
Volume 254

Biomaterials Science: 
Processing, Properties, 
and Applications V

Edited by
Roger Narayan
Susmita Bose
Amit Bandyopadhyay





Biomaterials Science: 
Processing, Properties, 

and Applications V 





Biomaterials Science: 
Processing, Properties, 

and Applications V

Ceramic Transactions, Volume 254

Edited by
Roger Narayan
Susmita Bose

Amit Bandyopadhyay



Copyright © 2015 by The American Ceramic Society. All rights reserved.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey.

Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form

or by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as

permitted under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior

written permission of the Publisher, or authorization through payment of the appropriate per-copy fee to

the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax

(978) 750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission should

be addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ

07030, (201) 748-6011, fax (201) 748-6008, or online at http://www.wiley.com/go/permission.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in

preparing this book, they make no representations or warranties with respect to the accuracy or

completeness of the contents of this book and specifically disclaim any implied warranties of

merchantability or fitness for a particular purpose. No warranty may be created or extended by sales

representatives or written sales materials. The advice and strategies contained herein may not be

suitable for your situation. You should consult with a professional where appropriate. Neither the

publisher nor author shall be liable for any loss of profit or any other commercial damages, including

but not limited to special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our

Customer Care Department within the United States at (800) 762-2974, outside the United States at

(317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may

not be available in electronic formats. For more information about Wiley products, visit our web site at

www.wiley.com.

Library of Congress Cataloging-in-Publication Data is available.

ISBN: 978-1-119-19002-8

ISSN: 1042-1122

http://www.copyright.com
http://www.wiley.com/go/permission
http://www.wiley.com


Preface

NEXT GENERATION BIOCERAMICS

Evaluation of Long-Term Mechanical and Biological Biocompatibility 3
of Low-Cost -Type Ti-Mn Alloys for Biomedical Applications

Ken Cho, Mitsuo Niinomi, Masaaki Nakai, Pedro Fernandes Santos, Alethea
Morgane Liens, Masahiko Ikeda, and Tomokazu Hattori

Control of Ag Release from Ag-Containing Calcium Phosphates in 13
Simulated Body Fluid 

Ozkan Gokcekaya, Kyosuke Ueda, and Takayuki Narushima

Gallium-Containing Ferrites for Hyperthermia Treatment 21
J. Sánchez, Dora Alicia Cortés-Hernández, José C. Escobedo-Bocardo,
Rosario A. Jasso-Terán, Pamela Y. Reyes-Rodríguez, and Gilberto F.
Hurtado-López

Exploration of Amorphous and Crystalline Tri-Magnesium 33
Phosphates for Bone Cements

Nicole Ostrowski, Vidisha Sharma, Abhijit Roy, and Prashant N. Kumta

Micro-X-Ray Diffraction Study of New Nickel-Titanium Rotary 47
Endodontic Instruments 

William A. Brantley, Masahiro Iijima, William A.T. Clark, Scott R. Schricker,
John M. Nusstein, and Itaru Mizoguchi

Torsional Properties of Nanostructured Titanium Cortical Bone 55
Screws  

J.A.Disegi, B. Shultzabarger, and Michael Roach

Strengthening Behaviors of Low-Precious Ag-Pd-Au-Zn Alloys for 63
Dental Applications 

Mitsuo Niinomi, Masaaki Nakai, Junko Hieda, Ken-Cho, Yonghwan Kim, 
and Hisao Fukui

v

Contents

vii



Effect of Immersion Medium on the Degradation and Conversion of 73
Silicate (13-93) Bioactive Glass Scaffolds

Yifei Gu, Wenhai Huang, and Mohamed N. Rahaman

Evaluation of Long-Term Bone Regeneration in Rat Calvarial 85
Defects Implanted with Strong Porous Bioactive Glass (13-93) 
Scaffolds

Mohamed N. Rahaman, Yinan Lin, Wei Xiao, X. Liu, and B. Sonny Bal

Magnesium Single Crystal as a Biodegradable Implant Material 97
Madhura Joshi, Pravahan Salunke, Guangqi Zhang, Vibhor Chaswal,
Zhongyun Dong, and Vesselin Shanov

SURFACE PROPERTIES OF BIOMATERIALS

Damage Evaluation of TiO2 Nanotubes on Titanium 117
Anish Shivaram, Susmita Bose, and Amit Bandyopadhyay

Drug Delivery from Surface Modified Titanium Alloy for Load- 129
Bearing Implants

Susmita Bose, Dishary Banerjee, Sam Robertson, Solaiman Tarafder, and
Amit Bandyopadhyay

137
Biointregative Crosslinked Polyurethane-Urea Scaffolds

Arindam Datta and Larry Lavelle

149
Himanshu Sahasrabudhe, Julie Soderlind, and Amit Bandyopadhyay

Magnesium Doped Hydroxyapatite: Synthesis, Characterization 161
and Bioactivity Evaluation

Jaswinder Singh, Harpal Singh, and Uma Batra

Novel PLA- and PCL-HA Porous 3D Scaffolds Prepared by 175
Robocasting Facilitate MC3T3-E1 Subclone 4 Cellular Attachment 
and Growth

V. G. Varanasi, J. Russias, E. Saiz, P. M. Loomer, and A. P. Tomsia

Dextran Coated Cerium Oxide Nanoparticles for Inhibiting Bone 187
Cancer Cell Functions

Ece Alpaslan, Hilal Yazici, Negar Golshan, Katherine S. Ziemer, and 
Thomas J. Webster

Author Index 197

vi · Biomaterials Science: Processing, Properties, and Applications V

A Family of Novel Biostable Reticulated Elastomeric and Resilient 

 Nitridation of Titanium Using LENS™ 



vii

Preface
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societies in this rapidly developing field.
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ABSTRACT 

To evaluate the long-term mechanical biocompatibility of Ti-Mn alloys, the 
microstructures, Young’s moduli, and tensile and fatigue properties of the solutionized Ti-8Mn 
and Ti-13Mn were investigated. In addition, to evaluate the long-term biological 
biocompatibility of Ti-Mn alloys, the bone formability of the solutionized Ti-12Mn implant was 
evaluated by animal testing. The solutionized Ti-8Mn and Ti-13Mn consist of equiaxed -grains 
with diameters of approximately 420 m and 430 m, respectively. Moreover, the solutionized 
Ti-8Mn also contains an athermal  phase. The 0.2 % proof stress ( 0.2), tensile strength ( B), and 
elongation of the solutionized Ti-8Mn are 1148 MPa, 1184 MPa, and 2%, respectively. The 0.2 

and B decrease to 915 MPa and 953 MPa, respectively, and the elongation increases to 7% for 
the solutionized Ti-13Mn. The higher strength and significantly lower elongation of the 
solutionized Ti-8Mn are attributed to precipitation of an athermal  phase. The fatigue strength of 
the solutionized Ti-8Mn is comparable to that of the aged Ti-6Al-4V ELI in the low-cycle fatigue 
life region. The striation widths of the solutionized Ti-8Mn and Ti-13Mn are 2.4 m and 7.8 m, 
respectively. The smaller striation width of the solutionized Ti-8Mn indicates that the crack 
propagation rate in the solutionized Ti-8Mn is smaller than that in the solutionized Ti-13Mn. The 
relative bone contact ratio of the solutionized Ti-12Mn increases from 11% to 29% when the 
implant period increases from 12 to 52 weeks. The relative bone contact ratios of the 
solutionized Ti-12Mn implant and the commercially pure Ti implant are almost identical for all 
implantation periods. 
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INTRODUCTION  
Commercially pure titanium (CP-Ti) and ( + )-type Ti-6Al-4V ELI (Ti-64 ELI, 

numbers indicate mass percentage of elements) are widely used as metallic materials for 

biomedical applications, including artificial hip joints1 and spinal fixation devices2. However, the 

relatively high Young’s moduli of CP-Ti (105 GPa)3 and Ti-64 ELI (110 GPa)3 in comparison 

with that of cortical bone (10-30 GPa)4 are a significant drawback. This mismatch between the 

Young’s moduli of cortical bone and implant devices made of CP-Ti and Ti-64 ELI leads to 

stress shielding, which results in bone absorption and the degradation of bone quality5. 

Therefore, -type Ti alloys with low Young’s moduli, such as Ti-29Nb-13Ta-4.6Zr (TNTZ)6, 

have been developed in order to overcome this drawback. The Young’s modulus of TNTZ is 

approximately 60 GPa6, and is much closer to that of cortical bone than that of CP-Ti and Ti-64 

ELI. These -type Ti alloys, such as TNTZ, are expected to replace CP-Ti and Ti-64 ELI in 

biomedical applications that require metallic biomaterials because of their low Young’s moduli 

and good balance between strength and ductility. 

However, the availability of alloying elements for these -type Ti alloys, such as Nb and 

Ta, is limited. Therefore, the development of new -type Ti alloys containing abundant alloying 

elements is required. Mn is a strong candidate for use as an alloying element because of its 

abundance; significant amounts of Mn nodules and Mn crust exist at the ocean floor. The toxicity 

of Mn is also lower than that of V7. Therefore, Mn was selected as a -stabilizer to develop new 

-type Ti alloys in this study.  

For biomedical applications, metallic materials must have suitable levels of long-term 

mechanical biocompatibility, including wear, fatigue, and fretting fatigue properties. Moreover, 

their long-term biological biocompatibility, which includes bone formability, cytotoxicity, and 

allergic reactions, is also important. Therefore, to determine the suitability of Ti-Mn alloys for 

biomedical applications, their long-term mechanical and biological biocompatibility were 

evaluated in this study. Namely, to evaluate the long-term mechanical biocompatibility of Ti-Mn 

alloys, the microstructures, Young’s moduli, and tensile and fatigue properties of Ti-Mn alloys 

were investigated. To evaluate the long-term biocompatibility, the bone formability of Ti-Mn 

alloys was evaluated by animal testing8.  

 

EXPERIMENTAL 

To investigate the microstructures, tensile and fatigue properties of Ti-Mn alloys, Ti-

8Mn and Ti-13Mn were fabricated by melting process under a high-purity Ar atmosphere. Ingots 

of Ti-8Mn and Ti-13Mn were homogenized at 1273 K for 21.6 ks, and hot-forged and hot-rolled 

at 1173 K. After these processes, the ingots were subjected to a stress relief treatment at 923 K 

for 14.4 ks followed by furnace cooling. Then, the stress-relieved ingots were subjected to a 

solution treatment at 1033 K for 3.6 ks followed by water quenching. The chemical compositions 

of the solutionized Ti-8Mn, Ti-13Mn and Ti-64 ELI9 are listed in Table I. 
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The microstructures of the solutionized Ti-8Mn and Ti-13Mn were evaluated with optical 

microscopy (OM). For OM observations, the solutionized Ti-8Mn and Ti-13 Mn were etched using 

a 5% HF and 6% HNO3 etching solution. The phase constituents of the solutionized Ti-8Mn and 

Ti-13Mn were investigated with X-ray diffraction analysis (XRD) and transmission electron 

microscopy (TEM).  

The Young’s moduli of the solutionized Ti-8Mn and Ti-13Mn were measured using a free 

resonance method. 

The tensile properties of the solutionized Ti-8Mn and Ti-13Mn were evaluated at room 

temperature in air using an Instron-type testing machine with a crosshead speed of 8.33 × 10-6 

m·s-1. Figure 1 (a) shows the geometry of the tensile specimens. 

The fatigue properties of the solutionized Ti-8Mn and Ti-13Mn were evaluated using an 

electro-servo-hydraulic testing machine. The fatigue tests were performed at room temperature in 

air at a frequency of 10 Hz with a stress ratio (R) of 0.1 under the tension–tension mode. The 

maximum cyclic stress at which the fatigue specimen did not fail after 1 x 106 cycles was defined 

as the plain fatigue limit (run out). Figure 1 (b) shows the geometry of the fatigue specimens. 

The fracture surfaces were observed using a scanning electron microscopy (SEM).  

To investigate the bone formability of the Ti-Mn alloys using an animal testing, Ti-12Mn 

was used for the implant. The bone formability of metallic materials is affected by the metallic 

ions released in human or animal body from the metallic materials and the properties of oxide 

layer on the surface of metallic materials. Cho et al. has reported the amounts of Ti and Mn ions 

released in 1 % lactic acid solution from Ti-(6-13)Mn10. The amounts of Ti and Mn ions released 

in 1% lactic acid solution from Ti-8Mn and Ti-13Mn is smaller than or the same as those 

released from Ti-12Mn10. Moreover, the addition of Mn does not show any significant effects on 

the properties of Ti oxide layer on the surface of Ti-(6-13)Mn alloys10. Therefore, solutionized 

Table I. Chemical compositions of Ti-8Mn, Ti-13Mn and Ti-6Al-4V ELI9.

Figure 1. Geometry of (a) tensile and (b) fatigue specimens.
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Ti-12Mn was used for the implant in this study.  

The Ti-12Mn was fabricated by melting process under a high-purity Ar atmosphere. An 

ingot of Ti-12Mn was homogenized at 1273 K for 43 ks, and then hot-forged at 827 K. After 

these processes, the ingot was subjected to a solution treatment at 1033 K for 3.6 ks. For the 

animal testing, implants with a diameter of 5 mm and a length of 10 mm were machined from the 

solutionized Ti-12Mn and CP-Ti for comparison. They were sterilized with steam under a 

pressure of 0.2 MPa at 394 K for 0.9 ks, and then implanted into the femoral bones of Japanese 

white house rabbits in a surgical procedure. After 12, 52, and 96 weeks from implantation, the 

femoral bones containing the implants were removed. The bone formability of the implants was 

evaluated using a contact microradiography (CMR).  

 

RESULTS AND DISCUSSION 

Figure 2 shows typical OM images of the solutionized Ti-8Mn and Ti-13Mn. The 

solutionized Ti-8Mn and Ti-13Mn consist of equiaxed grains. The grain diameters for the 

solutionized Ti-8Mn and Ti-13Mn were estimated to be 420 m and 430 m, respectively.  

Figure 2. Typical OM images of solutionized (a) Ti-8Mn and (b) Ti-13Mn.

Figure 3. Typical XRD profiles of

solutionized (a) Ti-8Mn and (b)

Ti-13Mn.

Figure 4. Typical SAED patterns of solutionized 

(a) Ti-8Mn and (b) Ti-13Mn.
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Typical XRD profiles of the solutionized Ti-8Mn and Ti-13Mn alloys are shown in Fig. 3. 

The profiles were normalized using an intensity of the  (110) peak. Only diffraction peaks 

attributable to the  (110),  (200), and  (211) planes are detected. This result indicates that the 

solutionized Ti-8Mn and Ti-13Mn consist of a  phase. Figure 4 shows typical selected-area 

electron diffraction (SAED) patterns of the solutionized Ti-8Mn and Ti-13Mn. Weak circular 

diffuse streaks attributed to an athermal  phase are observed for solutionized Ti-8Mn as shown in 

Fig. 4 (a). On the other hand, only diffraction spots attributed to the -phase are observed for 

solutionized Ti-13Mn. The athermal  phase disappears with increasing Mn content because the  

stability increases with increasing Mn content.  

The Young’s moduli of the solutionized Ti-8Mn and Ti-13Mn were 88 GPa and 94 GPa, 

respectively. The Young’s moduli of the solutionized Ti-8Mn and Ti-13Mn are lower than that of 

aged Ti-64 ELI. It is well known that the Young’s modulus of  phase is higher than that of  

phase. As above-mentioned, The athermal  phase disappears with increasing Mn content. 

However, the solutionized Ti-8Mn, in which the athermal  phase exists, shows the lower 

Young’s modulus compared with the solutionized Ti-13Mn. Therfore, it is supposed that the 

effect of solid solution of Mn is dominant for Ti-13Mn. 

Figure 5 shows the 0.2% proof stress, 0.2, ultimate tensile strength, B, and elongation of 

the solutionized Ti-8Mn and Ti-13Mn, along with those of aged Ti- ELI9. The 0.2 and B of the 

solutionized Ti-8Mn is 1148 MPa and 1184 MPa, respectively, which are higher than those of 

aged Ti-64 ELI ( 0.2: 780 MPa and B: 900 MPa)11. The 0.2 and B of the solutionized Ti-13Mn 

decrease to 915 MPa and 953 MPa, respectively, while the elongation increases from 2% to 7% 

as compared with those of the solutionized Ti-8Mn. The higher strength and significantly lower 

elongation for the solutionized Ti-8Mn as compared with the solutionized Ti-13Mn are attributed 

to precipitation of an athermal  phase.  

Figure 5. Tensile properties of solutionized 

Ti-8Mn and Ti-13Mn, along with those of 

aged Ti-6Al-4V.

Figure 6. S-N curves of solutionized Ti-8Mn

and Ti-13Mn along with region of that of

aged Ti-6Al-4V ELI12.
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Maximum cyclic stress, ( max, S), against the number of cycles to failure (N) curves, that is, 

S–N curves, obtained for the solutionized Ti-8Mn and Ti-13Mn are shown in Fig. 6. For 

comparison, the region of S-N curves for aged Ti-64 ELI12 is also shown in Fig. 6. The fatigue 

strength of the solutionized Ti-8Mn is higher than that of the solutionized Ti-13Mn. In addition, the 

fatigue strength of the solutionized Ti-8Mn in the low-cycle fatigue life region is comparable to 

that of the aged Ti-64 ELI.  

Figure 7 shows the fatigue fracture surfaces of the solutionized Ti-8Mn and Ti-13Mn tested 

at max = 500 MPa. For both solutionized Ti-8Mn and Ti-13Mn, the crack initiation site is at the 

surface. The fractographs of the stable crack propagation areas of the solutionized Ti-8Mn and Ti-

13Mn observed at 1.4 mm and 1.5 mm from each crack initiation site are shown in Fig. 7. The 

average striation widths of the solutionized Ti-8Mn and Ti-13Mn are 2.4 m and 7.8 m, 

respectively. The smaller striation width of the solutionized Ti-8Mn indicates that the crack 

propagation rate in the solutionized Ti-8Mn is lower than that in the solutionized Ti-13Mn. It is 

supposed that the difference in crack propagation rate between the solutionized Ti-8Mn and Ti-

13Mn is caused by the presence of an athermal  phase. The dimples on the fracture surface at the 

Figure 7. SEM fractographs of crack initiation areas, stable crack propagation areas, 

and final fracture areas of (a) Ti-8Mn and (b) Ti-13Mn.
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final fracture area of the solutionized Ti-8Mn are smaller and shallower than those on the fracture 

surface at the final fracture area of the solutionized Ti-13Mn because the ductility of the 

solutionized Ti-8Mn is inferior to that of the soliutionized Ti-13Mn. The ductility of Ti-8Mn is 

reduced due to the precipitation of the athermal  phase.  

Cross-sectional CMR images of the implanted solutionized Ti-12Mn and CP-Ti implants at 

12 and 96 weeks after implantation are shown in Fig. 88. Each alloy implant is surrounded by 

newly formed bone tissue, and a large portion of this tissue is in direct contact with each alloy as 

shown in Fig. 8. The thickness of the newly formed bone tissue and the area of the bone tissue in 

direct contact with the each alloy increase significantly with increasing implantation period. The 

relative bone contact ratios of the solutionized Ti-12Mn and CP-Ti implants at 12, 52, and 96 

weeks after implantation are summarized in Fig. 98. The relative bone contact ratios of the 

(a) Ti-12Mn (12 weeks)

(b) CP-Ti (12 weeks)

(c) Ti-12Mn (96 weeks)

(d) CP-Ti (96 weeks)

Figure 8. CMR images of cross-sections of the implants: (a) solutionized Ti-12Mn implant

and (b) CP-Ti implant at 12 weeks, and (c) solutionized Ti-12Mn implant and (d) CP-Ti 

implant at 96 weeks after implantation
8
.

Figure 9. Relative bone contact ratios of solutionized 

Ti-12Mn implant and CP-Ti implant at 12, 52, and 96 

weeks after implantation
8
.
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solutionized Ti-12Mn and CP-Ti implants increase from 11% to 29% and from 13% to 33%, 

respectively, when implant period is increased from 12 to 52 weeks. On the other hand, the relative 

bone contact ratio at 96 weeks after implantation is almost equal for that at 52 weeks after 

implantation for both the solutionized Ti-12Mn and CP-Ti implants: they are 31 % and 32 % for 

the solutionized Ti-12Mn and CP-Ti implants. These results indicate that the formation of new 

bone tissue does not significantly change with implant period longer than 52 weeks. In addition, 

the relative bone contact ratios of the solutionized Ti-12Mn and CP-Ti implants are almost equal 

for all implantation period.  

The results obtained from tensile and fatigue tests suggest that the long-term mechanical 

biocompatibility, especially the tensile strength of the solutionized Ti-8Mn and Ti-13Mn, and the 

the fatigue strength of the solutionized Ti-8Mn in low-cycle fatigue life region are comparable to 

that of aged Ti-64 ELI. However, the elongation and the fatigue strength in the high-cycle fatigue 

life region of the solutionized Ti-8Mn and Ti-13Mn are required to be improved. On the other 

hand, the animal testing suggests that the long-term biological biocompatibility, which is the bone 

formability, of the solutionized Ti-12Mn implant is similar to that of the CP-Ti implant. 

The bone formability of metallic materials is mainly affected by the metallic ions 

released from the metallic materials and the properties of oxide layer on the surface of metallic 

materials. The amounts of Ti and Mn ions released in 1% lactic acid solution from Ti-8Mn and 

Ti-13Mn is smaller than or the same as those released from Ti-12Mn10. Moreover, the addition of 

Mn does not show any significant effects on the properties of Ti oxide layer on the surface of Ti-

(6-13)Mn alloys10. Therefore, it is expected that there are no significant differences in the bone 

formability between  solutionized Ti-12Mn and solutionized Ti-8Mn and Ti-13Mn . 

 

CONCLUSIONS 

To evaluate the long-term mechanical biocompatibility of Ti-Mn alloys, the 

microstructures, and tensile and fatigue properties of the solutionized Ti-8Mn and Ti-13Mn were 

investigated. In addition, to evaluate the long-term biological biocompatibility of the Ti-Mn 

alloys, the bone formability of the solutionized Ti-12Mn implant was investigated by animal 

testing. 

 

1. The solutionized Ti-8Mn and Ti-13Mn consists of equiaxed -grains with diameters of 

approximately 420 m and 430 m, respectively.  

2. An athermal  phase exists in the solutionized Ti-8Mn, but it is not found in the solutionized 

Ti-13Mn. 

3. The Young’s moduli of the solutionized Ti-8Mn and Ti-13Mn were 88 GPa and 94 GPa, respectively. The 

Young’s moduli of the solutionized Ti-8Mn and Ti-13Mn are lower than that of aged Ti-64 ELI. 

4. The 0.2, B, and elongation of solutionized Ti-8Mn is 1148 MPa, 1184 MPa, and 2%, 

respectively. The 0.2 and B decrease to 915 MPa and 953 MPa, respectively and the 
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elongation increases to 7% for the solutionized Ti-13Mn. 

5. The fatigue strength of the solutionized Ti-8Mn is higher than that of the solutionized Ti-

13Mn. Moreover, the fatigue strength of the solutionized Ti-8Mn is comparable to that of the 

aged Ti-64 ELI in the low-cycle fatigue life region. 

6. The relative bone contact ratio of the solutionized Ti-12Mn implant increases from 11% to 

29% when the implant period increases from 12 to 52 weeks. In addition, the relative bone 

contact ratios of the solutionized Ti-12Mn implant and the CP-Ti implant are almost 

identical for all implantation periods. 
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