial defect
structure generated by an intense plastic deformation under a heavy proton radiation. This
stage significantly differs from that of annealing curve for deformed titanium (curve 1) both
by form and by temperature region of manifestation.

(a) (b) 

Figure 15. Kinetics of Ti (a) and Ti–7.6 at% Sn alloy (b) annealing under different types of exposure. 1 – deformed by ε
= 50%; 2 – irradiated by protons in a deformed state; and 3 – the same in an annealed state.

In addition, one can observe a second high-temperature stage with ΔN2 = 2.5% in the temper‐
ature range of 330–3600C. The defect migration activation energies by stages were equal to Ea1

= 1.21 eV and Ea2 = 1.93 eV, respectively. This fact confirms an assumption about dislocation
structure evolution and its partial transformation into the vacancy structure.
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3.7. The metals and their alloys structure modification under neutron irradiation

Relatively high stability of some Ti–Al system alloys to fast α−particle influence was shown
above experimentally. Though, in the literature one can encounter contradictory assertions
about radiation characteristics of these alloys [16]. For tackling this problem alloys of this
system of compositions investigated earlier underwent irradiation by fission neutrons.

Irradiation of the annealed materials by fission neutrons with Е>0.1 MeV was conducted at the
fluence up to 2 1022 cm–2 according to the method described above. The results of the realized
investigations are presented in Fig.16.

Figure 16. The concentration dependencies of annihilation relative probability for Ti-Al alloys, are subjected to plastic
deformation (1) and neutron irradiation (2)

In the titanium alloys that are inclined to phase transformations, as a result of plastic defor‐
mation one should expect formation of defects related to the α→β transformation. The vacancy-
dislocation structure, which appears after strong neutron flux, can stimulate formation of
certain allocations in the crystal, an integral part of which is the lattice instability related to the
energy excess introduced by irradiation. One can see from the data that for Ti and 5.2 at.% of
Al alloy the annihilation parameter ΔF increases under the neutron irradiation by more than
three times, while after plastic deformation by ε = 50% it was only 64 and 127 %, respectively.
Such behavior of the annihilation parameter indicates that with an increase of Al content in
the alloy considerable changes in the defects electron density distribution occur.

At the same time sufficiently close values of the annihilation parameter for heavily doped
alloys with 10.2 and 16.5 at.% of Al as a result of deformation and neutron irradiation can
validate the possibility of structure damages formation in these alloys that assures an equiv‐
alent efficiency of positrons capture potentials. Materials, which manifest this regularity,
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are provided. Comparing the annealing results for all states of the materials is useful as it
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pronounced low-temperature stage for Ti caused by an irradiation by protons up to 2.5 1016

cm−2 fluence from a deformed state within the temperature range of 60 – 2200C (Fig. 15(a), curve
2). It occurred as a result of the transformation, evolution and redistribution of the initial defect
structure generated by an intense plastic deformation under a heavy proton radiation. This
stage significantly differs from that of annealing curve for deformed titanium (curve 1) both
by form and by temperature region of manifestation.

(a) (b) 

Figure 15. Kinetics of Ti (a) and Ti–7.6 at% Sn alloy (b) annealing under different types of exposure. 1 – deformed by ε
= 50%; 2 – irradiated by protons in a deformed state; and 3 – the same in an annealed state.

In addition, one can observe a second high-temperature stage with ΔN2 = 2.5% in the temper‐
ature range of 330–3600C. The defect migration activation energies by stages were equal to Ea1

= 1.21 eV and Ea2 = 1.93 eV, respectively. This fact confirms an assumption about dislocation
structure evolution and its partial transformation into the vacancy structure.
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3.7. The metals and their alloys structure modification under neutron irradiation

Relatively high stability of some Ti–Al system alloys to fast α−particle influence was shown
above experimentally. Though, in the literature one can encounter contradictory assertions
about radiation characteristics of these alloys [16]. For tackling this problem alloys of this
system of compositions investigated earlier underwent irradiation by fission neutrons.

Irradiation of the annealed materials by fission neutrons with Е>0.1 MeV was conducted at the
fluence up to 2 1022 cm–2 according to the method described above. The results of the realized
investigations are presented in Fig.16.

Figure 16. The concentration dependencies of annihilation relative probability for Ti-Al alloys, are subjected to plastic
deformation (1) and neutron irradiation (2)

In the titanium alloys that are inclined to phase transformations, as a result of plastic defor‐
mation one should expect formation of defects related to the α→β transformation. The vacancy-
dislocation structure, which appears after strong neutron flux, can stimulate formation of
certain allocations in the crystal, an integral part of which is the lattice instability related to the
energy excess introduced by irradiation. One can see from the data that for Ti and 5.2 at.% of
Al alloy the annihilation parameter ΔF increases under the neutron irradiation by more than
three times, while after plastic deformation by ε = 50% it was only 64 and 127 %, respectively.
Such behavior of the annihilation parameter indicates that with an increase of Al content in
the alloy considerable changes in the defects electron density distribution occur.

At the same time sufficiently close values of the annihilation parameter for heavily doped
alloys with 10.2 and 16.5 at.% of Al as a result of deformation and neutron irradiation can
validate the possibility of structure damages formation in these alloys that assures an equiv‐
alent efficiency of positrons capture potentials. Materials, which manifest this regularity,
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possess enhanced stability to external influence, including a neutron irradiation. The Ti alloys
containing more than 10 at.% of Al probably belong to this category of materials.

For investigation of the radiation defects accumulation kinetics, alloys of Ti-Al system were
irradiated by fission neutrons in the wide range of fluencies: 1015; 1016; 1017; 1018; 1019 and 2
1019 cm-2. Fig 17a depicts the dose dependence of ΔF parameter for Ti and its three alloys with
Al. The sharply distinct nature of change of this parameter related to the alloys composition
should be noted. Given these conditions one can assume that in the alloys, which are different
by composition, the changes of the defects concentrations and their configuration can also be
different. The strongly concentrated alloys are more stable to neutron exposure and for this
reason the fluence increase of the latter is not accompanied by sharp changes of the annihilation
parameters and this is probably stimulated by an interatomic bond energy increase in these
alloys comparing with Ti and Ti–5.2 at.% Al alloy.

Figure 17. The dosage dependence of annihilation parameters change kinetics in Ti-Al alloys irradiated by fission neu‐
trons (a) and Fermi momentum (b).
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The certain clarity about the processes can be obtained from the annealing data. Firstly, let us
consider the radiation defects annealing spectra in Ti–5.2 at.% of Al alloy, irradiated by
neutrons at different fluencies (Fig.18a). As a result of neutron irradiation to up to 1017 cm-2

fluence, the generated radiation defects in the crystal structure are annealed in one stage in
temperature range of 110 - 210ºС (curve 1) with migration energy activation Еа1 = 1.27 eV. This
stage evidently corresponds to the return of small vacancy clusters.

1.   = 1017 cm-2; 2.   = 1018 cm-2; 
3.   = 2.1019 cm-2

1.Ti;  2. Ti-5.2 at.% Al;  
3.Ti-10.2 at.% Al; 4. Ti-16.5 at.% Al

Figure 18. Dosage (a) and concentration (b) dependencies of annealing kinetics for Ti-Al alloys irradiated by neutrons

The fluence increase by single-order (to up to 1018 cm-2) leads to the radiation defects occurrence
in the structure and these defects are annealed in two stages (curve 2) and with the fluence of
2 1019 cm-2 the full healing of the structure damages is performed in three evidently expressed
annealing stages (curve 3).

A considerable interest is presented by the annealed defects spectra against the alloys com‐
position irradiated at the same neutron dose 2 1019 cm-2. It is easy to determine that in the
different alloys the radiation defects accumulation process occurs differently (Fig.18b).

In conclusion, a comparative analysis of titanium radiation damageability under the four types
of particle radiation influence can be performed: electrons, protons, α-particles and fission
neutrons. This comparison can only be approximate, since it is practically impossible to ensure
same conditions for all cases. The titanium and its alloys radiation damageability is substan‐
tially higher at α-particles irradiation. Taking into account radiation defects generation rate
the most damaging are (detrimental) α-particles, which are then followed by fission neutrons,
protons, and electrons.

Physicochemical and Radiation Modification of Titanium Alloys Structure
http://dx.doi.org/10.5772/55485

141



possess enhanced stability to external influence, including a neutron irradiation. The Ti alloys
containing more than 10 at.% of Al probably belong to this category of materials.

For investigation of the radiation defects accumulation kinetics, alloys of Ti-Al system were
irradiated by fission neutrons in the wide range of fluencies: 1015; 1016; 1017; 1018; 1019 and 2
1019 cm-2. Fig 17a depicts the dose dependence of ΔF parameter for Ti and its three alloys with
Al. The sharply distinct nature of change of this parameter related to the alloys composition
should be noted. Given these conditions one can assume that in the alloys, which are different
by composition, the changes of the defects concentrations and their configuration can also be
different. The strongly concentrated alloys are more stable to neutron exposure and for this
reason the fluence increase of the latter is not accompanied by sharp changes of the annihilation
parameters and this is probably stimulated by an interatomic bond energy increase in these
alloys comparing with Ti and Ti–5.2 at.% Al alloy.

Figure 17. The dosage dependence of annihilation parameters change kinetics in Ti-Al alloys irradiated by fission neu‐
trons (a) and Fermi momentum (b).

Titanium Alloys - Advances in Properties Control140

The certain clarity about the processes can be obtained from the annealing data. Firstly, let us
consider the radiation defects annealing spectra in Ti–5.2 at.% of Al alloy, irradiated by
neutrons at different fluencies (Fig.18a). As a result of neutron irradiation to up to 1017 cm-2

fluence, the generated radiation defects in the crystal structure are annealed in one stage in
temperature range of 110 - 210ºС (curve 1) with migration energy activation Еа1 = 1.27 eV. This
stage evidently corresponds to the return of small vacancy clusters.

1.   = 1017 cm-2; 2.   = 1018 cm-2; 
3.   = 2.1019 cm-2

1.Ti;  2. Ti-5.2 at.% Al;  
3.Ti-10.2 at.% Al; 4. Ti-16.5 at.% Al

Figure 18. Dosage (a) and concentration (b) dependencies of annealing kinetics for Ti-Al alloys irradiated by neutrons

The fluence increase by single-order (to up to 1018 cm-2) leads to the radiation defects occurrence
in the structure and these defects are annealed in two stages (curve 2) and with the fluence of
2 1019 cm-2 the full healing of the structure damages is performed in three evidently expressed
annealing stages (curve 3).

A considerable interest is presented by the annealed defects spectra against the alloys com‐
position irradiated at the same neutron dose 2 1019 cm-2. It is easy to determine that in the
different alloys the radiation defects accumulation process occurs differently (Fig.18b).

In conclusion, a comparative analysis of titanium radiation damageability under the four types
of particle radiation influence can be performed: electrons, protons, α-particles and fission
neutrons. This comparison can only be approximate, since it is practically impossible to ensure
same conditions for all cases. The titanium and its alloys radiation damageability is substan‐
tially higher at α-particles irradiation. Taking into account radiation defects generation rate
the most damaging are (detrimental) α-particles, which are then followed by fission neutrons,
protons, and electrons.

Physicochemical and Radiation Modification of Titanium Alloys Structure
http://dx.doi.org/10.5772/55485

141



4. Titanium alloys defect structure modification by hydrogen saturation
method

It is generally acknowledged that alterations in the metal electron structure caused by
hydrogen should be taken into account when interpreting physical properties of the metal-
hydrogen system. This is especially important for the Ti–H system, because of the high
absorption capacity of titanium with respect to hydrogen, which to a significant degree have
an influence on its technological properties. According to the well-known proton model, the
proton gas penetrates into the electron shells and changes their energy state. At the same time
the intensity of the force fields grows with an increase of the temperature of the system, which
is accompanied by intensification of interaction between proton gas and electron shells.

In order to tackle this task, as an objects of the experimental study iodide titanium and a
system of Ti–Al alloys (up to 50 at.% Al) were taken [13,17]. For hydrogenation, the original
materials were annealed at 9000 C, deformed by rolling by ε =50%, and irradiated by 50MeV
α-particles  up  to  a  fluence  of  5  1015  cm−2.  Hydrogenation  was  implemented  by  Siverts
saturation method at the temperature of 2000 C during 3 hours and under 5000 C during 1
hour. The hydrogen pressure was (4.9–5.9) 105 Pa. Hydrogen was produced by desorption
of the hydrides LaNi5HX and TiHX. Before hydrogenation, the samples were kept under the
room temperature in vacuum of  0.13–1.33 Pa for  10 hours directly in the reactor,  when
hydrogen was admitted after the previous processing.  The pressure was measured by a
standard manometer with accuracy of 300 Pa with the volume of the reactor system being
equal to 4 × 10−4 m3. After samples hydrogen saturation at Т=200ºС in any different initial
state the change of their weight could not be locked. At Т=500ºС the hydrogen saturation
flows  more  intensively  due  to  hydrogen  diffusion  acceleration,  and  samples’  weight
substantially  increases.  For  interpretation  of  the  investigation  results  the  annihilation
parameters shown in Table 5 were used.

Material state

Titanium Ti-5.2 at. % Al Ti-1.4 at. % V

F
θF

mrad

ΔF

%
F

θF

mrad

ΔF

%
F

θF

mrad

ΔF

%

Annealed (before

hydrogenation)

Annealed+Н (200ºС)

Annealed+Н (500ºС)

ε 50%+Н (200ºС)

α+Н (200ºС)

α+Н (500ºС)

0.26

0.29

0.37

0.32

0.47

0.34

5.82

5.85

5.92

6.05

5.18

6.03

-

15

41

22

81

28

0.34

0.33

0.46

0.46

0.48

0.45

5.61

5.83

5.92

5.82

5.33

5.61

-

0

36

35

42

32

0.27

0.29

0.33

0.38

0.46

0.39

6.12

5.92

5.91

6.22

5.03

5.63

-

9

23

43

72

45

Ti pressed powder 0.40 5.25 54
Error ± 0.01 0.05 1.0

TiHx Pressed powder 0.50 5.00 90

Table 5. Annihilation parameters of hydrogenated titanium alloys
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In ideal defect-free single crystals hydrogen dissolves in the metal,  occupying the lattice
interstitial positions and causing displacement of the metal atoms from their equilibrium
positions. In the real crystals, though hydrogen segregates in various lattice defects, which leads
to reduction of probability of positrons capture. But hydrogen saturation of materials in annealed
state at  Т  =  200ºС does not practically affect  annihilation parameters.  If  we increase the
temperature of the hydrogen saturation process to up to Т=500ºС, then hydrogen absorption
accelerates, which consequently causes more active hydrogenation of that material. This is
effectively reflected in the respective increase of F probability, but angle of Fermi momentum
θF remains constant in the range of calculation error. This means that the hydrogen saturation
process is not accompanied by new defects formation in the metal’s structure and electron
subsystem in positrons locating places does not experience significant reconstruction.

Plastically deformed metals facilitate accumulation of a considerable amount of hydrogen. The
hydrogen saturation at comparatively low temperature (200ºС) is obviously accompanied by
atomic hydrogen capture by structural damages. The new complexes appear in crystalline
lattice which decrease the capture efficiency of positrons localization centers, previously
introduced by the plastic deformation. The hydrogen saturation temperature increase up to
500ºС converts materials into a hydride state, which caused the cast, compact metals to crumble
into powder. The reason for destruction of the compact metal after hydrogen saturation under
500ºС can be formation of cracks of deformative nature related to the hydrides formation. The
penetrated hydrogen is dissociated in the internal surface of these defects but with formation
of less mobile molecules which with more intensive arrival from outside gradually become
bigger by volume and eventually cause sample’s destruction.

In order to establish the nature of the observed phenomena, the hydrogen accumulation nature
in Ti and its alloys with Al in annealed state was investigated. In clean Ti, there are practically
no reasons that could prevent hydrogen from accumulation to significant concentrations (Fig.
19a). At the same time, intensity of hydrogen absorption by annealed alloys of Ti-Al system
sharply drops with an increase of Al concentration in the alloys (Fig.19b). Therefore, the
capabilities of Al, as an absorber of hydrogen, are rather limited comparing to those of Ti. This
is reflected in the annihilation parameter changes.

Thus, the observed changes in the electron structure of the defect material indicate, on the one
hand, on hydrogen’s significant role in its formation and, on the other hand, on enhancement
of the interaction of hydrogen with the material due to the presence of damages of deformative
and radiative character.

Isochronal annealing behavior of these materials is presented in Fig.19. For irradiated by
electrons and not saturated by hydrogen Ti one stage of restoration is allocated under
annealing in the temperature range 170-240ºС with Еа= 1.22 eV. As a result of irradiation of the
hydrogen saturated metal, the displacement of the starting point of the first stage recovery up
to 225- 230ºС is observed, which finishes near 330ºС. Therefore, the bound state vacancy-
hydrogen in Ti has a higher temperature range of dissociation and annealing with Еа = 1.38
eV, than simple vacancy defects.

Fig. 19 Hydrogen accumulation kinetics (a), Al influence on hydrogen accumulation rate in Ti
(b) and defects annealing kinetics in titanium (с)
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Figure 19. a. Kinetics of hydrogen accumulation ΔF in titanium. b. Effect of aluminum addition on hydrogen accumu‐
lation ΔF in titanium.c. Annealing kinetics of radiation defects in titanium

5. Conclusion

Complex and systematic investigations of the electron structure of the titanium binary alloys
depending on the type and concentration of the alloying elements and the modification degree
by plastic deformation method enabled formulation of the following conclusions:
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• for the initial state the alloys electron structure reveals a weak dependence on type and
concentration of an alloying element, whereas the structure modification by plastic defor‐
mation causes nonmonotonic changes to the annihilation parameters. At the same time, the
main changes in the character of the annihilation parameters are observed at deformations
of up to ε≤30 %, above which saturation is observed;

• it was shown by X-ray investigations that in the metals modified by deformation one can
find a certain amount of new phase precipitates which are interpreted as the β - phase of
base metal in the matrix of α-phase, with vacancy-dislocation structure and electron density
substantially smaller than in the initial phase;

• it was shown that after electron irradiations, mono vacancies emerge in the titanium
crystalline lattice and they remain at the room temperature; these mono vacancies ensure
capture of positrons, electron structure and configuration of which do not depend on
electrons fluence and significantly differ from the corresponding characteristics of vacancy
formations generated by plastic deformation;

• it was established that the electron structure and stability of each alloys system to the
influence of high energy α-particles are the function of alloying elements nature and their
concentration;

• the possibility of the irradiation-induced swelling suppression in the titanium alloys by
selective alloying and preliminary structure defects introduction was experimentally
demonstrated;

• the role of the initial structure defects in titanium alloys under the high energy proton
irradiation is manifested in their transformation, evolution and redistribution with sharply
distinct electron structure;

• it was shown that in the deformed state hydrogen accumulation in titanium occurs in the
defect regions with hydride formation which afterwards leads to sample destruction;

• for hydrogen corrosion reduction it is necessary to use titanium alloyed by Al (over 5.2 at.
%);

• the radiation effects in preliminary hydrogen saturated titanium manifested themselves in
emergence of hydrogen atom-vacancy coupled state.
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Figure 19. a. Kinetics of hydrogen accumulation ΔF in titanium. b. Effect of aluminum addition on hydrogen accumu‐
lation ΔF in titanium.c. Annealing kinetics of radiation defects in titanium
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