
 
 
 
 

 

 

TITANIUM AND TITANIUM ALLOYS  

 

 

 

 

 
 
 

By: 
 

Abdul Wadood 
(Department of Materials Science and Engineering, 

Institute of Space Technology (IST) Islamabad) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

HIGHER EDUCATION COMMISSION 
ISLAMABAD – PAKISTAN 





ii 

 

 

 

 

 
All rights are reserved. No part of this publication may be reproduced, or transmitted, in any form 
or by any means – including, but not limited to, electronic, mechanical, photocopying, recording, 
or, otherwise or used for any commercial purpose what so ever without the prior written permission 
of the publisher and, if publisher considers necessary, formal license agreement with publisher may 
be executed. 
 
Project: “Monograph and Textbook Writing Scheme” aims to develop a culture of writing and to 
develop authorship cadre among teaching and researcher community of higher education 
institutions in the country.  For information please visit: www.hec.gov.pk 
 

HEC – Cataloging in Publication (CIP Data): 

Wadood, Abdul. 
 
 
Titanium and Titanium Alloys. / Abdul Wadood. 
 
1. Titanium. 2. Titanium Alloys. 

I. TITTLE. II.  

 
669.7322.ddc23. 
 

ISBN:  978-969-417-205-7 
 
First Edition:  2018 
 

Copies Printed: 500 
 

Published By: Higher Education Commission – Pakistan 
 
Disclaimer: The publisher has used its best efforts for this publication through a rigorous system of 
evaluation and quality standards, but does not assume, and hereby disclaims, any liability to any person 
for any loss or damage caused by the errors or omissions in this publication, whether such errors or 
emissions result from negligence, accident, or any other cause. 

 
 
 
 
 

 

 

Copyrights @ Higher Education Commission 
Islamabad 

Lahore  Karachi  Peshawar          Quetta 

http://www.hec.gov.pk/


iii 

TABLE OF CONTENTS 
 
 
AUTHOR’S EXPERIENCE RELATED TO TITANIUM ALLOYS              ix 
PREFACE AND ACKNOWLEDGMENTS                xi 
LIST OF FIGURES                 xiii 
LIST OF TABLES                xvii 
 

CHAPTER 1 INTRODUCTION                                                     1 
1.1 IMPORTANT PROPERTIES OF TITANIUM               1 
1.2 IMPORTANT APPLICATIONS OF TITANIUM              4 
1.3 TITANIUM ORES                 4 
1.4 TITANIUM ISOTOPES                 4 
1.5 TITANIUM OXIDATION                 4 
1.6 TITANIUM COMPOUNDS                4 
1.7 EXTRACTION OF TITANIUM                 4 
1.8 BRIEF INTRODUCTION TO TYPES OF TITANIUM ALLOYS                              5                 
1.9 SUMMARY OF CHAPTER 1                                                                                 6                                                                

REFERENCES                                            6 
 

CHAPTER 2 TITANIUM ALLOYS                                         9 
2.1 INTRODUCTION                 9 
2.2 α TITANIUM ALLOYS                              9 
2.3 (α+β) TITANIUM ALLOYS               11 
2.4 β TITANIUM ALLOYS                13 
2.5 SOLID SOLUTION STRENGTHENING               14 
2.6 TTT DIAGRAMS, HEAT-TREATMENT AND MICROSTRUCTURE                        

  CONTROL OF TITANIUM ALLOYS                          16 
2.7 PHASE STABILITY AND PHASE STABILITY MAPS           17 
2.8 SUMMARY OF CHAPTER 2              18 

REFERENCES                                                                  18 
 

CHAPTER 3 TITANIUM BASED INTERMETALLICS                                                 21 
3.1 INTRODUCTION               21 
3.2 NiTi INTERMETALLIC SYSTEM                      21   

 3.2.1  AUTHOR’S RESEARCH ACTIVITIES RELATED TO TINI                       23 
3.3 TiPd SYSTEM                24 
3.4 TiPt SYSTEM                24 
3.4.1 EXPERIMENTAL PROCEDURES FOLLOWED BY CURRENT AUTHOR         25 

  3.4.2 OVER-VIEW OF MECHANICAL AND SHAPE MEMORY RESULTS                              
               RELATED TO TiPt                           26 

3.5 TiAu SYSTEM                 28 

3.6 OVER-VIEW OF AUTHOR’S RESEARCH RELATED TO TiAu                       31 

3.7 SUMMARY OF CHAPTER 3              31 
REFERENCES                                          32 
 

CHAPTER 4 TITANIUM BASED SHAPE MEMORY ALLOYS                                       35 
4.1 INTRODUCTION                35 
4.2 SHAPE MEMORY EFFECT (SME)              35 
4.3 TIME LINE OF SHAPE MEMORY ALLOYS             36 
4.4 HYSTERESIS LOOP                38 
4.5 PSEUDO-ELASTICITY               39 
4.6 CORROSION CONCERNS              40 
4.7 APPLICATIONS OF SHAPE MEMORY TITANIUM ALLOYS           41 
4.7.1 BIOMEDICAL APPLICATIONS                          41 



iv 

 

4.7.2 ENGINEERING APPLICATIONS             41 
4.8 NITINOL                 42 
4.9 NiTi BASED SHAPE MEMORY ALLOYS            42 
4.10 AUTHOR’S RESEARCH AND CONTRIBUTION IN THE FIELD  

OF TITANIUM BASED SHAPE MEMORY ALLOYS                        43 
4.11 SUMMARY OF CHAPTER 4              44 

REFERENCES                                          44 
 

CHAPTER 5 PROCESSING OF TITANIUM AND TITANIUM ALLOYS                                  47   
5.1 INTRODUCTION               47 
5.2 TITANIUM EXTRACTION              47 
5.2.1 CHLORINATION               47  
5.2.2 FRACTIONAL DISTILLATION              47 
5.2.3 REDUCTION OF "TiCl4"                                       47 
5.2.4 CRUSHING AND SIZING              48 
5.3 MELTING                48 
5.3.1 LAB SCALE MELTING                           48 
5.3.2 INDUSTRIAL SCALE MELTING              49 
5.4 HOMOGENIZATION               51 
5.5 COLD ROLLING                        53 

 5.5.1 ROLLING SAFETY               54 
5.6 HOT ROLLING                55 
5.7 SAMPLE CUTTING               56 
5.8 TTT DIAGRAMS AND PROCESSING             58 
5.9 POWDER METALLURGY ROUTE             58 

 5.9.1 WEIGHING                            59 
5.9.2 MIXING                             59 
5.9.3 COMPACTION                            59 
5.9.4 GENERAL PROCEDURE FOR THE UNI-AXIAL COMPACTION          60 
5.9.5 SINTERING                                        61                     
5.10 SELF-PROPAGATING HIGH TEMPERATURE SYNTHESIS          61 
5.11 PROCESSING AND PROPERTIES             61 
5.12 TITANIUM BASED METAL FOAMS             61 
5.13 AUTHOR’S EXPERIENCE RELATED TO PROCESSING OF  

TITANIUM ALLOYS                62 
5.14 SUMMARY OF CHAPTER 5              63 

REFERENCES                                          63 
 

CHAPTER 6 CHARACTERIZATION TECHNIQUES                                     65 
6.1 INTRODUCTION               65 
6.2 METALLOGRAPHY               65 

 6.2.1 SAMPLE PREPARATION PROCEDURE AND PRECAUTIONS           65 
6.3 MICROSCOPY                69 
6.4 X-RAY DIFFRACTION               75 
6.5 THERMO-MECHANICAL/THERMAL TESTING            77 
6.6 HARDNESS TESTING               79 

 6.6.1 BRINELL HARDNESS TEST              79 
 6.6.2 VICKERS HARDNESS TEST              80 

6.7 SHAPE MEMORY TESTING              81 
6.7.1 METHOD-1                            81 
6.7.2 METHOD-2                            83 
6.7.3 METHOD-3                            84 
6.8 SUMMARY OF CHAPTER 6              84 

REFERENCES                                          84 
 
 
 
 



v 

CHAPTER 7 CORROSION AND OXIDATION OF TITANIUM ALLOYS           85 
7.1 CORROSION OF TITANIUM AND TITANIUM ALLOYS           85 
7.2 ELLINGHAM DIAGRAM AND TITANIUM REACTIVITY           88 
7.3 TMA FOR OXIDATION BEHAVIOR OF TITANIUM ALLOYS          90 
7.4 CORROSION BEHAVIOR OF TiNi              91 
7.5 OXIDATION BEHAVIOR OF TiAu             92 
7.6 AUTHOR’S CONTRIBUTION TO CORROSION AND OXIDATION          

BEHAVIOR OF TITANIUM/TITANIUM ALLOYS                                                 92 
7.7 SUMMARY OF CHAPTER 7              93 

REFERENCES                                          93 
 

CHAPTER 8 APPLICATIONS OF TITANIUM AND TITANIUM ALLOYS          95 
8.1 INTRODUCTION               95 
8.2 AEROSPACE APPLICATIONS OF TITANIUM AND TITANIUM ALLOYS          95 
8.3 BIOMEDICAL APPLICATIONS              97 
8.4 APPLICATIONS OF TITANIUM IN AUTOMOTIVE INDUSTRY         101 
8.5 APPLICATIONS IN SPORTS EQUIPMENT                 102 
8.6 APPLICATIONS IN PAINT INDUSTRY                                   104 
8.7 OTHER APPLICATIONS            105 
8.8 SUMMARY OF CHAPTER 8            105 

REFERENCES                                        106 
 
CHAPTER 9 TITANIUM BASED NANO-MATERIALS AND THEIR APPLICATIONS       109 

9.1 INTRODUCTION             109 
9.2 TITANIA BASED NANOMATERIALS           109 

 9.2.1 MORPHOLOGICAL FORMS OF TIO2 NANOMATERIALS        111 
 9.2.2 TiO2 BASED THIN FILMS            112 
 9.2.3 DOPED FORMS OF TIO2 BASED NANOMATERIALS         112 

9.2.4 TiO2 BASED NANOCOMPOSITES           114 
9.3 TITANIUM BASED NANOCOMPOSITES AND NANOALLOYS        116 
9.4 APPLICATIONS OF TITANIUM BASED NANOMATERIALS        116 

 9.4.1 TiO2 NANOMATERIALS FOR PHOTOCATALYSIS         117 
9.4.2 TiO2 NANOMATERIALS FOR SOLAR CELLS          117 
9.4.3 TiO2 NANOMATERIALS FOR WATER SPLITTING         118 
9.4.4 TiO2 NANOMATERIALS FOR ANTIMICROBIAL ACTIVITY        119 
9.5.1 SUMMARY OF CHAPTER 9            121 

REFERENCES                                                                                                                            121 
 

        

 
 
 

 
 

  



vi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

DEDICATION 

 
 
 
 
 

Author dedicate this book to his mother Shakeela Begum, wife Nazneen Wadood 
and Children: Abdul Sami, Sidra, Dania, Hassan Ali Danish and Shehzadi Sundas 
Madeena. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



viii 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



ix 

 Author’s Experience Related to Titanium and 
Titanium Alloys 

 
Author has spent about eleven years working on titanium and titanium alloys development and has 
published around 20 original research papers and two review articles related to titanium and 
titanium alloys. In July 2017, author’s patent has registered in the Japanese Patent office. Author’s 
MS, PhD and post-doctoral research work are related to development and characterization of 
titanium alloys especially titanium based shape memory materials. Author’s MS thesis (2006-2008, 
GIKI) was related to biocompatibility and corrosion behavior of NiTi-Ag shape memory intermetallic. 
Author’s MS, PhD, post-doctoral and current research activities are related to titanium and titanium 
alloys especially related to titanium based shape memory alloys.  
 
Author has completed MS from GIK Institute in 2008 and same year; author has won Japan 
Government scholarship (MEXT) and joined Hosoda-Inamura Lab, Tokyo Institute of Technology 
(TITECH) Japan in October 2008. Author’s PhD thesis was related to development and 
characterization of nickel free titanium based shape memory and super-elastic alloys for biomedical 
and engineering applications. In 2012, author has completed PhD, and same year, author was 
selected as post-doctoral researcher in the High Temperature Materials Unit, National Institute for 
Materials Science (NMS), Tsukuba Japan. During post-doctoral study, author worked on TiPt and 
TiAu high temperature intermetallic materials.  
 
Author has written two review articles, one related to TiPt alloys and one related to Ni-Ti shape 
memory alloy. In March 2014, author joined Department of Materials Science and Engineering, 
Institute of Space Technology (IST) Islamabad Pakistan. One BS student research group has 
already completed BS final year project (FYP) on NiTi based shape memory alloys under author’s 
supervision. The research work of these students has accepted in the Russian Journal of Non-
Ferrous Metals.  
 
Recently author has won National Research Program for Universities (NRPU) project of 9.5 million 
Pakistan Rupees from HEC for the development of nickel free titanium based shape memory alloys 
in the author’s parent Institute. Author has also won 0.5 million project from HEC for NiTi based 
shape memory alloys. Author was awarded Tejima Research award (Prof. Tejima was the founder 
of Tokyo Institute of Technology) Japan in 2014 for scientific contribution in the field of titanium 
based shape memory alloys. 

 
 
 
 
 
 
 
 
 
 
 



x 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xi 

PREFACE AND ACKNOWLEDGEMENT 
 
 
Titanium is transition metal element in the Periodic Table and many researchers have spent their 
lives in developing titanium alloys and investigating the properties of titanium, titanium alloys and 
titanium oxides for the benefits of mankind. Titanium belongs to group IV of periodic table. Titanium 
has high strength to weight ratio, light-weight element, corrosion resistant and biocompatible 
material. Many International research groups are working on titanium and titanium alloys. However 
in Pakistan, there are very few researchers working on titanium. According to best of author’s 
knowledge, there is no book on titanium written by any Pakistani author/researcher.  

 
Author has great wish to write a book on ‘Titanium and Titanium Alloys’. However due to lack of 
resources and due to very few Pakistani publishers who are publishing technical books, author 
could not do this job. Now due to this excellent book writing scheme by HEC, author has completed 
this book. Author is thankful to HEC for this excellent book writing scheme for Pakistani researchers 
and faculty members. This book will be useful for undergraduate and graduate students especially 
of materials science and engineering and inorganic/solid state chemistry background students. This 
book will also be beneficial for researchers and teachers of materials science and engineering field.  

 
Titanium ores, different types of titanium alloys e.g. α, β, (α+β), stable β, metastable β and on the 
basis of heat-treatment (e.g. heat-treatable and non-heat-treatable) titanium alloys will be 
presented in this book. There are different aspects of titanium and titanium alloys: phase 
constitution and phase transformation of titanium and titanium alloys, extraction of titanium from 
titanium ores, processing of titanium and titanium alloys, characterization of titanium and titanium 
alloys, titanium based shape memory alloys and Intermetallics. Author tried to cover all these 
aspects of titanium and titanium alloys in this book. Titanium based inter-metallic e.g. TiNi, TiPt, 
TiPd etc. and titanium based shape memory alloys are presented in this book. Current research 
trends and processing of titanium and titanium alloys are also presented. Author believes that this 
book will be beneficial and available at low cost for Pakistani students, researchers and faculty 
members, particularly of materials science and engineering field.  

 
Author expresses special thanks to HEC for providing opportunity to write this book. Author is also 
thankful to Institute of Space Technology for support. Special thanks to Engr. Imran Rehman (VC 
IST) who always supports faculty for their teaching, research and publications. Author is also 
thankful to Prof. Dr. Iqbal Rasool (Dean IST). Special thanks to Prof. Dr. Ibrahim Qazi, Head of 
Department (HOD) who is always the source of technical and moral support throughout author’s 
stay in IST. Author is also thankful to all the faculty members of the Department of Materials Science 
and Engineering, Institute of Space Technology Islamabad, especially Prof. Dr. Wilayat Hussain, 
Prof. Dr. Tauqir Anjum, Prof. Dr. Sajid Ullah, Prof. Dr Ali Hussain, Dr. Saima Shabbir, Dr. Abdul 
Mateen, Dr. Sajid Butt, Dr. Saad Nauman, Dr. Abdul Basit, Dr. Yasir, Eng. Tauseef, Eng. Faisal, 
Eng. Abdul Moeez, Mr. Ayoub, Mr. Tasawar, Mr. Sikandar and Mr. Tahir. Author is also thankful to 
his graduate teaching assistants (GTAs) Eng. Luqman Hashmi and Eng. Tayyab Amin for their help 
in the editing of this book. 

 
Autor is thankful to Prof. Dr. Hideki Hosoda of TITECH Japan, author’s PhD supervisor who is 
always the source of support and inspiration throughout author’s stay in Japan and afterwards as 
well. Author is also thankful to Prof Dr. Tomonari Inamura of TITECH Japan and Prof. Dr. S. 
Miyazaki University of Tsukuba Japan for their moral and technical support. Author is thankful to 
Prof. Dr. Fida, Dr. Zameer and Dr. Imran of GIK Institute. Author is also thankful to Prof. Dr. Fazal 
A. Khalid, VC UET Lahore, Prof. Dr. Akhlaq Ahmed, Chairman Department of Metallurgy and 
Materials Engineering UET Lahore and Dr. Gul Hameed Awan of UET Lahore.  

 



xii 

 

Now it is the best time to acknowledge the moral support of author’s beloved mother Shakeela 
Begum, caring wife Nazneen Wadood and loving children Abdul Sami, Sidra Noor, Dania Wadood, 
Hassan Ali Danish and Shehzadi Sundas Madeena. Special thanks to brothers; Fazal Mehmood, 
Moen Ul Islam Amjad, sisters; Shagufta Mizaj, Amrat un Nisa, Fauzia Jabeen, Sheeba Khatoon, 
Gul Afshan and their families for moral support. If any reader would like to comment/discuss about 
this book for improvement, please do not hesitate to contact the author. 

 
 
 
 
 

Dr. Abdul Wadood (PhD)  

 
 
 
 
 
 
 
 



xiii 

LIST OF FIGURES 

       

Figure 1.1 Different Crystal phases in titanium alloys    1 
Figure 1.2 Important uses of titanium and titanium oxide    3 
Figure 1.3 Different types of titanium alloys      6 
Figure 2.1  Effect of α phase stabilizer in titanium     10 
Figure 2.2  Effect of neutral elements in titanium     11 
Figure 2.3 Microstructures of (a) Ti-5Cr (b) Ti-5Cr-3Sn  

(Author’s PhD research work, TITECH Japan 2012) alloys  11 
Figure 2.4  Effect of β isomorphous element addition in titanium   12 
Figure 2.5  Microstructure of Ti-6Cr-3Sn, solution-treated and  

aged at 700 oC, author’s PhD research result Hosoda- 
Inamura lab, TITECH Japan      13 

Figure 2.6 Microstructure of solution-treated β titanium alloy  
(author’s PhD research work result)     14 

Figure 2.7  Schematic representation of substitutional solid solution   15 
Figure 2.8  Schematic representation of interstitial solid solution   15 
Figure 2.9  Cold rolling reduction of Ti-5Cr-xAg alloys    16 
Figure 2.10  Schematic representation of time-temperature- 

transformation-diagram of typical titanium alloy     17 
Figure 3.1 Titanium-Nickel phase diagram      22 
Figure 3.2  Titanium-Platinum phase diagram     25 
Figure 3.3  Comparison of first and second yield stress of TiPt, 

TiPt-5Zr and TiPt-5Hf. TiPt-5Zr and TiPt-5Hf were  
developed during author’s post-doc research work   27 

Figure 3.4  Phase diagram for TiAu system      29 
Figure 3.5  Composition effects on the transformation temperatures  

of Ti-Au system        30 
Figure 3.6  Transformation temperature hysteresis of TiAu,  

TiPd, TiPt and HfPd system      30 
Figure 4.1  Schematics of shape memory effect (SME)    35 
Figure 4.2  Stress-strain-temperature plot for typical shape memory  

alloy         36 
Figure 4.3  Timeline of shape memory alloys     37 
Figure 4.4  Hysteresis loop of nitinol      38 
Figure 4.5  Pseudo-elastic behavior of typical shape memory alloy               39 
Figure 4.6  Illustrating the difference between mechanical behavior of  

(a) Normal metals (b) Shape memory alloys and (c)  
Pseudo-elastic alloy       40 

Figure 5.1  Tri-electrode button arc furnace available in GIK Institute 
(www.giki.edu.pk), Pakistan      49 

Figure 5.2  German made MAM-1 Furnace available in the GIK 
Institute, Pakistan       50 

Figure 5.3  Schematic representation of vacuum arc remelting furnace  51 
Figure 5.4  Box type heating furnace      52 
Figure 5.5  Schematic representation of TTT diagram for general 

titanium alloys        52 
Figure 5.6  Schematic representation of two rolls cold rolling process  63 
Figure 5.7  Single roll cold rolling machine available in the Department 

of Metallurgy, Mehran University of Engineering and Technology, 
Jamshoro, Sindh (Picture taken during author’s visit to Mehran  
University (March 2, 2017)                               55 

Figure 5.8 Tube furnace, (available in the Department of Materials Science 



xiv 

 

 & Engineering, IST, Islamabad)      56 
Figure 5.9  Wheel cutting machine with water cooling facility,  

(available in Deparment of Materials Science & Engineering,  
IST, Islamabad)        57 

Figure 5.10  Schematic of electric discharge wire cutting machine    57 
Figure 5.11  Schematic representations of (a) Uniaxial pressing process 

and (b) Hydraulic press machine, (available in Department of  
Materials Science & Engineering, IST, Islamabad)   60 

Figure 5.12 Schematic of processing, structure and properties relationship  62 
Figure 6.1 Hot mounting machine (available in Department of Materials 

Science & Engineering, IST, Islamabad) [5]    66 
Figure 6.2 Cold mounting dies       67 
Figure 6.3 Grinding machines: (a, c) Manual hand grinding  

(b) Automatic grinding       68 
Figure 6.4  Effect of different grinding papers on the grinding and 

polishing of sample (1984 ASM International)    69 
Figure 6.5 (a) Metallurgical microscope, (available in the Department of 

Materials Science and Engineering, IST, Islamabad,  
Pakistan) (b) Optical system of metallurgical microscope   70 

Figure 6.6 Images: Left side: low magnification, right side:  
high magnification       70 

Figure 6.7 Scanning electron microscope, TESCAN, (available  
in the Department of Materials Science and Engineering, IST, 

  Islamabad, Pakistan) [17]      72 
Figure 6.8 Schematic representation of TEM column    73 
Figure 6.9 Gun area, column and camera chamber of TEM    74 
Figure 6.10 Sample holders for TEM double-tilting function                75 
Figure 6.11  Hand grinding jig for TEM sample preparation                75 
Figure 6.12:  Atomic planes, incident X-rays and diffracted x-rays               76 
Figure 6.13  Schematic representation of XRD machine set-up   76 
Figure 6.14  (a) Ultimate tensile testing (UTM) machine, (available in the  

Department of Materials Science and Engineering, IST,  
Islamabad, Pakistan) (b) Dog bone shape tensile testing  
specimen          78 

Figure 6.15  Schematic representation of thermal analysis process    79 
Figure 6.16  Schematic representation of Brinell hardness test, 

diameter of indentation is measured and used for hardness 
  calculation        80 
Figure 6.17  Schematic comparisons between Vickers and Brinell 

hardness test. Shape of indenter and indentation are 
different for both cases       81 

Figure 6.18  Schematic arrangement of three-point bend testing 
for SME measurement       82 

Figure 6.19 Shape memory effect measurement using mandrel   82 
Figure 6.20  Shape memory effect measurement method-2: 

(a) Before deformation (b) After deformation 
(c) After heating above the austenite finish temperature               83 

Figure 7.1 Potentiodynamic scan of active material that does not  
show any passivity       85 

Figure 7.2 Cyclic polarization scan of active-passive material that 
shows passivity        86 

Figure 7.3  Ranking the reactivity of metals and alloys in seawater 
(galvanic series)       87 

Figure 7.4  Potential vs position of metal in seawater    88 
Figure 7.5  ∆G Vs temperature Ellingham diagram     89 



xv 

Figure 7.6 Oxidation behavior of pure titanium, Ti-21weight%Cr 
and Ti-26weight% Cr       90 

Figure 7.7  Q400 thermo-mechanical analyzer (TMA) of TA  
Instruments USA       91 

Figure 8.1  Reasons behind Titanium Usage in Biomedical 
Applications        98 

Figure 8.2  Difference in Elastic modulus between cortical bone and  
other metallic biomaterials      100 

Figure 8.3  Schematic of titanium based implants used in various  
biomedical applications                   101 

Figure 8.4 Titanium Firebird II       103 
Figure 8.5 Titanium golf club head                   103 
Figure 9.1 (a) Crystallographic information and (b) XRD of various 

 forms of TiO2 [10]       111 
Figure 9.2  Scanning electron microscopy images of various 

morphological forms of TiO2 nanomaterials .i.e.,  
(a) Nanoparticles, (b, e) nanorods, (c) nanoflowers,  
(d) nanosheets and (f) thin film                  112 

Figure 9.3 Various processes to develop thin film of TiO2  
nanomaterials i.e. (a) screen printing, (b) TiCl4 treatment, 
(c) chemical vapour deposition, (d) atomic layer deposition 
and (e) chemical bath deposition.     113 

Figure 9.4 Few prominent types of TiO2 based nanocomposites   115 
Figure 9.5  Photocatalytic application of TiO2 based nanomaterials               117 
Figure 9.6 (a) Schematic illustration of application of TiO2 

nanomaterials in solar cells as a photoanode and  
(b) corresponding scanning electron microscopy image    118 

Figure 9.7 (a) Electrochemical route for water generation and  
(b) role of TiO2 nanomaterials in H2-generation through  
water splitting reaction        119 

Figure 9.8 (a) Set up for the determination of  
antimicrobial/antibacterial activity and corresponding  
(b) mechanism for cell damage of bacteria                             120 

 

 

  



xvi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 

LIST OF TABLES 

 

Table 1.1 Crystal system, lattice parameters and interaxial angles of  
seven basic crystal systems       2 

Table 1.2 Important properties of Titanium and Iron    3 
Table 3.1 Comparison of Author’s MS results with previous work done 

24 
Table 3.2  Transformation temperatures of TiPt, TiAu and TiPd     
              Intermetallics        25 
Table 3.3 Comparison of group number, melting point and density  

of different transition metals used during author’s 
post-doctoral study       26 

Table 3.4  Group number, valence electrons, meting point and atomic 
radii of Pt, Co and Ru transition metals     28 

Table 4.1 Applications of nitinol in biomedical and engineering fields  41 
Table 4.2  Illustration of NiTi-X       43 
Table 8.1  Requirements for biomaterials      99 
Table 9.1 Various recognized forms of TiO2     110 
Table 9.2 Various elements used for doping TiO2 nanomaterials   114 
Table 9.3 Various TiO2 based nanocomposites     116 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



xviii 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



1 

CHAPTER-1  

 
 

INTRODUCTION 
 
 

1.1 IMPORTANT PROPERTIES OF TITANIUM 
Titanium belongs to group IV of periodic table and it has four valence electrons (3d2, 4S2) in its 
outermost shell. Symbolically it is represented as ‘Ti’. Atomic and mass numbers of titanium (Ti) 
are 22 and 47.867 amu respectively. Melting point of Titanium is 1670 °C and boiling point is 3287 
°C. Temperatures in this book are given in oC as in Pakistan, centigrade scale is commonly used 
and it is easy for us to understand the temperatures in °C than in other scales. Following are the 
simple conversion relationships between different temperature scales. 
 

K = °C +273  (1.1) 
F = 9/5 °C + 32  (1.2) 
 

Pure titanium has hexagonal closed pack (HCP) structure at room temperature that has allotropic 
phase transformation from hcp to bcc (β) at 882 °C [1, 2]. Figure 1.1 shows some important 
phases/crystal structures in titanium alloys. Table 1.1 shows the crystal system, lattice parameters 
and interaxial angles of seven basic crystal systems. Titanium is silvery grey white metal. Its density 
near room temperature is 4.506 g/cm3 so it is lighter than iron (density of iron is 7.87 g/cm3). 
Titanium is famous for its low density and high strength, so it has high strength/weight ratio and 
especially suitable for applications where light weight and high strength are required e.g. 
aerospace, transportation applications etc. [3-4].  
 
 
 
 
 

 
 

 
 
 

Figure 1.1 Different crystal phases in titanium alloys [6]:  
 

(a) Orthorhombic (αʺ) martensite.  
(b) BCC (β) that can transform to orthorhombic martensitic phase. 
(c) HCP (α)  
 

(a) (b) (c) 
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Table 1.1 Crystal system, lattice parameters and interaxial angles of seven basic crystal systems 
 

Crystal System Lattice Parameters Interaxial Angles 

Cubic a = b = c α = β = γ= 90° 

Hexagonal a = b ≠ c α = β = 90°, γ = 120° 

Orthorhombic a ≠  b ≠  c α = β = γ 

Monoclinic a ≠  b ≠  c α = γ= 90° ≠β 

Tetragonal a =  b ≠  c α = β = γ 

Rhombohedral a = b = c α = β = γ≠90° 

Triclinic a ≠  b ≠  c α ≠ β ≠ γ 

 
 
Although titanium has high reactivity with oxygen, it forms protective TiO2 oxide film on the surface 
that protects it from further oxidation [5]. Due to high reactivity of titanium with oxygen, extraction 
of titanium from titanium ores and processing of titanium for final products is a challenging demand. 
This also results high cost of titanium products due to high cost of its extraction and high cost of its 
processing [6]. However for more demanding applications e.g. aerospace, biomaterial etc. where 
performance is more important than cost, its use is increasing in these sectors [3-4]. Figure 1.2 
shows some important uses of titanium and its products. Important properties of Titanium [1-2] 
along with iron are given in Table 1.2. It is clear from Table 1.2 that Titanium has high melting point, 
low elastic modulus and low density as compared to iron. Titanium can be alloyed with other 
elements e.g. Al, Mo, Nb, Cr etc. to produce light and strong titanium alloys for aerospace, military, 
automotive and biomedical applications [7-10]. About 0.6% titanium is present in the earth’s crust. 
After aluminum, iron and manganese, it is the fourth most abundant structural metal and ninth most 
abundant element in the earth crust.  
 
Titanium has comparable strength with mild steel. Commercial grade (99% pure) titanium has 
ultimate tensile strength (UTS) of 434 MPa, equal to low grade steel alloy. Certain titanium alloys 
have UTS of over 1400 MPa [17]. Strength of Titanium can be enhanced by interstitial solid solution 
strengthening methods, substitutional solid solution strengthening methods, precipitation 
strengthening methods and mechanical working methods [11-13]. Properties of Titanium are 
chemically and physically similar to Zirconium as both Titanium and Zirconium belong to same 
group IV of periodic table [1] and both Titanium and Zirconium have complete solubility in solid as 
well as  
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Figure 1.2 Important uses of titanium and titanium oxides: 
 
(a) Passenger aero planes      (b) Air force  
(c)  Transportation       (d) Jewellery         
(e) Submarine 

 
 

Table 1.2 Important properties of Titanium and Iron 

Property Titanium Iron 

Melting Temp. 1670 oC 1538 oC 

Density g/cm3 4.5 7.9 

Corrosion Resistance Very High Low 

Oxidation Resistance High Low 

Price High Low 

Allotropes 
α to β 

(882 oC) 
α  to γ  (912 oC) 

Young Modulus E 
(at RT) 

115 215 

 
in liquid phase [2]. The ASTM International recognizes 31 grades of titanium metal and alloys, out 
of which grade 1 through 4 are commercially pure titanium and tensile strength in these grades is 
related with oxygen content for example grade 1 is the most ductile with low oxygen content of 
0.18% [6]. 
 
 
 

(d) 

(e) 

(c) 
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1.2 IMPORTANT APPLICATIONS OF TITANIUM 
Titanium has aerospace, sports and transport related applications due to its low density, high 
strength/weight ratio and excellent corrosion resistant properties [3-4]. Some titanium alloys also 
exhibit shape memory effect and super-elasticity and are famous for biomedical e.g. orthodontic 
wires, guided wires and engineering e.g. eye-glass frames, window frames etc. applications [14-
16]. Now-a- days, titanium and titanium alloys are finding increasingly widespread use in other 
industries as well. Titanium is as strong as steel and much lighter than steel and with excellent 
corrosion resistance. Major applications of titanium are in the aerospace and chemical industries. 
Titanium alloys are finding greater use in aerospace, marine, sports, transport and paint industry. 
Oxide of titanium TiO2 is famous for its use in the paint industry. Please read chapters 8 and 9 of 
this book for further details. Some important applications of titanium are given in Figure 1.2. 
 
 

1.3 TITANIUM ORES  
Titanium occurs in the minerals anatase, brookite, ilmenite, rutile, titanite, perovskite. Rutile and 
ilmenite have economic importance. Titanium occurs chiefly as an oxide ore. The commercially 

important ores of titanium are rutile (titanium dioxide) that is richer in titanium and ilmenite (titanium‐
iron oxide). In 1887, metallic titanium was first isolated in impure form and then with higher purity 
in 1910. However, in 1950's it began to come into use as a structural material. 
 

1.4 TITANIUM ISOTOPES 
Titanium has 5 stable isotopes with atomic weight of 46-50. Ti48 is the most abundant (74%). 
Titanium has radioisotopes as well and most stable is the Ti44 whose half-life is 63 years and least 
stable is Ti52 with a half-life of 1.7 minutes. The isotopes of titanium range in atomic weight from 
39.99 (40Ti) to 57.966 (58Ti).  
 

1.5 TITANIUM OXIDATION 

Titanium is famous for its oxidation resistance properties that are generally due to formation of 

passive TiO2 oxide film. Commercial‐purity grade of titanium is generally used in the chemical 
industry. Similar to stainless steel, protective nature of oxide film formed on titanium and titanium 
alloys depends upon the nature of oxide film formed. In some electrolytes, this oxide film is 
protective (passive region) and for more aggressive electrolytes, this oxide film can break as 
material will enter in trans-passive region [18]. Titanium performs well in hot nitric acid (oxidizing 
media). Even if titanium is resistant to sea-water, it is susceptible to pitting and crevice attack at 
elevated temperatures (above 110°C). Titanium is also used in metal matrix oxide anodes for the 
impressed current cathodic protection systems. Further details about the corrosion and oxidation 
of titanium will be discussed in chapter 7 of this book. Some of the Author’s results related to 
titanium oxidation will also be discussed.  
 

1.6 TITANIUM COMPOUNDS 
Most important oxide of titanium is TiO2 that exist in brookite, anatase and rutile.  There are also 
other oxides of titanium, e.g. Ti3O5, produced at high temperature by TiO2 reduction with hydrogen. 
Among titanium sulphide compounds, only TiS2 has attracted significant interest. In the lithium 
batteries, TiS2 was used as a cathode. Titanium nitride (TiN) has a very high hardness (9 on Mohs 
scale), equivalent to sapphire and carborundum. TiN is often used to coat cutting tools. Another 
very hard titanium compound is titanium carbide, that is used for hard coatings and cutting. Details 
of titanium based intermetallic compounds are given in the chapter 3 of this book.  
 

1.7 EXTRACTION OF TITANIUM 
Metallic titanium obtained by reduction processes from ore has sponge (e.g. porous) like 
appearance and is called sponge. Titanium is extracted either from rutile (TiO2) or ilmenite (FeTiO3). 
The processing of titanium metal occurs in four major steps [6]: 
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a) Chlorination of the ore and the production of TiCl4  
 

Following reaction takes place during chlorination process: 
 

TiO2 + 2Cl2 + C                        TiCl4 + CO2 (1.3) 
 
TiO2 +2Cl2 + 2C                       TiCl4 + 2CO (1.4) 

 
b) Distillation (purification) of TiCl4 

 
Distillation of TiCl4 takes place in two steps; at first the low boiling point impurities e.g. CO and CO2 
are removed and then in the second step, high boiling point impurities e.g. SiCl4, SnCl4 etc. are 
removed. Purified TiCl4 is stored under the controlled inert gas cover.  

 
c) Production of metallic titanium by reduction of TiCl4 (Kroll Process) 

In the Kroll process, purified TiCl4 is added into the inert gas and Mg filled reactor. TiCl4 is then 
heated to 800-850 oC. As titanium cannot directly produced by reduction of its dioxide (e.g. titanium 
ore), titanium metal is obtained in the Kroll process by reduction of TiCl4 with magnesium metal. 
Titanium dioxide is reduced by carbo-thermic reduction in the presence of chlorine. After 
purification using fractional distillation process, the TiCl4 is reduced with molten magnesium in 
an argon inert atmosphere. Following overall exothermic reduction reactions take place in the Kroll 
process: 
 

TiCl4 +Mg              TiCl2 + MgCl2   (1.5) 
 

TiCl2 + Mg        Ti + MgCl2  (1.6) 
 
Mixture of metallic titanium and MgCl2 is called ‘sponge cake’. MgCl2 is removed during the metallic 
titanium extraction processes. Reduction reactions were first time studied by Kroll in the late 1930s 
[19]. Hunter [20] used Na as reducing agent however Mg is more economical than Na and so no 
such production operation left that are using Na as reducing agent.  

 
Sponge metallic titanium is purified. In order to reduce the sponge to suitable size, crushing and 
sizing of the metallic titanium is done. Melting of sponge is done to form an ingot. There are two 
fabrication processes of an ingot;  
 
1. Primary fabrication, where an ingot is converted into general mill products such as billet, 

bar, plate, sheet, strip, and tube. 
2. Secondary fabrication of mill products to finished shapes. 
 

1.8 BRIEF INTRODUCTION TO TYPES OF TITANIUM ALLOYS 

There are three important types of titanium alloys; α (having hexagonal closed pack structure) 
titanium alloys, β (having bcc crystal structure) and (α+β) titanium alloys. Figure 1.3 shows different 
types of titanium alloys [6]. Pure titanium exhibits allotropic phase transformation from α to β at 882 
oC.  
 
Alloying addition that are α phase stabilizer e.g. Al will increase this allotropic phase transformation 
temperature and alloying addition that are β phase stabilizer e.g. Cr, Nb etc. will decrease allotropic 
phase transformation temperature [12]. Some alloying addition e.g. Sn have no effect on allotropic 
phase transformation temperatures. Further discussion about different types of titanium alloys will 
be discussed in next chapter. 
 
 
 
 
 

https://en.wikipedia.org/wiki/Plate_(metal)
https://en.wikipedia.org/wiki/Sheet_metal
https://en.wikipedia.org/wiki/Tube_(fluid_conveyance)
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Figure 1.3 Different types of titanium alloys [6] 
 
 

1.9 SUMMARY OF CHATPER 1 
Introduction to titanium and titanium alloys is given in this chapter. Important properties and 
applications of titanium are briefly discussed in this chapter. Titanium ores and extraction of titanium 
from its ore are discussed. Kroll method for the reduction of titanium from TiCl4 is also discussed 
in this chapter. Different types of titanium alloys are also given in this chapter. 
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CHAPTER-2  

 
 

TITANIUM ALLOYS  
 

 

2.1 INTRODUCTION 
This chapter is related to different types of titanium alloys. Pure titanium and commercially pure 
(CP) titanium has hexagonal close-packed (hcp) crystal structure at room temperature. Pure 
titanium shows allotropic phase transformation from hexagonal close-packed (hcp) α (alpha) phase 
to body centered cubic (bcc) β phase at 882 oC. This allotropic phase transformation temperature 
is strongly affected by solute addition in pure titanium. Commercially pure titanium has excellent 
corrosion resistance as compared to stainless steel and commercially pure titanium is an attractive 
material for chemical/petrochemical processing equipments, heat exchangers and other piping 
applications [1-2]. For pure titanium, α phase transforms to beta phase at 882 oC. There are three 
major types of titanium alloys: α (hcp) titanium alloys, β (bcc) titanium alloys and (α + β) titanium 
alloys. Commercially pure titanium also has superior durability when in service [3]. 
 

2.2 α TITANIUM ALLOYS 
α titanium alloys are those alloys that have α phase at room temperature. There are three types of 
solute additions, α phase stabilizers that increase the allotropic phase transformation (transus) 
temperatures, β phase stabilizers that decrease the allotropic phase transformation (transus) 
temperatures and neutral solute additions that do not affect the phase transformation temperatures 
e.g. Sn. Substitutional solid solution strengthening element Aluminum (Al) is α phase stabilizer. 
Among interstitial elements, nitrogen (N), oxygen (O) and carbon (C) are strong α phase stabilizers 
[4]. α titanium alloys may have minor alloying addition of substitutional alloying addition (e.g. Al) or 
institutional elements e.g. oxygen, C, N that are soluble in α phase.  
 
α phase stabilizing elements have solubility in α phase and β phase stabilizing elements have 
solubility in β phase. Figure 2.1 shows the effect of α phase stabilizer in pure titanium. 
Transformation temperatures and the width of (α+β) phase region has increased by addition of α 
phase stabilizer in pure titanium. Aluminum is the most common metal that increases the transition 
temperature when added in pure titanium. B, Ga, Ge and the rare earth elements are also α phase 
stabilizer in titanium alloys however these elements have much lower solubility in α-titanium as 
compared to Al and oxygen. Equivalent Aluminum content in multicomponent titanium alloys is 
used to relate the effect of α stabilizing element in titanium and following expression is used by 
Rosenberg et al. [5]. G. Lutjering and J.C. Williams [4] also discussed it in chapter 2 of ‘Titanium’ 
book. 
 

[Al]eq. = [Al] + 0.17 [Zr] + 0.33 [Sn] + 10 [O]  (2.1) 
 
Collings [6] describe the effect of different alloying elements on α and β phase constitution using 
thermodynamics and electronic calculations. Morinaga, Japanese Professor [7-8] related the phase 
stability of titanium alloys using bond order (Bo) and metal ‘d’ orbital energy level (Md) diagrams. 
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Figure 2.1 Effect of α phase stabilizer in titanium [4] 

 
 
Author has also published a paper related to phase stability of Ti-Cr-Sn and Ti-Ag-Sn alloys [9] 
using Bo-Md phase stability maps developed by Morinaga et al. [7-8]. Phase diagrams of titanium 
alloys are given in ASM Handbook on Alloy Phase Diagrams [10-11]. 2016 edition of ASM 
handbook is the revised version of 1992 edition. New edition contains 1095 binary phase diagrams 
and 406 ternary phase diagrams. Most commercial titanium alloys are the multicomponent alloys. 
Binary phase diagrams are just the guide lines for multicomponent alloys. Tertiary and quaternary 
phase diagrams should be used for the quantitative analysis of multicomponent Titanium alloys. Ti-
Al-V tertiary phase diagram is given in the Ref. [6] and J.C. Williams also discussed it in chapter 2 
of Ref. [4]. 
 
From Ti-Al phase diagram [4], about 5 weight % aluminum is soluble in α phase. For more addition 
of Al in Ti, two phase region, α +Ti3Al starts. Ti3Al coherent precipitates in Ti-Al system are also 
called as α2 phase. Ti3Al have ordered hcp structure. Ti3Al can be further stabilized by addition of 
O and Sn in titanium. Solid solution and precipitation hardening are present in all commercial 
titanium alloys. Generally ductility decreases by increasing Al content in Ti-Al due to precipitation 
of Ti3Al phase. This is the reason that the Aluminum content in most titanium alloys is generally 
below 6 weight%. Allotropic phase transformation of pure titanium at 882 oC increases to about 
1000 oC for 6 weight % addition of Aluminum in titanium. This also shows that there is about 30 oC 
increase in transformation temperature per weight % addition of Al in Ti. Ti3Al, Ti2Al and TiAl are 
also known as Titanium-aluminides. TiAl is also called as gamma phase. One of author’s MS 
students, Miss Ammara Batool has completed her MS thesis on Al-Ti alloys using powder 
metallurgy and button arc furnace for aerospace and light-weight materials related applications. 
Commercially pure titanium has four different grades with varying oxygen content e.g. grade 1 has 
0.18% O and grade 4 has 0.40% O. Yield strength of grade 4 and grade 1 is 480 MPa and 170 
MPa respectively, clearly showing that the interstitial oxygen plays an important role in increasing 
the yield strength of titanium alloys. Oxygen is added in titanium to get different grades with different 
strength values as the oxygen level is raised. Figure 2.2 shows the effect of neutral element addition 
in titanium on the pseudo-binary phase diagram of titanium. Tin (Sn) addition also strengthen the 
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α-phase however addition of tin (Sn) does not appreciably influence the transformation 
temperatures and Sn is known as the neutral addition in titanium alloys [4, 14].   
 
Figure 2.3 shows the typical α phase dominant titanium alloy, Ti-5atomic%Cr alloy [12] and Ti-
5atomic%Cr-3atomic%Sn alloys. α flakes, originating from the grain boundary are clearly visible. 
These alloys could not be cold roll and fractured during cold rolling as α titanium alloys have poor 
ductility. However rolling reduction before fracture was increased with addition of Sn in Ti-5Cr alloy 
[12, 14, 20], showing that the Sn is effective in improving the cold workability/ductility of Ti-Cr alloys. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 2.2 Effect of neutral elements in Titanium [4] 
 
 

 
 

Figure 2.3 Microstructures of (a) Ti-5Cr [12] (b) Ti-5Cr-3Sn (Author’s PhD research work, 
TITECH Japan 2012) alloys [14] 

 

2.3 (α+β) TITANIUM ALLOYS  
(α+β) titanium alloys are those alloys that contain both α (hcp) and β (bcc) phases. These alloys 
have better strength-ductility correspondence as compared to α and β alloys. α phase is 
responsible for high strength and β phase is responsible for high ductility in these (α+β) titanium 
alloys [4]. Figure 2.4 shows the different phase(s) region in the temperature vs. β alloying addition 
diagram. These (α+β) titanium alloys have phase boundary range in the phase diagram, starting 
from the phase boundary of α/(α+β) to the intersection of the Ms-line with room temperature. Some 
(α+β) titanium alloys with less than 10 vol. % β phase are also known as ‘near α’ alloys and they 
are generally used for high temperature applications. One very famous (α+β) titanium alloy is Ti-
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6Al-4V alloy and this alloy contains about 15 vol. % β phase. This alloy shows excellent strength, 
ductility, fatigue and fracture properties below 300 oC. (α+β) alloys are heat treatable and weldable. 
These alloys possess good hot workability/formability but cold working is difficult. Creep strength 
of these alloys is better than β alloys but lower than α-alloys [4]. Microstructure of author’s PhD 
research sample, solution-treated, 700 °C aged and quenched Ti-6Cr-3Sn alloy is given in Figure 
2.5 [13-14]. Two phase microstructure clearly shows that 700 °C temperature is below the β transus 
temperature otherwise we should have single β phase structure after quenching from 700 °C. Grain 
boundary α (αGB), Widmanstatten grain boundary α (αWG) and β phase as dominant phase is clearly 
visible in this Figure.  
 
Thermo-mechanical treatment changes the microstructures of (α+β) titanium alloys. Three types of 
microstructures e.g. fully lamellar, fully equi-axed and bi-modal or duplex can be obtained in (α+β) 
titanium alloys. Please see the chapter 5 of Ref. [4] for further details. Mechanical properties of 
(α+β) titanium alloys are strongly dependent upon the percentage of different phases present as 
well as the morphology of these phases [14]. ω phase shown in Figure 2.4 has open cell hexagonal 
structure and generally ω phase is unwanted phase in titanium alloys as generally it increases the 
brittleness of titanium alloys. Author has shown in recent publication that small size ω phase 
precipitated by ageing treatment at 100 °C is not detrimental and even fine scale ω phase improves 
the ductility of titanium alloys however by increasing the ageing temperature from 100 oC to higher 
temperatures; 200 °C, 300 °C and 400 °C, size of ω phase has increased and alloy fractured in brittle 
fashion [22]. 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.4 Effect of β isomorphous element addition in titanium [4] 
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Figure 2.5 Microstructure of Ti-6Cr-3Sn, solution-treated and aged at 700 °C, author’s 
PhD research result, Hosoda-Inamura lab, TITECH Japan [13-14] 

 
 

2.4 β TITANIUM ALLOYS 
β titanium alloys are those alloys that contain β phase at room temperature. Stable β alloys do not 
transform martensitically upon quenching to room temperature as given in Chapter 7 of Ref. [4]. 
However metastable β titanium alloys (shown in Fig. 2.4) can transform martensitically upon 
quenching and can also transform to deformation induced martensite upon application of force and 
this deformation induced martensite is also commonly called as stress induced martensite [22]. 
 
There are two groups of β titanium alloys, metastable β and stable β titanium alloys. Metastable β 
titanium alloys are located above the (α+β) phase region towards the right side of the phase 
diagram. Stable β alloys, shown in Fig. 2.4 are located in the single β phase region. Metastable β 
phase can transform to thermo-elastic martensite upon fast cooling or β phase can be retained at 
room temperature. Some metastable β titanium alloys also exhibit the shape memory effect and 
super-elasticity due to stress induced martensitic transformation upon the application of force 
above the first yield point. Transformation temperatures are depressed by addition of β stabilizers 
in titanium. Molybdenum and Vanadium are β isomorphous elements in titanium alloys along-with 
Nb, Ta, Cr etc. Metastable β titanium alloys can transform to α phase upon heat-treatment. Size of 
α phase precipitates and its percentage in β phase depend upon the heat-treatment temperature. 
Figure 2.6 shows the microstructure of solution-treated β Ti-6Cr-3Sn alloy (author’s PhD thesis  
 

β 
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Figure 2.6 Microstructure of solution-treated β titanium alloy (author’s PhD research work result) 
[14] 

 
research work, TITECH Japan, 2012). Single β phase is clearly visible in this microstructure. 
 
 

2.5 SOLID SOLUTION STRENGTHENING  
Solid solution strengthening is related to the strengthening of metals by addition of solute atoms 
where both solute and solvent have complete solubility in each-other. Local stress field is 
introduced that imped the dislocation motion, thus increasing the yield stress of the material and 
ultimately the increase in the strength of the material. Solid solution strengthening is related to the 
atomic size effect. Solute atoms should not be added beyond the solubility limit of solute in the 
solvent otherwise, a new phase will precipitate out. Solid solution strengthening is one method to 
increase the strength of pure titanium. There are two types of solid solution strengthening; 
interstitial solid solution strengthening and substitution solid solution strengthening. In case of 
substitutional solid solution strengthening, size of solute is comparable with solvent atoms; however 
for interstitial solid solution strengthening, atomic size of solute is much less (that it can fit in the 
interstitial spaces of atoms) than the atomic size of solvent.  
 
Figure 2.7-2.8 schematically represents the substitutional solid solutions and interstitial solid 
solutions. According to Hume-Rothery rule, there should not be more than 15% difference in the 
atomic radius of the solute and solvent atoms and the crystal structure and electro-negativities of 
solute and solvent should be similar otherwise they will form intermetallic compounds rather than 
solid solutions. Size misfit parameter [15] for titanium based alloy is calculated as given below 
Size misfit parameter [33] = Atomic size of (solute – solvent)/Atomic size of titanium*100  
(2.2) 
In case of titanium-zirconium system, atomic size of titanium is 0.147nm and that of zirconium is 
0.158nm.  
Size misfit parameter = (0.158-0.147)/0.147*100 = 7.5% that is within (not greater than 15%) the 
Hume-Rothery rule. 
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Recently author during post-doctoral period, have published results related to effect of partial 
substitution of titanium belonging to group IV of periodic table with Zirconium belonging to same 
group IV on the mechanical and shape memory properties of TiPt and TiAu intermetallic. Zr is one 
of the strong solid solution strengthener in titanium alloys due to large size misfit parameter due to 
difference in the atomic radii of titanium and zirconium [16-17].  
 
 

 
 

Figure 2.7 Schematic representation of substitution solid solution 
 

 
 

Figure 2.8 Schematic representation of interstitial solid solution. 
 
 
Mechanical properties of titanium alloys are sensitive to phase constitution, microstructure, second 
phase particles, phase transformation etc. Interstitial and substitutional solid solution strongly 
affects the mechanical properties of titanium alloys. Shape memory titanium alloys exhibit double 
yielding, where first yielding is related to deformation induced martensitic transformation and 
second yielding is related to permanent deformation due to slip [18]. Figure 2.9 shows the cold 
rolling reduction vs. mol% addition of Ag in Ti-5Cr alloy [14, 19]. Ti-5Cr has poor cold workability 
due to non-thermo-elastic α’ martensite as dominant phase and this alloy was fractured during cold 
rolling process [12]. However addition of Ag in Ti-5Cr has resulted improvement in the cold rolling 
reduction and Ti-5Cr-4Ag was successfully cold roll to 96% cold rolling reduction [19]. Ti-5Cr-4Ag 
has β (bcc)+α’’ (thermo-elastic) martensitic phase structure and Ti-5Cr-4Ag also exhibited the 
shape memory effect. Similar behavior was observed for Ti-xCr-3Sn alloys [20]. Ti-4Cr-3Sn and Ti-
5Cr-3Sn alloys could not cold roll due to poor cold workability that was related to hexagonal closed 
pack non-thermo-elastic α’ martensitic phase structure. Cold workability of Ti-5Cr-3Sn was better 
than Ti-4Cr-3Sn due to decrease in the amount of non-thermo-elastic α’ martensitic phase and 
increase in the amount of bcc β phase. Ti-6Cr-3Sn to Ti-9Cr-3Sn exhibited excellent (96%) cold 
workability and mechanical properties due to single β phase structure. Ti-6Cr-3Sn also exhibited 
the shape memory effect as well [20]. Titanium alloys having single β phase have more open cell 

Solvent atoms 

Solute atoms  

Solvent atoms 

Solute atoms  
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type structure. Titanium alloys having thermo-elastic martensitic phase have phase transformation 
during mechanical working and these alloys exhibit good ductility. However titanium alloys having 

diffusional α (hcp) phase or diffusion less non-thermo-elastic α (hcp) martensitic phase exhibit poor 
ductility [4, 14, 12, 19-20]. 
 

 
Figure 2.9 Cold rolling reductions of solution-treated Ti-5Cr-xAg alloys (x=0,2 and 4) [14, 19]. 

 
 

2.6 TTT DIAGRAMS, HEAT-TREATMENT AND MICROSTRUCTURE 
CONTROL OF TITANIUM ALLOYS  

 
TTT stands for Time-Temperature-Transformation diagram. TTT diagrams are the plots of 
temperature vs. time (log scale). These diagrams are also known as isothermal transformation 
diagrams. These diagrams also explain the percentage transformation with time. These diagrams 
are useful for the phase transformation and phase(s) constitution with the passage of time at 
constant temperature. One TTT diagram is only for one specific composition of material and 
temperature should be constant during the transformation. TTT diagram can be used for the phase 
transformation of certain material from cooling at high temperature to room temperature or heating 
from room temperature to high temperature. These diagrams can also be used for selection of 
appropriate heat-treatment temperature and time.  
 
Metastable β titanium alloys are sensitive to ageing treating temperature as β (bcc) phase can 
transform to hexagonal phase ω and/or hexagonal closed pack α phase and formation of some 
intermetallic compounds as well. Figure 2.10 schematically represents TTT diagram of typical 
titanium alloy that transforms from β to ω and/or α phase during cooling or during ageing treatment. 
During author’s PhD research work, author also studied the effect of ageing treatment on the phase 
constitution and phase transformation of β Ti-Cr-Sn and Ti-Cr-Ag [14, 19, 21] alloys. Fine scale ω 
phase precipitates were found useful in the improvement of shape memory properties of Ti-6Cr-
3Sn alloy. However by further increasing the ageing temperatures above 100 oC, shape memory  
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Figure 2.10 Schematic representation of time-temperature-transformation diagram of typical 
titanium alloy [32] 

 
properties and ductility were deteriorated due to increase in the size of ω and/or α phase 
precipitation and also due to increase in the stability of β phase as β phase stabilizing elements 
have low solubility in ω as well as α phase, so concentration of β phase stabilizing elements use to 
increase in the remaining β phase, resulting in the increase in the stability of remaining β phase 
[22]. 
 
 

2.7 PHASE STABILITY AND PHASE STABILITY MAPS 
Using bond order and metal ‘d’ orbital energy levels of binary titanium alloys, Morinaga, Japanese 
researcher [23-24] have established a theoretical, two-dimensional phase stability map and 
superimposed those regions in this phase stability map where slip and twinning provide the 
dominant deformation mechanism. Bond order (Bo) is related to the strength of the bond between 
the titanium and its alloying element and the metal d orbital energy level (Md) is related to the atomic 
radius and electronegativity. 
 
Author has reported the position of titanium alloys developed during author’s PhD research work 
from Hosoda-Inamura Lab, TITECH Japan; 2009-2012 in the B0-Md phase stability map using bond 
order (B0) and metal d orbital energy level (Md) values of TiCrSn and TiAgSn alloys [25]. In order 
to calculate the B0 and Md values of developed alloys, Bo-Md values of pure metals were used. 
Morinaga and co-workers have provided the Bo-Md values of pure metals in Ref. [23-24]. 
Mechanical and shape memory properties are related with the position of the above mentioned 
alloys in the B0-Md phase stability diagram. Composition average values of bond order (B0) and 
metal d orbital energy level (Md) were calculated using following equations:  
 

B0 = Xi (B0) i         (2.3) 
 

Md = Xi (Md) i           (2.4) 
Where Xi is related to the atomic fraction of an alloying element. Chromium added TiCr-3Sn alloys 
have low values of bond order (Bo) and metal d orbital energy level (Md) as compared to the values 
of Ti-3Sn alloy. Position of Ti6Cr3Sn lies in the twinning region of B0-Md phase stability map and 
this alloy exhibited the shape memory effect that corresponds well with experimental results [25].  

T
em

p
er

at
u

re
 

Time 

  β           (β + ω)  

  β            (β + α)  

β phase 

Meta-stable β 

Q
u

en
ch

in
g

 



18 

 

As per Author’s experimental findings, Ti-(6,7)Ag-3Sn developed alloys have only non-thermo-
elastic α' martensitic structure. Author observed the difference in the theoretical (position of these 
alloys in the B0-Md phase stability map) and experimental results of phase constitution of Ti-(6,7)Ag-
3Sn alloys. This difference is related to the effect of quenching treatment. (α+β) two phase structure 
was expected for Ti-(6,7)Ag-3Sn alloys by slow cooling from β phase region (e.g. 1000 oC solution-
treatment). However only α' phase resulted due to quenching from 1000 oC, showing that 
martensite finish temperature of Ti-(6,7)Ag-3Sn alloys was above the room temperature. Addition 
of Ag in Ti-3Sn alloys severely reduce the bonding force between solvent and solute atoms and 
the substitution of chromium with silver in TiCrSn alloys drastically decreased the bond order and 
metal ‘d’ orbital energy level values. Position of Ti-5Cr-4Ag alloy was observed at the boundary line 
of martensitic region and martensitic phase structure was analyzed for Ti-5Cr-4Ag alloy [25]. Ti-
5Cr-4Ag alloy also exhibit good mechanical properties due to stress-induced martensitic 
transformation. Position of Ti-9Cr-3Sn was in the stable β phase region and this alloy did not show 
shape memory effect nor double yielding phenomenon clearly showing slip as dominant 
deformation mechanism [20]. 
 
 

2.8 SUMMARY OF CHATPER 2 
Different types of titanium alloys e.g. α, β and (α+β) are briefly discussed. Solid solution 
strengthening, size misfit parameter and the mechanical properties of titanium alloys are discussed. 
TTT diagrams and their role in the ageing treatment of titanium alloys is given. Bond order (Bo) and 
metal ‘d’ orbital energy level diagrams and their role in understanding the phase constitution of 
titanium alloys is discussed. Author’s own contribution related to titanium and titanium alloys is also 
briefly given in this chapter. 
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CHAPTER-3  

 
 

TITANIUM BASED INTERMETALLICS 
 

3.1 INTRODUCTION 
Alloys are generally homogenous mixture or solid solution of two or more components with one of 
the major component being a metal. For example brass, bronze etc. Intermetallics are formed when 
there is a very strong affinity between two different metals so that they combine in a fixed ratio to 
form a structure that is different than the parent crystals and have different melting points (usually 
higher) than their constituents. Ti3Al is an intermetallic compound of Ti and Al with different 
properties than individual metals. In the literature, different terms are used for intermetallic e.g. 
intermetallic compound, long range ordered alloy, intermetallic alloy, ordered intermetallic alloy etc. 
However as intermetallic compound is different than alloy, author believes that intermetallic 
compound term is more suitable. Intermetallic is a solid-state compound having metallic bonding, 
ordered crystal structure and well defined stoichiometry. Generally intermetallic compounds are 
brittle. Their properties are in between metallic and ceramics. Hardness of intermetallic compounds 
is higher than metals and some Intermetallics are stable at high temperature [1]. 
 

3.2 NiTi INTERMETALLIC SYSTEM 

NiTi is an intermetallic compound having equal atomic concentration of Nickel and Titanium 
(50%Ni-50%Ti). NiTi shape memory intermetallic is also known as ‘Nitinol’ where NiTi stands for 
Nickel-Titanium intermetallic and ‘NOL’ stands for Naval Ordinance Laboratory. Shape memory 
alloys show two important properties; shape memory effect and pseudo-elasticity. These 
extraordinary properties are due to temperature-dependent martensitic phase transformation from 
one symmetric to another symmetric crystallographic structure. Low temperature phase is known 
as martensite and high temperature phase is known as austenite. Ni-Ti (nitinol), copper based 
shape memory alloys e.g. Cu-Zn-Al, Cu-Al-Ni and iron based shape memory alloys are the most 
effective and widely used shape memory alloys. Martensitic transformation is diffusion-less military 
transformation having surface relief effect, glisile and regular interface. Please read chapter 4 of 
this book for further details about titanium based shape memory alloys. Shape memory and super-
elastic properties of NiTi are due to atomic scale austenite-to-thermo-elastic martensite phase 
transformation on an atomic scale. Crystal lattice structure accommodates itself to minimum energy 
state at test temperature, and this is the reason of thermo elastic martensitic transformation causing 
shape recovery. NiTi senses a change, an important property of advanced material and is able to 
convert its shape to preprogrammed structure [2].  
 
In near equiatomic NiTi alloys, shape memory effect and transformation pseudo-elasticity occur 

due to transformation of B2 phase to monoclinic B19 structure or more often in association with 

two step transformation from B2 phase to a trigonal (R) phase transformation and then to B19  
phase. Nickel content, ageing, thermo-mechanical treatment and addition of alloying elements that 
affect the structure are important factors for controlling the shape memory behavior [3]. Super 
elasticity and shape memory behavior of nitinol allow complex device configurations and high 
expansion ratios [4, 5]. NiTi wire with good corrosion resistance is crucial to dental prosthesis, 
biocompatibility and for its use as guided wire and as a stent. High nickel content present in nitinol 
(50 atomic % nickel) and possibility of dissolution of nickel ions by corrosion is matter of great 
concern although there are studies that show good corrosion resistance and biocompatibility of NiTi 
[6]. In our body, tissues contain dissolved oxygen, proteins and various ions such as hydroxides; 
chlorides etc. and they present an aggressive environment to metals or alloys used for implantation 
[4].  
 
It has been found that NiTi have poor local corrosion resistance especially in chloride containing 
corrosive media. Toxicity and carcinogenesis of Ni2+ ions released from NiTi implant become a 
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major concern of this alloy for biological applications. In order to improve the corrosion properties 
of nitinol on commercial basis, there is an urgent requirement to decrease the nickel ion release 
into oral environment [5]. Large number of investigations have been carried out to improve the 
corrosion and biocompatibility issues of nitinol either by adding third element [7-10] or by using thin 
films [11-12] or by investigating the properties of nickel free titanium based shape memory alloys 
[13-14]. Commercial use of nitinol in medical devices used in orthopedic, radiology, cardiology, 
neurology etc. has started in 1980s although discovery of nitinol was in early 1960s. Due to shape 
memory and/or super-elasticity, about 8% strain can be recovered in nitinol and this strain is about 
8 times more than the elastic strain recovered by conventional materials. Above the limiting value 
of recoverable strain, remaining strain above limiting value will remain as a permanent plastic 
deformation.  
 
Phase diagrams are very important for different alloy systems. In order to understand the 
martensitic transformations and control of microstructure, phase diagrams are essential. Physical 
properties of materials are strongly correlated with compositions and phases. Equiatomic NiTi 
materials are ordered intermetallic compounds. NiTi compound exists as stable phase down to 
room temperature. Phase diagram of NiTi system is given in figure 3.1 [15]. B2 phase region is 
known to be very narrow at temperature below 650 °C. It is generally accepted that B2 phase region 
is only between 50 and 50.5 atomic % nickel. If nickel content is higher than 50.5 atomic %, then it 
will decompose from high temperature below 700 °C to TiNi and TiNi3. Ti3Ni4 and Ti2Ni3 are 
intermediate phases formed during transformation. Central part of Figure 3.1 where TiNi transforms 
to B19’ martensitic phase is important. For titanium rich side, equilibrium phase is Ti2Ni and TiNi 
but titanium is so active that it easily combines with oxygen and carbon at high temperatures. During 
Author’s MS thesis research work, it is analyzed that only very small amount of 0.9 weight% silver 
is soluble in NiTi and remaining silver precipitated out as TiAg [16]. 
 

 

 
 

 
 
 
 

Figure 3.1 Titanium-Nickel phase diagram [15] 
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3.2.1 Author’s Research Activities Related to Nitinol 
NiTi based shape memory Intermetallics have large number of applications in engineering and 
medical field due to shape memory effect and pseudo-elasticity (property used for orthodontic 
applications). Major problem with nitinol is the presence of large amount (55 weight %) of toxic 
nickel element. During author’s MS thesis [16] research work from GIK Institute Topi, District Swabi, 
KPK, Pakistan (2006-2008) NiTi based shape memory Intermetallics with silver additions were 
developed to investigate the role of silver addition on microstructure, biocompatibility and corrosion 
behavior of nitinol in saliva solution at 37 oC (average normal body temperature). High silver 
recovery during melting and maximum 0.9 weight % silver solubility in nitinol was analyzed. 
Potentiodynamic studies indicate increase of pitting potential and passive range of nitinol with nickel 
partial substituted 1.0 weight % addition of silver and pitting potential and passive range decreased 
with addition of greater than one weight percent silver. Chemical analysis before and after 
electrochemical testing indicates that minimum nickel release is achieved in NiTi-1wt.% Ag while 
there is loss of nickel in NiTi, NiTi-2wt.% Ag and NiTi-3wt.% Ag. Optical microscopy and SEM 
backscattered electron image analysis revealed that addition of silver has resulted the formation of 
precipitates and XRD studies showed that these precipitates were of TiAg. Cyclic polarization scans 
showed that maximum current (Imax) decrease and protection potential (EPP) move to more positive 
side with addition of 1.0 weight % silver. NiTi-1wt.% Ag showed minimum (0.12 mpy) corrosion rate 
in weight loss test in saliva. Thus addition of 1.0 weight % silver in nitinol resulted into decrease of 
nickel ion release, increase of pitting potential and passive range, improvement of protection 
potential, decrease of reverse scan current (Imax) values, decrease of corrosion rate and thus 
improved the biocompatibility of NiTi based shape memory intermetallic for orthodontic e.g. 
orthodontic arch wire applications. Table 3.1 shows comparison of author’s MS thesis results [16] 
with previous work done by O.H. Keun Taek [17] on corrosion and biocompatibility of NiTi and NiTi-
Ag shape memory Intermetallics in saliva environment.  
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Table 3.1 Comparison of Author’s MS results [16] with previous work done [17] 
 

 
 

3.3 TiPd SYSTEM 
TiPd is also an intermetallic. Equiatomic TiPd exhibits shape memory effect due to phase 
transformation from B2 phase having ordered bcc structure to thermo-elastic B19 orthorhombic 
martensitic phase transformation. Transformation temperature range for TiPd is between 400-450 
°C, thus TiPd belongs to high temperature shape memory material. H.C. Donkersloot et al. [18] 
reported the martensitic transformation in TiPd along-with TiAu and TiPt system. Equiatomic TiPd 
exhibits thermo-elastic martensitic phase transformation at about 450 °C that is about 100 °C lower 
than TiAu and about 500 °C lower than equiatomic TiPt. J. Ma et al. [19] also discussed the shape 
memory properties of TiPd system. The effect of third elements on phase transformation and shape 
memory effects of TiPd system was investigated by high temperature materials unit, National 
Institute for Materials Science (NIMS), Tsukuba Japan [20-21, 41]. 
 
 

3.4 TiPt SYSTEM 
Equiatomic TiPt belongs to high temperature shape memory Intermetallic as it shows stress 
induced orthorhombic martensitic phase transformation from B2 phase above 1000 °C. 
Transformation temperatures (Austenite start, Austenite finish, martensite start and martensite 
finish temperatures) of TiPt are ~500 °C higher than TiPd and ~400 °C higher than TiAu. So 
application temperature range as shape memory materials for TiPt is much higher than TiPd and 
TiAu intermetallic materials [18].  
T. Biggs et al. showed the composition range (46-54atomic %) of TiPt as shape memory 
Intermetallic [22]. For equiatomic composition, TiPt transforms from martensite to austenite and 
vice versa upon heating and cooling. Ti-Pt phase diagram is given in Figure 3.2 [24]. TiPt3, Ti3Pt 
Intermetallics can also form in TiPt system. Melting point of TiPt3 is highest in TiPt system and 
melting point of TiPt is 1833 oC. Melting point of Platinum (1768 °C) is 100 °C higher than Titanium 
(1668 oC). Transformation temperatures of TiPt, TiPd [18] and TiAu [31] are given in Table 3.2. It 
can be analyzed from Table 3.2 that TiPt exhibits much higher transformation temperatures than 

Previous Work on NiTi-Ag [17] Author’s Results on   NiTi-Ag [16] 

Maximum 0.3 wt. % Ag was added. Maximum 3 wt. % Ag. was added. 

Pitting potential of NiTi-0.3 Ag. was 319 mV. Pitting potential of NiTi-1.0 Ag  was 550 mV. 

Hardness (Hv) increased with Ag addition. Hardness (Hv) increasd with Ag addition. 

Weight Loss test was not conducted. 
NiTi-1.0 wt. % Ag   showed minimum corrosion 

rate (0.12 mpy) in saliva. 

Cyclic polarization scans were not studied. 
NiTi-1.0 wt. % Ag  showed minimum pitting 

current flow during reverse scan. 

Pit morphology was not studied. 
NiTi-1.0 wt. %  Ag  showed minimum pit depth 

and pit size. 

Composition analysis within pits was not 
studied. 

NiTi-1.0 wt. % Ag   showed minimum nickel ion 
release within pits. 

Cost and life time analysis was not provided. 
Life time of NiTi-1.0 wt. % Ag was estimated as 
5 times more than NiTi and cost deduction of 

0.5 dollar/foot wire. 
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TiAu and TiPd. Transformation hysteresis ((Af-Mf) is small for TiAu as compared to TiPt and TiPd 
Intermetallics.  
 

Figure 3.2 Titanium-Platinum phase diagram [24] 
 
 
 
 
 
 
 
 
 
 
 
 
3.4.1 Experimental Procedures Followed By Current Author   [25] 
Author of this book did research on TiPt based Intermetallics during post-doctoral study from high 
temperature materials unit, National Institute for Materials Science (NIMS) Tsukuba Japan (2012-
2014) [25]. TiPt based Intermetallics were developed  by argon arc melting method using button 
arc furnace available in the National Institute for Materials Science (NIMS) Tsukuba, Japan. Button 
ingots were encapsulated into the quartz tube and homogenized at 1250 °C for 10.8ks followed by 
ice-water quenching. Differential thermal analysis (DTA) was carried out between 600 °C to 1100 
°C at a heating and cooling rate of 0.17 °C/s using a Shimadzu DTA-50 machine. Rigaku TTR-III 

high temperature X-ray diffractometer equipped with CuK radiation was used for the X-ray 
diffraction analysis at room temperature (~25 oC) to high temperature, above the austenite finish 
temperatures. This X-ray diffractometer available in NIMS was semi-automatic and once we feed 
data for XRD from room temperature to high temperatures, then machine performed XRD at 
different desired temperatures. There was also vacuum system and water cooling system attached 
with this machine for high temperature XRD analysis. We can perform XRD analysis up to 1200 oC 
using this XRD machine. Sputter etching/dry etching was used using glow discharge optical 
emission spectrometer (GD-OES) using Ar-N2 gas mixture for microstructural observation. For 

Alloy Mf °C Af  °C (Af-Mf) °C 

TiPt [18] 1020 1085 65 

TiAu [23] 586 624 38 

TiPd [18] 480 550 70 

Table 3.2 Transformation temperatures of TiPt [18], TiAu [23] and 
TiPd [18] Intermetallics 

 
 

Figure 3.2 Titanium-Platinum phase diagram [24] 
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mechanical and shape memory effect measurement, rectangular samples of 3mm × 3mm × 6mm 
dimensions were prepared.  
For shape memory effect measurement, Shimadzu AG-X mechanical testing machine available in 
NIMS Japan was used and rectangular samples were compressed to 5% strain at test temperature 
of 50 °C below Mf. Samples dimensions were measured before and after the test using micrometer 
screw gauge. Samples were then heated 50 oC above the austenite finish temperature and hold 
for 3.6ks under vacuum for shape recovery. Increase in the length of sample during heating is 
related to shape memory effect [27]. In order to analyze the mechanical behavior of developed 
Intermetallics, cyclic loading–unloading compression tests to 20% strain were conducted at test 
temperatures of 50 °C below the martensite finish temperature (Mf ) and 50 °C above the austenite 
finish (Af ) temperature with an initial strain rate of 3 × 10−4/s [27]. 
 
3.4.2 Over-view of Mechanical and Shape Memory Results Related to TiPt  
Y. Yamabe-Mitarai, boss of author’s postdoctoral research team [25] reported the transformation 
temperatures of TiPt Intermetallic in Ref. [26] and these are close to those reported in Ref. [18]. 
Lattice parameters of B19 and B2 reported by H. Donkersloot et al in Ref. [18] and by Y. Yamabe-
Mitarai et al. in Ref. [28] were found close to each-other. TiPt exhibits small shape memory effect 
(~0 - ~10%) and single yielding in the martensitic as well as in austenitic phase. UTS of TiPt in B2 
phase region (e.g. 30 MPa) is very low so TiPt cannot be used as high temperature shape memory 
material due to negligible shape memory effect and very low yield stress in B2 phase region as 
compared to martensitic phase region. In-order to improve the high temperature strength and shape 
memory properties of TiPt. High Temperature Materials Unit (HTMU), NIMS research group [25] 
investigated the effect of partial substitution of Pt with other platinum group metals (PGMs) Iridium, 
Ruthenium as well as non-platinum group metal Cobalt and the effect of partial substitution of Ti 
with other group IV metals e.g. Zirconium and Hafnium [26-29]. Titanium, Zirconium and Hafnium 
belong to same group IV of periodic Table, so e/a ratio will not change if we partially or completely 
substitute Ti with Zr and/or Hf. Author et al. have reported the high temperature mechanical and 
shape memory properties of TiPt-Zr and TiPt-Hf materials [27]. Atomic radius of Zirconium (0.155) 
and Hf (0.155) are larger than Titanium (0.140 nm). Due to atomic size misfit parameter/solid 
solution strengthening effect, high temperature mechanical and shape memory properties of TiPt-
Zr and TiPt-Hf were found higher than TiPt [27]. Comparison of group number, melting point and 
density of different transition metals used during author’s post-doctoral study is given in Table 3.3. 
Among these transition metals given in Table 3.3, Hafnium has the highest melting point and 
Titanium is the lightest transition metal.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Metal Symbol 
Group 

Number 
Melting Point 

(°C) 
Density at RT 

Platinum Pt 10 2042 21.3 g/cm3 

Cobalt Co 9 1495 8.9 g/cm3 

Ruthenium Ru 8 2280 12.4 g/cm3 

Titanium Ti 4 1668 4.5g/cm3 

Zirconium Zr 4 1850 6.5 g/cm3 

Hafnium Hf 4 2495 13.2 g/cm3 

Gold Au 11 1064 19.3 g/cm3 

Silver Ag 11 962 10.5  g/cm3 

Table 3.3 Comparison of group number, melting point and density of different 
transition metals used during author’s post-doctoral study 
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Comparison of first and second yield stress of TiPt, TiPt-5Zr [27] and TiPt-5Hf [38] is given in the 
Figure 3.3. TiPt-5Zr and TiPt-5Hf were developed during author’s post-doctoral research work. 
Ruthenium (Ru) belongs to group 8 of the Periodic Table. Both Pt and Ru belong to platinum group 
metals. Cobalt belongs to group 9 of Periodic Table. Group number, valence electrons, melting 
point and atomic radii of Pt, Co and Ru transition metals are given in Table 3.4. During author’s 
post-doctoral research work, author compared the effect of partial substation of Pt belonging to 
group 10 of periodic table with Cobalt belonging to group 9 and Ru belonging to group 8 of periodic 
table on the high temperature strength and shape memory properties of TiPt Intermetallics [29]. 
Group number, valence electrons, melting point and atomic radii of Pt, Co and Ru transition metals 
is given in Table 3.4. Partial substitution of Pt belonging to group 10 of Periodic Table with Ru 
belonging to group 8 of Periodic Table was found more effective in improving the high temperature 
mechanical and shape memory properties of TiPt than partial substitution of Pt with Co belonging 
to group 9 of Periodic Table. This result also suggests that partial substitution of Pt with transition 
metals away from the group 10 is an effective way of improving the high temperature shape memory 
properties of TiPt. Density of Ru (12.4 g/cm3) is about half than Pt (21.3 g/cm3). Melting points and 
density of Ti, Pt, Ru, Zr, Hf, Au and Ag are given in Table [3.3]. Titanium is the lightest and platinum  
is the heaviest element in this list. Ti and Pt partial substituted TiPt-Zr, TiPt-Hf, TiPt-Ru, TiPt-Co 
exhibit higher yield and UTS in martensitic phase as well as in B2 phase region. TiPt-5Zr and TiPt- 
5Hf were developed during author’s post-doctoral research work [25, 27].  
 

 
 

Figure 3.3 Comparison of first and second yield stress of TiPt, TiPt-5Zr and TiPt-5Hf. TiPt-5Zr 
and TiPt-5Hf were developed during author’s post-doctoral research work [25] 
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3.5 TiAu SYSTEM  
TiAu is an intermetallic compound that has ordered bcc phase (B2) above austenitic transformation 
temperatures and orthorhombic B19 martensite below martensitic temperatures [18]. TiAu exhibits 
the shape memory effect due to thermo-elastic martensitic transformation. Transformation 
temperature range of TiAu is about 500 °C lower than TiPt. Yield stress difference of TiAu in 
martensitic and austenitic phase is about 200 MPa. Shape memory properties of TiAu are better 
than TiPt and TiPd. 
 
J. Ma et al. [19] categorized high temperature shape memory alloys as group I (100-400 °C), group 
II (400-700 °C) and group III (above 700 °C) based on transformation temperatures. Ti-50Au belongs 
to group II (400-700 °C). For high temperature shape memory alloys, oxidation resistance, thermal 
stability, shape memory effect, superelasticity and high temperature strength are important 
research challenges. For high temperature shape memory materials applications, functionality of 
materials/design of technical system and transformation stability are also important. In Ti-50Au, B2 
(ordered bcc)–B19 (orthorhombic) martensitic transformation is thermo-elastic with small 
transformation hysteresis (e.g. ~40 °C) compared to Ti-50Pt that has large transformation 
hysteresis (e.g. ~100 °C) [18]. Recently P. Vermaut et al. [30] showed that Hf-Pd exhibits poor 
shape memory properties due to higher mobility of dislocations than interfaces in martensite and 
transformation hysteresis of equiatomic Hf-Pd (105 °C) was wider than Ti-Au (40 °C). Mechanical 
properties of TiAu are given in Ref. [31]. 
Ti-Au phase diagram is given in Figure 3.4. Au4Ti, Au2Ti, TiAu, Ti3Au type precipitates can be 
formed in Ti-Au system. Central part of phase diagram related to TiAu intermetallic is important as 
it has thermo-elastic martensite that transforms to austenite at about 600 °C. Melting point of TiAu 
intermetallic is 1495 °C, that is higher than any other intermetallic of Ti-Au system. Composition 
control of TiAu during manufacturing is important otherwise other intermetallic of Ti-Au system e.g. 
AuTi3, Au2Ti etc. will be formed and they will affect the phase transformation and mechanical 
properties of TiAu intermetallic. 
 
 
 

Element Group Valence Electrons Melting Point Atomic Radii [29] 

Pt 10 (PGMs) 5d
9

 6s
1

 1769 °C 0.135 nm 

Co 9 3d
7

4s
2

 1495  °C 0.135 nm 

Ru 8 (PGMs) 4d
7

5s
1

 2250  °C 0.130 nm 

Table 3.4 Group number, valence electrons, meting point and atomic radii of Pt, Co 
and Ru transition metals 
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Figure 3.4 Phase diagram for TiAu system [40] 

 
Oxidation of TiAu in air environment was observed at 30 °C above Af [31]. Although H.C. 
Donkersloot et al. [18] reported Ti-50Au for high temperature shape memory materials applications 
in 1970. However even today, there is not much literature available related to TiAu shape memory 
intermetallic. One reason is the high cost of gold in TiAu. One great advantage of TiAu is the small 
temperature hysteresis (e.g. Af – Mf) as compared to TiPd, TiPt and HfPd. Change in the 
transformation temperatures with composition of TiAu is shown in Figure 3.5 [18]. Decreasing the 
gold concentration from 52.6% Au to 42.5% Au, both austenite finish (Af) and martensite finish (Mf) 
temperatures have decreased.  
 
One can tune the transformation temperatures by changing the composition of TiAu intermetallic 
however if some other unwanted intermetallic will form by this composition change, then the shape 
memory properties of TiAu will be affected. Precipitation of any other phase e.g. Ti3Au will change 
the composition of remaining matrix of TiAu as well. So TiAu may change from advance shape 
memory material to conventional material without showing any shape memory properties due to 
change in the composition of Ti-Au system. Transformation temperature hysteresis (Af-Mf) of TiAu, 
TiPd, TiPt and HfPd are shown in Figure 3.6. TiAu exhibits small transformation temperature 
hysteresis as compared to other intermetallic given in this Figure. Small temperature hysteresis is 
good for the shape memory properties of shape memory material. HfPd does not exhibit shape 
memory effect, on the other hand, TiAu, TiPd and TiPt exhibit shape memory effect and the 
percentage of shape memory effect is highest for TiAu intermetallic. Hosoda-Inamura lab  
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Figure 3.5 Composition effects on the transformation temperatures of Ti-Au system. This 
Figure is prepared on the basis of data provided in Ref. [18] 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.6 Transformation temperature hysteresis of TiAu [31], TiPd [32], TiPt [28] and HfPd [30] 
system (SME stands for shape memory effect) 
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TITECH Japan reported the effect of ternary addition on the martensitic transformation of TiAu [23]. 
 

3.6 OVER-VIEW OF AUTHOR’S RESEARCH RESULTS RELATED TO TiAu 
During Author’s PhD study period (2009-2012), Prof. Shim of Hosoda-Inamura Lab, TITECH Japan 
was doing MS research on TiAu system for biomedical applications. Author was impressed by his 
research findings as TiAu-Co shows good super-elastic properties. When author joined high 
temperature materials unit (HTMU), NIMS Tsukuba Japan in 2012 as post-doctoral fellow, author 
started working on TiPt system. Phase transformation temperatures of TiAu are closed to TiPd. 
However shape memory properties of TiAu are better than TiPd. Author discussed TiAu system 
and Dr. Shim’s research of TiAu with author’s then post-doctoral research group leader, Dr. 
Yamabe-Mitarai. After lot of discussion, author convinced Dr. Yamabe-Mitarai, to start working on 
TiAu system. One French group [30, 34] was also working on TiAu system at that time during 
author’s post-doctoral study [2012-20104]. Author started working on TiAu and TiAu-Zr intermetallic 
system. Zr was added in TiAu, as Zr was found an effective element in TiPt [27] and TiPd [20-21].  
 
Size misfit parameter related to difference in atomic radii of Ti and Zr is large. One reason of adding 
Zr in TiAu was to decrease the transformation temperature range of TiAu as Zr was found effective 
in decreasing the transformation temperature range of TiPt and TiPd system. Oxidation in TiAu was 
observed at just 30 °C above the austenite finish temperature [30]. Then author was expecting that 
by decreasing the transformation temperature range of TiAu, difference between oxidation 
temperature and transformation temperature will increase. Arc melting method was used. Solution-
treatment temperature (1000 °C) for TiAu was lower than TiPt. Zr was found effective in improving 
the strength of TiAu in martensitic phase region as well as austenitic phase region. Shape memory 
effect of TiAu was improved from 78% to 90% [35]. 
 
Author has also studied the effect of partial substitution of heavy and costly gold with lighter and 
cheaper Ag on the high temperature mechanical and shape memory properties of TiAu [36]. Silver 
is about 10 times cheaper than gold and per gram cost of gold is about 45 US dollar as compared 
to silver whose cost is about 5 dollar per gram. Density of silver (10.5 g/cm3) is about half than gold 
(19.3 g/cm3). Lighter materials are preferred for moving masses [33]. Both Au and Ag belong to 
same group 11 of Periodic Table and melting point of Au (1064 °C) is ~100 °C higher than Ag (962 
°C). Both Au and Ag have face center cubic (FCC) crystal structure and both Au and Ag have 
complete solubility in solid as well as in liquid phase [35-36].  
 
Because the atomic radii of silver and gold are same (0.144nm), so author was expecting that the 
partial substitution of expensive and heavy Au with relatively cheap and light Ag will not much affect 
the themo-mechanical and shape memory properties of Ti-50Au alloy. In Ref. [36], the effect of 
partial substitution of Ti with Zr in Ti-50Au, Ti-40Au-10Ag and Au with Ag in Ti-50Au and Ti-50Au-
10Zr on the phase constitution, phase transformation, thermo-mechanical and shape memory 
properties were compared. 
 
Partial substitution of Ti with Zr in Ti-50Au and Ti-40Au-10Ag were found effective in improving the 
thermo-mechanical and shape memory properties. However partial substitution of Au with Ag in Ti-
50Au and Ti-50Au-10Zr was found to have negligible effects. Reasons for these negligible effects 
are discussed in Ref. [36]. 
 

3.7 SUMMARY OF CHAPTER 3 
Brief Introduction to titanium based Intermetallics is given. Titanium-Nickel (TiNi), Titanium-
Palladium (TiPd) and Titanium-Platinum (TiPt) systems are discussed. Phase-diagrams of these 
systems are also given. Comparison between these Intermetallic systems is given. Author’s 
research results related to titanium based Intermetallics are briefly given in this chapter. 
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CHAPTER-4 
 
 

 

TITANIUM BASED SHAPE MEMORY ALLOYS 
Abdul Wadood*, Aun Nawaz Khan* and Mohsin Muhyuddin* 

(*Department of Materials Science and Engineering, Institute of Space Technology, Islamabad) 
 

4.1 INTRODUCTION 
Shape memory alloys are those alloys that remember their shape. Over the past few years, shape 
memory alloys (SMAs) have been developed at a fairly fast rate. NiTi and nickel free titanium based 
SMAs are finding use in a number of engineering and biomedical applications. This chapter deals 
with the novel characteristics of Titanium based SMAs including the shape memory effect, pseudo-
elasticity and its measurement techniques. 
 

4.2 SHAPE MEMORY EFFECT (SME) 
Shape memory effect (SME) is the ability of a material to regain its original form. It is a phenomenon 
in which a pre-deformed material can recover its original shape upon heating. The materials which 
exhibit this effect are known as shape memory alloys (SMA). Figure 4.1 schematically illustrates 
the mechanism of shape memory effect. 
 
 
 

 
 

Figure 4.1 Schematics of shape memory effect (SME) 
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Austenite is a high temperature phase, generally having cubic type crystal structure. When it is 
cooled from austenitic state to a temperature below martensitic phase transformation temperature, 
the austenitic phase converts to the diffusion-less thermo-elastic martensitic phase transformation. 
Thermo-elastic martensite is soft as compared to austenite. When subsequent load is applied, the 
martensite gets deformed which is shown by the macroscopic shape change. When a deformed 
material is heated above Af, the austenite finish temperature, it converts back to its parent austenitic 
phase. This phenomenon is known as shape memory effect (Fig. 4.1).  
 
Figure 4.2 shows the stress-strain-temperature ternary diagram for a typical NiTi. When the parent 
phase, austenite (point A) is cooled below the martensitic finish temperature, thermo-elastic 
martensite is formed (point B). Applying subsequent load to the thermo-elastic martensite would 
transform the material to deformation induced martensite (point C). The load should be large 
enough to start the de-twinning process. Heating the de-twinned/deformation induced martensite 
would convert it to its parent austenitic phase.  
 

 
                                        

Figure.4.2 Stress-strain-temperature plot for typical shape memory alloy [48] 
 
As shown in the Figure 4.2, the rearrangement of atoms occurs at a microscopic level which leads 
to self-accommodating martensite. The transformation of austenite to martensite occurs along a 
specific lattice plane. Twinning is an important mechanism which is different from slip. Twinned 
plane is the mirror image of un-twinned plane. In case of NiTi, the crystal structure of austenite is 
face-centered cubic (FCC). Martensite may be monoclinic or rhombohedral structure.  
 

4. 3 TIMELINE OF SHAPE MEMORY ALLOYS 
Figure 4.3 shows the time line of shape memory alloys. The discovery of diffusion-less phase, 
martensite in steel paved a way for the development of shape memory alloys. German scientist 
Adolph Martins discovered Martensite in steel in the year 1890. In the early years of the nineteenth 
century, researchers focused on the martensitic transformation in the Iron-Carbon alloys. According 
to the researchers K. Otsuka & C.M. Wayman, A. Olander discovered the pseudo elastic behavior 
of Au-Cd alloy in the year 1932 [1]. The phenomenon of thermo-elastic martensitic transformation 
was first explained by Kurdjumov & Khandros in the year 1949 [2]. In years to come, the thermo-
elastic transformation in other alloys was also discovered. The breakthrough in the field of titanium 
based shape memory materials came with the discovery of NiTi shape memory alloy in the Navel 
Ordinance Lab in the year 1963 by William J. Buehler & his co-workers [3]. 
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The term shape memory effect (SME) was given to the associated shape recovery that it 
possessed. In the year 1965, studies were conducted which suggested that the addition of third 
alloying element (NiTi-X) in nitinol enhanced its mechanical properties [4]. Elements such as cobalt, 
copper, iron, and silver were added in the existing NiTi to enhance its mechanical properties. High 
temperature shape memory alloys were developed in the early 1970’s.  Several research works 
were conducted on high temperature alloys such as Titanium-Palladium, Titanium-Platinum & 
Titanium-Gold [5]. In the early 1980’s, nitinol use in various bio-medical applications had begun. 
The most notable was the development of nitinol orthodontic arch wires [6]. Nitinol stents for 
biomedical use were developed in the early 1990’s. Now there are many research groups in the 
world that are working on titanium based shape memory alloys e.g. Miyazaki-Kim lab Japan, 
Hosoda-Inamura lab Japan, Yeon-wook Kim, Korea, S. A. Shabalovskaya Iowa State University, 
USA, J. Ma,  Department of Mechanical Eng., Texas A&M University, USA, P. Vermaut France etc. 
Prof. M. Niinomi from Japan is famous Professors who worked on titanium based biomaterials [47]. 
 

 

 
Figure 4.3 Timeline of shape memory alloys 
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4.4 HYSTERESIS LOOP 
The transformation temperature hysteresis is a distinguishing property of the heating and cooling 
behavior of shape memory alloys. Shape memory phase transformation does not undergo at a 
particular temperature. Upon heating or cooling, transformation starts at one definite temperature 
(transformation start temperature) and completes at other definite temperature (transformation 
finish temperature). There is a difference in the transformation temperatures upon heating from 
martensite to austenite and cooling from austenite to martensite, which causes a transformation 
lag. This transformation lag or delay is known as transformation temperature hysteresis, is 
generally defined as difference between the temperatures at which the material is half transformed 
to austenite upon heating and half transformed to martensite upon cooling. Its value is 
approximately equal to the difference between Austenite peak temperature and martensite peak 
temperature on a DSC curve i.e. nitinol has typical values of about 25-50 °C. Figure 4.4 
schematically shows the hysteresis loop for nitinol. 
 
Transformation temperatures are strongly dependent upon alloying and processing conditions. By 
altering these two conditions not only transformation temperatures change but shape of hysteresis 
is also changed. Both the hysteresis and the overall transformation temperature span are slightly 
different for different NiTi alloys. NiTi 50-50 alloy has width of hysteresis loop of 20-50 °C, but by 
adding copper, hysteresis is reduced to about 10 to 15 °C whereas by adding niobium or columbium 
hysteresis can expand to over 100 °C. Cold working and heat treatment also have significant effect 
on the shape of hysteresis loop. 
 

 
 

Figure 4.4 Hysteresis loop of nitinol 
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4.5 PSEUDO-ELASTICITY 

A phenomenon quite similar to shape memory effect is Pseudo-elasticity and some researchers 
also call it as superelasticity. It is an isothermal process in which a material is able to pseudo-
elastically recover high amount of strain. For pseudo-elasticity a narrow range of temperature is 
required just above its austenite transformation temperature and in this case, no heating is required 
to recover its original shape and the material exhibits enormous pseudo-elasticity response, some 
10-30 times more strain recovery than that of ordinary metal where there is only elastic recovery 
upon unloading. Figure 4.5 shows typical stress-strain curve for pseudo-elastic alloy. Pseudo-
elastic alloys behave like a rubber. When pseudo-elastic wires are stretched or bent, they are 
returned to their original shape after removal of force without an application of heat. Nitinol is very 
common example of pseudo-elastic material. In this case, test temperature is generally above than 
the austenite finish temperature or at least above than the austenite starts temperature. So in this 
case, martensite is stable only under the application of force and once we remove force, stress 
induced martensite will revert back to its original position [30]. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
Figure 4.5 Pseudo-elastic behavior of typical shape memory alloy 

 
 
The difference between shape memory effect and pseudo-elasticity is that in case of SME, heating 
is required for the reverse transformation of deformation induced martensite to parent austenite 
phase, however in case of pseudo-elasticity, heating is not required for reverse transformation as 
in this case, martensite is stable only under the application of force and once force is removed, 
deformation induced martensite will become unstable and will transform back to austenite upon the 
removal of force.  
 
Normal metallic systems like mild steel or aluminum shows typical mechanical behavior in which 
they have a proportional relationship to applied stress within the elastic range but beyond the yield 
point they undergo permanent or plastic deformation as shown in the Figure 4.6(a). Once they enter 
into the yielding range, permanent deformation remains even after the stress is removed but in 
case of NiTi pseudo-elastic alloys, they will return to their original shape even when deformed under 
a nominal strain of around 8%. The main difference between typical behaviors of normal metal, 
shape memory alloy & pseudo-elastic alloy is shown in Figure 4.6. 
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Figure 4.6 Illustrating the difference in mechanical behavior of (a) Normal metals (b) Shape 
memory alloys and (c) Pseudo-elastic alloy 

 
 
 

4.6 CORROSION CONCERNS 
Research has shown that titanium has a good repute as an implant material. The TiO2 film is 
protective in nature; hence it prevents the release of metal ions [7]. Researchers such as M. Cioffe 
et al. have worked on the testing of Nickel-Titanium orthodontic wires in artificial saliva. Their results 
showed that the corrosion behavior of nickel-titanium wire was highly affected by the fluoride 
content [8]. Metallic material implanted in the human body experiences severe conditions. Hostile 
environment is unavoidable. Although protective passive film exist on Nickel-Titanium alloy, nickel 
or titanium ions may still be released from the metal surface when it is exposed to acidic 
environment. Any damage caused by corrosion may affect the patient.  
 
In-vivo testing is the testing of the material in the living organism while in-vitro testing is the testing 
outside living organism i.e. in the outside environment. Reports show that NiTi alloys have poor 
local corrosion resistance in chloride containing media. The release of Ni2+ ions from NiTi imposes 
serious threat to the body as this may lead to enhanced corrosion rate. Since nickel ion release 
during the corrosion of NiTi is of utmost concern for its use as an implant material, several studies 
have been made to observe its corrosion resistance. Researcher such as R. Venugopalan et al. [9] 
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has also reported the release of nickel ions from NiTi arch-wires in saliva when it was implanted in 
the body.  
 

4.7 APPLICATIONS OF SHAPE MEMORY TITANIUM ALLOYS 

Shape memory alloys are being used in a variety of engineering & bio-medical applications. In this 
section, some of the engineering & bio-medical applications of titanium based shape memory alloys 
will be discussed. 
 
4.7.1 Biomedical Applications  
NiTi based shape memory alloys (SMAs) have found extensive use in bio-medical applications due 
to their good bio-functional properties, however presence of toxic nickel element is the concern of 
its use as biomaterial.   

i. Dental implants 
Titanium based SMAs have started being used in the field of dentistry since they have unique 
characteristics such as shape memory effect, pseudo-elasticity and damping capacity. Among 
other alloys, nitinol has gained subsequent importance due to its good corrosion resistance 
mechanical stability. Nitinol wires are widely used in clinical orthodontics. Nitinol undergoes a strain 
recovery of up-to 8% due to its thermo-elastic martensitic transformations. Hence, it is suitable for 
applications involving the use of continuous force.  

ii. Stents 
A stent is a tube used to treat narrow arteries. Shape memory materials have been used in the 
making of stents. In the 1990s, nitinol stents were introduced in the commercial market. Now-a-
days, flexible self-expanding nitinol stents are being developed to help patients to restore nutritional 
intake [10].  

iii. Artificial Pumps 
Nitinol can also be used for artificial organs such as actuators for driving artificial kidney pump and 
an artificial heart pump. High fatigue strength is an important parameter for these applications; NiTi 
alloy can fulfill this demand. 

iv. Surgical instruments 
SMAs have been widely used in designing surgical instruments. The SMA basket is being used to 
remove stones in the bile duct. 

 
4.7.2  Engineering Applications 
Nitinol based shape memory alloys are also being used for various automotive and aerospace 
applications, pipe couplings and in antennae for cellular phones. These alloys are also finding their 
applications in the nuclear industry. Table 4.1 shows some applications of titanium based shape 
memory alloys in the biomedical and engineering fields. 
 

Table 4.1 Applications of nitinol in biomedical and engineering fields [10] 
 

 
 
 
 
 
 
 

Property Applications 

Thermal shape memory Actuators, heart valve tools 

Flexibility and Kink Resistance 
Fishing lures, eye glass frame, cell phone 

antennas, guided wires 

Elastic Spring back Cell phone antennas, needles 

Biomechanical Compatibility Bone anchors, staples etc. 

Biocompatibility Implant, orthodontic use 
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4.8 NITINOL 
Some properties of nitinol are already discussed in chapter 3 of this book. Ni-Ti or nitinol is an 
intermetallic of nickel and titanium, where these two metallic elements are present in equal atomic 
percent. Nitinol is very popular because of its unique properties of shape memory effect and 
pseudo-elasticity. Nitinol has a wide range of applications in both engineering as well as in 
biomedical fields. 
 
In 1963 great researchers William J. Buehler et al. [11]  and Frederick Wang et al. [12] discovered 
nickel-titanium at the  Naval Ordnance Laboratory, therefore it is known as Nitinol (Nickel Titanium-
Naval Ordnance Laboratory) [13-14]. After the discovery of nickel-titanium shape memory alloy, 
various attempts were made to increase its properties by introducing a third element. Element such 
as Iron was added to the existing NiTi to improve its properties [15]. Addition of Copper in NiTi 
showed marked improvement in the fatigue life of the material [16]. Improved fatigue life along with 
low cost made Ni-Ti-Cu a suitable material for various engineering applications. Research work 
shows that the addition of silver in NiTi not only enhances the corrosion resistant properties of 
Nitinol but it also increases its mechanical properties [17, 27]. 
 

NiTi based shape memory alloys were started using in medicine in late seventies. They exhibit 
exceptional combination of shape memory, pseudo-elasticity, good mechanical properties and 
corrosion resistance. Despite these physical, chemical and mechanical properties, there is 
biocompatibility concern of nitinol due to high concentrations of nickel when used in vivo 
environment [18]. Since high corrosion resistance represents a necessary requirement for good 
biocompatibility/decrease in nickel ions release, corrosion behaviour of NiTi wires have been 
assessed in several studies at 37 °C. Main concern about application of NiTi alloys in dental and 
medical field is its biocompatibility due to presence of toxic nickel element [19].  

 
NiTi wire with good corrosion resistance is crucial to dental prosthesis, biocompatibility and for its 
use as guided wire and as a stent. As nickel is toxic and carcinogenic element, the high nickel 
content of the alloy (55 weight % nickel) and then possible release by corrosion still remains a 
major concern to use NiTi as biomaterial [20-25]. 
 

4.9 NiTi BASED SHAPE MEMORY ALLOYS 
The discovery of nitinol in the Navel Ordinance Lab was a major development in the field of titanium 
based shape memory materials. Due to its good corrosion resistance, good bio-functionality, shape 
memory & pseudo-elastic behavior, it became common in various engineering & bio-medical 
applications. This section deals with various nitinol based shape memory Intermetallics. 
 
Ni-Ti-X Intermetallics: Research showed that the addition of third alloying element increased the 
mechanical properties of the material. After 1965, various metals were alloyed with the existing NiTi 
system to enhance its properties. Addition of third alloying element controls various properties such 
as transformation temperatures, hysteresis width, austenitic & martensitic strength. The most 
notable metals used were Hafnium (Hf), Palladium (Pd), Platinum (Pt), Iron & Aluminum. The 
introduction of metals such as Pd & Pt paved a way for the development of high temperature shape 
memory materials. High temperature shape memory alloy (HTSMA) has transformation 
temperature exceeding 100 °C. Research shows that small addition of Pd or Pt in NiTi increase the 
martensitic start temperature [26]. Hafnium addition in NiTi system has become a material of 
particular interest due to its low cost. 
 
Addition of niobium in nitinol widens its hysteresis loop. Ni-Ti-Nb finds extensive use in pipe 
couplings where the material is required to show little or no response to wide temperature changes. 
Niobium addition significantly enhances its mechanical & fatigue strength. Copper is an abundant 
metal used now-a-days. It is added to the existing NiTi & partially replaces nickel element. It is 
located in the “neighborhood” of Ni (Cu belongs to group 11 and Ni belongs to group 10 of periodic 
table). Low cost of copper makes it a suitable material for wide range of applications. Research has 
shown that the addition of third element in NiTi improves the fatigue life of the material [15-16]. It 
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has also been observed that addition of more than 10 % Copper causes embrittlement, loss of 
ductility in the material. As ductility is one of the important parameters for the shape memory alloys 
to exhibit excellent shape memory characteristics, embrittlement is not desired. Table 4.3 shows 
various types of NiTi intermetallic and their properties.  
 
Silver addition in NiTi alloy results in increase in corrosion resistant properties. Research has 
shown that silver addition up to 1 wt% in nitinol results in increase in corrosion resistance of Ni-Ti 
[17]. It also enhances its mechanical properties [27]. Research has also shown that the addition of 
silver in NiTi results in increase in transformation temperature. These properties showed the 
potential of NiTi-Ag as shape memory material. Addition of Chromium metal in nitinol increases its 
strength. It results in decrease in transformation temperature while the ductility is also reduced. 
Nitinol with chromium additions have found use in medical applications. They are being used as 
retriever devices to treat heart strokes. Iron addition in nitinol results in a decrease in transformation 
temperature. The hysteresis width also decreases. The addition of Iron incites the suspension of 
martensitic phase to the favor of rhombohedral (R) phase transition. These alloys also have 
potential to be used as actuators. Table 4.2 illustrates the NiTi-X and their effects. 
 
 

Table 4.2 Illustration of NiTi-X 

 
 

4.10 AUTHOR’S RESEARCH AND CONTRIBUTION IN THE FIELD OF 
TITANIUM BASED SHAPE MEMORY ALLOYS  

Author has spent about eleven years working on titanium and titanium based shape memory alloys 
development and has published around 20 original research papers and two review articles. Dr. 
Rana Abdul Shakoor was the second PhD of Materials Department, GIK Institute Topi Distt. Swabi 
Pakistan. He completed his PhD in 2007. Author was master student at that time in GIK Institute. 
Dr. Rana Abdul Shakoor’s PhD topic was related to iron based shape memory alloys. Author was 
convinced by Dr. Rana Abdul Shakoor’s research work to work on shape memory alloys. Author 
started working in 2007 on NiTi-Ag shape memory alloys for biomedical applications. This was 
author’s MS thesis research work. This research work was focused on the use of nitinol as 
orthodontic arch wire for the alignment of teeth [17].  
 
In 2008, author won Japan government MEXT scholarship through the Embassy of Japan in 
Pakistan for PhD study from Japan. Author got acceptance by two great Professors who are 
spending their lives on titanium based shape memory alloys; Prof. Dr. Shuichi Miyazaki, Institute 
of Materials Science, University of Tsukuba Japan and Prof. Dr. Hideki Hosoda, Precision and 
Intelligence Lab, Tokyo Institute of Technology Japan. Author spent six months learning Japanese 

Sr. No Alloy System Work & Effect 

1 TiNi 
Biocompatibility concerns due to release of nickel 

ions. 

3 Ni-Ti-Fe 
Improved fatigue life,  Addition of Iron in NiTi 

decreases the SMA transformation temperature & 
width of hysteresis loop [15-16] 

4 Ni-Ti-Nb Widens hysteresis loop 

6 Ni-Ti-Al 
Al addition affects the transformation temperature of 

NiTi 

7 Ni-Ti-Ag 
Silver addition enhances the corrosion resistant 

properties of NiTi [17] 

8 Ni-Ti-Cr 
Improved strength, decrease in transformation 

temperature, use in medical applications 
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language and then Author joined Prof. Dr. Hideki Hosoda research group in April 2009 as PhD 
student. After lot of discussion with Prof. Hideki Hosoda, author’s PhD supervisor, it was decided 
to work on Ti-Cr based shape memory alloys. From March 2010-September 2013, author 
presented his research results in Japan Institute of Metals biannual meetings. Author also 
presented his PhD thesis research results related to titanium based shape memory alloys in 
THERMEC 2011 Quebec Canada, Titanium 2011 Beijing China. In year 2011-2012, author also 
worked as research assistant in Hosoda-Inamura lab TITECH Japan.  In-order to play the role of 

bridge between Pakistan Universities and TITECH Japan, author convinced his PhD supervisor, 

Prof. Dr. Hideki Hosoda to visit Pakistan as keynote Invited Speaker in International Symposiums 
on Advance Materials (ISAM) 2011. Author’s Professor agreed to visit Pakistan. Prof. Hosoda and 
author have given presentations in ISAM2011, Faculty of Materials Engineering, GIK Institute, 
School of Chemical and Materials National University of Science and Technology (NUST) 
Islamabad. Prof. Tahara and Prof. Shim of Hosoda-Inamura lab TITECH Japan have also visited 
Pakistan in 2013 and 2015 respectively as keynote speakers.  
 
Author completed his PhD in March 2012 with five Journal papers [28-32] and three International 
Conference papers [33-35]. In April 2012, author joined high temperature materials unit (HTMU), 
National Institute for Materials Science (NIMS) Tsukuba Japan and spent two years there as post-
doctoral researcher. Author’s post-doctoral research work was related to TiPt and TiAu based high 
temperature shape memory Intermetallics. Author’s publications related to TiPt and TiAu based 
high temperature shape memory Intermetallics are given in Ref. [36-45].Recently author’s one 
patent has also been registered by Japan Patent Office related to TiAu based high temperature 
shape memory materials [46].  
 
Recently author has won 9.5 million research grant under ‘National Research Program for 
Universities (NRPU)’ project from HEC for the development of titanium based shape memory alloys 
(Project# 20-3844/R&D/HEC/14). Author has also won 0.5 million project from HEC for the 
development of NiTi based shape memory intermetallic (Project # IPFP/HRD/2014/1655). Author 
was awarded Tejima Research award (Prof. Tejima was the founder of Tokyo Institute of 
Technology) Japan in February 2014 for his scientific contribution in the field of Titanium based 
shape memory alloys. At present, BS, MS and PhD students of Materials Department, IST are 
working on titanium based shape memory alloys under the author’s direct supervision. 
 
 

4.11 SUMMARY OF CHAPTER 4 
Introduction to shape memory alloys is given. Shape memory effect and pseudo-elasticity are 
explained. Nitinol and nickel free titanium based shape memory alloys are discussed. Applications 
of titanium based shape memory alloys are given. Author’s contribution towards titanium based 
shape memory alloys is given in this chapter. 
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CHAPTER-5 
 

 
PROCESSING OF TITANIUM AND TITANIUM ALLOYS  

 

5.1 INTRODUCTION 
Titanium is the fourth most abundant element in the earth crust. There are different routes for the 
processing and development of titanium and titanium alloys. At first, extraction of titanium from 
titanium ores will be discussed followed by different processing routes to develop and process 
titanium and titanium alloys. Lab scale processing routes are emphasized in this chapter for the 
benefit of research students. Traces of oxygen or nitrogen in the titanium tend to make the metal 
brittle [1]. The reduction has to be carried out in an inert argon atmosphere rather than in air [2]. 
Titanium is made by a batch proces as compared to iron production through blast furnace process. 
 
In the production of iron, there is continuous flow through the blast furnace. In case of blast furnace, 
iron ore, coke and limestone are added from the top, and pig iron and slag are removed from the 
bottom in the blast furnace process. This is a very efficient way of iron making. With titanium, 
however, we can make its one batch at a time. Extraction of titanium is expensive process due to 
strong affinity of titanium with oxygen [2]. Titanium (IV) chloride is heated with sodium or 
magnesium to produce titanium. The titanium is then separated from the impurities and an entirely 
new reaction is set up in the same reactor.  
 
 

5.2 TITANIUM EXTRACTION [2] 
 

5.2.1 Chlorination 
Titanium is extracted from titanium ore rutile (TiO2). Rutile is first converted into titanium chloride 
(TiCl4). Titanium ore rutile is heated with chlorine and coke at about 1000°C. Formation of other 
metal chlorides is also possible if other metal compounds are present in the ore. 

     
TiO2 + 2Cl2 + 2C                             TiCl4   +   2CO  (5.1) 

 
5.2.2 Fractional Distillation 

Other metal chlorides are separated from liquid titanium (IV) chloride by fractional distillation under 
an argon or nitrogen atmosphere. TiCl4 is stored in dry tanks. 
 

5.2.3 Reduction of TiCl4 
TiCl4 is then reduced to titanium using either magnesium or sodium. TiCl4 can be reduced using 
Mg; Kroll process. Titanium chloride vapors are passed into a reaction vessel containing molten 
magnesium in an argon atmosphere and the temperature is increased to about 1000°C. Reduction 
reaction is exothermic.  

TiCl4 + 2Mg           Ti    +    2MgCl2   (5.2) 
After cooling, the reaction mixture is crushed and dilute hydrochloric acid is added to react with any 
excess magnesium to form more magnesium chloride. All the magnesium chloride dissolves in the 
water and the remaining titanium is processed further to purify it. Titanium can't be extracted using 
carbon as a cheap reducing agent as in this case, we will get TiC that is brittle phase. Titanium 
obtained from ore has sponge like appearance and is called sponge. MgCl2 can be removed by 
acid leaching, vacuum distillation, and inert gas sweep process. MgCl2 is soluble in acid solutions. 
Vacuum distillation uses the high vapor pressure of MgCl2 and it is removed by evaporation and 
re-condensation for Mg and Cl2 recovery. 
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5.2.4 Crushing and Sizing 
After purification of sponge from Mg and MgCl2, sponge is crushed to produce the metallic titanium 
granules. Crushing and sizing operation can be carried out in air environment. Titanium can catch 
fire (pyrophoric), and it will contaminate the sponge with O2 and N2 of air. Generally the average 
size of sponge after crushing and sizing is above 3-5cm. Labor, equipment, utilities, maintenance; 
Mg and TiCl4 cost affect the overall cost of titanium sponge production. Only TiCl4 contribute more 
than 50% cost of titanium sponge. 
 

5.3 MELTING 
 

5.3.1 Lab Scale Melting 
Button arc furnace is generally used for lab scale melting to develop titanium alloys. DC tri electrode 
button arc furnace can be used for melting of metals [3-4]. This furnace is generally used as a basic 
research melting furnace for production of materials. DC tri electrode button arc furnace has proved 
its satisfactory performance in those applications where high temperature is required. 
Temperatures in excess of 3000 °C can be attained. High melting materials can be melted. GIK 
Institute has tri-electrode button arc furnace developed with the assistance of Dr. Hamid Zaighum, 
then PhD student of FCME, GIKI. Recently GIK Institute also purchased German made MAM 1 
button arc furnace. In IST, we also have one button arc furnace and minimum 50 gram material is 
required to melt in this furnace. Furnace is cooled with the help of flowing tap water. Water is 
generally supplied into the furnace at a rate of 5 Liter/minute. Before switching on the furnace, flow 
of water is must for cooling. Copper metal can be melted in the copper crucible due to this cooling 
water that keeps the crucible near room temperature. Copper crucible is cleaned with the help of 
emery papers and acetone wet cleaning paper.  
 
Metals to be melted in the lab scale button arc furnace should be well cleaned using emery papers 
and then rinsed using acetone in ultrasonic cleaning bath. If metals are not well cleaned before 
melting, then oxide and other stuff on the surface of metals will affect the mechanical properties 
especially ductility of buttons. Pure metals should be melted four to five times to improve the 
homogeneity in composition. Consumable and non-consumable electrodes can be used in button 
arc furnace. However non-consumable e.g. Tungsten electrode is preferred as it will not 
contaminate the composition as well as the chamber of button arc furnace. Mass increase/decrease 
of button after arc melting should be minimum (e.g. less than 0.1%) showing no such oxidation or 
contamination during arc melting process.  
 
Figure 5.1 shows the tri-electrode button arc furnace available in GIK Institute [3]. Crucible is shown 
on the insert in this Figure. In-order to avoid oxidation during arc melting, melting must be carried 
out under tight control vacuum system. Generally rotary pump is installed with button arc furnace 
for vacuum creation. Best practice is to use argon gas purging 3-4 times and should be evacuated 
using vacuum system to further reduce the traces of oxygen present in the chamber of the furnace. 
Generally pure titanium is used as gettering agent. At first, gettering agent should be melted before 
the melting of our material so that any traces of oxygen present in the chamber should react with 
gettering agent titanium rather than with our samples. Depending upon the crucible shape and 
number of cavities present in the copper crucible, different number and sizes of samples e.g. 3-4 
can be melted using button arc furnace. 
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Figure 5.1 Tri-electrode button arc furnace available in the Faculty of Chemical and Materials 
Engineering (FCME), GIK Institute, Topi District Swabi, Pakistan 

 
 
Figure 5.2 shows the MAM-1 German made furnace [19] also available in the GIK Institute, Topi 
District Swabi, Pakistan. MAM-1 furnace is designed for 5 to 20 gram sample, so big samples 
cannot be melted using this furnace. As melting chamber is small, so it needs low gas consumption 
and evacuation is fast as well. It has single freely movable electrode. Difficulty with single electrode 
is related to tilting of samples after melting. MAM-1 furnace has contactless ignition of the arc. 
Ignition of arc is using button/switch rather than paddle that is used in the tri-electrode button arc 
furnace. MAM-1 has small roughing pump and/or turbo-molecular pumping system. It has safety 
functions that protect it from over temperature and the eye protection of the user well. Its 
dimensions are 430*650*750 mm, much smaller than tri-electrode button arc furnace. 
 

5.3.2 Industrial Scale Melting   
As titanium is very reactive metal in solid as well as in liquid phase, special care is required to 
produce titanium and titanium alloys for ingot production. Vacuum arc remelting (VAR) furnace and 
cold hearth melting (CHM) furnace are generally used for titanium and titanium alloys production 
on industrial scale. VAR is an old process and CMH is commercially used since 1985. About 100 
cm diameter and about 1 tone to 1.5 ton (1ton = 1000 kg.) ingot can be produced using VAR 
process [2]. Figure 5.3 shows the schematic of vacuum arc remelting furnace. 
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Figure 5.2 German made MAM-1 Furnace [19], (available in the Faculty of Chemical and 

Materials Engineering, GIK Institute, Topi District Swabi, Pakistan 
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Figure 5.3 Schematic representation of Vacuum Arc Remelting 
furnace [20] 

 
 
 
 
 
 
 

5.4  HOMOGENIZATION 
Purpose of homogenization is to get the uniform composition throughout the material. Button ingots 
should be polished using emery papers and rinsed in ultrasonic cleaning bath and then 
encapsulated in quartz tube with vacuum level of 4 x 10-3 Pa. Lab scale ingots should be 
homogenized at proper temperature for adequate period of time and then material should be water 
quenched in order to avoid diffusional transformation products. Homogenization temperature 
should be in the β phase region and this homogenization temperature should be above the α and 
(α+β) phase region and should be well below the melting point of titanium (1670 °C) [3-4]. Figure 
5.4 shows the box type lab scale heating furnace that can be used for the homogenization of 
samples. Figure 5.5 shows the typical TTT diagram of titanium alloys, showing that β phase in 
titanium alloys can transform to hexagonal ω and/or hexagonal closed pack (hcp) α phase during 
heat-treatment process. 
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Figure 5.4 Box type heating furnace [21] 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.5 Schematic representation of TTT diagram for general titanium alloys 
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5.5 COLD ROLLING 
Cold rolling is normally carried out below the re-crystallization temperature (0.3Tm) where Tm is 
the melting temperature. Cold rolling is used to produce sheet and strip with superior surface finish 
and dimensional tolerances compared with hot-rolled strip. In addition, the strain hardening 
resulting from the cold rolling reduction may be used to increase the strength. A greater percentage 
of rolled non-ferrous metals are finished by cold rolling compared with rolled-steel products. 
 
The total reduction achieved by cold rolling generally will vary from about 50% to 90%. During 
author’s PhD study, author used to cold roll titanium based button to 96% cold rolling reduction. 
Rollers of cold rolling machines used to clean before and after the rolling operations. In establishing 
the reduction in each pass, it is desirable to distribute the work as uniformly as possible over the 
various passes without falling very much below the maximum reduction for each pass. Generally 
the lowest percentage reduction is taken in the last pass to permit better control of flatness, gauge, 
and surface finish. Author used 0.2 mm reduction/pass. 
 
One rational procedure for developing cold-rolling schedule is to adjust the reduction in each pass 
so as to produce a constant rolling load. Figure 5.6 shows the schematic representation of two rolls 
cold rolling process. Equi-axed type grains are elongated in the rolling direction after the cold rolling 
process. Defects may be on the surface of the rolled plates and sheet, or they may be structural 
defects within the material. Surface defects may result from inclusions and impurities in the 
material, scale, rust, dirt or roll marks. Structural defects are those that distort or affect the integrity 
of the rolled product. Some typical rolling defects are wavy edges/buckling, edge cracking, residual 
stresses, non-uniform size rolled sheet production etc. One roll cold rolling machine is available in 
GIK Institute. Pakistan. Author used this rolling machine during author’s stay in GIK Institute as lab 
engineer (2000-2006) as well as during author’s MS research work (2006-2008). Author visited GIK 
Institute Pakistan in March 2017 and this machine at present is also in the working condition. The 
rolling mill consists of housing for the different parts, rollers, bearings, drive for applying power to 
the rolls and controlling their speed. Rigid construction and very large motors are required to 
provide the necessary power as the forces involved in rolling can easily reach many Mega Newton 
(MN). Recently author won 9.5 million research grant from HEC under HEC NRPU project to 
develop nickel free β type titanium based shape memory alloys and rolling mill will also be 
purchased from this budget. 
 
 
 
 

 
 

Figure 5.6 Schematic representation of two rolls cold rolling process [22] 
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In order to calculate the rolling reductions, ingot sides should have flat surfaces. During author’s 
PhD study, as the ingots after fabrication do not have flat sides, so both ends of ingots were cut 
using wheel cutter. After ingot cutting, surface of ingot should be cleaned using emery papers and 
then ultrasonic cleaned to remove dirt and grease if any present on the surface. Thickness of 
sample should be measured before cold rolling. Ingots should be cold-roll to 96% or more in 
thickness reduction. Cold rolling reduction per pass should be 2% or less. Cold rolling reduction is 
calculated using equation 5.3.  
 
  Cold Rolling Reduction (%) = [(T1 – T2)/T1] x100    (5.3) 
 
where T1 is the sample thickness before cold rolling and T2 is the sample thickness after cold 
rolling. Final thickness of specimens after cold rolling for author’s research samples were generally 
about 400µm. Hosoda-Inamura lab, Tokyo Institute of Technology Japan has different types of cold 
rolling machines.  
 

5.5.1 Rolling Safety 
Safety is important during rolling process. In Japanese, it is called ‘Anzen dai ichi’ meaning ‘safety 
first’. At-least two persons are necessary for cold rolling process so that if any incident happens to 
one worker/researcher, other can immediately take necessary action(s). During author’s start of 
PhD in TITECH Japan, author’s Japanese tutor’s hand was injured during the cleaning of rolls while 
the rolling machine was ON and rollers were moving in the forward direction and tutor by mistake 
thought that the rollers were moving in the backward direction. By the grace of God, he got only 
minor injuries and was saved from any major problem. Some Japanese students blamed author 
that author was talking to him so his intention was diverted although at that time, author was talking 
to another Japanese student, not with tutor when this incident happened. Anyhow, author’s 
supervisor at that time asked as not to talk during the rolling operation and author now also 
recommend it to students who will read this book: please be extra careful during experimentation 
as life is more important than education and degree. 
 
After this incident, cleaning of rolls by direct hands contact with rollers was forbidden by supervisor 
and we used cleaning cloth on the wooden hammer and used this cloth coved hammer for the 
cleaning of the rollers surfaces. Use of cloth covered hammer was to remain safe as one can save 
his hands if hammer will catch into the rollers. Author’s supervisor used to deliver a safety lecture 
to new students joining Hosoda-Inamura lab and new students cannot use rolling machine without 
passing the safety examination related to rolling machine. In Hosoda-Inamura lab, one cannot 
come to lab with loose cloth and slippers and one must wear goggles during the rolling process 
and this is general safety procedure for all the students and staff. When author joined Hosoda-
Inamura lab, once author came to the lab in Pakistani Chapel/Kherhee (similar to slipper) and Prof. 
Inamura clearly asked author as not to come to lab in future in these slippers. Slippers and similar 
stuff e.g. different type of female slippers (e.g.Auddee wali Jutee in Urdu) are very dangerous from 
lab safety point of view as one can fall down on the wet floors etc. Record register is also mandatory 
for each student before and after the rolling operation.  
 
Figure 5.7 shows the single roll cold rolling machine available in the department of metallurgy, 
Mehran University of Engineering and Technology, Jamshoro, Sindh. In February, 2017, author 
visited Mehran University for oral presentation in the first International Conference on Advanced 
Materials and Processing (ICAMP 17), February 28-March 1, 2017. Similar kind of cold rolling 
machine is available in the GIK Institute. 
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Figure 5.7 Single roll cold rolling machine available in the department of metallurgy, Mehran 
University of Engineering and Technology, Jamshoro, Sindh (Picture taken during author’s visit to 

Mehran University, March 2, 2017) 
 

5.6 HOT ROLLING 
Hot rolling process is used for those materials that are difficult to cold roll due to poor cold (room 
temperature) workability. Titanium and its alloys/Intermetallics should be heated under controlled 
atmosphere for hot rolling process as titanium and its alloys have high reactivity with oxygen. During 
author’s MS research work, NiTi and NiTi-Ag shape memory samples were heat-treated at desired 
temperature in the tube furnace under controlled (Argon gas) atmosphere before hot rolling. 
Heating the sample in the vacuum before hot rolling is difficult as in this case, every time you have 
to stop the vacuum system before hot rolling process.  
 
One has to heat samples in the furnace before the hot rolling process. However as time is required 
to take the sample out from the furnace and also the sample will be in contact with the cold rolls, 
temperature of sample will drastically decrease during hot rolling process. So hot rolling under tight 
control temperature is difficult and it results precipitation of different phases during the hot rolling 
process and theses phases e.g. α (hcp), ω (hexagonal) as well as oxide formed during the hot 
rolling process will affect the rolling reduction/ductility as well as the strength and ductility of the 
material. Figure 5.8 shows the tube furnace for heating of samples on the lab scale. Thermocouples 
are generally installed in the middle of tube furnace. Samples should be placed in the central part 
of tube furnace. As we move away from the central part of tube furnace, temperature also 
decreases. So for uniform heating, samples should be placed in the central part of tube furnace. 
Using thermocouple, voltmeter and temperature conversion Tables, one can calculate and analyze 
the temperature values at different regions of tube furnace and one can compare it with the values 
displayed on the display panel. Some tube furnaces are programmable as well. Samples should 
be placed in the furnace and then furnace should be switch on otherwise sample will get thermal 
stresses if placed in the furnace that is already at high temperature.  
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Figure 5.8 Tube furnace, (available in the Department of Materials Science & Engineering, IST, 
Islamabad) 
 
 

5.7 SAMPLE CUTTING 
After rolling of titanium and titanium alloy specimens, one has to cut it into desired shapes using 
wheel cutter or any other suitable process. Wheel cutting is one way to cut the samples. Diameter 
of wheel used for sample’s cutting is important. During author’s post-doctoral research work from 
National Institute for Materials Science (NIMS) Tsukuba Japan (2012-2014) [5], button ingots were 
cut using 0.3 mm diameter wheel cutter for wheel cutting process. Using 0.3mm diameter wheel 
cutter, cutting losses can be reduced however in Pakistan, generally 1mm diameter wheel cutters 
are available in the market and author found it difficult to find wheel cutter with diameter less than 
1mm in Pakistan. Figure 5.9 shows the wheel cutting machine with water cooling facility. During 
author’s PhD work, titanium specimens after cutting process were mechanically polished, wrapped 
in titanium foil and solution-treated in the β phase region for isotropic properties and then quench 
in water to retain β phase at room temperature. 
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Figure 5.9 Wheel cutting machine with water cooling facility, (available in the Department of 
Materials Science & Engineering, IST, Islamabad) 

 
 
 

 
 Figure 5.10 Schematic of electric discharge wire cutting machine [23] 
 
Another way of lab scale samples cutting is to use electric discharge wire cutting machine where 
diameter of wire is much less than the diameter of wheel cutter so cutting losses are minimum in 
electric discharge wire cutting machine as compared to wheel cutting machine. As titanium and 
titanium alloys are expensive, electric discharge machining is better option however sometime, it 
becomes difficult to get more specimens from already cut EDM remaining sheet. During author’s 
PhD study, rolled samples were cut using wheel cutting machine however during post-doctoral 
study, samples were cut from buttons without rolling process. Author used to prepare 
6mm*3mm*3mm samples by wheel cutting process. Electric discharge machining was also used 
during postdoctoral research work (2012-2014).  
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Electric discharge machining (EDM) is well understood from application point of view and well 
characterized for larger components. All EDM techniques use the principle of creating electrical 
spark between an electrode and the work piece. Voltage difference is applied between the work 
piece and electrode, that has to be electrically conducting or semi-conducting. When voltage is 
high enough, an electrical discharge takes place that generates heat in the work piece or the 
electrode and often both. Heat that is generated is intense, localized and of short duration. It causes 
a small spot on the work piece. 
  
There are two main types of EDM; volume EDM and wire EDM. Wire EDM uses electrodes made 
from many different materials including beryllium, copper, graphite, brass, tungsten and tungsten 
carbide. Wire EDM employs a continuously running thin wire as electrode and is useful for cutting 
profiles in plates.  During author’s MS research work, after hot rolling, samples from each 
composition were obtained using electric discharge molybdenum wire cutting machine with 
dimensions of 11 mm * 11 mm. Thickness of samples was 2 mm. Figure 5.10 schematically shows 
the working principle of electric discharge wire cutting (EDM) machine.  
 
De-ionized water is used for cooling purposes. Loss of material during cutting is minimum in case 
of EDM as compared to wheel cutting process. Spark is generated between wire and the work 
piece. 
 
 

5.8 TTT DIAGRAMS AND PROCESSING 
Time-temperature-transformation (TTT) diagrams are important for the processing of titanium 
alloys. β type titanium alloys can transform to hexagonal closed pack (hcp) α phase, hexagonal ω 
phase and intermetallic phases as well depending upon the heat-treatment temperature as well as 
composition. During high temperature processing, transformation of titanium and its alloys will 
affect its processing and workability. Ductility of hcp α is poor as compared to body centered cubic 
(bcc) β phase having more free space. In some cases, titanium alloys are transformed to β phase 
and then processed (rolled) and after processing, alloys are again changed to α phase as α phase 
has better strength than β phase and β phase has better ductility than α phase. Figure 5.5 
schematically represents the TTT diagram of typical titanium alloy.  
 

5.9 POWDER METALLURGY ROUTE 
Powder metallurgy [8] is another interesting processing route for the development of titanium alloys. 
Metal components are often formed by melting an ingot and casting it into a mold of the desired 
shape. During cooling, the metal solidifies and can be removed from the mold. With some annealing 
and minimal machining, the component is ready for use. Melting point of titanium (1668 oC) is high 
and melting of titanium is not an easy job. To make their fabrication less costly, powder metallurgy 
route is also followed. The goal of powder metallurgy route is to form a dense material of the desired 
shape. In solid state processing, the material is heated to temperatures high enough to cause 
appreciate mass transport, either by diffusion or vapor transport. 
 
For solid state processing, powders composed of small particles hold several advantages over 
larger pieces of solids. First, small particles have higher surface area, for a given amount of mass, 
than do larger particles. This excess surface area corresponds to an excess surface energy; 
therefore a higher chemical activity generally enhances the amount of mass transport that occurs 
at a particular annealing temperature. Secondly, powders can be formed into a wide variety of 
shapes. A diverse collection of methods exist for forming powders. Powder is compacted under 
high pressure to form green body. Uniaxial pressing and isostatic pressing are both examples of 
dry methods. Other techniques rely on mixing the powder with a liquid to form a mud-like 
suspension (called slurry). By sedimenting the particles from the suspension and/or removing the 
liquid by drying or filtering, a porous solid mass can be formed. Examples of such “wet” processing 
methods are slip casting, pressure filtration and injection molding. Powders of different metals 
including titanium as solvent can be mixed to make new materials.  Sieve analysis can be done to 
find out the overall size of powder particles. One of author’s MS students, Miss Ammara Batool is 



59 

working under author’s supervision on Al-Ti alloys using powder metallurgy and melting route. Both 
aluminum and titanium are lightweight materials and both have potential for being used for light 
weight applications e.g. aerospace, transportation etc. Powder metallurgy consists of following 
basic processing steps: 
 

5.9.1 Weighing 
Composition is made using atomic % or volume % distribution rather than just weight % 
composition control. In weight% composition, number of heavy metal particles will be less as 
compared to light metal particles for certain typical composition. Atomic or volume % is then 
converted to weight % of ingredients in the desired weight of pellet. Lab scale three or four digit 
(0.0000 g) weighing balance should be used for weighing. 
 

5.9.2 Mixing 
Metal powders are then mixed either using dry mixing or wet mixing route. Ball milling is also used 
for the mixing of titanium powders however particle size may reduce by ball milling process. Wet 
mixing of titanium powder is better than dry mixing as in wet mixing; there will be no such 
suspension of titanium particles in the air during mixing, so health and safety point of view, wet 
mixing is better than dry mixing, Wet mixing results more uniform mixing as compared to dry mixing. 
Water should not be used for wet mixing as otherwise it may change the surface chemistry of 
titanium powder as well as it is difficult to evaporate the water as boiling point of water is 100 °C. 
Acetone is better option for wet mixing. Boiling point of acetone is 56 °C. 
 

5.9.3 Compaction 
After properly sizing and pre-conditioning, powders are now ready for forming into required shape. 
The major techniques used for consolidating and producing shapes are uni-axial pressing, isostatic 
pressing and hot isostatic pressing. Pressing is accomplished by placing the powder that is pre-
mixed with suitable binder and lubricants into die, and applying pressure to achieve compaction. 
Lubricants are used to aid in the redistribution of particles into rigid particles during pressing, to 
obtain maximum packing, to improve powder flow into the die and to minimize die stacking. Paraffin 
oil often blended with granulated or spray-dried powder prior to pressing is generally used. Dry 
lubricants such as stearates are also often used.  
 
Uni-axial pressing involves the compaction of powder into rigid die by applying pressure along a 
single axial direction through a rigid punch, plunger or piston. The lubricant and binder usually aid 
in this distribution and the binder provides cohesion. High pressures are normally used for dry 
pressing to assure breakdown of the granules and uniform compaction. High production rates and 

closed tolerance can be achieved with automated dry pressing. Dimensional tolerances to 1% are 
normally achieved in routine applications and closer tolerances have been achieved in special 
cases. Improper densities, die wear, cracking are common problems during the compaction 
process. Figure 5.11 schematic represent the (a) uniaxial pressing process and (b) Hydraulic press 
machine. 
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Figure 5.11 Schematic representations of (a) Uniaxial pressing process [24] 
(b) Hydraulic press machine, (available in Department of Materials Science & Engineering, IST, 

Islamabad) 
 
 

5.9.4 General Procedure for the Uni-axial Compaction  
 

1. Calculate the surface area (in2) of die orifice using the diameter of die orifice. 
2. Clean all parts of the die with the help of ethanol. 
3. Lubricate the inner walls of the die orifice with zinc stearate or any other suitable lubricant. 
4. Apply load gradually e.g. one ton and maintain for desired time e.g. 10 seconds.  
5. Remove the pellets from die and weigh the pellets. 

6. Calculate the volume ( V=  r2h) of cylindrical pellet. 
7. Measure the green density of your pellet (density = mass / volume). 
8. Calculate the densification of these pellets: 

       Densification = green density / theoretical density  (5.4) 
9. Similarly calculate the percentage porosities of green compacts.  

            

(a) 

(a) 

(b) 
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  %age porosity = (1 – green density / actual density) x 100  (5.5) 

True density of Aluminum is 2.7 g/cm3, Titanium 4.5 g/cm3 and Alumina 3.95 g/cm3. 

 
5.9.5 Sintering 

Sintering is the conversion of a green body into a solid compact sintered body by heating. Process 
consists of mass transfer deforming the powder, filling inter particle voids and causing overall 
shrinkage of the compact. Process is thermally activated and controlled by diffusion. Sintering is 
driven by reduction in surface energy. Tube furnace is convenient to be used for lab scale sintering 
process as here sample size is small and less energy is required to heat the sample to desired 
temperature using tube furnace as compared to box type furnaces. Control of environment e.g. 
inert or vacuum is easily maintained using tube furnace as here diameter of tube and open space 
within the tube is less as compared to other large size furnaces.  Prof. Dr. Aamir Azam Khan, 
famous materials professor, now working in Malaysia has lot of experience of sintering process and 
recently in UET Lahore, (March 2017), he has given keynote presentation on the sintering process 
mechanism. 
 

5.10 SELF-PROPAGATING HIGH TEMPERATURE SYNTHESIS 
In this process, heat of exothermic reaction is used for the self-propagating high temperature 
synthesis of advance materials. Exothermic reactions are involved when titanium based 
Intermetallics are produced from their constituent metals. For example, when titanium and nickel 
in equal atomic percent are pre-heated to about 200 °C, exothermic reaction starts and heat 
produced during the exothermic reaction is enough for the self-propagating high temperature 
synthesis of TiNi intermetallic. 
 
Self-propagating high temperature synthesis (SHS) has the advantage of time and energy saving 
due to exothermic reaction. In Ref. [6], porous Ni-Ti shape memory Intermetallics with linear-aligned 
elongated pores were successfully prepared by Self-Propagating High Temperature Synthesis 
(SHS) process. Upon pre-heating the reactants at different temperatures, adiabatic combustion 
temperature was successfully increased to form a transient eutectic liquid that was used to obtain 
aligned anisotropic microstructure similar to natural bone and wood materials. Unusual pore 
structure with linear-aligned elongated pores similar to natural bone material was successfully 
obtained using convective flow of partial liquid phase and of argon gas [6]. Channel size (400µm) 
in TiNi obtained was within the range for the growth of living cells. Anisotropic properties of implant 
material similar to bone were successfully obtained. Cylinders of NiTi are produced by SHS method 
in Ref. [7]. 
 

5.11 PROCESSING AND PROPERTIES 

As given in Figure 5.12, processing, structure and properties are inter-related with each-other [8]. 
Processing affects the properties of titanium and titanium alloys. An-isotropic properties are 
achieved using solid state working e.g. rolling, forging, extrusion etc. As titanium and titanium alloys 
have high affinity to react with oxygen, processing under open air is an issue and is always 
problematic and there is high probability of reaction of titanium with oxygen resulting formation of 
titanium oxide on the surface of titanium. As titanium oxide belongs to the branch of ceramic 
materials, so the surface properties of titanium having oxide on the surface will be different than 
bulk material. Titanium and titanium alloys have good corrosion resistance due to protective surface 
oxide (TiO2) of titanium. 
 

5.12 TITANIUM BASED METAL FOAMS 
Metallic foam is another interesting area. Titanium foams have low elastic modulus as compared 
to bulk titanium. Elastic moduli of titanium foams are close to natural bone material and they have 
biomedical applications. Titanium based metal foams have low density, high stiffness and have 
potential to be used as medical implant [9]. Methods to produce titanium foams are powder 
metallurgy route using solid space-holders, partial powder melting with electron beam and laser. 
Anisotropic expansion of entrapped argon gas in titanium can be used to create elongated pores 
in titanium [10-12]. Open cell and closed cell porous structures can be obtained. BS project of Dr. 
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Salman Noshear Arshad from GIKI, now working in COMSATS Lahore was related to metal foam 
structures. 
 
 
 
 

 
 

Figure 5.12 Schematic of processing, structure and properties relationship. Please read Ref. 8 
for further details. 

 
 

5.13  AUTHOR’S EXPERIENCE RELATED TO PROCESSING OF  
TITANIUM ALLOYS 

 
Author’s MS thesis, PhD thesis, post-doctoral research work and current research activities are 
related to titanium, titanium alloys and titanium based Intermetallics. In-order to develop titanium 
based shape memory alloys, author used following processing methods: 
 
(a) Button Arc Furnace 
During MS research work (2006-2008), author used tri electrode button arc furnace available in 
GIK Institute. This furnace was developed with the help of Dr. Hamid Zaighum who was PhD 
student at that time in GIK Institute. Picture of this furnace is given in Fig. 5.1. Experimental 
procedure detail is given in author’s Journal paper, Ref. [13]. 
 
(b) Rolling Mill 
Single roll rolling machine was used during MS and PhD work [13-14]. It is an excellent cold rolling 
machine for lab scale rolling of metallic samples. During author’s MS research work, NiTi 
intermetallic was used that has poor cold workability. Author used to heat samples in the tube 
furnace under inert (argon gas) atmosphere for the hot rolling of NiTi based Intermetallics. During 
PhD, author used cold rolling process for β type titanium alloys. 
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(c ) Wheel Cutter 
During PhD and post-doctoral research work, author also used wheel cutting machines for titanium 
based samples cutting [15-16]. 

 
(d) Quartz Encapsulation 
During PhD research work, author also used to wrap titanium alloy samples in the titanium foil and 
then used to encapsulate these samples in the quartz tubes using rotary and diffusion pumps and 
using oxyacetylene gas cutting facility attached with Quartz Encapsulation set-up available in the 
Hosoda-Inamura lab, TITECH Japan [13-14, 17-18]. 
 
(e) Powder Metallurgy Route 
Author used powder metallurgy route for the development of metal foam structures in GIK Institute 
(2000-2006). During author’s current job in MS&E IST, one of author’s MS students, Miss Ammara 
Batool is working on the development of Al-Ti alloys and Al3Ti intermetallic using powder metallurgy 
and melting route. Powder metallurgy is cheaper route. Mixing of metallic powders is done using 
dry mixing or wet mixing using acetone as medium. Wet mixing is better to get more uniform mixing 
and to avoid powders suspension in the air. Compaction is done using hydraulic press and sintering 
is done using tube furnaces available in IST. 
 
5.14 SUMMARY OF CHAPTER 5 
Different processing routes for the development of titanium based alloys and intermetallic are 
discussed. Processing of titanium from ore to different shapes is briefly discussed in this chapter. 
Author’s own experience related to processing of titanium based shape memory alloys and 
intermetallic is also given in this chapter. 
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CHAPTER-6 
 
 

 

CHARACTERIZATION TECHNIQUES FOR TITANIUM AND 
TITANIUM ALLOYS 

 

6.1 INTRODUCTION 

In this chapter, different characterization techniques that can be used for titanium and titanium 
alloys and that were used during author’s academic research work related to titanium and titanium 
alloys will be presented. Microscopy is an important characterization technique. Morphologies and 
distribution of different phases can be identified using microscopic techniques. Images of different 
microstructures can be obtained using microscopic techniques. Simple magnifying glass can be 
used to view the magnified image. However the magnification and resolving power of optical 
microscope is much better than the magnifying glass and fine details cannot be viewed by using 
simple magnifying glass. Microscopy, X Ray Diffraction, Differential Thermal Analysis (DTA), 
Thermo-mechanical Analysis (TMA), Energy Dispersive Spectroscopy (EDS), Mechanical and 
Shape Memory testing techniques will be discussed in this chapter. 
 

6.2 METALLOGRAPHY 
Metallography is related to the study of the physical microstructures of metals and materials using 
microscopic techniques. The surfaces of metallographic specimens are prepared by 
grinding, polishing, and etching. After preparation, it is often analyzed using optical or electron 
microscopy. Mechanical preparation is the most common preparation method where 
emery/grinding papers are used for grinding and polishing purposes. A systematic preparation 
method is the easiest way to achieve the true microstructure.  
 

6.2.1 Sample Preparation Procedure and Precautions 
Small size metallographic specimens are generally mounted before grinding/polishing process. 
Thermosetting resin is generally used for cold/hot mounting process. Typical hot mounting process 
will compress the powder and heat the material to about 200 °C. After desired period of time, 
specimens can be taken out from the hot mounting machine. During author’s post-doctoral study 
[1], author used hot mounting process to mount research samples [2-4]. Half spoon of conductive 
polymer and one spoon of non-conducting polymer were used for hot mounting process. Purpose 
of using half spoon of conductive polymer was to avoid the charging effect during SEM analysis. 
Sample was first put on the mounting die stage and then polymer powder was added. After that, 
mounting press was inserted in place and ‘Start’ button was pressed and hot mounting process 
started. Conductive mounting material helps in the direct observation of SEM images without using 
carbon tape.  
 
Figure 6.1 shows typical hot mounting machine of Struers Company [5]. For cold mounting process, 
heating and mounting machine is not required and mounting material will cure with time. Cold 
mounting process takes more time than hot mounting process. During author’s MS thesis research 
work related to Titanium-Nickel-Silver shape memory alloy, author used cold mounting process for 
research samples. Author used epoxy resin and epoxy hardener (liquid phase), mixed in equal ratio 
for cold mounting via polymerization process. Figure 6.2 shows the cold mounting dies and 
mounted sample is also shown in the insert in this Figure.  
 
After mounting process, grinding and polishing of samples is done using grinding/polishing 
machines. In order to remove the dirt and dust particles, water flow system is attached with 
grinding/polishing machines. Grinding is done using 120# emery paper, then 200#, and so on. 
Polishing is generally done using fine polishing paper. Slurry of alumina, diamond or silica is 
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generally used for polishing purposes. Figure 6.3 shows the manual and automatic 
grinding/polishing machine. During author’s PhD research work, Hosoda-Inamura Lab, TITECH 
Japan [6] has manual hand grinding machines for student’s practice. Author also used manual 
hand grinding machines to grind and polish research samples. During author’s post-doctoral study, 
author used automatic grinding machine and it saved lot of time that author used to spend using 
manual hand grinding machines. For students, manual grinding is the best for practice. One should 
exert uniform force during grinding and polishing operations otherwise one cannot get flat surfaces. 
During author’s PhD work, research samples were of about 0.2 mm thick and as after grinding, 
author has to use electro-polishing process for the final polishing of research samples, grinding 
such thin samples without mounting was always challenging job for author as well as for other 
Japanese students. After grinding/polishing, sample should be mirror like, scratch-free and should 
be free from dirt and dust etc.  
 

 
 

 
 

Figure 6.1 Hot mounting machine (available in the Department of Materials Science & 
Engineering, IST, Islamabad) [5] 
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Figure 6.2 Cold mounting dies 
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Figure 6.3 Grinding machines: (a, c) Manual hand grinding   
(b) Automatic grinding 

  
The grinding machine shown in Figure 6.3(c) is available in the Department of Materials Science 
and Engineering, IST, Islamabad, Pakistan. 

 
After grinding/polishing, etching is generally done to reveal the microstructural features. Etching 
helps to reveal the microstructures as etchant attacks the selective high energy e.g. grain boundary 
area of microstructure. Generally etching liquids are used for etching purposes. Author also used 

liquid etchants e.g. Kroll's reagent etc. during most of author’s research work. However during post-

doctoral study, author also used dry etching process using N2 and Argon gases. Dry etching is not 
common method. Dry etching only do selective etching and one can observe etched as well as un-
etched area using dry etching process. Sputter etching/dry etching was used using glow discharge 
optical emission spectrometer (GD-OES) using Argon and N2 gas mixture [7]. Figure 6.4 shows the 
effects of different grinding papers. Scratches are removed by the use of consecutive 
grinding/emery papers. 
 
 
 
 
 
 

(c) (a) (b) 

(c) 
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Emery paper: 120#   240#       320 #          400# 

 
Emery paper: 600                  6m                        1µm                       Fine polishing 
 

Figure 6.4 Effect of different grinding papers on the grinding and polishing of sample (1984 ASM 

International). See chapter 3 of Ref. [18] for further details. 
 

6.3 MICROSCOPY 
Visible/ordinary light is used in optical microscopy. Magnification and resolution of image is possible 
using system of lenses in optical microscope. Optical microscopes are invented in seventeenth 
century and so are quite old. Optical microscope has two lenses, objective lens and eye piece. In 
optical or light microscopy, visible light is passed and is reflected from the sample through lenses 
and we will get magnified view of the sample. Image can be observed directly from eyepiece or it 
can be captured using digital microscope. In IST, we also use camera to capture the image. Basic 
parts of optical microscope are objective lens, eyepiece, light source and sample stage. In latest 
digital optical microscopes, image is shown on the computer screen and one can save it there. In 
optical microscopy, visible light and in electron microscopy, electromagnetic radiation/electron 
beams interact with the specimen and the subsequent collection of reflected light and scattered 
radiation are used to create an image.  
 
Figure 6.5 shows the metallurgical microscope and schematic representation of the optical system 
of metallurgical microscope. We can see better details with higher power of magnification, but we 
cannot see as much of the image as shown in Figure 6.6 (right side). Objects can be measured in 
micrometers (μm) using optical microscopy, however in advance electron microscopic techniques, 
objects can be measured in nanometers (1nm = 10-9 m) scales. 
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Figure 6.5 (a) Metallurgical microscope, (available in Department of Materials Science and 
Engineering, IST, Islamabad, Pakistan) (b) Optical system of metallurgical microscope 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.6 Images: Left side: low magnification, right side: high magnification [12] 
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Objective lenses are located on the rotating nose of nosepiece. Objective lenses provide the 
magnification and resolving power of optical microscope. Eyepiece focus image at eye and 
provides some magnification. Condenser lens located under stage focuses light on the specimen. 
In modern microscope, there is device for recording images on photographic film or sending images 
to a computer screen.  
 
In compound microscope, lens close to the object focuses a real image of the object inside the 
microscope. The second lens or group of lens then magnifies this image and we will see the 
enlarged inverted virtual image of the object. Higher magnification and reduced chromatic 
aberration are possible in compound microscope due to combination of objective and eyepiece in 
compound microscope. The magnification of a microscope (M) is calculated using following 
equation [12]: 
 
 
 
 

    
                                                                                                                                       

(6.1)  
 

 
 
 
In this equation, ‘f’ is the lens focal length and ‘v’ is the distance between the image and lens. 
Higher magnification lens has a shorter focal length as indicated by Equation 6.1. Magnification of 
compound microscope is the product of the magnification of the objective lens and projector lens. 
When an eyepiece is used, the total magnification should be the objective lens magnification 
multiplied by eyepiece magnification [12]. 

 
   
 
 (6.2) 
 
 
 

 
Resolution is the minimum distance between two points that can be separately visible as two points. 
Important systems of any microscope are the (i) Illumination system that produces and directs 
radiation on the specimen. It consists of radiation source and condenser lens that focus the 
radiation on the specimen, (ii) Specimen stage to hold the specimen and is located between 
illumination and image system, (iii) Imaging system that consists of an objective lens and projector 
lens that magnifies the intermediate image to get the final image, (iv) Image recording system, used 
to record the image. Hosoda-Inamura lab TITECH Japan has optical microscope equipped with 
heating and cooling system for optical image analysis of titanium alloys from below room 
temperature to about 200 °C. 
 
Scanning electron microscopy (SEM) uses electrons as a source instead of light and SEM is the 
type of electron microscopy for high resolution surface imaging. Higher magnification and 
resolution is possible using SEM. Scanning electron and backscattered electron images can be 
obtained using SEM. Backscattered electrons are high-energy electrons that are reflected or back-
scattered after interaction with sample. Backscattered electrons can be used for the detection of 
contrast between areas with different chemical composition having different atomic number and 
atomic weight. Brightness of the back scattered electron image is due to back scattered electrons 
after interaction with heavier atoms of sample.  
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Figure 6.7 shows the scanning electron microscope equipped with EDX facility. During author’s 
post-doctoral study related to titanium based high temperature shape memory alloys, one month 
prior booking was required to use central SEM facility. Although there were two Chinese experts 
available with this machine in NIMS Japan, but students have to use this machine by themselves 
and if there is any problem, experts are available for help. Data entry in the record register before 
and after the use of machine was mandatory. Titanium alloys have different morphologies e.g. grain 
boundary α, Widmanstatten grain boundary α and Widmanstatten intergranular α phase. These 
different morphologies and martensitic phase microstructures of titanium based alloys can be 
viewed using SEM [8-11]. 
 
 

 
 

Figure 6.7 Scanning electron microscope, TESCAN, (available in Department of Materials 
Science and Engineering, IST, Islamabad, Pakistan) [17] 

 
Transmission electron microscopy (TEM) is microscopy technique in which a beam of electrons is 
transmitted through a specimen to form an image. Major parts of TEM are sample stage, electron 
source, electron lenses and viewing chamber. This as a whole is called “TEM column” shown in 
Figure 6.8. Other parts of TEM are power supply units, water cooling system and computer control 
unit as shown in Figure 6.9. Use of hand gloves is necessary to keep good vacuum in TEM and to 
avoid contamination of TEM chamber as well as of film cartridges and film boxes. O ring of sample 
holder should be free from dust and debris. Vacuum level of gun area should be checked before 
increasing the acceleration voltage. Before opening the gun valve, please check the vacuum level 
of the TEM column. Martensitic phase, ω phase TEM microstructures of titanium based shape 
memory alloys are discussed in details in Ref. [22-24]. 
 
For safety purposes, never leave the TEM with open gun valve. When no more observations are 
required, please close the gun valve. In case of no gun valve, stop the electron current. Before 
inserting or removing of the sample, gun valve must be closed. Author got the license from NIMS 
Tsukuba Japan to operate TEM for titanium based shape memory alloys during post-doctoral study 
(2012-2014). Sample holder for TEM is shown in Figure 6.10. Magnified view of double tilt sample 
holder is shown in the insert in this Figure. Hand grinding jig for TEM sample preparation is shown 
in Figure 6.11. Disc‘s’ is glued to the center of the jig and the guide ring ‘G’ controls the amount of 
grinding [12]. Reference [12] is very nice practical book by Yang Leng for the characterization 



73 

techniques. Bright field and dark field images can be obtained using TEM. IST library has the copy 
of Ref. [12] book. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.8 Schematic representation of TEM column [17]. RP stands for rotary pump and DP 

stands for diffusion pump 
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Figure 6.9 Gun area, column and camera chamber of TEM [17]  
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Figure 6.10 Sample holder for TEM double-tilting function [17] 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 6.11 Hand grinding jig for TEM sample preparation [12] 

 
 

6.4 X-RAY DIFFRACTION 
For phase analysis of crystalline material, X-ray diffraction (XRD) is a rapid analytical technique. 
XRD is based on constructive interference of mono-chromatic X-rays and a crystalline sample. 

Cathode ray tube is used to produce these X-rays. When Bragg’s law (2dSin = n) satisfies, the 
interaction of the incident rays with the sample produces constructive interference. Bragg’s law 
relates the wavelength of electromagnetic radiation to the lattice spacing and diffraction angle in a 
crystalline sample. Detector detects diffracted x-rays and these x-rays are then processed and 
counted. All the possible diffraction directions of the lattice can be obtained due to random 
orientation of the powdered material. Incident and diffracted x-rays are shown in Figure 6.12. Basic 
XRD machine set-up is shown in Figure 6.13. XRD machine contains sample holder, x-ray source 
and x-ray detector. Water cooling system is necessary. Safety measures must be taken while 
operating X-Ray diffraction machine.  
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During author’s PhD research work, room temperature X-ray diffraction (XRD) analysis was 
performed from 30° to 90° using CuKα radiation. X'Pert Highscore software package was used for 
the quantitative phase analysis. All the samples were scanned between 30-90º 2θ-angle range with 
a step size of 0.03 °/sec at 25 °C. The time per step was 2.5 sec. Peaks were identified using JCPD 
(i.e. Joint Committee on Powder Diffraction) cards.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.12 Atomic planes, incident X-rays and diffracted x-rays 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.13 Schematic representation of XRD machine set-up [19] 
 
 
 
  
 

XRD results of Author’s PhD research work, Ti-xCr-3Sn are shown in Fig. 1 of Ref. [11]. α 
martensitic phase was analyzed for Ti-4Cr-3Sn and Ti-5Cr-3Sn alloys. However β phase was 
analyzed for Ti-6-9Cr-3Sn alloys. Ti-6Cr-3Sn also showed shape memory effect due to thermo-
elastic martensitic phase transformation during mechanical loading. XRD analysis of Author’s post-
doctoral research work, Ti-50Pt-5Zr and Ti-45Pt-5Ru are shown in Fig. 4 of Ref. [2]. From XRD 
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results, it was analyzed that both Ti-50Pt-5Zr and Ti-45Pt-5Ru have orthorhombic martensitic 
phase structure at room temperature. 
 
 

6.5  THERMO-MECHANICAL/THERMAL TESTING 
Mechanical testing is related to testing of materials under the action of mechanical force. Response 
of material towards mechanical forces is related to the mechanical behavior of material. Elastic 
modulus, yield stress, ultimate tensile strength, fracture strain etc. can be measured using 
mechanical testing process. One type of mechanical testing is tensile test. Tensile test is generally 
performed using Ultimate Tensile Testing (UTM) machine. INSTRON is famous UTM machine 
Manufacturer Company [13]. Generally bottom jaw is fixed and upper jaw of UTM moves with 
desired speed, applying tensile force on the specimen. UTM machine and Tensile specimens are 
shown in Figure 6.14. Length, gauge length, width, thickness, strain rate are important parameters 

for tensile testing. Strain gauges and extensometers can be attached with UTM for accurate elastic 

modulus and strain measurements. Similarly accessories for below room temperature and for high 
temperature testing can be installed with UTM. During PhD research work, author used liquid 
nitrogen for low temperature (e.g. -50 oC) tensile testing and during postdoctoral work; high 
temperature compression testing was performed. During author’s PhD research work, solution-
treated about 0.2 mm thick specimens were cut along the rolling direction. Samples were 
mechanically polished before tensile and cyclic testing. An Instron-type Shimadzu AG-1kN tensile 
machine, 5×10-4/s strain rate were used. Mechanical test results of Ti-xCr-3Sn are shown in Fig. 3 
of Ref. [11]. Ti-6Cr-3Sn shown large elongation due to stress induced martensitic phase 
transformation during mechanical loading.  
 
Thermo-mechanical testing is used for simultaneous thermal and mechanical response of 
materials. Material’s properties e.g. hardness, strength, ductility, conductivity etc. change with 
change in temperature. Different instruments can be used for the thermo-mechanical behavior 
study of metallic materials. Thermo-mechanical analyzer (TMA) is one of them and very useful tool 
for the thermo-mechanical testing of materials. Generally TMA is used for the constant load thermal 
response of metallic materials. Co-efficient of linear thermal expansion, oxidation and shape 
memory properties of materials can be measured using TMA. Graph of TMA result is generally 
between temperature (x-axis) and strain (y-axis) at constant load. Author during post-doctoral 
research work used TMA Q400 of TA Instruments [3, 19]. In Ref. [3], author used TMA for shape 
memory effect measurement as well as for oxidation behavior study of Ti-Au-Zr alloys. 
 
Thermal analysis is different than thermo-mechanical analysis as in case of thermal analysis, 
mechanical stresses are not inserted on the sample during testing although some internal stresses 
can be generated in the material during heating process as material generally expand by heating 
and if some obstacle is not allowing sample to expand, then stresses can be generated. Thermal 
analysis process is schematically shown in Figure 6.15. Differential Scanning Calorimetry (DSC), 
Thermal Gravimetric Analysis (TGA) and differential thermal analysis (DTA) are type of thermal 
analysis techniques as here we are not applying any force on the sample and response of material 
towards temperature is analyzed using Thermal Analysis techniques. 
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Figure 6.14 (a)  Ultimate tensile testing (UTM) machine, (available in Department of Materials 
Science and Engineering, IST, Islamabad, Pakistan) 

 
(b) Dog bone shape tensile testing specimen [20] 

 
In case of DSC, graph is between ∆H (enthalpy change) vs temperature and in case of TGA, graph 
is between weight gain/loss in the material vs temperature and in case of DTA, difference in 
temperature between sample and Reference with respect to reference is measured. In thermal 
analysis graphs, temperature is generally taken along x-axis and change in property along the y-
axis. Generally Al2O3 is used as Reference material for thermal analytical techniques. Department 
of Materials Science and Engineering (MS&E) Institute of Space Technology (IST) have both DSC 
and TGA facilities and we are also providing our facilities for industry and other universities students 
also on mutual collaboration as well as on payment basis. Author used these thermal techniques 
during research work. 
 
If scanning rate is very high, then temperature gradient between sample and the instrument will 
increase thus making it difficult for the sample to reach equilibrium. 10 °C/min to 20 °C/min scanning 
rate is generally selected for equilibrium heating and cooling of sample. Scanning rate is required 
for thermal analysis data as we cannot eliminate scanning rate effects. The transformation 
temperatures of titanium based shape memory alloy are the most important controlling factors of 
shape memory and thermo-mechanical behavior. The precise determination of these temperatures 

(a) 

(b) 
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is therefore very important if they are to be used for any kind of special application. The 
transformation temperatures of shape memory alloys can be accurately measured using these 
thermal analytical techniques.  
 

 
 

Figure 6.15 Schematic representation of thermal analysis process [12] 
 
 

6.6 HARDNESS TESTING 

Hardness is the ability of material to resist indentation. Specifically shaped indenter, significantly 
harder than the test sample, pressed into the surface of the sample. Either the depth or size of the 
indent is measured. Easy to perform, quick, relatively inexpensive. Hardness is the quality control 
(QC) device. The most common use is to verify the heat-treatment of a part and to determine if a 
material has the properties necessary for its intended use. There are three famous indentation 
based hardness methods; Brinell hardness test, Rockwell hardness test and Vickers hardness test. 

 
6.6.1 Brinell Hardness Test 

This method was proposed by J.A. Brinell in 1900. Indenting the metal surface with a 10mm 
diameter steel ball at a load of 3000 kg for hard or 500 kg for soft metals/materials (to avoid deep 
impression). Figure 6.16 is the schematic representation of Brinell hardness test. Diameter of 
indentation is measured and used for hardness calculation.   
 
‘Mechanical Metallurgy’ by Dieter is useful old book [14] also explains the hardness testing 
procedures as well. For very hard metals, Tungsten carbide ball is used in Brinell test to minimize 
the distortion of the indenter.  Load is applied for a standard time, usually 10-15s for steel, 30s for 
other metals. Low power microscope is used to measure the diameter of the indenter. Surface 
should be cleaned before hardness testing.  
Brinell hardness value is symbolically represented as ‘HB’, can be HBS (Hardness, Brinell, Steel) 
or the HBW (Hardness, Brinell, Tungsten). Sometimes it is also written as HBW 10/3000 (Tungsten, 
10 mm diameter, 3,000 kg force). A well-structured Brinell hardness number reveals the test 
conditions, and looks like this, ‘75 HB 10/500/30’. It represents that the Brinell hardness value of 
‘75’ is obtained using indenter of a 10mm diameter and load of 500 kilogram with 30 seconds 
holding time.  
 
Brinell hardness number is calculated using following equation; where BHN stands for Brinell 
Hardness Number, P stands for applied load in Kg, ‘D’ is the diameter of indenter in mm and‘d’ is 
the diameter of indentation in mm. 
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(6.3) 
 
 
 
 
 

 
 

Figure 6.16 Schematic representation of Brinell hardness test, diameter of indentation is 
measured and used for hardness calculation 

 
Diameter of indenter (10mm) is large for Brinell hardness test, one cannot measure the hardness 
of different phases present due to large diameter of indenter. Generally this test is not used for 
titanium alloys and Vickers hardness test is more common for titanium alloys. 

 
6.6.2 Vickers Hardness Test 

The Vickers (HV) test is also known as the Diamond Pyramid Hardness (DPH) test. The Vickers 
test has two force ranges, micro (10g to 1000g) and macro (1kg to 100kg), to cover all testing 
requirements.  It is suitable for soft metals with DPH 5 to extremely hard materials with DPH 1500. 
Diameter pyramid harness is calculated as follows [14]: 
 

DPH = 1.854P/L2 (6.4) 
 
Where DPH = Diamond Pyramid Hardness, P = Applied load, kg, L = Average diagonal length, 
mm.  
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Testing procedure is similar to Brinell hardness test. However here the size of the indent is optically 
measured on the basis of the two diagonals of the square indent and this optical system is attached 
with Vickers hardness test. So Vickers hardness is quick as compared to Brinell hardness test. The 
Vickers hardness number is a function of the test force divided by the surface area of the indent. In 
Vickers hardness test, we have square based pyramid diamond indenter rather than a hardened 
steel ball. On Shore hardness scale, diamond is the hardest material and so it will not deform at 
high loads. So Vickers hardness test can be used for very hard materials.  

 
Micro-Vickers hardness test results are generally reported for titanium and titanium alloys, as it is 
quick, indentation size is small and one can measure the hardness of different phases present in 
the material [11]. Figure 6.17 compares the Brinell and Vickers hardness test. Pyramid shape 
indentation is obtained using Vickers hardness test as compared to circular shape indentation for 
Brinell hardness test. During author’s PhD research work, Akashi HM-102 Micro Vickers hardness 
testing machine was used, 0.3kg load, 10 seconds holding time was used and seven 
measurements were taken for each sample [11]. 

 
 
 

 
 

Figure 6.17 Schematic comparisons between Vickers and Brinell hardness test. Shape of 
indenter and indentation are different for both cases [21] 

 

6.7 SHAPE MEMORY TESTING 
There are different methods to measure the shape memory effect. Here three different methods to 
measure shape memory effect will be described. 
 

6.7.1 Method-1 
Dr. Rana Abdul Shakoor [15] and Dr. Imran [16] during their PhD and MS thesis research work 
respectively from GIK Institute Pakistan measured the shape memory effect using 3 point bend 
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test. Rectangular strips were cut from the hot rolled samples using electric discharge machine 
(EDM). Dimensions of samples for shape memory effect measurement are given in Figure 6.18. 
Three point bend testing procedure was used to bend the samples using an Instron 30KN Universal 
Testing Machine, available at GIK Institute. Samples were bent around cylinder mold at 180°. All 
the samples were given approximately 6% strain. Bending process for shape memory effect 
measurement is schematically shown in Figure 6.19. 
 

 
 

      
 
 

 
           
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.18 Schematic arrangement of three-point bend testing 

 for SME measurement [15-17] 
 
 
 

 
 

Figure 6.19 Shape memory effect measurement using mandrel [15-16] 
 

L Overall Length 40mm 

W Width  3mm 

T Thickness 0.5mm 
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Figure 6.20 Shape memory effect measurement method-2: (a) Before deformation (b) After 
deformation (c) After heating above the austenite finish temperature [11] 

 
Bend angle θe was measured using the sketch of the bent sample drawn on a paper after the elastic 
recovery. The bent samples were then placed in a horizontal tube furnace in the presence of flowing 
Argon at 200 °C for 15 minutes for recovery. The angle θm was measured after the recovery again 
by drawing the sketch of the recovered samples on the paper. The shape memory effect was 
measured using the following relationship [15-16]: 
 
 

  
 
 
 
Where θm is angular difference between after releasing loads and after heating in the furnace. θe 
is angular difference between after releasing loads and before heat-treatment. 
. 

6.7.2 Method-2 
During author’s PhD research work from TITECH Japan (2009-2012), author used to measure the 
shape memory effect by using this method-2. Samples were deformed using 9.5mm mandrel. In-
order to find out the shape recovery due to shape memory effect, deformed specimens were heated 
to higher temperature using cigarette lighter [11]. Shape memory effect measurement using 
method-2 is shown in Figure 6.21. 
 

6.7.3 Method-3 
This method was used during author’s post-doctoral research work from NIMS Tsukuba Japan 
(2012-2014). In-order to prepare the samples for shape memory effect measurement, 
homogenized arc melted buttons were cut using wheel cutting machine. Dimensions of samples 
for shape memory effect measurements were 6mm*3mm*3mm. Diameter of cutting wheel was 0.3 
mm. Compression test was performed and the 5 % strain was applied to the rectangular specimens 
at the test temperature of 50 °C below the martensite finish temperature using a Shimadzu AG–X 
compression test system available at  NIMS Japan.  
 
The micrometer screw gauge was used to measure the sample’s dimensions before the 
compression test and after the application of 5% strain. After the compression test, residual strain 
was measured. Samples were heated above the Af for shape recovery using thermo-mechanical 
analyze. Sample was kept at desired temperature for one hour in air environment. The samples 
were then cooled to room temperature and the sample’s dimensions were again measured. Strain 
recovery due to shape memory effect and residual strain after heat treatment (εr) due to permanent 
plastic deformation was measured. The shape recovery ratio due to the shape memory effect 
(RSME) was measured using the following equation [2]: 
 

RSME (%) = 100 × (εs – εr)/εs   (6.6) 
 

θm 

(180 – θe) 
SME = η =   

 

X 100% (6.5) 
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6.8 SUMMARY OF CHAPTER 6 
Different characterization techniques are briefly discussed in this chapter. Comparative study of 
different characterization techniques for titanium based alloys is briefly given. Some of author’s 
research results are also discussed in this chapter.  
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CHAPTER-7 
 
 

 

CORROSION AND OXIDATION OF TITANIUM AND TITANIUM 
ALLOYS  

 

7.1 CORROSION OF TITANIUM AND TITANIUM ALLOYS 
Titanium is very reactive metal due to its strong affinity to react with oxygen. Surface of titanium 
metal always contains thin oxide film of TiO2. TiO2 film on the surface of titanium is protective in 
nature and protects titanium from further corrosion. Potentiodynamic (over-potential vs. current 
density) scan of active material e.g. mild steel that does not show passivity is given in Figure 7.1. 
Tafel lines for corrosion rate calculations are also shown in this Figure. There is no passive film 
formation and corrosion rate continue to increase with increase in the over-potential. 
 
Cyclic polarization scan of active-passive materials e.g. Ti, Al etc. is given in Figure 7.2. Decrease 
in the current density values in the anodic region is related to formation of protective film on the 
surface of material that is protecting it from further corrosion. Cyclic polarization portion is also 
shown in Figure 7.2. ‘Corrosion Engineering’ book by M.G. Fontana is basic level comprehensive 
book for research students [1] and generally this book is used as text book for corrosion related 
courses in th Metallurgy/Materials Departments of Pakistan. 
 
 
 
 

 
 

Figure 7.1 Cyclic polarization scan of active-passive material that shows passivity 
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Figure 7.2 Potentiodynamic scan of active-passive material that shows passivity. Cyclic 
polarization scan is also shown 

 
 
Behavior of titanium is similar to aluminum as both exhibit active to passive and trans-passive 
transition when exposed to strong oxidizing solution. Addition of solute element in titanium will affect 
the corrosion and oxidation behavior of titanium. Trans-passive region is the region where 
protective oxide film breaks and corrosion rate again increases with increase in the solution 
oxidizing power. 
 
Galvanic series provide information about the galvanic corrosion tendency of two different 
metals/materials when they are in contact with each-other. Figure 7.3 shows the galvanic series of 
metals/alloys in sea-water. Although titanium is reactive metal but due to formation of protective 
oxide layer on the surface of titanium, it is cathodic metal in many cases. Only platinum, gold and 
graphite are more cathodic than titanium.  Figure 7.4 shows the position of titanium among other 
common engineering metals/materials in sea water. As shown in Figure 7.4, Titanium is noble as 
compared to other metals due to formation of protective oxide film. Ref. [1-2] are recommended for 
students working on corrosion and materials protection. Author has so far taught corrosion and 
materials protection course two times to under-graduate students of Materials Department, IST 
Islamabad. Corrosion and fatigue starts from surface, so surface properties will affect the corrosion, 
oxidation and fatigue behavior of metals/materials. One reason of the difference in the industrial 
and lab scale corrosion and fatigue results is related to the surfaces. Industrial scale samples are 
not well cleaned and contain dirt dust etc. and industry environment is not as clean as in the labs, 
size also matters. Increasing the size of sample increases the probability of composition 
inhomogeneity that will affect the corrosion, oxidation and fatigue behavior of materials. 
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Figure 7.3 Ranking the reactivity of metals and alloys in seawater (galvanic series) [1] 
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Figure 7.4 Potential vs position of metal in seawater [2] 
 
 

7.2 ELLINGHAM DIAGRAM AND TITANIUM REACTIVITY  
To study the oxidation behavior, oxidation tendency of certain metal and alloys and reduction of 
ores, an Ellingham diagram is important and it is a plot of ΔG versus temperature [3]. The free 
energy vs temperature plots are drawn as a series of straight lines as shown in Figure 7.5. Slope 
of line is ΔS (change in entropy). When any of the materials involved melts or vaporizes, the slope 
of the line changes. Ellingham diagram is drawn with ΔG=0 at the top of the diagram as for most 
metal oxides and so the values of ΔG shown are all negative numbers (Fig. 7.5).  
 
On the Ellingham diagram, stability of the oxide as a function of temperature is related to the 
position of reaction line. Reactions of the most noble metals are at the top of the diagram. Oxides 
of such metals are unstable and these metals can easily reduce from their oxides. ΔG values of Ti 
+ O2 ==> TiO2 is more negative as compared to 4Ag + O2 ==>2Ag2O and 4/3Cr + O2 ==>2/3Cr2O3 
lines, so stability of titanium oxide is higher than oxide of chromium (Cr2O3) and oxide of Ag (Ag2O) 
as given in Figure 7.5.  
 
Toward the bottom of the Ellingham diagram, reactivity of metals increase and oxides of such 
metals are difficult to reduce. If the metal ‘A’ oxidation line lies below the metal ‘B’ oxidation line on 
the Ellingham diagram, then metal ‘A’ can reduce the oxides of metal ‘B’. For example, the 2Mg + 
O2 ==> 2MgO line lies below the Ti + O2 ==> TiO2 line, so magnesium (Mg) can be used in the 
reduction of titanium oxide to metallic titanium (Kroll process; Chapter 5). 
From the Ellingham diagram (Figure 7.5) [3], oxidation of Cr to Cr2O3 is favorable as compared to 
oxidation of iron in stainless steel as the 4/3Cr + O2 ==>2/3Cr2O3 line is below the oxidation of iron 
line. However oxidation of Cr to Cr2O3 in titanium system is not favorable as oxidation of titanium 
line is below the oxidation of chromium line in Ellingham diagram (Fig. 7.5). During author’s PhD 
work, author did some study on the oxidation tendency of titanium and chromium when chromium 
is added in Ti-Cr system [24]. As chromium addition in steel makes it stainless and improves the 
corrosion resistance of stainless steel due to formation of Cr2O3 protective oxide film,  author was 
thinking that the behavior of chromium always remain the same. However after discussion with 
author’s PhD supervisor, Prof. Dr. Hideki Hosoda and going through the literature survey and 
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Ellingham diagrams, author found that titanium is more reactive than chromium, so even if we add 
chromium in titanium, titanium will form the TiO2 oxide. So TiO2 is stable oxide for Ti-Cr-Sn and Ti-
Cr-Ag alloys that were developed during author’s PhD work [24]. 
 
 

 
 

Figure 7.5 ∆G Vs temperature Ellingham diagram [3] 
 
 
 
Although oxidation of Cr is not favorable in titanium alloys however it is possible that due to 
oxidation of titanium to TiO2, concentration of chromium below TiO2 oxide layer will increase 
resulting the formation of Cr2O3 film below TiO2 film depending on chromium content of Ti-Cr alloys. 
Porous chromium oxide film below the titanium oxide film is reported for Ti-21Cr and protective 
chromium oxide film is reported below the titanium oxide film for Ti-26Cr Figure 7.6 schematically 
shows the oxidation behavior of pure titanium, Ti-21%Cr and Ti-26%Cr alloys [4]. 
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Chromium in +3 state (Cr+3) is in low valence state as compared to titanium that is in +4 state (Ti+4). 
So when we add chromium in titanium, it will increase the number of vacancies e.g. anionic 
concentration, due to low valance of chromium than titanium, resulting increase in the oxidation 
rate of titanium in the absence of insulated Cr2O3 film [5]. Temperature also affects the corrosion 
behavior. Addition of 4 weight% Cr in Ti will increase oxidation rate in binary Ti-Cr alloys however 
with increase in oxidation temperature, corrosion rate will decrease due to formation of Cr2O3 film 
below titanium oxide layer [6].  
 
 

 
 

Figure 7.6 Oxidation behavior of pure titanium, Ti-21weight% Cr and Ti-26weight% Cr 
 

7.3 TMA FOR OXIDATION BEHAVIOR OF TITANIUM ALLOYS  
Thermo-mechanical analyzer (TMA) can be used not only for the thermal expansion and shape 
memory properties but also for the oxidation behavior of titanium and titanium alloys as well. 
Oxidation will affect the rate of expansion and one can relate this expansion and change in the 
length of material due to oxidation. During post-doctoral research work, author used TMA for the 
oxidation behavior study of TiAu based Intermetallics [7]. 
 
For thermal analysis, Q400 TMA, of TA Instruments USA is ease-of-use, and reliable instrument. 
At present, Punjab University Lahore has this facility. TMA can be operated by computer software 
attached with Q400 TMA or it can be operated using attached computer interface. High temperature 
materials unit, National Institute for Materials Science (NIMS) Tsukuba Japan also has this 
instrument and author used this instrument during post-doctoral study in this research group [2012-
2014]. Q400 TMA Instrument can be operated up-to 1000 °C. One can get details about Q400 TMA 
Instrument of TA Instrument in Ref. [8]. The Q400EM is the industry standard research-grade 
thermo-mechanical analyzer (TMA), with flexibility in operating modes, test probes, fixtures, and 
available signals. The Q400EM Enhanced Mode allows for dynamic experiments to measure 
complex, storage and loss moduli, as well as Modulated TMA™ in which reversing and non-
reversing components of displacement are available. It is ideal for research, teaching and quality 
control applications with high quality performance. Author also used the TMA for the  
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Figure 7.7 Q400 thermo-mechanical analyzer (TMA) of TA Instruments USA [25] 

 
 
evaluation of TiAuZrAg alloys in Ref. [22]. Picture of TMA Q400 is shown in Figure 7.7. 
 

7.4 CORROSION BEHAVIOR OF NiTi  
NiTi contains toxic nickel element and about 20% female population in Europe has nickel allergy. 
Good biocompatibility is also related to good corrosion resistance. Corrosion behavior of NiTi is 
analyzed by many researchers.  Acidification of medium affects the corrosion behavior of NiTi and 
medium acidification decreases the corrosion resistance of NiTi. Fluoridated solution is an 
aggressive solution and corrosion resistance of NiTi is quite low in fluoridated saliva than in non-
fluoridated saliva [9-10]. It is being recognized that nickel and titanium were dissolved from NiTi 
alloy into surrounding tissues [10-11].  
 
Potential danger associated with corrosion in the use of NiTi wire comes from biologically negative 
effects of nickel ions. NiTi wire with good corrosion resistance is crucial to dental prosthesis, 
biocompatibility and for its use as guided wire and as a stent. In-vivo testing means testing within 
living organism and in-vitro testing means testing in an artificial environment outside living 
organism. Chlorides affect the corrosion behavior of NiTi and it has poor corrosion resistance in 
chloride-containing solutions. For biological applications, toxicity and carcinogenesis of Ni2+ 
become a major concern of this alloy [12]. R. Venugopalan [13] has reported 13µg/day on average 
nickel ions release from NiTi arch wires in saliva solution. 
Biofilm is a slime layer which naturally develops when bacteria attaches to an inert support that is 
made of a material such as stone, metal, or wood, especially on the surface of medical implants. 
Biofilm allows deposition of acidic metabolic products near the surface of metal and it accelerates 
the cathodic reaction. Biofilm is sensitive to ionic strength, pH, or temperature [14]. Biofilm helps in 
the initiation of corrosion, changing the corrosion mode and corrosion rate [15]. 
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Ma and Wu [16] reported that the addition of Tantalum increases the corrosion resistance of NiTi. 
It has been found that the martensitic transformation temperatures can be increased rapidly with 
rare earth elements e.g. Ce and Dy [17].  Wen et al. [18] reported that corrosion resistance of NiTi 
can be improved by addition of copper. Nb, Zr and Ta are appropriate alloying elements due to 
their passive oxide layers [19]. Addition of Fe in NiTi result in the low passive current and a wide 
passive range [20]. G.S. Duffo in Ref. [21] analyzed the natural saliva of 25 male and 25 female 
students and proposed solution whose composition is very close to natural saliva. G.S. Duffo tested 
four different dental alloys in this artificial saliva solution and these dental alloys showed an 
electrochemical behavior similar to that obtained in natural saliva.  
 

7.5 OXIDATION BEHAVIOR OF TiAu 
Oxidation behavior using Thermo-mechanical analyzer (TMA) of TiAu based Intermetallics was 
studied during author’s post-doctoral research work from High Temperature Materials Unit, NIMS, 
Tsukuba Japan (2012-2014). Samples of 6mm*3mm*3mm were used for the oxidation behavior 
study.  
 
In Figure 2 of Ref. [7], TMA time-strain curves of Ti-50Au-10Zr including isothermal holding at (a) 
200 °C (b) 400 °C (c) 600 °C and (d) 800 °C for 1hour is given. It was found that strain did not 
increase in the samples kept at 200 °C and 400 °C showing that the oxidation did not occur at these 
temperatures.  When the isothermal holding was at 600 °C, a small mass gain of 0.1mg/cm2 was 
detected [7]. Based on these results, the oxidation initiation temperature of Ti-50Au-10Zr was 
considered to be 600 °C. So Ti-50Au-10Zr possesses oxidation resistance property when the 
highest operation temperature is below 600 °C. As discussed in Ref. [7], oxidation is not a problem 
of Ti-50Au-10Zr alloy for high-temperature shape-memory applications, since the oxidation 
initiation temperature of 600 °C is higher than the austenite finish temperature (Af). In general, 
application temperature used for shape recovery is about 50 °C higher than Af. When the isothermal 
holding temperature was 800 °C, large and linear strain increment was observed. The non-
recoverable strain recognized after the test was 3.7%. The main reason of this strain increase is 
judged to be oxidation at 800 °C and this temperature was recognized as oxidation propagation 
temperature region.  
 
In Ref. [7], cross-sectional SEM backscattered electron image of un-etched Ti-50Au-10Zr specimen 
after oxidation at 800 °C for 1 hour is shown. This image clearly showed the oxidized and non-
oxidized region. The dark island shape area of (Ti, Zr)O2 was observed and these areas were 
surrounded by bright contrast area of gold (Au) rich phase in the oxidized region. As Ti and Zr are 
more reactive than Au, so the formation of (Ti, Zr)O2 oxide was quite accepted. Since Ti and Zr 
were consumed during oxidation (dark region of Fig.5, Ref. [7]), Au was concentrated in the bright 
region underneath the dark region of (Ti,Zr)O2.  
 

7.6 AUTHOR’S CONTRIBUTION TO CORROSION AND OXIDATION 
BEHAVIOR OF TITANIUM/TITANIUM ALLOYS 

Author’s MS thesis [23] was related to biocompatibility and corrosion behavior of NiTi and NiTi-Ag 
using Gamry Instruments. Potentiodynamic, cyclic polarization, Tafel analysis, weight loss method 
etc. were used during MS study. Saliva solution proposed in Ref. [21] was used. Optical, SEM, 
EDS, hardness and shape memory properties were evaluated. During PhD study [24], author 
studied the role of Ellingham diagrams on the oxidation tendency of different metals/materials. For 
example, when chromium is added in mild steel, it improves its corrosion resistance due to 
formation of Cr2O3 protective oxide film however when chromium is added in titanium, it does not 
result in the formation of Cr2O3 film as tendency of titanium to react with oxygen is more than 
chromium. However when the concentration of Chromium will increase beneath layer due to 
formation of TiO2, chromium react with oxygen forming Cr2O3 layer. This further improves the 
corrosion resistance of titanium. As discussed in section 7.5 and 7.7, author used thermo-
mechanical analyzer (TMA) for the oxidation behavior of TiAuZr intermetallic [7]. 
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7.7 SUMMARY OF CHAPTER 7 

Corrosion and oxidation behavior of titanium alloys/Intermetallics is given. Importance of Ellingham 
diagrams for the oxidation behavior study of titanium alloys is discussed. Difference in the corrosion 
behavior of Ti-Cr alloys from stainless steel is discussed. Author’s contribution towards the 
corrosion and oxidation behavior study of titanium alloys is also discussed. 
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8.1 INTRODUCTION 
Titanium belongs to 'd'. block transition group metals, period 4, group 4 of the periodic table  with 
a white-silvery metallic appearance. Titanium exhibits good atmospheric corrosion resistance due 
to formation of passive TiO2 oxide layer. The atomic number of titanium is 22. Titanium on earth’s 
crust is the ninth most abundant metal. Its exceptional corrosion resistance due to very thin passive 
layer makes it more desirable for critical demanding marine applications. Titanium is very reactive 
metal with a standard potential of -1.63 volts which is much higher than the negative standard 
potential of iron based alloys. As compared to Cu, Ni, and Fe-based alloys Ti is famous for its 
extraordinary resistance to pitting, crevice, localized, and stress corrosion cracking. Because of 
highly reactive and responsive nature, it spontaneously develops a chemically stable layer of 
titanium dioxide (TiO2) in contact with air which provides excellent protection against corrosion.  
The TiO2 skin on titanium is firm, adherent, stable, and exhibits spontaneous self-healing 
phenomenon if it gets damaged mechanically, for example in the form of scratches. Due to same 
oxide passive layer, Ti alloys are recognized for their excellent resistant to erosion or erosion-
corrosion. Titanium has some non-traditional properties that makes it special than other metals e.g. 
super-conductivity, shape memory effect, super-elasticity, burn resistance, hydrogen absorption 
etc. Some important emerging applications of titanium and its alloys are biomedical, automobile, 
aesthetic e.g. jewellery, aerospace etc. [1-2]. 
 
Titanium has many industrial applications e.g. chemicals, nitric acid, phosphoric acid, sea water, 
sulphuric acid etc. Titanium is valuable medical resource as it is light, strong and non-toxic. It is 
used to make surgical implements and implants, such as hip joint replacements that can stay in the 
body for 20 years. Due to its durability and its resistance to seawater and resistance to chlorine in 
swimming pools, titanium is now popular in designer rings and other jewellery and aerospace 
applications [3]. 
 
Titanium alloys are also known as heat transfer material for heat exchangers. Though its heat 
conductivity is much lower than Cu and Al but in the elementary pure form its conductivity is still 
20% higher than steels. With an exceptional package of high strength, low density, corrosion 
resistance, a wall of heat exchangers can be thinned down to reduce the heat resistivity and capital 
cost dramatically. Significantly lower coefficient of thermal expansion of Ti as compared to Al, Cu, 
Fe and Ni alloys permits enhanced interface compatibility with glasses, ceramics and reduces 
deformation and chances of thermal fatigue. Ti alloys also show great attraction for the elevated 
temperature application as they can withstand up to 600 °C without creep [4]. Strength to weight 
ratio of titanium is high. Density of titanium (4.5g/cm3) is approximately half than that of Ni 
(8.9g/cm3) and Fe (7.9g/cm3) metals. So the use of titanium will result weight saving [1]. 
 
 

8.2 AEROSPACE APPLICATIONS OF TITANIUM AND TITANIUM ALLOYS  
Lower density (almost half of the nickel, steel and copper alloys) and high strength to weight ratio 
that uplifts the structural efficiency have made Ti alloys more suitable for aerospace industries. 
Aerospace materials are a special class of materials, generally containing metals and their alloys, 
which have been developed for use in aerospace applications through some special properties. 
There is an Australian company, Aerospace Materials’ that has its over 25 years experience in the 
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aerospace industry [5]. For a material to be used in aerospace applications, it often requires 
exceptional performance, high strength or heat resistance, while having low density, even if 
available at high cost. The main difference between the materials used in aircraft structure and the 
materials used in civil engineering structures is their weight. Civil engineering structures require 
high strength or load bearing capacity, without having a compulsory requirement of materials to be 
light in weight. While on the other hand, when we talk about aerospace applications, the materials 
must have low density and low weight in order to achieve high specific strength (Strength to weight 
ratio). In other words, materials with low density, high strength and high stiffness are most suitable 
for aerospace applications. Therefore, the objective of an aircraft designer is to reduce the weight 
of the aircraft by selecting the appropriate material for each of the components and titanium is one 
of such material [6]. 
 
Structural materials are specifically used to provide the high load bearing capacity to the 
components of an aircraft. All structural materials being used must have high strength and low 
weight unless we need to use high strength steel where we compromise on the weight because of 
the necessity to tolerate excessive stresses. Aluminum and Titanium are the most commonly used 
structural materials in aerospace industry, especially in the frames of the fuselage and skin of the 
wings. Recently, an increase in the use of composites for structural applications in the aerospace 
industry has also been witnessed [7]. High temperature materials are used in jet engines where 
very high temperatures are encountered. Super-alloys and some titanium alloys e.g. TiPt, TiAu, 
TiPd etc. are specially developed for use in high-temperature applications [8-19]. Over 50% of the 
weight of an advanced aircraft engine comprises of super-alloys and high temperature titanium 
alloys [22]. Titanium based shape memory alloys are the most common materials used for the 
special purpose in the aerospace industry. They are mostly lightweight and show variation in shape 
upon a change in temperature.   
 
During the process of selecting materials to be used in aerospace applications, we need to carefully 
consider various mechanical and thermal properties plus the extent of environmental durability 
offered by the material. The mechanical properties based on which a material is selected include 
strength, specific strength, density, stiffness, specific stiffness, fatigue strength, fracture toughness, 
ductility and fabricability. Properties related to environmental durability include corrosion 
resistance, wear resistance, moisture absorption, radiation damage and hydrogen embrittlement. 
Essential thermal properties that need to be considered while selecting a material for aerospace 
applications include melting point, thermal shock resistance, thermal expansion, heat capacity, 
thermal conductivity and electrical conductivity. Titanium and Titanium alloys have such extra 
ordinary properties to be used as aerospace material [14]. 

High strength is a mandatory requirement for aerospace materials, especially when needed for 
structural applications. While referring to the strength, we are mainly talking about a material’s yield 
strength and its ultimate tensile strength. This becomes very important in the aerospace industry 
and other engineering applications because the material is required to withstand high external loads 
together with a load of its own components in the body. As stated earlier while introducing 
aerospace materials, they must have a high strength to weight ratio (specific strength) which 
indicates that we need to choose materials which are light in weight. Lesser the density of materials 
used, easier it is for an aircraft to lift-off. Having high specific strength is the reason that Titanium 
(density = 4.5 g/cm3) alloys are most commonly used in the aerospace industry [20]. Titanium alloys 
have high strength to density ratio, good corrosion and corrosion fatigue resistance, high resistance 
to crack propagation and high creep resistance. Titanium and titanium alloys are used in armor 
plating, aircraft, naval ships, spacecraft and missiles, jet engines etc. Titanium is used for critical 
jet engine rotating applications [14]. Titanium alloys enable airframe manufacturers to save weight 
and improve aircraft efficiency. Increased use of titanium alloy sheet in new airframe designs is due 
to superplastic forming/diffusion bonding process.   
 
Aircraft quality titanium strip produced by continuous vacuum annealing process has extremely low 
hydrogen content. High hydrogen content results brittleness [21]. Ti-6Al-4V is famous (α+β) 
titanium alloy and its percentage use is higher than other titanium alloys in aircraft applications e.g. 
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critical structural parts, fire walls, landing gear, exhaust ducts of helicopters and hydraulic systems.  
More than 50% use of all titanium metal produced is in aircraft engines and frames [22]. 
Degradation of a metal or formation of metallic compounds at the surface is generally unacceptable 
in aerospace applications. The metals being used must retain their properties even in a highly 
oxidative environment. This is one of the reasons that’s why highly corrosion resistant metals like 
Titanium is widely used in the aerospace industry [1,4]. 
 
Materials having high strength should be used in aerospace applications. This means that it needs 
to have high bond strength. Materials having a high melting point are used to make parts of the 
engine and the nose cone of the aerospace vehicle. Aerospace materials are required to have high 
thermal shock resistance because it takes no time for the temperature of the components to 
fluctuate from high to very low, as the aircraft takes off from the ground to about 30,000 feet. With 
this change in temperature, change in shape of the material is unacceptable and hence materials 
with low thermal expansion coefficients must be used. So for this application, Ti alloys can be 
employed successfully [2-6]. Titanium is a relatively new engineering material and its use in 
aerospace applications has remarkably increased over the recent years [23]. The melting point of 
Ti is 1671 °C. It is categorized in lightweight metals, having a density of 4.5 g/cm3. Titanium is 
known to have a very high specific strength comparable to that of steel, hence promoting its use 
for the aerospace industry at a large scale. The typical working temperature range of Al alloys is 
160 °C to 190 °C, while Ti alloys can be used effectively from 400 °C to 600 °C, making it more 
suitable than Al for high strength and higher temperature applications. Titanium alloys have 
excellent corrosion resistance together with very good fatigue strength that is why they are used in 
highly loaded bulkheads and in the frames of a fighter aircraft. Use of titanium helps in space 
saving, hence promoting its use in the gear box, consisting of the landing gear components, which 
need to be adjusted in a limited amount of space "[1-4]." 
 

8.3 BIOMEDICAL APPLICATIONS  
Biomaterial must cover a wide spectrum and some specific characteristics. For a metal/material to 
be suitable for biomedical applications, biocompatibility, bio-functionality and corrosion resistance 
are the most critical properties of any metal/material used for biomedical applications [24-26]. 
Before going to discuss the biomedical applications of Ti, it is important to understand 
biocompatibility. Biocompatibility is a broad term defining the characteristics of any material being 
friendly with the internal environment of the body. When biomaterials are exposed in vivo (within 
body) environment, they should not have any toxic or immunological issues. Biocompatibility is 
related to the compatibility of a material to perform well with host response in a specific biological 
application and biomaterial should not cause any harmful effects. For the metallic systems, 
biocompatibility is very much dependent on the corrosion resistance [1]. Other than few titanium 
alloys, stainless steels and cobalt alloys are also bio-metals but as compared to titanium alloys, 
they have various drawbacks [27]. Stainless steel was the first metallic biomaterial employed as an 
implant material. Vitallium, a cobalt-based alloy was developed in 1932 for use in medical. 
Vitallium is a trademark; it contains 65% Cobalt, 30% Chromium and 5% Molybdenum. Due to its 
resistance to corrosion, the alloy is used in dentistry and artificial joints. It is also used for 
components of turbochargers because of its thermal resistance. Biocompatibility issues of Cobalt 
are also given in the literature. Only few metallic systems fulfill the requirement of biocompatibility 

and bio-functionality, therefore, the choice of metallic biomaterials/bio-metals that can be 

considered is narrow. Until now among the metallic materials used for biomedical applications, 
some titanium and titanium alloys also satisfy these requirements except cost [53].  
 
Titanium (Ti) and some of its alloys e.g. Ti-Nb alloys, Ti-Mo alloys etc. have great demand for both 
engineering and biomedical applications because of their good mechanical, physical and chemical 
properties [47-49].  Ti and some titanium alloys show very good biocompatibility with no potential 
for any carcinogenic and inflammatory issues and do not undergo degradation in the in-vivo 
environment. Based upon inherent non-toxicity and compatibility, titanium based alloys prove a 
success as biomedical grade metallic material [50]. Corrosion can result electrons in the metal of 
implant and a stream of ions in the neighboring tissues. This circulation of ions and electrons can 
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interrupt physiological movement of the nerve cells and become the cause of the various hazardous 
outcomes.  The toxicity of metal can be exceeded if any inorganic reaction of corrosion products 
with a body fluid happens and transportation of these corrosion products to various organs with 
blood can produce systemic or hypersensitive effects. Figure 8.1 gives the reasons for the use of 
titanium for biomedical applications. If any direct organic reaction of implant metal with proteins of 
surrounding tissues occurs due to corrosion, allergy or inflammation may happen. Titanium is 
considered as a biocompatible metal because it develops a passive oxide layer of TiO2. TiO2 is non-
conductor in nature and because of its isolating effect which is governed by dielectric constant; it 
prevents any flow of ions and electrons from the metal surface. The dielectric constant of TiO2 is 
similar to water (78), that’s why titanium implants don’t behave like a foreign body inside the body. 
TiO2 is also stable oxide. Table 8.1 enlists the necessary requirements for successful metallic 

biomaterials [1,47-53]. 
 
Under the normal circumstances, pH of body fluid is 7.4 because of 0.9% dissolved NaCl. The 
breakdown potential of CP-Ti (2.4 V) and Ti-6Al-4V (2.0V) is very high as compared to Stainless 
(0.2V) and CoCr (0.42V). This shows that the passive range of titanium is quite wide.  The passive 
layer can be mechanically damaged for example during surgery due to relative motion of 
instruments against metal can cause mechanical rupture of the passive oxide layer. Repassivation 
time for Ti is also favorable i.e. Ti can regenerate its oxide skin in less than second. Furthermore, 
coating of TiN is recommended to protect the instrument against any mechanical fretting. Titanium 
is also used for dental implantation purposes such as bridges, crown, over dentures, abutment, 
screws and dental implant prosthesis components. Preferentially Titanium in pure metallic form is 
used for endosseous (dental implant or fixture). Commercially four CP titanium grades and few 
titanium alloys are used for making dental implants [52,54] 

 

 

 
 

Figure 8.1 Reasons behind titanium usage in biomedical applications 
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Table 8.1 Requirements for biomaterials 
 

 Biocompatibility (an appropriate host response) 

 Corrosion resistance (ability to withstand in the hostile environment of body 
without getting corrode away) 

 Osseo-integration or bio-adhesion (structural and functional connection with 
bones) 

 Suitable mechanical properties (modulus of elasticity and fatigue strength 
should be similar to that of bones ) 

 Processability ( castability, deformability, machinability, weldability etc,) 

 Stable (should not be transformed into any other physical or chemical form 
during use, this condition is not for biodegradable materials) 

 Lower cost 

 Availability 

 Low weight 

 Non-magnetic 

 Bio functionality 

 High fracture toughness 

 
 
According to ASTM, these metals are specified as grade 1 to 5 out of which first four are unalloyed, 
while grade 5 have 6% Aluminum and 4% Vanadium. Ti grade 1 is the purest, best room 
temperature ductility and lowest strength of the first four ASTM Ti grades. Industrial dental implants 
are mainly made up of grade 2 titanium having yield strength of 275 MPa which is similar to those 
of annealed austenitic stainless steels. Grade 3 of Ti has 0.3% iron content and grade 4 contains 
0.5%iron but has the highest strength of the unalloyed ASTM grades. Grade 5 (Ti-6Al-4V) is the 
most commonly used Ti alloy for medical applications other than dental implants.  Grade 5 is mostly 
used in annealed form when applied to any orthopaedic prosthesis. A mismatch of Young’s 
modulus (E) between the bone (e.g. 30 GPa) and Ti implants (120 GPa) also creates a problem for 
bone remodeling and healing after surgery. To resolve such problems, some research has been 
done and various new Ti alloys are being in the developing stages for implant applications [51]. 
Figure 8.2 shows schematically the mismatch of Young’s Modulus between implant and bone 
material [52]. Figure 8.3 shows different parts of human body where titanium based 
biomaterials/Implants can be used. 
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Figure 8.2 Difference in elastic modulus between cortical bone and other metallic  
biomaterials [51] 
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Figure 8.3 Schematic of Titanium based Implants used in various biomedical applications 

 
 

8.4 APPLICATIONS OF TITANIUM IN AUTOMOTIVE INDUSTRY 
The smart properties of Titanium e.g. low density, high strength and excellent corrosion resistance 
offer many potential uses in specialty automobiles, sports cars and family automobiles. In such 
applications, weight saving and performance improvement can be achieved using titanium. There 
are two main problems associated with Ti and must be solved to make high-volume production with 
Ti. First, raw material and manufacturing costs should be reduced. Second a proper supply should 
be made. In the mid-1950s, Titanium was first applied in the automotive applications [4]. External 
body of Titanium Firebird II was completely made of titanium and this was turbine-driven 
experimental car of General Motors. With the growth of demands for fuel-efficient and 
environmentally friendly vehicles requires a reduction in weight at the same time improvement in 
performance. Ti based alloys, offering high specific strength and exhibit admirable corrosion 
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resistance, are the materials of primary choice. However, the higher cost and production difficulties 
of titanium and its alloys have proved to be a major difficulty for its usage on major scale in 
automotive applications. Initially, the use of Ti alloys in automotive industry was restricted to the 
high-performance racing or sports vehicle division e.g. Ferrari, Formula 1 racing cars and 
competition motorcycles. Since the end of the 1990s, Toyota Company of Japan introduced a large 
number of cars having Ti engine valves. Titanium in the automobile industry is primarily used for 
manufacturing of engine valves and connecting rods. The valves have to bear high cyclic stress 
and high temperatures. These requirements are successfully fulfilled by utilizing Ti-alloys because 
of their high-temperature high cycle fatigue (HCF) strength, wear resistance, creep resistance, 
oxidation resistance and thermal shock resistance. Titanium engine valves are generally 
manufactured via powder metallurgy route. If valves are made up of Ti-alloys then their together 
weight is just 400g as compared to 700g for steel valves. Titanium based intermetallic are also 
used in automobiles [28-29]. Figure 8.4 shows Titanium Firebird II racing car [53]. 
 
Now steel coil springs of automobiles are also being replaced by Titanium. TIMETAL®LCB (Ti-
4.5Fe-6.8Mo-l.5Al) low cost β titanium alloy was developed for automotive springs. High strength, 
low modulus, low densities are the properties required for springs and titanium and many of its 
alloys fulfil these requirements. Using titanium, 60% weight saving is possible as compared to steel. 
TIMETAL®LCB also has good elevated temperature fatigue life. Due to lower modulus of Titanium, 
fewer turns for a given spring are required. Relatively lower shear modulus of Ti alloys, almost half 
than that of steel makes Ti material of prime importance for automotive applications. Roughly, Ti 
springs have “light-weight factor” of 3 to 4 and small corrosion allowances [27].  
 
Titanium is also an attractive option for manufacturing of exhaust system and related components 
of cars and motorbikes. The prerequisites of a material for this application are deep drawability, 
cold formability, weld ability, corrosion and oxidation resistance, acoustic performance and strength 
at higher temperatures. KTM is an Austrian sports bike manufacturer which uses a rally exhaust 
system made up of Ti. In the automotive industry, titanium is used in the car/bikes racing market. 
Some engine parts as wrist pins, valves, springs etc. are made up of titanium, because it is durable, 
strong, light-weight and resists heat and corrosion [30].   
 
 

8.5 TITANIUM APPLICATIONS IN SPORTS EQUIPMENTS  
Based on high-performance, Ti alloys have acquired great attention for sports activities. Golf is one 
of the most popular sports game. The key purpose of golf stick is to throw the golf ball as distant 
as possible for which head of the golf club plays a critical role. Formally the club heads were made 
up of high strength persimmon wood. Currently, golf clubs have metallic heads, that were initially 
manufactured from high strength steels but since the 1990s, heads made up of Ti alloys have been 
coming into markets and have become very popular. Ti alloys due to their light weight, permit the 
club manufacturers to make larger club heads. Modern heads may have a volume of 400cm3. 
Usually, investment casting using lost wax technique is used to manufacture the hollow golf club 
heads. For this application, Ti-6Al-4V and Ti-3Al-2.5V are preferred. To drive the ball far away, the 
club head’s face should have a spring effect. Like a trampoline, the spring face softens the impact 
by storing and returning energy to the ball over a longer impact time, all of which promises the 
player extended throws without having to swing harder. β Titanium alloys having bcc structure have 
smaller Young’s modulus values, therefore, this effect gets more pronounced.  Other than heads 
of golf clubs, shafts are also fabricated from Titanium. When weight is lowered, golf irons can be 
accelerated faster, that confirms higher swing speed and distant drive of the ball.  The heads speed 
can go beyond 175 km h–1, with the 1.17m length of the shaft and allows the ball to cover a distance 
as much as 280m. Golf balls used by children or teenagers are also manufactured from Titanium 
with 15% less weight and softer skin to ensure protection to kid’s joints. Surface engineered 
titanium, aluminium, magnesium are given in Ref. [31]. Amazon is selling 20" Titanium Sports 
Necklace - blue/white/black [32]. Titanium golf club head is shown in Figure 8.5 [55]. 
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Figure 8.4 Titanium Firebird II [56] 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 8.5 Titanium in golf club head [55] 
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Other than golf, Ti alloys can be applied to any sport where balls to be thrown fast and distant due 
to various advantages such as lower weight, higher strength to weigh ratio, lower Young’s modulus, 
favorable dampening characteristics and corrosion resistance. Titanium alloys like Ti-3Al-2.5V find 
their potential applications in the production of tennis racket and baseball bats. The equipment of 
scuba diving should be immune to seawater, light in weight, exhibit good strength and gentle to the 
human skin where it comes in contact with the body. Taking the sum of these necessities, titanium 
is far better than steel. In this way, sport applications have been opened up for Titanium alloys. 
  

8.6 TITANIUM APPLICATIONS IN PAINT INDUSTRY 

Titanium dioxide (TiO2) is a white solid inorganic material which is non-flammable, insoluble, 
chemically inert, thermally stable and non-hazardous. TiO2, the oxide of Ti, finds naturally in various 
types of minerals as Ti is the 9th most abundant element in earth’s crust. It has been an important 
ingredient in the production of a wide range of consumer or industrial goods such as adhesives, 
paper, paperboard, textile, pharmaceuticals, cosmetics, inks and rubbers etc. However, TiO2 is 
known for its mass consumption in making white pigment i.e. paints because of its high refractive 
index, polarizing power and extraordinary brightness. The refractive index of TiO2 is higher than 
that of the diamond.  When rays of light pass through the crystal of TiO2, their path is altered 
considerably as compared to air.  If there are various small crystals orientated in random directions, 
due to their high refractive index, all the coming rays of light would scatter without passing through 
it. For coating applications, TiO2 is commonly used in two forms, pigments and ultrafine nano-
materials (see chapter 9 for details).  Due to its very high refractive index and brightness, the main 
use of titanium dioxide (TiO2) is as a white powder pigment. Due to high refractive index, relatively 
low levels of the pigment are required to achieve a white opaque coating. For high refractive index 
material, light will not pass through it and will lead to the scattering of light. Refractive index of 
titanium dioxide is higher than diamond, so it can scatter light easily. 
 
Pigment grade TiO2 is produced to improve the refracting behavior of light and as a result of which, 
white opacity can be achieved. To optimize this phenomenon, the particle size of TiO2 must be 
nearly half the wavelength of scattering light that is about half of 400 - 700nm for visible light. TiO2 

pigment offers excellent scattering properties and can be applied in diversified applications that 
demand high brightness and white opacity. TiO2 also has an ability to absorb UV radiations so TiO2 

pigment can be incorporated into various polymeric materials to preserve them against any form of 
degradations due to UV lights i.e. fading, cracking and embrittlement. This characteristic can be 
further improved by surface treatment of TiO2.  
 
Ultrafine TiO2 nanoparticles are principally different from pigment grade TiO2 as they don’t offer any 
color or opacity after applying to any substrate. They are achieved by reducing the size of titanium 
oxide particle less than 100nm. Usually, primary particles are bounded together in form of 
aggregates which further agglomerate through weak wander wall forces and form particles of 
microns size. TiO2 nano particles are transparent, efficient UV absorber and effective photo 
catalysts that's why they potentially use in the production of sunscreen. TiO2 nano materials have 
very high surface area due to the smaller size of particles. Enhanced surface activity associated 
with the larger surface area, permits the production of various photo-catalysts. TiO2 can be applied 
to cemented tiles or wall’s paints to exhibit deodorizing, sterilizing and antifouling phenomenon. 
The photo-catalytic characteristics of TiO2 ensure that, with a reaction of water, hydroxyl free 
radicals are produced which can transform organic molecules to carbon dioxide and water and 
completely kill the unwanted microorganisms or germs.  Currently, TiO2 are under extensive 
research to use it for the production of glass with self-cleaning and hydrophobic properties. In 2001, 
first self-cleaning glass was introduced to the market. This class of glass is covered with a thin 
coating of transparent TiO2 (anatase). The cleaning procedure is completed in two phases. Firstly 
the dirt is broken down due to photo catalytic reactions and then dirt is washed off when it rains. 
TiO2 exhibits resistance to discoloration under ultraviolet (UV) light in exposed applications. TiO2 is 
used in paints and coatings, including glazes and enamels, plastics, paper, inks, fibers, foods, 
pharmaceuticals and cosmetics. In particular, high performance grades of TiO2 are finding growing 
market in the cosmetics sector and most toothpaste [33-35]. 
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8.7 OTHER APPLICATIONS  
UV light resistant properties of TiO2 helps in preventing the discoloration of plastics in sunlight. Due 
to high refractive index of TiO2 and ability to protect the skin from UV light, sunscreens use TiO2 as 
a blocker. TiO2 is a physical blocker for UV light with wavelength of 280-400 nm radiation. TiO2 is 
also an effective opacifier, making substances more opaque. It is chemically stable and will not 
become decolorized under UV light. TiO2 particles have to be coated with silica or alumina as TiO2 
in contact with water are toxic due to production of hydroxyl radicals. The silica or alumina coating 
prevents the titanium dioxide particles from coming into contact with the skin and with water making 
titanium dioxide very safe to use [35-36]. Titanium dioxide due to its oxidative and hydrolysis 
properties can be used as photo catalysts. TiO2 can improve the efficiency of electrolytically splitting 
H2O into H2 and O2. TiO2 can produce electricity in nanoparticle form [38-39].  
 
 
The electrical resistivity of the TiO2 can be correlated to the oxygen content of the atmosphere and 
it can be used as an oxygen sensor [40]. In power generating plants, condenser tube made of 
titanium thin wall will last for the life of the condenser and eliminate the need for a corrosion 
allowance [41-42]. Titanium is used in many chemical processing operations to increase the 
equipment life. Titanium pipes due to light weight, flexibility and corrosion resistance make it an 
excellent material for deep sea production risers as well as topside water management systems.  
Titanium is also the material of choice in desalination plants worldwide again due to its corrosion 
resistance properties [43]. Titanium is being widely used in metal matrix composites [44]. 
 
Superior ballistic properties and high strength-to-weight ratio make titanium suitable for armor 
applications. Due to light weight, vehicles can be made lighter that will increase the mobility of 
force. Titanium made personal armor vests and helmets for police are far lighter and more 
comfortable than those made from competing materials [46]. There are also other uses of titanium 
in cosmetics, jewellery, watch cases, eyeglasses, bicycles and clocks. Titanium has natural gray 
like appearance due to formation of protective oxide film of titanium that is protective in many 
environments. Color of titanium can be intentionally changed by anodizing process and it is used 
for jewellery and decorative arts. Titanium also has applications for prestige buildings and 
monuments roofs, domes and walls etc. Titanium has used in the Gagarin monument in Moscow, 
Fukuoka dome in Japan. For architectural purposes, use of titanium in Japan is increasing day by 
day [45-46].  
 

8.8 SUMMARY OF CHAPTER 8 
This chapter is related to applications of titanium and titanium alloys. Applications of titanium based 
shape memory alloys and Intermetallics are already discussed in previous chapters. Applications 
of titanium in aerospace industry are briefly discussed. Emphasis is given on the light weight and 
corrosion resistance properties of titanium. Applications of titanium dioxide in pigments and paint 
industry are also discussed in this chapter. Sports related applications especially due to low elastic 
modulus of titanium are also discussed. Applications of titanium and titanium alloys in automobile 
industry are also discussed. Some specialized applications of titanium for armors, protection of 
sunscreens, cosmetics are also briefly discussed in this chapter. 
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TITANIUM BASED NANOMATERIALS AND THEIR 
APPLICATIONS 
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Pakistan) 

 

9.1 INTRODUCTION 
With the advent of nanomaterials and nanotechnology, the importance of metals and compounds 

has exponentially increased. When we deal with the metals, non-metals and corresponding oxides 
at nano scale, their physical as well as chemical characteristics appear to be much different and 
valued compared to the macro scale properties. Titanium (Ti) based nanomaterials are of utmost 
importance. Ti nanoparticles have no significant absorbance under visible light irradiation but have 
high ultra-violet (UV) light absorption which makes Ti nanoparticles effective for various 
photo/biological activities under UV light [1-2]. Therefore, a few scientific investigations and 
applications of Ti metal, its nanoalloys and other compounds at nano scale are previously reported 
[3-5]. Ti compounds derived from Ti, such as titanium dioxide (TiO2), titanium disulfide (TiS2), 
titanium oxy-sulfides and titanium nitride (TiN) etc., are greatly employed in the modern nano-
technological era [6-9] for advanced engineering applications including photo-catalysis, solar 
paints, photo-voltaic, anti-microbial activities, UV-protection, sun-blocks, cosmetics, waste water 
treatments, self-cleaning devices and many others. In this chapter, we will mainly focus on titanium 
dioxide and its modern applications; however we will also briefly review other Ti-based 
nanomaterials and their applications as well. 
 

9.2 TITANIA BASED NANOMATERIALS 
Titania (Titanium dioxide; TiO2) is the most common oxide of Ti. Its general source is ilmenite, rutile 
and anatase. Titanium oxide is equally known as flamenco, rutile and dioxotaitanium. In addition to 
rutile, anatase and brookite which are the stable forms of TiO2, various metastable forms of TiO2 
are also synthetically produced. Table 9.1 summarizes various forms of TiO2 and their 
crystallographic systems. P25 is commercially available TiO2 powder having averagely ~21nm 
sized primary particles of TiO2. P25 is specifically cited here because of its high surface area (from 
35 to 65m2/gm) and distinctive particle size and secondly because of its unique opto-electronic 
characteristics induced as a result of combining rutile and anatase crystallites in a ratio of 80:20 or 
70:30. Figure 9.1a shows the crystal structures of rutile and anatase forms of TiO2. Rutile-TiO2 
containing 6 atoms per unit cell has a density of 4.13 gm/cm3 whereas anatase has much lesser 
density value of 3.79 gm/cm3. As far as the band gap (Eg) value is concerned, rutile and anatase 
TiO2 does not differ much from each other until their particle size is tuned or suitable elemental 
doping is applied. However, the crystallographic differences between the two are much evident and 
influential [10]. Figure 9.1b shows the x-ray diffraction (XRD) patterns of various stable forms of 
TiO2 and commercially available P25.  
 
Rutile-TiO2 exhibits strong peaks at 27°, 36° and 55° values of 2θ corresponding to diffraction from 
(110), (101) and (211) crystal planes respectively, while some feeble signals for (111), (310) and 
(301) etc., are also obtained in various cases [10]. Similarly, anatase-TiO2 exhibits strong peaks at 
25°, 37.5° and 48° mainly, which correspond to (101), (004) and (200) plane in TiO2 and of course, 
P25-TiO2 shows the presence of crystallographic planes belonging to both rutile and anatase. 
Contrarily brookite-TiO2 exhibits distinguished diffraction peak signals mainly for (120), (121) and 
(012) planes.  
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Table 9.1 Various recognised forms of TiO2 

 

TiO2 TiO2-form Crystallographic System 

 
Stable Forms 

Anatase  Tetragonal 

Rutile Tetragonal 

Brookite Orthorhombic 

 
Metastable 

Forms 

TiO2 (B) Monoclinic 

TiO2(H)  
Hollandite-like form 

Tetragonal 

TiO2(R) 
Ramsdellite-like form 

Orthorhombic 

Commercially 
Available  

P25 
(Mixed rutile/anatase) 

Tetragonal 

 
 
 

 
 
 
 
 
 

 

(a) 
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Figure 9.1 (a) Crystallographic information and (b) XRD of various forms of TiO2 [10] 

 
  

9.2.1 Morphological Forms of TiO2 Nanomaterials 
All nanomaterials (NMs) are primarily classified in 3D, 2D, 1D and 0D NMs. It is reiterated that a 
material having at least one dimension less than 100nm is termed as NM, while sometimes a 
material manufactured using nanotechnology is also termed as the NMs. Simply, 3D, 2D, 1D and 
0D NMs refer to nanoparticles, nanosheets, nanorods or nanotubes and quantum-dots (QDs) 
having all 3, or two or one dimension lesser than 100nm. Metals or their compounds may be 
synthesised in one or more than one of these forms using a bottom-up or a top-down approach. 
TiO2 NMs have been successfully synthesised as particles, sheets, rods/tubes and as QDs [11-
12]. The purpose to develop such morphologies is mainly to modify the surface area of TiO2 NMs 
to ensure the required opto-electronic properties, such as visible and/or ultraviolet light absorbance, 
reflectance and transmission, governing the reactions taking place at the surface of TiO2 NMs. In 
the last few decades, researchers have developed a number of fascinating morphologies of TiO2 
at nanoscale and reported their effective use in various applications including photocatalysis, 
photovoltaics, surface coatings and sun-blocks etc. Figure 9.2 (a-e) shows the electron microscopy 
images of such morphologies.  
 
Figure 9.2(f) additionally indicates the disposition of TiO2 NMs in the form of a thin film. TiO2 based 
thin films are yet another field of techno-scientific exploration and hence covered in the next section.  
 

 

(b) 
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Figure 9.2 Scanning electron microscopy images of various morphological forms of TiO2 
nanomaterials i.e., (a) Nanoparticles, (b, e) nanorods, (c) nanoflowers, (d) nanosheets and (f) thin 

film [11, 12] 
 

9.2.2 TiO2 based Thin Films 
Owing to the semiconductor nature and transparent outlook, thin films composed of TiO2 NMs are 
extensively employed in photovoltaics as blocking layer, passivation layer and as mesoporous 
network etc. Considering the thickness of the required film, TiO2 NMs can be deposited on various 
substrates using chemical bath deposition (CBD), atomic layer deposition (ALD), chemical vapour 
deposition (CBD), TiCl4 treatment and others [13-15]. Researchers have developed TiO2 NMs 
ranging from a few micron-thick films to angstrom sized ultra-thin films on variety of substrates 
including fluorine-doped tinoxide (FTO) glasses, Si-wafer, conductive polymers and even nano-
structures like TiO2 [13, 14] thorn balls etc. Figure 9.3 shows some of TiO2 films and corresponding 
deposition process. The subsequent applications of TiO2 films will be covered in section 9.4. 

 
9.2.3 Doped Forms of TiO2 based Nanomaterials 

According to the materials science of semiconductors, doping is an intended addition of impurity 
element in semiconductor materials for modifying their optical (e.g., absorbance, band gap and 
transmission) and/or electronic properties (e.g., conductivity).  
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Figure 9.3 Various processes to develop thin film of TiO2 nanomaterials i.e. (a) screen printing, 
(b) TiCl4 treatment, (c) chemical vapour deposition, (d) atomic layer deposition and (e) chemical 

bath deposition. 
 
 
Like other semiconductors, TiO2 NMs are also prone to doping and various metallic as well as 
nonmetallic dopants are introduced to TiO2 NMs in variant morphological forms [16]. It is mentioned 
for clarity that TiO2 NMs generally have least absorbance in the visible range of solar spectrum. 
Owing to this fact, researchers are motivated to induce visible light absorbance in TiO2 without 
disturbing the stoichiometry and crystallographic structure of TiO2. However, a little morphological 
transformation is most often associated with the synthesis of doped TiO2 NMs. Dopants are 
generally introduced during the synthesis process using wet chemistry or through post-synthesis 
treatments [16, 17] at higher temperatures. 
 
Basically, these dopants are categorized in two types: (1) interstitial and (2) substitutional dopant. 
Ion implementation method, hydrothermal method and sol-gel method is repeatedly reported for 
the synthesis of effectual doped forms of TiO2, resulting improved performance for various 
applications, such as photo oxidation of phenol compounds [17], waste water de-coloring, azo-dye 
degradation and others. A comprehensive summary is given in Table. 9.2. However, a recent 
review article concluded that sol-gel process is the most versatile method to prepare doped forms 
of TiO2 at nano scale. Although, the majority of doped TiO2 NMs are reported as a photocatalyst, 
however with the advent of the quantum-dots (QDs), their propensity to be used as a photoanode 
material to develop band aligned structures [16,18] has increased their importance. 
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Table 9.2 Various elements used for doping TiO2 nanomaterials [17] 

 

Dopant 
Nature 

of 
Dopant 

Process Resultant Effect Application 

N  

Non-metallic 

Surface Treatment   
Decrease in Band 

gap 
Photocatalysis  

S  
Oxidation 
Annealing 

Decrease in Band 
gap 

Photocatalysis  

C  
Acid-catalyzed Sol-

Gel 
Decrease in Band 

gap 
Photocatalysis 

P  Sol-Gel 
Decrease in Band 

gap 
Multifunctional 

B  
Grinding with Boric 

Acid 
Decrease in Band 

gap 
Na-Ion 

Batteries 

F  
HF-treatment and 

Calcination 
Mesoporous TiO2  

formed 
Photocatalysis 
Anti-Bacterial 

Ag  

Metallic 

Sol-Gel 
Pseudo-cube like 

TiO2 formed 
Antimicrobial 

Activities 

Fe  
Magnetron 

Sputtering Method 
Anatase type TiO2 

formed 
Photocatalysis 

V  Sol-Gel 
Morphology 

Changed 
Photovatalysis 

Au  
Hydrothermal 

Method 
Decrease in Band 

gap 
Optical 
Limiting 

Pt  
Photoreduction 

Process 
Decrease in Band 

gap 
Non Linear 

Optics 

Sn  
Hydrothermal 

Method 
Thorn balls of TiO2 

formed 
Photocatalysis 

Solar Cells 

Li  Sol-Gel 
Decrease in Band 

gap from 3.2 to 2.94 
eV 

Photocatalysis Cd  Sol-Gel 
Decrease in Band 

gap from 3.2 to 3 eV 

La  Sol-Gel 
Decrease in Band 

gap from 3.2 to 2.94 
eV 

 
9.2.4 TiO2 based Nanocomposites  

A multiphase solid material having at least one of the phases with nanoscale dimensions is termed 
as a nanocomposite (NC). It is essential that at least one of the 3 dimensions of such materials is 
less than 100nm. The concept behind the development of NCs is to combine the characteristics of 
two or more than two materials to design flexible and superior materials having well-defined set of 
physico-chemical properties [19]. 
 
TiO2 NMs are also designed in NCs form to harvest superior visible and/or UV light and for 
developing band-aligned structures for various advanced applications. TiO2 based NCs can be of 
various types; mainly core shell NCs, yolk-shell NCs, homogeneously mixed NCs in simple 
particulate form and many others [11, 12, 19-21].  
 
Among these NCs, TiO2 based coreshell structures are much attractive owing to their smart design 
and versatility. Sometimes, TiO2 serves as the core material on which a thin or thick shell of some 
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other material is deposited using suitable physical or chemical technique. Jung et. al. deposited 
Al2O3 on TiO2 using atomic layer deposition technique to passivate the TiO2 surface, ensuring better 
performance of TiO2/Al2O3 coreshell NCs as uv-protection reagents in cosmetics [22]. While in 
some cases, TiO2 is used as shell material for miscellaneous engineering purposes. For example, 
Son et. al. deposited 10 nm-thick TiO2 shell on SiO2 particles of different sizes to increase the light 
scattering capability of mesoporous TiO2 photoanode used in dye-sensitized solar cells [20]. 
Similarly, TiO2 thin shell was deposited on ZnO particles to design ZnO/TiO2 NCs for better 
performance as a photocatalysts [19]. Very recently, we have reported TiO2/PbS/ZnS NC as an 
efficient candidate for solar paint applications [23]. PbS quantum dots (QDs) deposited on TiO2 
using p-SILAR method not only evolved high visible light absorbance in TiO2 but it also opened up 
a new area to sensitize various oxide-based semiconductors to use in applications like 
photocatalysis and antimicrobial activities etc. Figure 9.4 reflects few prominent types of TiO2 based 
NCs. 
 
Concomitantly, researchers have added novel carbonaceous materials, such as carbon naotubes 
(CNTs), graphene and MOS2 nanosheets and reduced grapheme oxide (RGO) etc., to develop 
highly smart NCs of heterogenous nature. In this regard, there have been numerous attempts to 
amalgamate TiO2 NMs with different polymer materials for specific applications. A brief summary 
is presented in Table 9.3. 
 
 

 
Figure 9.4 Few prominent types of TiO2 based nanocomposites  

 
 
 
 



116 

 

Table 9.3 Various TiO2 based nanocomposites [19-23] 

 

Category 
Type of 

NCs 
Additive 
Materials 

Resultant 
Effect 

Application 

CorShell 
NCs 

Single 
Shell NCs Al2O3,SiO2, 

Fe2O3, ZnS, 
SnS, CdSe, 

SnO2 etc 

Surface 
Passivation, 

Internal 
Reflection, 

Photocatalysis 
Light Scattering, 

Photoanodes 
Magnetic 

Resonanec 
Imaging 

Duplex 
Shell NCs 

Typical NCs 
Simply 

Coexistent 

ZnO, SiO2, 
Al2O3, Metal 
Particles etc. 

Band 
Alignment, 

Tuning of light 
absorbance 

etc. 

Photocatalysis, 
Antimicrobial 

Activities 
Radar Absorbing 
H2 Evolution etc. 

YolkShell  
NCs 

Hollow 
shaped 

Sulfur, Cu2O 
and FeS2 etc. 

Light 
Absorbance 

Enhancement 

Drug Delivery 
Na-Ion Batteries 

etc. 

QDs Sensitized 
NCs 

QDs 
Decorated 

Metal 
Chalcogenides 
e.g., PbS and 

CdS 

Visible Light 
Absorbance 

Toxicity 

Solar Paints, 
Photocatalysis 
Antimicrobial 

Activities 

Heterogenous 
Nanocomposites 

Bi-
Component 

Carbonaceous 
Materials 

(CNTs, etc.) 
Polymers, 

Nanosheets 
etc. 

Reinforcement 

EMI Shielding 
Surface Coatings 

Batteries etc. 
 

Tri-
Component 

or more 

 
 

9.3 TITANIUM BASED NANOCOMPOSITES AND NANOALLOYS 
An alloy or a nanocomposite that involves Ti nanoparticles (Ti species having at least one 
dimension lesser than 100nm) for its development or application or both, is designated as nanoalloy 
or nanocomposite. If the resultant properties are metallic despite of the addition of Ti metal 
nanoparticles, it’s a nanoalloy. Whereas the adjunction of metallic properties of Ti metal 
nanoparticles with some other NM to produce some intermediate characteristics defines the 
material as NC as stated earlier in section 9.2.4. We shall briefly introduce here some nanoalloys 
and nanocomposites belonging to Ti metal. Ti based nanocomposites are effectually employed for 
various biomedical applications. Ti is composited at nanoscale with hydroxyapatite for example, so 
that bio-implants with better mechanical properties are developed [1, 2]. Alongside, developing an 
alloy at nanoscale it is also an interesting expertise due to better solidification control, nano-
crystallinity and superior optoelectronic properties. Paul et. al reported that addition of Ti 
nanoparticles in Pt to formulate Pt-Ti nanoalloys [3] confirms its substantial advantage for use in a 
proton-exchange membrane fuel cells (PEMFC). Besides, PdAg nanoalloys when supported with 
Ti based nanoalloys serve as efficient photocatalytic reagents against formic acid and methanol 
[24]. Recently the additive manufacturing of various Ti based nanoalloys and/or nanocomposites 
have also gained a promising status [25, 26], which is setting newer dimensions regarding the 
research and development of Ti based NMs. It can be quite expediently concluded that Ti based 
nanocomposites and nanoalloys will be futuristic in coming years.  
 

9.4 APPLICATIONS OF TITANIUM BASED NANOMATERIALS 
Since there has been an extensive discussion regarding the role of Ti metal, its alloys and derivative 
compounds in biomedical and manufacturing applications in previous chapters, therefore we will 
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focus on some emerging applications in this section, including photocatalysis antimicrobial 
activities and others related to TiO2 NMs.  

 
9.4.1 TiO2 Nanomaterials for Photocatalysis 

Photocatalysis is defined as an accelerated chemical reaction under light irradiation. Mainly, such 
reactions are carried out under visible light and/or UV light irradiation to exploit renewable energy 
from sun. The techno-scientific concept behind photocatalysis is to get rid of toxic dyes such as, 
methylene blue, congo red, methyl orange and acid-orange 56 etc., those are massively discharged 
from industries; mainly textile industries [27-29]. Figure 9.5 shows the mechanism associated with 
the degradation of a dye molecule under the presence of TiO2 NMs and UV light irradiation. 
Basically, TiO2 photocatalyst is added in a solution containing toxic dye/pollutant and the solution 
is exposed to light. It is shown that TiO2 NMs go through electron-hole generation phenomena, 
when the UV light is irradiated [28]. The electrons as well as holes generated and positioned at 
conduction band and valance band of TiO2 respectively, generate hydroxyl ions and/or superoxides 
which attack the molecule of toxic dyes chemically and either reduce or oxidize them neutralizing 
their toxicity in the environment. TiO2 owing to its  
 

 
 

Figure 9.5 Photocatalytic application of TiO2 based nanomaterials  

 
High band gape value of ~3eV absorbs sunlight efficiently in UV region; therefore many a 
researchers have employed it for UV catalytic reaction.  
However, conjunction of TiO2 with low band gap materials such as PbS, CdS, ZnSe, etc or various 
types of QDs evolves proficient visible light absorbance in TiO2 to make it effectual photocatalyst 
in visible light conditions too [23, 30]. It is also strategic to lower the band gap value of TiO2 through 
doping or morphological variation (e.g., synthesizing TiO2 thorn-balls) to enhance visible light 
absorbance and thus photocatalytic performance. 
 

9.4.2 TiO2 Nanomaterials for Solar Cells 
Solar cells are of utmost importance to convert solar energy into electrical energy for domestic as 
well as industrial needs of modern electronic world. Over the years, it has become critical to develop 
alternative and renewable energy devices to tackle the issues associated with the conventional 
fossil fuels. With the emergence of dye/quantum dot sensitized solar cells (DSCs/QDSCs) and 
perovskite solar cells, TiO2 NMs have gained significant importance. TiO2 NMs are extensively used 
in these solar cells as a photoanodic framework to deposit the sensitizer film [23-30]. Mesoporous 
TiO2 network developed through screen printing technique or other physical or chemical routes 
[30], enables us to obtain much higher quantity of absorbing material and their concurrent utility to 
generate electron holes. In the very same type of solar cells, thin TiO2 blocking layer either on FTO 
glass, or on TiO2 network or on QDs, is used to restrict the electron-hole  
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Figure 9.6 (a) Schematic illustration of application of TiO2 nanomaterials in solar cells as a 
photoanode and (b) corresponding scanning electron microscopy image [15] 

 
recombination [15, 23], ensuing better photovoltaic performance of solar cell. Figure 9.6 reveals 
the multipurpose use of TiO2 NMs in DSC or QDSC solar cells ranging from a few nm-thick blocking 
layer on FTO to µm-thick mesoporous TiO2 film.  
 

 
9.4.3 TiO2 Nanomaterials for Water Splitting 

Hydrogen is considered to be an efficient renewable energy source for future, owing to the 
availability of sea water as its production source and exothermic reaction with oxygen [31, 32]. We 
all know that, hydrogen gas is used as a fuel in modern cars even at a commercial level. Water 
splitting is an electrochemical reaction for splitting hydrogen and oxygen by decomposing water 
(H2O) molecule. The route for such reaction is given in figure 9.7. Water splitting or H2-generation 
through water splitting is a chemical reaction that needs to be controlled, modified and accelerated 
to realize hydrogen economy. TiO2 NMs provide unique opportunity to govern this reaction through 
photocatalytic influence. As we read in section 9.4.1, TiO2 NMs have the tendency to exhibit 
electron-hole generation under light irradiation. Consequential electron-hole pair can positively be 
utilized for water splitting reaction if the catalyst is suspended directly in the water (Figure 9.7b). 
TiO2 NMs are decorated with Pt particles in such a way that H-ions belonging to the aqueous 
solution accept photovoltaically generated electron from Pt via transfer through conduction band of 
TiO2 and transform to H2 gas. While O-ions are conversely transformed to O2 gas at TiO2/solution 



119 

interface. Such a way to produce water splitting reaction is often termed as photocatalytic water 
splitting. Whereas figure 9.7a explains the photo-electrochemical route for  
 
 

 
 

Figure 9.7 (a) Electrochemical route for water generation and (b) role of TiO2 nanomaterials in 
H2-generation through water splitting reaction  

 
executing the same reaction in an electrolytic way. Interesting TiO2 NMs have prominent role in 
both types of reactions and tremendously focused for futuristic technologies. Recetly, Chiarello and 
co-workers have summarized the role of TiO2-base NMs for photocatalytic production [31] and 
explained corresponding mechanistic aspects of water splitting by TiO2 NMs synthesized via 
electrochemical growth, magnetron sputtering, sol-gel technique, spray pyrolysis and cluster beam 
deposition. It is believed that TiO2 NMs are on the promising candidate to realize the 
commercializable H2-generation [32].  
 

9.4.4 TiO2 Nanomaterials for Antimicrobial Activity 
An antimicrobial agent is a material that destroys any microbe (micro-organism) or discontinues 
their growth. Various kinds of antimicrobial agents are grouped to study their restricted effect 



120 

 

against microbes, such as bacteria and fungus etc. Although, several TiO2 NMs are studied for 
antimicrobial activity, however bacteria are focussed [33, 34]. This is so because indoor building 
materials are among the main production substrates for such microbes which increase the 
importance of controlling their growth technically. Verdier’s research group has investigated the 
antimicrobial activity of TiO2 photocatalyst alone on E. Coli type bacteria and revealed various 
methodological aspects of influence by TiO2 NMs [34]. Figure 9.8 shows the basic setup related 
with the determination of antimicrobial activity and mechanism for the destruction for microbial (e.g., 
bacterial cells) as a consequence of irradiation and incorporation of TiO2 NMs in microbial 
suspension. Experimentally, TiO2 NMs are suspended in a media, mostly aqueous, which is 
suitable for bacteria as well as photocatalysts and then  
 
 

 
 
 

Figure 9.8 (a) Set up for the determination of antimicrobial/antibacterial activity and 
corresponding (b) mechanism for cell damage of bacteria  
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stirring is done for homogenization and interaction between the TiO2 NMs and microbes/bacteria. 
Sometimes the chemical nature of the TiO2 NMs and sometimes its tendency to generate electron-
hole as a consequence of light irradiation damages the cell wall of the bacteria which allows the 
ionic species present in the solution/suspension to enter into the cell and further damage various 
cell bodies [35]. Consequently, the bacteria die after certain duration of time. The requisite is reduce 
this time and to increase in the inhibition zone of TiO2 NMs photocatalysts, which is obtained using 
various doped TiO2 NMs and TiO2 based NCs having Ag (silver metal particles) as an addition. 
 
 

9.5      SUMMARY OF CHATPER 9 
This chapter basically focuses on Ti-based nanomaterials (NMs); mainly TiO2 based 
nanocomposites (NMs) and their applications. TiO2 NMs are unique because of propensity to be 
synthesized through various wet-chemical and high-tech techniques ranging from chemical bath 
deposition to atomic layer deposition, which enables superior dimensional control on TiO2 NMs. 
TiO2 NMs can be synthesised in various doped and nanocomposite forms and thus promisingly 
utilized for multipurpose energy applications e.g., photocatalysis, Concomitantly, Ti-metal based 
NMs, nanocomposites and nanoalloys have also gained much significance with the advent of  
additive manufacturing technology. In short, Ti-metal and TiO2 based NMs are, and will be highly 
important materials for modern engineering applications.  
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