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Preface

Since their first introduction, metallic biomaterials have always been designed to
be corrosion resistant. For decades, this paradigm has become the mainframe of
the biomaterials world. It has been cited in thousands of scientific papers and
taught in hundreds of courses of materials for biomedical devices. It has also been
followed by industries in developing millions of medical devices until today.

Nowadays, with the advent of tissue engineering, biomaterials are envisaged to
actively interact with the body. Metallic biomaterials are no more required to be
inert but they should be able to assist and promote the healing process. In many
cases, they should do their job and step away thereafter. This idea opens an
extreme new horizon and provides new insight. One can imagine designing a
material which is able to provide mechanical support for a required time and then
progressively degrade. This idea directly breaks the paradigm of corrosion-resis-
tant biomaterials.

Hundreds of publications on biodegradable metals are scattered in many jour-
nals since the first one published in 2001. Three consecutive annual international
symposiums devoted to this emerging field have been held in Berlin (2009),
Maratea (2010), and Quebec City (2011). Papers presented in those symposiums
were published in special issues in Acta Biomaterialia (2010) and Materials Sci-
ence and Engineering B (2011). This book, Biodegradable Metals: From Concept
to Applications, should be the first to organize the scientific values of biode-
gradable metals research since the first decade of its development.

This book contains two main parts, each consisting of three chapters. The first
part introduces the readers to the field of metallic biomaterials, exposes the state of
the art of biodegradable metals, and reveals its application for cardiovascular
implants. They were mostly compiled from the following publications: Hermawan
et al. (2009a, 2010a, 2010b, 2011). The second part exposes an example of bio-
degradable metals from its concept to applications where a complete study on
metallic biodegradable stent is detailed from materials design, development,
testing till the implant fabrication. The second part was mostly compiled from my
previous works on Fe-based alloys for biodegradable stents, mainly from my
doctoral thesis submitted to Laval University in 2009, entitled: ‘Conception,
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développement et validation d’alliages métalliques dégradables utilisés en chir-
urgie endovasculaire’, with updates and benchmarking with recent similar works
from other authors up to 2012.

I would like to sincerely thank my mentors, Prof. Diego Mantovani and Prof.
Dominique Dube of Laval University, for their excellent supervision in my journey
in developing expertise in biodegradable metals. I acknowledge the kindness of Dr.
Lluis Duocastella of Iberhospitex Spain for giving me valuable experience in the
stent fabrication process. I thank Dr. M. Rafiq of MediTeg Universiti Teknologi
Malaysia and Mrs. Wang Dan of Biosensors Interventional Singapore for providing
images of medical implants. I thank Dr. Yossi Febriani, Amelie and Maika for
sacrificing their time during the completion of this book.

Bandung, June 2012 H. Hermawan
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Chapter 1
Introduction to Metallic Biomaterials

Abstract After the invention of stainless steel in 1920s, metal implants have
experienced vast development and clinical uses. The formation of ASTM Com-
mittee F04 on Medical and Surgical Materials and Devices in 1962 has then played
important role to their development, practice and standardization. A great variety
of corrosion resistant metals have been developed and used for medical implants
including the class of 316L stainless steels, cobalt-chromium alloys and titanium
and its alloys. New generation of metallic biomaterials have been made nickel free
via novel processing including nano-processing and amorphization. Other devel-
opment raised the concept of biodegradable rather than inert metals where tem-
porary medical implants, that function only during specific period and then
degrade, are targeted.

Keywords Biomaterial � Implant � Metal � Alloy

1.1 Brief Overview

The introduction of metal plate for bone fracture fixation by Lane more than a
100 years ago has marked the modern use of metals as medical implants
(Lane 1895). Metals were chosen for use in the intervention of trauma, disease or
malfunction of organs where loading present. In the early development, insuffi-
cient strength and corrosion were two main problems faced by metal implants
(Lambotte 1909; Sherman 1912). In 1920s corrosion resistant 18-8 stainless steel
was introduced and solved most of corrosion problem and thereafter fostered the
vast development and clinical use of metal implants. In 1962 The American
Society for Testing and Materials (ASTM) has formed Committee F04 on Medical
and Surgical Materials and Devices to standardize metals for medical applications.

H. Hermawan, Biodegradable Metals, SpringerBriefs in Materials,
DOI: 10.1007/978-3-642-31170-3_1, � The Author(s) 2012
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Since then, the Committee has played a prominent role in all important aspects to
materials, testing, devices and medical/surgical instruments.

Nowadays, hundreds of type of metals for implants has been used but in general
they can be grouped into: (1) stainless steel alloys; (2) Co-Cr alloys; (3) Ti and its
alloys; and (4) precious alloys. Figure 1.1 shows some examples of medical
implants where metals are used.

The structural function and the inertness are two key features that make metallic
biomaterials are in used. However, nowadays it is desirable that an implant also
possesses bioactivities or biofunctionalities like blood compatibility and bone
conductivity. Therefore surface modifications are required, i.e. to provide bone
conductivity metal has been coated with hydroxyapatite (Habibovic et al. 2002), or
with biopolymers to improve blood compatibility (Lahann et al. 1999). Today,
development on metallic biomaterials includes those composed of nontoxic and
allergy-free elements (Yang and Ren 2010) and biodegradable metals targeted for
use as temporary implants (Hermawan and Mantovani 2009).

Fig. 1.1 Example of metallic implants for: a hip and elbow, b knee, c craniofacial. Courtesy of
MediTeg, Universiti Teknologi Malaysia
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1.2 General Requirements

Metal implants are subjected to the conditions as described in Table 1.1. They are
used in contact with living tissues thus they need to be biocompatible. Other
functional characteristics that are important for metallic device include adequate
mechanical properties such as strength, stiffness, and fatigue properties; and also
appropriate density.

Metal implants are also required to be non-magnetic and have high density in
order to be compatible with magnetic resonance imaging (MRI) techniques and to
be visible under X-ray imaging. Most of artificial implants are subjected to loads,

Table 1.1 Body environments to which metal implants are subjected

Condition Parameters Consequences

Body temperature 37 �C Chemical reaction works faster than in ambient
temperature

pH (Schneck 2000): Even though body fluids are buffered solutions, pH
temporary can decrease to *5.2 around implantation
site (Hench and Ethridge 1975).

• Blood 7.15–7.35
• Intercellular
matrix

7.0

• Cells 6.8
Dissolved oxygen

(Black 1984):
Corrosive environment

• Arterial blood 100 mmHg
• Venous blood 40 mmHg
• Intercellular
matrix

2–40 mmHg

Chloride ion
(Schneck 2000):

Corrosive environment

• Serum 113 mEq/l
• Interstitial fluid 117 mEq/l

Mechanical load
(Niinomi 2010):

Could lead to fracture, stress corrosion cracking

• Cancellous bone 0–4 MPa
• Cortical bone 0–40 MPa
• Arterial wall 0.2–1 MPa
• Myocardium 0–0.02 MPa
• Muscle (max) 40 MPa
• Tendon (max) 400 MPa

Load repetition
(Niinomi 2010):

Could lead to fatigue, wear and fretting

• Myocardial
contraction

5 9 106–
4 9 107/
year

• Finger joint
exercise

105–106/year

• Ambulation 2 9 106/year
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either static or repetitive, and this condition requires an excellent combination of
strength and ductility. This is the superiority of metals over polymers and
ceramics.

Specific requirements of metals depend on the specific implant applications.
Stents and stent grafts are implanted to open stenotic blood vessels; therefore, they
require plasticity for expansion and rigidity for maintaining dilatation. In ortho-
paedic implant applications, metals are required to have excellent toughness,
elasticity, rigidity, strength and resistance to fracture. Additionally, for total joint
replacement metals are needed to be wear resistance to avoid debris formation
from friction. Dental restoration requires strong and rigid metals and even the
shape memory effect for better results.

1.3 Type of Mostly Used Metals

Type of metal used in biomedical depends on specific implant applications. The
316L type stainless steel (SS316L) is still the most used alloys in all implant
division ranging from orthopaedic to dentistry. However, when an implant requires
high wear resistance such as an artificial joint, Co-Cr alloys serve better. Table 1.2
summarized type of metals generally used for different implants division.

One of the basic characteristics of metals is their chemical composition which
determines the formed microstructure and phases, thus their properties, i.e.
mechanical properties. For example, the addition of Al and V into pure Ti greatly
increase its tensile strength. Beside composition, metallurgical state of the metals
changes their mechanical properties, i.e. annealed condition has better ductility
than that of cold worked. The process to synthesis metals also affects their
microstructure and properties. As an example, cast metal implants usually possess
lower strength than those made by forging.

Table 1.2 Implants division and type of metals used

Division Implants Type of metal

Orthopaedic • Bone fixation (plate, screw, pin)
• Spinal fixation
• Artificial joints

SS316L; Ti; Ti-6Al-4V
SS316L; Ti; Ti-6Al-4V; Ti-6Al-7Nb
Co-Cr-Mo; T-6Al-4V; Ti-6Al-7Nb

Craniofacial Plate and screw SS316L; Co-Cr-Mo; Ti; Ti-6Al-4V
Cardiovascular • Artificial valve

• Stent
• Pace maker case
• Stent graft

Ti-6Al-4V
SS316L; Co-Cr-Mo; Ti
Ti; Ti-6Al-4V
SS316L

Otorhinology • Artificial eardrum
• Artificial inner ear (electrode)

SS316L
Pt

Dentistry • Filling
• Inlay, crown, bridge
• Orthodontic wire
• Dental implant

Ag-Sn(-Cu) amalgam, Au
Au-Cu-Ag; Au-Cu-Ag-Pt-Pd; Ti; Co-Cr
SS316L; Co-Cr-Mo; Ti-Ni; Ti-Mo
Ti; Ti-6Al-4V; Ti-6Al-7Nb; Au
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1.3.1 Stainless Steels

Up to now, the three most used metals for implants are stainless steel, Co-Cr alloys
and Ti alloys. The first stainless steel used for implants contained *18wt% Cr and
*8wt% Ni made it more resistant to corrosion and stronger than steel. The
addition of Mo further improves its corrosion resistance, known as type 316
stainless steel. Further advancement was the reduction of its C content from 0.08 to
0.03wt% that improves corrosion resistance to Cl solution, and named as 316L.
The ASTM has standardized stainless steel for surgical implants in their F138
(ASTM 2003), F899 (ASTM 2011a) and F2181 (ASTM 2009) standards.

1.3.2 Co-Cr Alloys

Co-Cr alloys are generally known for their excellent wear resistance where they
have been in use in dentistry for many decades and in making artificial joints.
Wrought Co-Ni-Cr-Mo alloy, for example, has been used for making loaded joints
such as the hip and knee. ASTM standards covered these alloys include F75
(ASTM 2007a), F90 (ASTM 2007b), F562 (ASTM 2007c), F1537 (ASTM 2011b).

1.3.3 Ti and Ti Alloys

Having density only 4.5 g/cm3, Ti is featured by its light weight compared to
7.9 g/cm3 for 316 stainless steel and 8.3 g/cm3 for cast Co-Cr-Mo alloys (Brandes
and Brook 1992). The most known Ti alloys, Ti-6Al-4V, are considered as having
excellent tensile strength and pitting corrosion resistance. When alloyed with Ni,
Ti-Ni alloy or better known as Nitinol, possesses shape memory effect which is an
interesting property used for example in dental restoration wiring. Titanium and its
alloys for medical applications were covered in ASTM standards F67 (ASTM
2006), F136 (ASTM 2008) and F2063 (ASTM 2005).

1.3.4 Precious Alloys

Precious metals and alloys such as Au, Ag, Pt and their alloys are mostly known in
dentistry due to their good castability, ductility and resistance to corrosion.
Included into dental alloys are Au-Ag-Cu system, Au-Ag-Cu with the addition of
Zn and Sn known as dental solder, and Au-Pt-Pd system used for porcelain-fused-
to-metal for teeth repairs (John 2000).
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1.3.5 Other Metals and Alloys

Tantalum, amorphous alloys and biodegradable metals are among other metals
used for implants. Due to its excellent X-ray visibility and low magnetic sus-
ceptibility, Ta is often used for X-ray markers for stents. Interesting properties
have been shown by amorphous alloys compared to its crystalline counterparts
whereas they exhibit a higher corrosion resistance, wear resistance, tensile strength
and fatigue strength. Amorphous alloys like that of Zr-based (Wang et al. 2011)
with its low Young’s modulus may miniaturized metal implants. Amorphous Mg-
based alloys have also shown a favorable degradation behavior where hydrogen
evolution was not observed (Zberg et al. 2009).

1.4 Other Biomaterials

By definition, biomaterial is a nonviable material used in a medical device which
is intended to interact with biological systems (Williams 1987). Biomaterials are
used to make devices to replace a part or a function of the body in a reliable, safe,
physiologically acceptable and economic manner (Park and Lakes 2007). It covers
a broad range of materials from metals, ceramics and polymers, to composites.
Table 1.3 summarizes materials commonly used as biomaterials.

1.4.1 Polymers

The main advantage of polymeric biomaterials over metals and ceramics is the ease
of manufacturability to produce various shapes. Polymeric biomaterials can be
divided into: (1) non-absorbable such as poly(methyl methacrylate), polyamide or

Table 1.3 Materials commonly used for biomedical applications

Materials Advantages Disadvantages Applications

Metals: stainless steel, Ti
alloys, Co-Cr alloys,
Mg alloys, etc.

Though,
strong,
ductile

Non bioactive Load bearing implants; dental
implants, joint replacement,
cardiovascular stents, etc.

Ceramics: zirconia,
alumina, bioglass,
calcium phosphate, etc.

Bioactive,
inert,

Brittle, not
resilient

Orthopaedic and dental implants

Polymers: nylon,
polylactide,
polyethylene,
polyesters, etc.

Bioactive,
resilient

Not strong Blood vessel grafts, sutures, hip
sockets, etc.

Composites: amalgam,
fiber-reinforced bone
cement, etc.

Tailor
made

Relatively
difficult to
make

Bone cement, dental resin
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nylon, poly(ethylene), etc.; and (2) absorbable such as poly(glycolide acid) and
poly(lactide acid), etc. They can be a bulk or coating onto metal surfaces with
tailored mechanical and physical properties. In recent development, absorbable
polymers have been used for drug delivery carriers loaded with a specific drug in the
form of coating on for example drug eluting stents. Jenkins has published a book
which can be referred for further details on biomedical polymers (Jenkins 2007).

1.4.2 Ceramics

Ceramics biomaterials can be divided into: (1) inert bioceramics: zirconia, alu-
mina, aluminum nitrides and carbon; (2) bioactive ceramics: hydroxyapatite,
bioglass, etc.; (3) biodegradable/resorbable ceramics: calcium aluminates, calcium
phosphates, etc. The inertness, high compressive strength and good appearance
make ceramics attractive for dental crowns. Carbon has been used for heart valves
exploiting its high specific strength and blood compatibility. Many bioceramics
have been also applied as coating onto metal surfaces including nitrides, diamond
like, carbon and more recently bioglasses and hydroxyapatites. A book written by
Kokubo can be consulted for further reference on bioceramics (Kokubo 2008).

1.4.3 Composites

One example of composite biomaterial is bone. It is a composite of the low elastic
modulus organic matrix reinforced with the high elastic modulus mineral ‘‘fibers’’
permeated with pores filled with liquids. Composites allow a control over material
properties whereas a combination of stiff, strong, resilient but lightweight can be
achieved all together. Other examples of biomedical composites include: ortho-
paedic implants with porous structures, dental filler, and bone cement composed of
reinforced poly(methyl methacrylate) and ultra-high-molecular-weight poly(eth-
ylene). Further reading on biomedical composites can be found in a book authored
by Ambrosio (2009).

Finally, biomaterials to be used clinically must be approved by authoritative
bodies such as the United States Food and Drug Administration (FDA) or
European conformity (CE) marking. The proposed biomaterial will be either
granted Premarket Approval (PMA) if substantially similar to one used before the
1976 FDA legislation, or has to go through a series of guided biocompatibility
assessments.
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1.5 Recent Development

1.5.1 Low Elastic Modulus Alloys

In the recent development metallic biomaterials are desired to exhibit low elastic
modulus, increased wear resistance and workability. Elastic moduli of Ti-Nb
systems such as Ti-29Nb-13Ta-4.6Zr (Kuroda et al. 1998) and Ti-35Nb-4Sn
(Matsumoto et al. 2005) can go down to 50–60 GPa which are closer to that of
cortical bone (10–30 GPa). Wear resistance of cast Co-Cr alloy has been improved
by maximizing C content and addition of Zr and N where optimal precipitation
hardening permits the formation of fine and distributed carbides and the sup-
pression of r-phase (Lee et al. 2008). Improved workability of wrought Co-Cr
alloys has been achieved by adding N to suppress carbides and intermetallics
(Chiba et al. 2009).

1.5.2 Nickel-Free Alloys

Elimination of all possibility of toxic effects from leaching, wear and corrosion has
become a great concern. Stainless steels have been further developed to be Ni-free
by replacing Ni with other alloying elements while maintaining the stability of
austenitic phase, corrosion resistance, magnetism and workability. This has lead to
the use of N creating Fe-Cr-N, Fe-Cr-Mo-N and Fe-Cr-Mn-Mo-N systems (Yang
and Ren 2010). The achieved higher strength opens the possibility for reduction of
implant sizes where limited anatomical space is often an issue, for example,
coronary stents with finer meshes (Yang and Ren 2010).

1.5.3 Metallic Glasses

A novel class of metals, metallic glasses, currently attracts attention from bi-
omaterialist (Schroers et al. 2009). Nickel-free Zr based bulk metallic glasses
represent their interesting properties where tensile strength, low elastic modulus
and corrosion resistance are superior to those of crystalline alloys (Chen et al.
2010). These metals have high resistance to crystallization during cooling that
allow the formation of bulk amorphous alloys or bulk metallic glasses (Johnson
2002). These alloys exhibit unusual combinations of engineering properties such
as very high specific strength, and elastic strain limit which some are interesting
for biomedical use.
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1.5.4 Porous Metals

Apart from dense metallic biomaterials, porous structured metals offer further
reduction on elastic modulus to get closer to that of cortical bone. This structure
can be fabricated through powder sintering, space holder methods, decomposition
of foaming agents and rapid prototyping (Ryan et al. 2006). A combination of
rapid prototyping with investment casting (Lopez-Heredia et al. 2008), or powder
sintering (Ryan et al. 2008), or 3D fiber deposition (Li et al. 2007) and or selective
laser melting (Hollander et al. 2006) are some of promising processes for the
development of porous metal structure for biomedical implants. Solid free form
fabrication, a mouldless manufacturing techniques or rapid prototyping, have been
successfully used to fabricate complex scaffolds. These technologies allow the
preparation of tissue-engineered constructs with a controlled spatial distribution of
cells and growth factors, also controlled gradients of scaffold materials with a
targeted microstructure (Hutmacher et al. 2004).

1.5.5 Biodegradable Metals

With recent development in biotechnology, new concept of bioactive biomaterials,
rather than inert biomaterials, was raised. A positive interaction of implant with
the physiological site is promoted. Some level of biological activity is needed in
particular area, such as in tissue engineering, where direct interactions between
biomaterials and tissue components are very essential. In particular cases, bio-
materials are needed only temporary and are expected to support the healing
process and to thereafter degrade. These degradable biomaterials may be defined
as materials used for medical implants which allow the implants to degrade in
human body environment (Hermawan and Mantovani 2009). Biodegradable/bio-
absorbable polymers were the first investigated for use as biomaterials (Stack et al.
1988). Meanwhile, the idea of considering biodegradable metals to fabricate
temporary implants required in some sort to break the paradigm where corrosion
resistance has always constituted one of the main requirements for metallic bio-
materials. Further details about biodegradable metals will be discussed in the
coming chapters.

1.6 Conclusion

Owing to their excellent biocompatibility and biofunctionality, ceramics and
polymers have replaced some metal implants. However, those require high
strength, toughness and durability, are still made of metals. With additional bio-
functionalities and revolutionary use of metal such as for biodegradable implants,
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metals will continue to be used as biomaterials in the future. The direction goes
toward the combination of the mechanically superior metals and the excellent
biocompatibility and biofunctionality of ceramics and polymers to obtain the most
desirable clinical performance of the implants.

References

Ambrosio L (2009) Biomedical composites. Woodhead Publishing, Cambridge
ASTM (2003) ASTM F 138: Standard specification for wrought 18chromium-14nickel-

2.5molybdenum stainless steel bar and wire for surgical implants (UNS S31673). ASTM
International, West Conshohocken

ASTM (2005) ASTM F 2063: standard specification for wrought nickel-titanium shape memory
alloys for medical devices and surgical implants. ASTM International, West Conshohocken

ASTM (2006) ASTM F 67: standard specification for unalloyed titanium, for surgical implant
applications (UNS R50250, UNS R50400, UNS R50550, UNS R50700). ASTM International,
West Conshohocken

ASTM (2007a) ASTM F 75: standard specification for cobalt-28 chromium-6 molybdenum alloy
castings and casting alloy for surgical implants (UNS R30075). ASTM International, West
Conshohocken

ASTM (2007b) ASTM F 90: standard specification for wrought cobalt-20chromium-15tungsten-
10nickel alloy for surgical implant applications (UNS R30605). ASTM International, West
Conshohocken

ASTM (2007c) ASTM F 562: standard specification for wrought 35cobalt-35nickel-20chromium-
10molybdenum alloy for surgical implant applications (UNS R30035). ASTM International,
West Conshohocken

ASTM (2008) ASTM F 136: standard specification for wrought titanium-6 aluminum-4 vanadium
ELI (extra low interstitial) alloy for surgical implant applications (UNS R56401). ASTM
International, West Conshohocken

ASTM (2009) ASTM F 2181: standard specification for wrought seamless stainless steel tubing
for surgical implants. ASTM International, West Conshohocken

ASTM (2011a) ASTM F 899: standard specification for wrought stainless steels for surgical
instruments. ASTM International, West Conshohocken

ASTM (2011b) ASTM F 1537: standard specification for wrought cobalt-28chromium-
6molybdenum alloys for surgical implants (UNS R31537, UNS R31538, and UNS
R31539). ASTM International, West Conshohocken

Black J (1984) Biological performance of materials. Plenum Press, New York
Brandes EA, Brook GB (1992) Smithells metals reference book, 7th edn. Butterworth-

Heinemann, Oxford
Chen Q, Liu L, Zhang S-M (2010) The potential of Zr-based bulk metallic glasses as

biomaterials. Front Mater Sci China 4:34–44
Chiba A, Lee S-H, Matsumoto H, Nakamura M (2009) Construction of processing map for

biomedical Co-28Cr-6Mo-0.16N alloy by studying its hot deformation behavior using
compression tests. Mater Sci Eng A 513–514:286–293

Habibovic P, Barrère F, Blitterswijk CAV, Groot Kd, Layrolle P (2002) Biomimetic
hydroxyapatite coating on metal implants. J Am Ceram Soc 83:517–522

Hench LL, Ethridge EC (1975) Biomaterials: the interfacial problem. Adv Biomed Eng 5:35–150
Hermawan H, Mantovani D (2009) Degradable metallic biomaterials: the concept, current

developments and future directions. Minerva Biotecnol 21:207–216

10 1 Introduction to Metallic Biomaterials



Hollander DA, von Walter M, Wirtz T, Sellei R, Schmidt-Rohlfing B, Paar O, Erli H-J (2006)
Structural, mechanical and in vitro characterization of individually structured Ti-6Al-4V
produced by direct laser forming. Biomaterials 27:955–963

Hutmacher DW, Sittinger M, Risbud MV (2004) Scaffold-based tissue engineering: rationale for
computer-aided design and solid free-form fabrication systems. Trends Biotechnol
22:354–362

Jenkins M (2007) Biomedical polymers. Woodhead Publishing, Cambridge
John CW (2000) Biocompatibility of dental casting alloys: a review. J Pros Dent 83:223–234
Johnson W (2002) Bulk amorphous metal—an emerging engineering material. J Min Met Mat

Soc 54:40–43
Kokubo T (2008) Bioceramics and their clinical applications. Woodhead Publishing, Cambridge
Kuroda D, Niinomi M, Morinaga M, Kato Y, Yashiro T (1998) Design and mechanical properties

of new [beta] type titanium alloys for implant materials. Mater Sci Eng A 243:244–249
Lahann J, Klee D, Thelen H, Bienert H, Vorwerk D, Hocker H (1999) Improvement of

haemocompatibility of metallic stents by polymer coating. J Mater Sci Mater Med
10:443–448

Lambotte A (1909) Technique et indication des prothèses dans le traitement des fractures. Presse
Med 17:321

Lane WA (1895) Some remarks on the treatment of fractures. Brit Med J 1:861–863
Lee SH, Nomura N, Chiba A (2008) Significant improvement in mechanical properties of

biomedical Co-Cr-Mo alloys with combination of N addition and Cr-enrichment. Mater Trans
49:260–264

Li JP, Habibovic P, van den Doel M, Wilson CE, de Wijn JR, van Blitterswijk CA, de Groot K
(2007) Bone ingrowth in porous titanium implants produced by 3D fiber deposition.
Biomaterials 28:2810–2820

Lopez-Heredia MA, Sohier J, Gaillard C, Quillard S, Dorget M, Layrolle P (2008) Rapid
prototyped porous titanium coated with calcium phosphate as a scaffold for bone tissue
engineering. Biomaterials 29:2608–2615

Matsumoto H, Watanabe S, Hanada S (2005) Beta TiNbSn alloys with low Young’s modulus and
high strength. Mater Trans 46:1070–1078

Niinomi M (2010) Metals for biomedical devices. Woodhead Publishing, Cambridge
Park JB, Lakes RS (2007) Biomaterials: an introduction, 3rd edn. Springer, New York
Ryan G, Pandit A, Apatsidis DP (2006) Fabrication methods of porous metals for use in

orthopaedic applications. Biomaterials 27:2651–2670
Ryan GE, Pandit AS, Apatsidis DP (2008) Porous titanium scaffolds fabricated using a rapid

prototyping and powder metallurgy technique. Biomaterials 29:3625–3635
Schneck DJ (2000) The biomedical engineering handbook. CRC Press LLC, Boca Raton
Schroers J, Kumar G, Hodges T, Chan S, Kyriakides T (2009) Bulk metallic glasses for

biomedical applications. J Min Met Mater Soc 61:21–29
Sherman WO (1912) Vanadium steel bone plates and screws. Surg Gynecol Obstet 14:629–634
Stack RS, Califf RM, Phillips HR, Pryor DB, Quigley PJ, Bauman RP, Tcheng JE, Greenfield JC

Jr (1988) Interventional cardiac catheterization at Duke Medical Center. Am J Cardiol 62:3F–
24F

Wang YB, Zheng YF, Wei SC, Li M (2011) In vitro study on Zr-based bulk metallic glasses as
potential biomaterials. J Biomed Mater Res B 96:34–46

Williams DF (ed) (1987) Definitions in biomaterials. In: Progress in biomedical engineering.
Elsevier, Amsterdam

Yang K, Ren Y (2010) Nickel-free austenitic stainless steels for medical applications. Sci
Technol Adv Mater 11:1–13

Zberg B, Uggowitzer PJ, Loffler JF (2009) MgZnCa glasses without clinically observable
hydrogen evolution for biodegradable implants. Nat Mater 8:887–891

References 11



Chapter 2
Biodegradable Metals: State of the Art

Abstract Degradable biomaterials constitute a novel class of bioactive biomaterials
which are expected to support healing process of a diseased tissue and to degrade
thereafter. Two classes of metals have been proposed: magnesium- and iron-based
alloys. Three targeted applications are envisaged: orthopaedic, cardiovascular and
pediatric implants. Conceptually, biodegradable metals should provide a temporary
support on healing process and should progressively degrade thereafter.

Keywords Biodegradable metals � Degradation � Temporary implant

2.1 Paradigm Shifted

The scientific knowledge about tissue-implant interactions, tissue engineering, as
well as recent advances in biology and physiology raises a new concept of
biofunctional/bioactive biomaterials. These unconventional bioactive biomaterials
are expected to promote positive interactions with the physiological implantation
sites. Degradable biomaterials constitute a novel class of considerably bioactive
biomaterials which are expected to support healing process of a diseased tissue or
organ and slowly degrading thereafter. The study of innovative degradable
biomaterials is one of the most interesting research topics at the forefront of
biomaterials in present days.

The advancement of materials science and engineering, especially for pro-
cessing and thermomechanical treatments, allow the structural material adjustment
to meet the expected properties of materials. The increasing society expectation for
a better quality of life has fostered biomaterialists to develop new technologies to
provide implants with higher clinical performance. The paradigm of implants must
be inert and corrosion resistant has now been challenged by the advent of this new
class of degradable biomaterials.

H. Hermawan, Biodegradable Metals, SpringerBriefs in Materials,
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Some specific clinical problems (disease/trauma) need only temporary support
for healing. This temporary support can only be provided by an implant made of
degradable biomaterials which allow the implant to progressively degrade after
fulfilling its function. The concept of biodegradation has been known in medical
applications, such as the use of biodegradable sutures. However, implants that
degrade, especially those made of metal, can be considered as a novel concept
which actually breaks the established paradigm of ‘‘metallic biomaterials must be
corrosion resistant’’.

Degradable biomaterials have been proposed from both polymers and metals.
Degradable polymers for use as biomaterials have been investigated since 1988
(Stack et al. 1988). Among the polymers that have been proposed were poly(L-
lactic acid) (PLLA) (Stack et al. 1988; Tamai et al. 2000), poly(lactic-co-glycolic
acid) (PLGA) and poly(e-caprolactone) (PCL) (van der Giessen et al. 1996).

Considering metals as degradable biomaterials is a recent idea. In term of
mechanical property, metals are considered as more suitable compared to poly-
mers for some specific applications which require high strength to bulk ratio,
including for internal bone fixation screws/pins and for coronary stents.

Magnesium- and Fe-based alloys are the two classes of metals have been
proposed. Several Mg-based alloys have been investigated, including Mg–Al—
(Heublein et al. 2003; Levesque et al. 2003; Witte et al. 2005; Xin et al. 2007),
Mg–RE (rare earth)—(Di Mario et al. 2004; Peeters et al. 2005; Witte et al. 2005;
Waksman et al. 2006; Hänzi et al. 2009) and Mg–Ca—(Zhang and Yang 2008; Li
et al. 2008) based alloys.

Among the Fe-based alloys have been studied, including pure Fe (Peuster et al.
2001; Peuster et al. 2006) and Fe-Mn alloys (Hermawan et al. 2008; Schinhammer
et al. 2010). They were mainly proposed for cardiovascular applications.

2.2 The Concept

In general, the concept of degradable biomaterials is as simple as that, some
implants might require only temporary presence for supporting the healing process
of a diseased tissue. This temporary intervention (implant) is envisaged to be
applied in some specific cases such as in cardiovascular, orthopaedic and paedi-
atric field. Figure 2.1 illustrates an example of envisaged temporary implant (stent)
which is implanted to open a narrowed artery.

Those envisaged temporary implants possess a similar concept but employed in
different physiological environments with different specific functions. In example,
temporary cardiovascular implants, i.e. stents (Fig. 2.1), should be able to open a
narrowed artery and hold it open until the vessel remodels, and then they degrade
and are replaced by new arterial vessel tissue. Temporary orthopaedic implants,
i.e. bone fixation screws/pins, should be able to join a fractured bone and hold it
tight until sufficient bone joint is formed and then degrade and are replaced by new
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bone tissue. In paediatric, the implants should also deal with the growing
implantation sites, the surrounding tissue and organ.

Ideally, biodegradable coronary stents should reach a compromise between
mechanical integrity and degradation (Hermawan et al. 2010). The degradation
should begin at a very slow rate to keep the stent’s optimal mechanical integrity
until the arterial vessel remodeling process completed which is expected in a
period of 6–12 months (El-Omar et al. 2001; Schomig et al. 1994). Thereafter,
while the mechanical integrity decreases, the degradation progresses. The degra-
dation rate should be sufficient enough to do not cause an intolerable accumulation
of degradation product around the implantation site and in the systemic organs.
A reasonable total period for the stent to be totally degraded could be between 12
and 24 months after implantation (Serruys et al. 2006). However, this time frame
is still not supported by sufficient data and evidences from the real degradation
behavior in vivo, including that for orthopaedic implants.

In other words, the concept of biodegradable metals is ‘‘providing a temporary
support on healing process of a diseased tissue and progressively degrade
thereafter’’. It derives two main features: (1) temporary support; and (2) degra-
dation. Biodegradable metals are also expected to positively interact (bioactive)
during the healing process. The metals, the degradation and its products are not
supposed to provide adverse effect to the healing process.

Fig. 2.1 Illustration of a coronary stent during it’s: a delivery into a narrowed artery by a
catheter, b expansion to open the artery, c restoring the blood flow. Adapted with permission
from Minerva Medica (Hermawan and Mantovani 2009)
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2.3 Proof of Concept

2.3.1 Mechanical Support

The mechanical properties of metal are derived from its type, design and process.
This includes the use of alloying elements, thermomechanical treatments and by
employing new processing methods. The use of alloying elements which can form
corrosion protective layer on the surface of materials; i.e. Cr for the case of
stainless steel, should be avoided in order to ensure the alloys to become
degradable or not corrosion resistant.

Biodegradable metals should provide an adequate mechanical support to a
healing process throughout the implantation period. Even though it is still difficult
to define the exact required support for specific clinical events, i.e. narrowed artery
or fractured bone, it is reasonable to compare to the mechanical property of
currently used corrosion-resistant metals. Table 2.1 resumes mechanical properties
of Fe, Mg and their alloys compared to the known clinically proven metallic
biomaterials, the SS316L.

Mechanical integrity of biodegradable metals over time can be theoretically
predicted by conducting in vitro degradation tests. Kannan et al. have conducted a
slow strain rate test on Mg-Al alloys allowing the measurement of mechanical
properties as a function of degradation (Kannan and Raman 2008). The results
showed that the elongation to fracture and ultimate tensile strength of AZ91Ca

Table 2.1 Mechanical properties of biodegradable metals compared to SS316L

Metal, metallurgy and its
composition (wt%)

Density
(g/cm3)

Yield
strength
(MPa)

Tensile
strength
(MPa)

Young’s
modulus
(GPa)

Ductility
(%)

SS316L, annealed plate
Fe, 16–18.5 Cr, 10–14 Ni,

2–3 Mo, \2 Mn, \1 Si,
\0.03 C (ASTM 2003)a

8.00 190 490 193 40

Fe, annealed plate
99.8 Fe (Goodfellow 2010)

7.87 150 210 200 40

Fe-Mn-Pd alloy, cast ? heat
treatment

Fe, 10.2 Mn, 0.92 Pd, 0.12 C
(Schinhammer et al. 2010)

N/A 850 1450 N/A 11

Mg, annealed sheet
99.98 Mg (ASM 2005)

1.74 90 160 45 3

WE43 Mg alloy, temper T6
Mg, 3.7–4.3 Y, 2.4–4.4 Nd,

0.4–1 Zr (ASTM 2001)

1.84 170 220 44 2

Mg-Ca alloy, extruded
Mg, 1 Ca (Li et al. 2008)

N/A 140 240 N/A 11

a Non-degradable, taken for comparison purpose. The values shown here are the minimum
requirements by ASTM
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alloy in modified-simulated body fluid (SBF) decreased about 15–20 % in
comparison with these properties in air.

2.3.2 Degradation

Biodegradable metals must degrade in the complex physiological environment of
human body with matching degradation kinetics to the healing period. The deg-
radation products should be transported and eliminated from the body and do not
cause local or systemic accumulation. Table 2.2 summarizes published implan-
tation studies of biodegradable metal intended for orthopaedic implants in animals.
It briefly details the type of alloy and implant prototype, method of implantation;
host, site, period and analysis, and some important findings.

The animal implantation studies showed that the proposed biodegradable metal
implants were degraded under in vivo environment. In cardiovascular environ-
ment, generally the implants showed obvious sign of degradation in less than
1 month after implantation (Waksman et al. 2006, 2008). Magnesium alloy
implants degrade faster than those of pure Fe, whereas Mg alloy stent completely
degraded in less than 6 months (Waksman et al. 2006), meanwhile parts of pure Fe
stents were still visible after a year of implantation (Peuster et al. 2001). In bone
environment, Mg alloy pins degraded within 3 months and were replaced by new
bone tissue (Li et al. 2008).

Absence of degradation products accumulation and signs of metal overload or
metal-related organ toxicity (heart, lung, spleen, liver, kidney and para-aortic
lymphatic nodes) were confirmed for Fe stents (Peuster et al. 2001, 2006).
Examination of the blood has shown that the degradation of Mg implant caused
only little change to the composition without disorder to liver or kidneys (Zhang
et al. 2009). Similar finding showed no statistically significant differences of serum
Mg before operation and at 1, 2, 3 months post-operation, suggesting the func-
tionality of self-regulation mechanism of organism and excretion of surplus Mg
from urine (Li et al. 2008).

2.4 Recent Development

Most of works on biodegradable metals covers materials development, property
enhancement, degradation study and in vivo implantation of the material. There is
still limited work that transformed biodegradable metals into implant or prototype.
Among the developed implants are Fe-Mn alloy coronary stent (Hermawan and
Mantovani 2011), WZ21 Mg alloy gastrointestinal would closure (Hänzi et al.
2011) and Mg micro-clip for laryngeal micro-surgery (Chng et al. 2012),
(Fig. 2.2).
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Table 2.2 Implantation of biodegradable metals in animal

Materials Methods Findings

Mg-Al/Y/Li/RE
alloys pins
(Witte et al.
2005)

Implantation on femora of 40 guinea
pigs for a period up to 18 weeks,
followed by radiography and
histology

The corrosion layer of the rods
displayed accumulation of
biological Ca/P while in direct
contact with the surrounding
bone; subcutaneous gas bubbles
formed after 1 week and
disappear in 2–3 week but no
adverse effect was observed

Mg-Ca alloy pins
(Li et al. 2008)

Implantation on femora of: 18 New
Zealand rabbits for a period up to
3 months, followed by
radiography and histology

Gas bubbles formed in a week and
disappear later without special
treatment; the pins gradually
degraded in vivo within 90 days;
newly formed bone was clearly
seen at month 3

Mg-Zn-Mn alloy
rods (Zhang
et al. 2009)

Implantation on femora of 18 rats for
a period up to 26 weeks, followed
by blood test and histology

No gas bubble was observed, new
bone tissue formed around Mg
implants after 6 weeks; higher
degradation rate was found in the
marrow channel than in the
cortical bone tissue; little change
to blood composition without
disorder to liver or kidneys

Mg-0.8Ca screws
(Erdmann
et al. 2011)

Implantation on tibiae of 40 rabbits
up to 8 weeks, followed by
micro-CT and remnant analysis

The screws showed good tolerability
and biomechanical properties
comparable with S316L in the
first 2–3 weeks post-implantation;
They gradually degraded and
became distinct after 6 weeks
resulted in a loss of holding
power; further investigation on
the relation of the reduced
holding power and bone healing
was suggested especially with the
combination of screw and plate

ZX50 and WZ21
alloys pin
(Kraus et al.
2012)

Implantation on femora of 32
Sprague–Dawley rats up to
24 weeks, followed by online
micro-CT monitoring and
histology

ZX50 pins degraded at &1.2 % daily
volume loss, WZ21 pins
maintained their integrity for
4 weeks and degraded at *0.5 %
volume loss per day; WZ21
generated enhanced bone
neoformation with evidence for
good osteoconductivity and
osteoinductivity; bone recovered
after complete degradation

Mg-Zn-Ca alloy
rods (Chen
et al. 2012)

Implantation on femur shaft of
rabbits for a period up to
50 weeks, followed by
radiography, micro-CT and
histology

HA-composite coated rods degraded
slower than the uncoated; the
coated rods induced more newly
formed bone tissue and faster
bone response
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Up to now, proposed biodegradable metals can be identified as:

1. Mg-based alloys both conventionally produced through casting or by fine
microstructure oriented processes;

2. Pure Fe and Fe-based alloys which were produced by casting, mechanical
alloying or electrodeposition;

3. Metallic glasses which have been developed from both Mg- and Fe-based
alloys.

The growing interest toward biodegradable metals was recorded in both journal
database such as in the US National Library of Medicine and the National
Institutes of Health (PubMed 2011) and in patent database such as the United
States Patent and Trademark Office (USPTO 2011). Three consecutive interna-
tional symposiums on biodegradable metals for biomedical applications were
successfully held:

Fig. 2.2 Examples of implant prototype developed from biodegradable metals: a a wound
closing rivet made of WZ21 Mg alloy, adapted with permission from Elsevier (Hänzi et al. 2011),
b a coronary stent made of Fe-35Mn alloy, courtesy of Centre de recherche du CHUQ, Quebec,
Canada

Fig. 2.3 Map of research groups working on biodegradable metals as of 2012
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1. During the Thermec’2009 in Berlin, Germany, 25–29 August 2009;
2. In Maratea, Italy, 31 August-3 September 2010; and
3. During the Thermec’2011 in Quebec City, Canada, 1–5 August 2011.

It was revealed from those symposiums that the field has gained attentions from
researchers around the world including from Canada, USA, Australia, Germany,
Swiss, Japan, China, Mexico, and New Zealand. Figure 2.3 maps the groups
working on biodegradable metals created based on their participation in the three
symposiums and its publications in the special issues of Acta Biomaterialia 2010
and Materials Science and Engineering B 2011.
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Chapter 3
Biodegradable Metals for Cardiovascular
Applications

Abstract From basically pure magnesium and pure iron, the choice and tech-
nology for proposed biodegradable metals for cardiovascular applications have
been progressed. These metals have been tested and validated by in vitro, in vivo
till pre-clinical and clinical testing. Even though, lessons from their 10 years
development indicated that the ideal characteristics of both the metals and the
implants are yet to be achieved.

Keywords Cardiovascular � Stent � Biodegradable metal � Magnesium � Iron

3.1 The Need for Biodegradable Stent

Stenting, clinically known as percutaneous coronary intervention (PCI), has
become a proven procedure for the treatment of coronary artery occlusions
(Serruys et al. 2006). During stenting, one or more stent is delivered and placed
into a narrowed coronary artery by using a catheter system that is inserted into the
artery through a small incision in arm or groin (King et al. 2008). Stent provides a
mechanical scaffolding support and prevent early recoil and late vascular
remodeling, the two major limitations of balloon angioplasty (Serruys et al. 1994;
Fischman et al. 1994). Figure 3.1 shows some examples of coronary stents which
include corrosion resistant stents and metallic biodegradable stents.

Since its first introduction in 1987 (Sigwart et al. 1987), stenting and stent
technology has progressively been advanced from the conventional bare metal
stents to the drug eluting stents and the most recent biodegradable stents (Elliot
et al. 2006; Waksman 2007; Hermawan et al. 2010). These tiny tubular mesh-like
structures are currently made from corrosion resistant alloys, such as SS316L, Co–
Cr alloys and Ni–Ti alloys. Typical diameter of large coronary artery is 2–5 mm
with vessel thickness of 0.5–1 mm (Schneck 2000). Meanwhile, a stainless steel

H. Hermawan, Biodegradable Metals, SpringerBriefs in Materials,
DOI: 10.1007/978-3-642-31170-3_3, � The Author(s) 2012
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coronary stent for small vessel is typically produced at 1.8 mm external diameter,
then crimped into balloon catheter at 1.05 mm and set for expansion at 3.0 mm.
Pressure required to well positioned a stainless steel stent typically is 10–14 atm
(1.0–1.4 MPa) (Colombo et al. 1995) which give a plastic deformation to the
stent’s strut up to 20 % (Migliavacca et al. 2005). Thereafter, from the insertion till
implantation, stents are subjected to conditions as described in Table 3.1.

As the consequence of the mechanical stresses generated by the stent after
deployment, remodeling of the arterial wall is occurred (Grewe et al. 2000). The
remodeling process can take up to 6–12 months (Grewe et al. 2000; König et al.
2002; Willfort-Ehringer et al. 2004). At the end, the arterial tissue found a new
equilibrium where the continued presence of stent is not necessary anymore.
Therefore, it may say that the role of stenting is only temporary. Late thrombosis
and chronic inflammation could be provoked by the long-term presence of stents
(Virmani et al. 2004) and may lead to in-stent restenosis problems (Hoffmann et al.
1996). In paediatric intervention, the disappearing of the stent will easily enable
further vessel growth and will avoid the need for further serial stent dilatation to
adulthood (Zartner et al. 2005; Schranz et al. 2006). Therefore, biodegradable
stents are envisaged to support the arterial wall during the remodeling and to
degrade thereafter. The problem of late stent thrombosis is unlikely and the
prolonged anti-platelet therapy is not required (Waksman 2006).

Fig. 3.1 Example of coronary artery stents: a, b inert type made of SS316L, courtesy of
Biosensors International, Singapore, c, d biodegradable type made of Mg alloy and Fe,
respectively, adapted with permission from Elsevier (Erbel et al. 2007) and Cambridge University
Press (Peuster et al. 2006a), respectively
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3.2 Proposed Metals for Biodegradable Stent

3.2.1 Iron and its Alloys

Iron widely involves in a large number of Fe containing enzymes and proteins in
human body. It involves in the decomposition of lipid, protein and DNA damages
due to its reactivity to oxygen molecules which might produce reactive species
through Fenton reaction (Mueller et al. 2006). It also plays significant roles in
transport, reduction of ribonucleotides and dinitrogen, storage and activation of
molecular oxygen, etc. (Fontcave and Pierre 1993).

Pure Fe could be beneficial for human endothelial cell proliferation as the cells
were metabolically inhibited only with elution medium in the concentration higher
than 50 lg/ml regardless of incubation time (Zhu et al. 2009). An in vitro study
reported that excess of Fe ions reduced growth rate of smooth muscle cells which
was viewed as positive in term of preventing restenosis in stent application
(Mueller et al. 2006). In vivo implantation of pure Fe stents in the descending aorta
of New Zealand rabbits has shown preferably results where thromboembolic
complications, significant neointimal proliferation, systemic toxicity, pronounced
inflammatory response were not observed during the study up to 18 months
(Peuster et al. 2001).

Table 3.1 Environmental conditions of implanted coronary stents

Parameters Values

Blood plasma main composition (Schneck 2000) Protein: albumin, globulin,
fibrinogen

Ions: chloride, sodium,
bicarbonate, etc.

Lipid : cholesterol, phospholipid,
triglyceride

Blood’s physical parameters: (Doriot et al. 2000; Muller-
Hulsbeck et al. 2001)

• Density 1.06 g/cm3

• Viscosity 3–4 mPa.s
• pH 7.4
• Average peak velocity 7–25 cm/s
• Temperature 37 �C
• Shear stress 0.3–1.2 Pa

Dynamic load cycle (Marrey et al. 2006) 108 cycles for a 10 year life
Heart beating pressure (Marrey et al. 2006) Systole: 80 mmHg (*10 kPa)

Diastole: 120 mmHg (*16 kPa)
Typical frequency of heart beat and artery pulse (Marrey

et al. 2006)
1.17 Hz

Magnetic field generated during MRI (Roberts and
Macgowan 2004)

0.2–3 Tesla
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Elastic modulus of pure Fe (211.4 GPa) is higher than that of pure Mg (41 GPa)
and its alloys (44 GPa) or SS316L (190 GPa) (Song 2007; Sangiorgi et al. 2007).
However, Fe is considered as having relatively very slow in vivo degradation rate
(Peuster et al. 2006b) and its ferromagnetic nature constitutes a problem as
implantable devices. New developed Fe-based alloys have shown a comparable
mechanical properties to that of SS316L and has faster degradation rate (0.44 mm/
year) compared to that of pure Fe (Hermawan et al. 2007). These austenitic alloys
were a result of alloying Fe with 30–35wt% Mn which turned the alloys into
antiferromagnetic. Consequently, the alloys became compatible with magnetic
field such as generated from the MRI, a growing non-invasive diagnostic tool in
medical imaging.

3.2.2 Magnesium and its Alloys

Magnesium is largely found in bone tissue and is beneficial to bone strength and
growth. It is a co-factor for several metabolic enzymes and stabilizes the structure
of DNA and RNA (Hartwig 2001). This essential element is the fourth most
abundant cation in human body with the daily intake of 300–400 mg in the normal
adult (Emsley 1998). Its amount in blood plasma can be tolerated up to a relatively
high level of 85–121 mg/l (Saris et al. 2000). Excess Mg level could lead to
muscular paralysis, respiratory distress, cardiac arrest and hypotension while its
deficiency is reported to cause cell membrane dysfunction, increased incidence of
heart disease, cancer and susceptibility to oxidative stress. However, due to the
efficient filtration of kidney and excretion in the urine, those are considered be
unlikely (Saris et al. 2000; Vormann 2003).

Magnesium and its alloys have been considered to be safe to be fabricated as
implantable materials. Their cytocompatibility have been proven by some works
including an indirect contact cytotoxicity test involved sterilized pure Mg and
Mg–Ca alloys using L-929 cells (Li et al. 2004, 2008) and test on Mg-hydroxy-
apatite composite using human bone derived cells and MG-63 plus RAW 264.7
cells (Witte et al. 2007). Other cytotoxicity studies for Mg alloys were also
reported (Heublein et al. 2003; Li et al. 2004; Witte et al. 2007; Li et al. 2008).

Orthopaedic implants are the targeted applications of Mg and its alloys due to
their supportive physical properties to human bones; i.e. Mg has density near to
that of the natural bones (1.8–2 g/cm3). Pins made of Mg–Ca alloy have been
implanted into the rabbit femoral shaft whereas the results showed that the pins
were completely degraded within 90 days and followed by the formation of new
bone tissue (Li et al. 2004). Other works have also reported that Mg implant
supported the activation of bone cells (Witte et al. 2005). The only concern for the
use of Mg for orthopaedic implants is their rapid corrosion rate (10–200 mm/year
with 99.9 % purity in 3 % NaCl) (Li et al. 2004). Many attempts have
been conducted to enhance their corrosion resistance, including by alloying
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(Song 2007), by coating of dicalcium phosphate dehydrate (DCPD) (Wang et al.
2008) and by alkali-heat treatment (Li et al. 2004).

3.3 Mechanical Property of the Proposed Metals

Table 3.2 compares mechanical properties of two biodegradable metals already
tested in vivo with SS316L. As the most used medical grade alloy, SS316L is often
considered as a standard reference for mechanical properties in developing new
metallic biomaterials (Balcon et al. 1997). Pure Fe possesses mechanical proper-
ties closer to those of SS316L than Mg alloys which makes Fe preferable for
applications that require high strength and ductility such as coronary stents.
However, unlike most metallic nonmagnetic biomaterials, Fe is a ferromagnetic
substance which may not be preferable in the era of MRI that becomes the default
non-invasive imaging modality for coronary investigation.

Compared to most Fe alloys, the ductility of Mg alloys is limited (Mordike and
Ebert 2001). However, it can be improved by alloying and employing advanced
processing techniques. For example, alloying Mg with Li can change the crystal
structure from hexagonal to body centered cubic and produces a large increase in
ductility. Alloying with 8.7wt% Li showed 52 % elongation but in exchange,
tensile strength dropped to 132 MPa (Sanschagrin et al. 1996). Alloying of Mg
may be limited to few metals which are known to be tolerated in the human body,
including Ca, Zn, Mn and a very small amount of rare earth elements such as Y
and Zr (Song 2007). A slower degradation rate is required to allow the body to
regulate OH- and H2 gas which are usually generated during degradation. Cau-
tions should be taken in designing Mg alloy since the release of alloying elements
such as Al, Mn and Zr might induce toxic effect to the body. Aluminum ions have
been reported to induce dementia since it might bind to the inorganic phosphate
causing the body lack of phosphate source (Lucey and Venugopal 1977). Excess of

Table 3.2 Properties of some biodegradable metals compared to SS316L

Metal and its composition
(wt%)

Metallurgy Density
(g/cm3)

Magneticity YS
(MPa)

UTS
(MPa)

YM
(GPa)

e
(%)

WE43 Mg alloy
Mg, 3.7–4.3Y, 2.4–4.4Nd,

0.4–1Zr (ASTM 2007)

Hot
extruded
bar

1.84 NF 150 250 44 4

Pure Fea 99.8Fe Annealed
plate

7.87 FM 150 210 200 40

SS316L (ASTM 2003) Annealed
plate

8.00 NF 190 490 193 40

YS = yield strength, UTS = ultimate tensile strength, YM = Young’s modulus, e = maximum
elongation, NF = non-ferromagnetic, FM = ferromagnetic
a Goodfellow Corporation, Oakdale, PA, USA
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Mn also has been reported to cause neurotoxicity that lead to Parkinsinian
syndrome (Crossgrove and Zheng 2004). Meanwhile, the presence of Zr is closely
associated to the liver, lung, breast and nasopharyngeal cancers (Song 2007).

A hot extruded Mg alloyed with 1wt% Ca showed a good combination of
strength and ductility, where tensile strength reached 240 MPa with 11 % elon-
gation (Li et al. 2008). Other processes have reported to improve ductility of Mg
alloys including grain refinement (Mukai et al. 2001) and texturing through an
equal channel angular processing (ECAP) (Agnew et al. 2004). A recent study on
Mg–Zn–Y–Nd alloy made through a cyclic extrusion compression showed an
improvement in mechanical properties where it’s elongation and yield strength
measured at 30.2 % and 185 MPa, respectively (Wu et al. 2012).

3.4 Validation of the Proposed Metals

Initiated by two pioneering works published in early 2000, more in vivo studies
have proved the potentiality of biodegradable metals to be used in cardiovascular
applications. The first two works are the implantation of Fe stents into the
descending aorta of New Zealand white rabbits (Peuster et al. 2001) and the
implantation of AE21 Mg alloy stents into the coronary artery of domestic pigs
(Heublein et al. 2003) followed by at least four other works on animal studies of
metallic biodegradable stents have been published (Table 3.3).

Table 3.3 Implantation of metallic biodegradable stents in animal

Material Implantation site Finding

Fe (Peuster
et al. 2001)

Descending aorta of New
Zealand rabbit for
18 months

Lack local or systemic toxicity; low
thrombogenicity; mild inflammatory
response; accelerated degradation was
warranted

AE21
(Heublein
et al. 2003)

Coronary artery of pigs for
56 days

Mg alloy stents were promising; prolonged
degradation was desired

Fe (Peuster
et al.
2006b)

Descending aorta of minipig
for 12 months

Neointimal proliferation was comparable to
SS316L stent; no local or systemic toxicity; a
faster degradation rate was desirable

WE43
(Waksman
et al. 2006)

Coronary artery of domestic
or minipig for 3 months

Mg alloy stents were safe and associated with
less neointima formation; long-term studies
([3 months) were needed to prove positive
remodeling

WE43
(Waksman
et al. 2007)

Coronary artery of domestic
pig with VBT for
28 days

VBT as adjunct to stenting further reduced
intimal hyperplasia and improved lumen area
when compared to stenting alone

Fe (Waksman
et al. 2008)

Coronary arteries of porcine
for 28 days

Fe stents were considered safe
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A long-term implantation of Fe stents in the descending aorta of minipigs has
shown that there was no difference in the amount of neointimal proliferation
between SS316L (control) and Fe stents. Sign of Fe overload or Fe-related organ
toxicity was not found as well as any evidence for local toxicity due to corrosion
products. Even it was concluded that Fe is a suitable metal for the production of a
large-size biodegradable stent, a faster degradation rate was desirable (Peuster
et al. 2006b). Assessment of the safety and efficacy of Fe stents was conducted by
a short-term implantation of Fe and Co–Cr (control) stents in the coronary arteries
of juvenile domestic pigs (Waksman et al. 2008). The results showed that the
intimal thickness, intimal area, and percentage of occlusion were better for
the Fe stents which lead to a conclusion that Fe stents were relatively safe. The
advantage of Fe stents was also mentioned in a study that showed that ions
released from the stent could reduce vascular smooth muscle cells (VSMCs)
proliferation, an event associated with the problem of in-stent restenosis (Mueller
et al. 2006).

The safety and efficacy of Mg alloy stents was assessed by implantation of the
stents in porcine coronary arteries where the results lead to a conclusion that Mg
alloy stents were safe and were associated with less neointima formation compared
to stainless steel stents (Waksman et al. 2006). A follow-up study was conducted
involving the use of adjunct vascular brachytherapy (VBT) to overcome the
modest degree of late recoil and intimal hyperplasia found in the previous study.
It was found that VBT further reduced the intimal hyperplasia and improved the
lumen area even though did not improve the late recoil (Waksman et al. 2007).
Magnesium alloy stents were even advanced into human assessment which tells us
that biodegradable stents are no longer just a concept but reality. Table 3.4
summarizes findings of published reports on implantation trials of Mg alloy stents
in human.

Magnesium alloy stents have been reportedly used to treat several clinical
cases. In the first case, a preterm baby with a congenital heart disease was treated
and the left lung reperfusion was successfully re-established. The stent was proved
to be mechanically adequate to secure the reperfusion during 4 months of follow-
up while degradation process was clinically well tolerated. Even though the baby
died from multiple organ failure after 5 months of implantation, it was an inter-
esting finding that the stent had completely disappeared after 3 months (Zartner
et al. 2005). The stent struts were substituted by a jelly-like calcium phosphate and
fibrotic structure which allowed a slight increase of the intraluminal diameter over
the original stent diameter (Zartner et al. 2007).

In the second case, another newborn with severely impaired heart function due
to a long segment recoarctation following a complex surgical repair was also
treated with Mg alloy stent where it was able to sustain perfusion without mea-
surable recoil. However, implantation of a second stent was required due to a rapid
degradation process that caused the operated vessel backslided into its previous
course. Despite the use of two stents, pathological Mg levels in serum were not
detected (Schranz et al. 2006).
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In the third case, a 2-month-old girl with pulmonary atresia and hypoplastic
pulmonary arteries was also treated with Mg alloy stent where at the beginning
there was a significant increase in vessel diameter, but 4 months later, a significant
restenosis occurred (McMahon et al. 2007). These cases showed a very promising
potential of metallic biodegradable stent for the intervention in children previously
deemed unsuitable for permanent stent placement. The latest two cases indicated
that further refinement in the Mg alloy stent technology is needed.

More structured human studies of the use of Mg alloy stents were reported.
First, a pre-clinical study that use the stent for critical limb ischemia (CLI)
treatment in 19 adults reported a high primary clinical patency (89 %) during a
preliminary 3-month follow-up. The limb salvage rate was 100 % since no major
or minor amputation was necessary in any of the patients thus it was suggested the
stents is promising for the treatment of CLI patients (Peeters et al. 2005).

Second report came from a multi-centre, non-randomised prospective study, the
PROGRESS-AMS (Clinical Performance and angiographic Results of Coronary
Stenting with Absorbable Metal Stents) where 71 stents were successfully
implanted in 63 patients. The results showed that the ischaemia-driven target
lesion revascularization (TLR) rate was 23.8 % after 4 months and the overall
TLR rate was 45 % after one year. It was revealed that Mg alloy stents can achieve
an immediate angiographic response similar to that of other metallic stents and be
safely degraded after 4 months (Erbel et al. 2007). However, the study suggested
that it is necessary to modify the stent characteristics with prolonged degradation
time.

Table 3.4 Implantation trials of Mg alloy stents in human

Implantation trial Finding

Pre-clinical testing of stents for CLI in adult
patients (Peeters et al. 2005)

3 months primary clinical patency and limb
salvage rates suggest a potentially of the
stents for CLI treatment

Implantation of stents to treat critical
recoarctation of the aorta in a newborn
(Schranz et al. 2006)

The stent can be used for the treatment of aortic
coarctation in a newborn

Implantation of stents to open an occlusion in
the left pulmonary artery of a preterm baby
(Zartner et al. 2005; Zartner et al. 2007)

Completed degradation of the stent led to
minimal changes within the arterial wall;
the stent implantation has rescued a child
from an extremely severe clinical problem

Implantation of stents to treat stenotic aorto-
pulmonary collateral in a two months old
baby girl (McMahon et al. 2007)

There was an initial significant increase in
vessel diameter but 4 months after stent
placement significant restenosis occurred

PROGRESS-AMS clinical trial (Erbel et al.
2007)

The stents can be safely degraded after
4 months; the immediate angiographic
result was similar to the result of other metal
stents

AMS-INSIGHT clinical trial (Bosiers et al.
2009)

The stent technology can be safely applied;
long-term patency over standard PTA in the
infrapopliteal vessels was unclear
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The latest report came from Absorbable Metal Stent Implantation for Treatment
of Below-the-Knee CLI (AMS-INSIGHT) clinical study involving 117 patients
with 149 CLI lesions and Mg alloy stenting. The study revealed a comparable
complication rate in patients treated with percutaneous transluminal angioplasty
(PTA) and PTA ? stenting on 30 days follow up, but the 6-month angiographic
patency rate in PTA ? stenting patients was significantly lower than the rate for
those treated with PTA alone (Bosiers et al. 2009). Finally, the study concluded
that AMS efficacy in long-term patency over standard PTA in the infrapopliteal
vessels was not evident.

3.5 Idealization of Biodegradable Metals for Stent

From the first introduction of the idea of biodegradable stent in 1988 (Stack et al.
1988) until the recent clinical study (Bosiers et al. 2009), we can highlight at least
two main characteristics for biodegradable stents to possess:

1. Mechanical properties of the metals pass the minimum value of SS316L to
ensure the developed stents to display clinical excellent performances as it has
been shown by SS316L stents;

2. Complete degradation occurs after the vessel remodeling process takes place.

An ideal compromise between degradation and mechanical integrity during in
vivo implantation as illustrated in Fig. 3.2 should be achieved. It begins at a very
slow degradation rate to keep the optimal mechanical integrity during arterial
vessel remodeling. Thereafter, the degradation progresses while the mechanical
integrity decreases. The degradation ideally occurs at a sufficient rate that will not
cause an intolerable accumulation of degradation product around the implantation
site. A uniform corrosion mechanism is expected where it begins from the surface

Fig. 3.2 Illustration of an ideal compromise between degradation and mechanical integrity of a
biodegradable stent. Adapted with permission from Elsevier (Hermawan et al. 2010)
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to the bulk in order to maintain uniform mechanical integrity. Localized corrosion
such as pitting should be avoided since this could lead to the stent’s cracking or
fragmenting leading to blood vessel injuries.

3.6 Strategy to Develop the Ideal Biodegradable Metals
for Stent

At least three strategies can be implemented to develop biodegradable stents
having ideal features.

3.6.1 New Alloys Development

Developing new classes of metallic alloys with a broad range of new alloy
compositions can be proposed. Even though, the design may be limited by the
toxicological consideration of the chosen elements. In today’s technology, only
Fe and Mg are considered for base metal due to their high limit of toxicity human
body (Emsley 1998) and few alloying to chose including Ca, Zn, Mn and a very
small amount of REs (Song 2007).

Accordingly, new alloys have been proposed recently, including Mg–Ca alloys
(Kannan and Raman 2008; Li et al. 2008) and Mg–Zn/Mn alloys (Song 2007), Fe–
Mn–Pd (Schinhammer et al. 2010), Fe–Mn–(Co, C, Al, etc.) plus (Liu and Zheng
2011). In general, those new developed alloys showed improved features in both
mechanical properties and degradation behavior, but were not yet tested in vivo.

It has to be emphasized that biodegradable metals might also be coated with
degradable polymers or ceramics. By coating, we may target the starting time of
the degradation process of the metal. Polymeric coatings can eventually be
charged with drugs providing specific targeting effects.

3.6.2 New Processing Technique

Non-conventional processing techniques could improve properties rather than
making alloys through traditional melting process. By casting compositional
segregation and non-uniform grain structure leading to inferior mechanical prop-
erties and degradation behavior are very common.

Two non-conventional processing techniques have been proposed for devel-
oping metals for biodegradable stents: powder metallurgy (PM) (Datta et al. 2011;
Wegener et al. 2011) and electrodeposition (Moravej et al. 2010a). These methods,
mainly electrodeposition, offer an advantage in producing metals with high purity
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which eliminate the problem of impurities as in the case of cast Mg alloys that lead
to a faster and localized degradation.

Heat treatment (Moszner et al. 2011), thermo-mechanical processes, i.e.
extrusion (Wang et al. 2011a), and surface modifications constitute conventional
but more applicable processes to tailor mechanical properties and degradation
behavior of biodegradable metals. Additionally, amorphization of Mg-based
(Zberg et al. 2009; Wang et al. 2012), amorphization of Fe-based (Wang et al.
2009) or nanocrystalization of Fe-based alloys (Nie et al. 2010) could be also
explored as a potential way to revolutionarily alter the conventional properties of
metals.

3.6.3 Iterative Validation Method

Third strategy is by developing validation method which can verify alloy’s deg-
radation performance, or even the implant, and give feedback for improvement
during design and development cycles. Purnama et al. have proposed a gene-based
assessment method to predict cell behavior in the presence of biodegradable metal
and its degradation products that are closely related to DNA damage (Purnama
et al. 2010). Their method could be very useful for selecting and determining
alloying elements and their compositional range.

Pierson et al. have developed a simplified in vivo approach for evaluating
bioabsorbable behavior of candidate stent materials (Pierson et al. 2012). This
approach can validate in vivo performance of the developed alloy at lower cost and
shorter time compared to normal in vivo tests.

Wu et al. have proposed finite element modeling for evaluating degradation of a
bioabsorbable stent (Wu et al. 2011). This modeling could effectively match the
material properties of an alloy with the structural design of a targeted implant.
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Chapter 4
Metallic Biodegradable Coronary Stent:
Materials Development

Abstract By taking 316L stainless steel as reference for mechanical and physical
properties, a series of iron-manganese alloys was developed. Four alloys with
manganese content ranging from 20 to 35wt% were prepared. Their microstruc-
ture, mechanical and physical properties were carefully investigated. Results show
that the developed alloys possess mechanical and physical properties suitable for
the development of biodegradable coronary stents.

Keywords Biodegradable stent � Fe-Mn alloy � Mechanical property � Magnetic
property � Powder metallurgy

4.1 Materials Design

As derived from the Fig. 3.2, three design criteria have been determined for
developing new alloys for biodegradable stent: (1) mechanical properties that
approach to those of SS316L; (2) degradation rate that matches with vessel
remodeling period (6–12 months) (Schomig et al. 1994) and complete disap-
pearance of the implant material within a reasonable period (12–24 months)
(Serruys et al. 2006); and (3) no toxic substances are released during the degra-
dation process.

Iron was viewed as more attractive than Mg alloys considering its superior
mechanical properties in regard to those of SS316L (Table 3.2). A proper alloying
and thermo-mechanical treatment could further enhance the properties of Fe.
A careful selection of alloying elements could also transform the ferromagnetism
of Fe into nonmagnetism, thus providing a good compatibility with magnetic field
such as generated during MRI procedure.

Based on an extensive materials analysis and toxicological review on potential
alloying elements for Fe, the choice was narrowed to Mn which can turn Fe into

H. Hermawan, Biodegradable Metals, SpringerBriefs in Materials,
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nonmagnetic, known as austenite-forming element (Hansen 1958; Huang 1989).
Figure 4.1 shows Fe-Mn alloy phase diagram. Nickel is also an austenite forming
element but it can form compounds classified as carcinogenic to human (Boffetta
1993; McGregor et al. 2000). Manganese is an essential trace element for the body
function of all mammals (Keen et al. 2000). Its excess was not reported to be toxic
in cardiovascular system due to the extensive plasma protein binding counteract
the effect of Mn toxicity (Jynge et al. 1997; Crossgrove and Zheng 2004).

Austenitic (c) phase starts to form at about 15wt% Mn content mixed with
martensite (e) up to about 27wt% Mn and thereafter only c should be present (Lee
et al. 1997). The e and c phases possess antiferromagnetic properties (Ishikawa and
Endoh 1968; Rabinkin 1979) that allow Fe-Mn alloys containing exclusively these
phases to be nonmagnetic. Therefore, alloys containing 20–35wt% Mn were
prepared and evaluated for their potentiality as biodegradable stent materials.

4.2 Materials Production

Four Fe-Mn alloys, namely Fe-20Mn, Fe-25Mn, Fe-30Mn and Fe-35Mn, were
produced from high purity elemental powders (purity 99.98 %) of Fe and Mn.
Powder metallurgy was selected to fabricate the alloys to ensure high-purity and
homogenous composition while also provide porosity for degradation control.
Powder mixtures were compacted and sintered in a flowing Ar-5 %H2 gas mixture
at 1200 �C for 3 h. Figure 4.2 shows the alloys production process flow chart,
additional details were reported elsewhere (Hermawan et al. 2007, 2008).

Two steps of thermo-mechanical treatment were then applied to the sintered
pellets to obtain high density material with aligned porosity: (1) cold rolled by
50 % thickness reduction and resintered at 1200 �C for 2 h and furnace cooling;

Fig. 4.1 Phase diagram of
binary Fe-Mn system.
Adapted with permission
from the Iron and Steel
Institute of Japan (Lee et al.
1997)
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(2) cold rolled by another 50 % thickness reduction and resintered at 1200 �C for
1 h then water quenched. The aligned porosity was expected to act as a physical
barrier controlling the degradation rate.

4.3 Microstructure Analysis

The produced alloys contained negligible amount of C, Si and N, therefore their
known influence to martensitic transformations (i.e. c ? e and c ? a0) in Fe-Mn
alloys (Bogachev et al. 1969; Zvigintseva et al. 1970; Bliznuk et al. 2002) can be
neglected. Moreover, their effect was diminished by the relatively high Mn content
where nominally the alloys contained of: 18.4wt% (Fe20Mn), 24.0wt% (Fe-
25Mn), 19.3wt% (Fe-30Mn) and 35.3wt% (Fe-35Mn) of Mn, respectively.

The cold rolling and resintering process allowed pores and inclusion to be
aligned along rolling direction. Porosity was gradually reduced down to less than
1 % at the end of the process. As in the case of roll compacted Fe-Al foils (Deevi
2000), the densification was suggested due to pores reconfiguration aided by
recrystallization (Volynova et al. 1992). Typical microstructure of the produced
Fe-Mn alloys is shown in Fig. 4.3.

The microstructure consists essentially of equiaxial grains (about 50 lm in
diameter) with fine pores and inclusions. In Fe-20Mn and Fe-25Mn (Figs. 4.3a, b),
the matrix consists of triangular structures indicating the presence of c and e phases
(Lee et al. 1997; Schumann 1975), whereas for Fe-30Mn and Fe-35Mn (Figs. 4.3c,
d) only c phase presents. X-ray diffraction (XRD) spectra confirmed the presence
of c and e phases in Fe-20Mn and Fe-25Mn, and only c phase were detected in Fe-
30Mn and Fe-35Mn. Their presence was just as expected from Fig. 4.1, where
similar finding were also obtained in other works (Lee et al. 1997; Martinez et al.
2005).

Fig. 4.2 Schematic process flow chart for Fe-Mn alloy production
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Interestingly in Fe-Mn system, a martensitic c ? e transformation occurred
under the influence of plastic deformation (Bogachev et al. 1972). In Fe-30Mn and
Fe-35Mn, c phase was transformed into e phase during cold rolling; meanwhile in
Fe-20Mn and Fe-25Mn, e phase has already appeared before. Other works also
reported similar results where the presence of e phase after deformation was stronger
in alloys containing relatively less Mn (Bogachev et al. 1972; Gauzzi et al. 1983).

Plastic deformation increases the driving force for martensitic transformation
(Cotes et al. 2004) and acts as nucleation site generator (Olson and Cohen 1975)
where new stacking faults form and at the same time the e phase grows by shear-
assisted slip mechanism (Trichter et al. 1978). Differently, in cast and homoge-
nized alloys containing more than 30wt% Mn, the formation of e phase due to
plastic deformation was hardly accomplished (Trichter et al. 1978). Porosity was
suspected to act as free surface for stress relaxation that could lower the driving
force of the transformation where similar effect was observed in Fe-Mn alloys
(Gartstein and Rabinkin 1979) and Fe-Ni alloys (Nishiyama and Shimizu 1961).

4.4 Mechanical Property

The Fe-25Mn has the highest ultimate strength than others, while the highest yield
strength was obtained by Fe-20Mn specimens. The longest elongation was
obtained with Fe-35Mn specimens. Compared to the minimum requirement of

Fig. 4.3 Typical microstructure of the produced: a Fe-20Mn, b Fe-25Mn, c Fe-30Mn, and d Fe-
35Mn. Adapted with permission from John Wiley and Sons (Hermawan et al. 2010)
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ASTM F138 for SS316L, mechanical properties of the Fe-Mn alloys are superior
except for elongation. The phase composition strongly influenced the mechanical
properties of Fe-Mn alloys. In Fe-20Mn and Fe-25Mn specimens, two c ? e
phases coexisted, while only c phase wass found in Fe-30Mn and Fe-35Mn
specimens. The hard and dense e phase (Trichter et al. 1978) should be responsible
for strengthening the alloys which imply a decrease in strength and an increase in
ductility as Mn content increase.

Figure 4.4 compares mechanical property of the produced Fe-Mn alloys to their
cast counterparts. It shows that the produced alloys have comparable strength to
those of cast studied in previous works (Bogachev et al. 1972; Volynova 1984).
However, as expected the maximum elongation is lower than those of the cast
counterparts which are ascribed at least in part to the presence of more inclusion
and pores in the PM alloys.

Ductility of Fe-20Mn was unexpectedly slight higher than Fe-25Mn, but could be
explained by considering the stress relaxation mechanism produced by formation of
new phase and deformation twinning (Strudel 1996). Even e phase was formed in
both alloys during tensile test; a0 phase was also formed in Fe-20Mn which allowed
stress relaxation that in turn extended its elongation. Even though they have the same
c phase, elongation was found to be significantly higher in Fe-35Mn than in Fe-
30Mn. The c ? e transformation once again explains well as Fe30Mn has higher
sensitivity to the transformation, more e phase was formed than in Fe-35Mn. The c–e
interfaces acted as effective barrier to shear propagation (Lee et al. 1997) that in turn
provided an increase in strength and decrease in ductility.

Fig. 4.4 Comparison of: a tensile and yield strength, and b elongation of Fe-Mn developed by
PM to the cast counterparts developed in (Bogachev et al. 1972; Volynova 1984). Adapted with
permission from John Wiley and Sons (Hermawan et al. 2010)
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4.5 Magnetic Property

Figure 4.5a presents magnetization (hysteresis) curves of the produced Fe-Mn
alloys where all curves show positive paramagnetism M/H slopes. It is shown also
that as Mn content increases the slopes and the area of hysterisis loops decrease.
As derived from the curves, the Fe-Mn alloys possessed lower initial susceptibility
compared to SS316L. This could be attributed to the fact that both of c and e
phases in Fe-Mn alloys are antiferromagnetic (Ishikawa and Endoh 1968;
Rabinkin 1979), meanwhile the c phase in SS316L is paramagnetic.

Figure 4.5b plots magnetic susceptibility of Fe-Mn alloys under quenched and
deformed condition against Mn content. It shows that except for Fe-20Mn, mag-
netic susceptibility of the alloys remained unchanged. Presence of ferromagnetic a0

phase formed during plastic deformation was suspected as the reason for the
increase of magnetic susceptibility in Fe-20Mn which is supported by several
studies on austenitic stainless steel that showed an increase in magnetic suscep-
tibility due c ? a0 transformation when plastically deformed at room temperature
(Meszaros and Prohaszka 2005; Mumtaz et al. 2004). Interestingly, the constant
magnetic susceptibility will ensures a consistent MRI compatibility of an implant
that is deformed during its implantation like a coronary stent.

4.6 Conclusion and Benchmarking

The work was considered as the first that design and develop biomaterials based on
a set of criteria translated from clinical needs. It was not just trivially taking
excellent materials from other applications and validating their suitability for

Fig. 4.5 a Magnetization curves of Fe-Mn and SS316L, b magnetic susceptibility of Fe-Mn after
quenched and after cold rolled with 20 % thickness reduction. Adapted with permission from
John Wiley and Sons (Hermawan et al. 2010)
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biomaterials applications. The work has successfully developed four Fe-Mn alloys
via PM process followed by a series of resintering and cold rolling treatment. The
higher Mn content alloys consisted of essentially austenitic phase and additional
epsilon phase was found in lower Mn content alloys. The alloys possessed com-
parable tensile strength to SS316L but with lower ductility due to retained porosity
and formed inclusion. The alloys showed interesting magnetic property where their
magnetic susceptibility was lower than SS316L and it was not increased by plastic
deformation. It can be concluded that the mechanical and physical property of the
developed Fe-Mn alloys are suitable for the development of biodegradable coro-
nary stents.

Recent works on Fe-based alloys have mostly contributed to the improvement
of mechanical performance of the previously developed binary Fe-Mn alloys
(Hermawan et al. 2010). Table 4.1 summarizes mechanical properties of Fe-based
biodegradable metals providing more alternative alloys for biodegradable medical
applications.

Following the binary Fe-Mn alloy work (Hermawan et al. 2008), Schinhammer
et al. have proposed a design strategy for the development of new biodegradable
Fe-based alloys based on toxicological, microstructural and electrochemical con-
siderations (Schinhammer et al. 2010). They modified the electrochemical of the
Fe matrix by deployed a controlled formation of noble intermetallic phases by
adding Mn and Pd where a formation of (Fe, Mn)Pd intermetallics act as cathodic
sites. As the result, the newly developed Fe-Mn-Pd alloys revealed a one order of
magnitude lower degradation resistance compared to pure Fe, and a tremendous
increase in the mechanical performance following heat treatment procedures,
where strength values [1400 MPa at ductility levels [10 % was achieved. Xu
et al. have added carbon to binary Fe-Mn alloy to fabricate Fe-30Mn-1C alloy by
vacuum induction melting (Xu et al. 2011). They demonstrated that due to the
addition of C, the Fe-30Mn-1C alloy had better mechanical properties than those

Table 4.1 Mechanical properties of Fe-based biodegradable metals

Metal Metallurgy Yield
strength
(MPa)

Tensile
strength
(MPa)

Elongation
(%)

Fe-35Mn (Hermawan
et al. 2008)

Thermomechanically
treated PM alloy

230 430 30

Fe-10Mn-1Pd
(Schinhammer et al.
2010)

Heat treated cast alloy 850–950 1450–1550 2–8

Fe-X (Liu and Zheng
2011)

Cast 100–220 190–360 12–23

Fe-30Mn-6Si (Liu et al.
2011)

Solution treated cast 180 450 16

Fe (Moravej et al. 2010) Annealed electroformed 270 290 18
Fe (Nie et al. 2010) ECAP N/A 250–450 N/A
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of Fe-30Mn alloy and SS316L with lower magnetic susceptibility and higher
degradation rate compared with Fe-30Mn alloy.

Recently, Liu et al. have explored a set of Fe-X binary alloy models where a
wide range of alloying elements: Mn, Co, Al, W, B, C and S, and one detrimental
impurity element: Sn, was studied (Liu and Zheng 2011). It was shown that the
addition of all alloying elements except for Sn improved the mechanical properties
of Fe after rolling, and except for the Fe-Mn, which showed a significant decrease
in corrosion rate, the other Fe-X binary alloy corrosion rates were close to that of
pure Fe. The work then recommended Co, W, C and S as alloying elements for
biodegradable Fe-based biomaterials. Another work by the same group has
investigated Fe-30Mn-6Si shape memory alloy (Liu et al. 2011). The alloy con-
sisted of e-martensite and c-austenite at room temperature, resulting higher
mechanical property and degradation rate than those of pure Fe. Having a shape
memory function, they conclude Fe-30Mn-6Si alloy to be a promising biode-
gradable metallic material.

Moravej et al. have worked on pure Fe but with new interesting technique
where electroforming was developed for fabricating Fe foils targeted for appli-
cation as biodegradable cardiovascular stent material (Moravej et al. 2010). The
foils possessed fine grain (4 lm) resulting in a high yield (360 MPa) and ultimate
tensile strength (423 MPa). Their ductility was increased from 8 to 18 % by
annealing at 550 �C. Compared to conventional cast pure Fe, the electroformed Fe
showed higher degradation rate. With their fine-grain microstructure, suitable
mechanical properties and moderate corrosion rate, the electroformed Fe was
considered as a suitable biodegradable stent material. Another different technique
was employed by Nie et al. where pure Fe was developed in the form of nano-
crystalline rods by the ECAP process (Nie et al. 2010). However, except for tensile
strength, degradation rate was not improved.
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Chapter 5
Metallic Biodegradable Coronary Stent:
Degradation Study

Abstract Excellent mechanical properties and controllable degradation behavior
without inducing toxicological problems are the key features of material for bio-
degradable stent. Iron-manganese alloys have shown comparable mechanical and
physical properties to those of 316L stainless steel. Their degradation character-
istics were then investigated including in vitro cell viability. A rather uniform
corrosion mechanism was observed and metal hydroxides with calcium/phos-
phorus-containing layers were identified as degradation products. A low inhibition
to fibroblast cells metabolic activities was noticed. The results demonstrated the
potential of iron-manganese alloys to be developed as degradable metallic
biomaterials.

Keywords Fe-Mn alloy � Biodegradable stent � Degradation � Cell viability

5.1 Static Degradation

Static degradation tests include potentiodynamic polarization and immersion
method where the ASTM G59 and G31 standards (ASTM 2001a, b) can be viewed
as a guidance. Degradation medium was prepared from Modified Hank’s solution
with HEPES buffer to maintain pH of the medium at 7.4 and its temperature was
maintained at 37 ± 1 �C. Details on specimen preparation and test protocol can be
found in Hermawan et al. (2010a).

Results from immersion tests showed no significant difference in degradation
rate for all Fe-Mn alloys calculated from weight loss which was 0.23–0.24 mm/
year. Similar rate was reported for pure Fe after immersion in Ringer solution
which was 0.20–0.22 mm/year (Peuster et al. 2001). Table 5.1 presents degrada-
tion rate of Fe-Mn alloys calculated from weight loss and polarization measure-
ment compared to pure Fe. Lower degradation rate by immersion could be due to

H. Hermawan, Biodegradable Metals, SpringerBriefs in Materials,
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long immersion time (1 week), compared to short polarization time (15 min) that
allowed the formation of degradation layer which inhibited further corrosion
process.

The surface of specimens was covered by red-brownish hydroxide layer on the
top and black-grayish oxide layer beneath. Four major elements in both layers: Fe,
Mn, Cl and O were detected by energy dispersive spectrometer (EDS) whereas the
first layer contained higher Fe and Cl but lower O than the second one. X-ray
diffraction analysis revealed a typical non-crystalline spectrum but with some
weak peaks corresponding to magnetite, Fe3O4 (JCPDS card no. 19-0629).
Meanwhile, potentiodynamic polarization detected some differences where
corrosion rate slightly increased as Mn content decreased.

5.2 Dynamic Degradation

Degradation tests were carried out in a test-bench that allow a laminar flow of
testing solution to sweep specimens, which is similar to that published in Levesque
et al. (2008). The Fe-25Mn and Fe-35Mn alloys which exhibit two different
microstructures were chosen. Specimens with an exposed surface area of
*300 mm2 were mounted in acrylic resin, polished using abrasive papers #1000,
ultrasonically cleaned in 75 % ethanol, air-dried and stored 24 h in a desiccator
prior to use. Degradation medium was prepared from Modified Hank’s solution
similar to that was used in Hermawan et al. (2010b).

A pseudo-physiological-like shear stress of 4 Pa was generated by a predeter-
mined laminar flowing solution in the test bench, which is in the range of wall
shear stress of human coronary arteries (Doriot et al. 2000). Details on the test
bench, solution chemistry and test parameters are reported elsewhere (Levesque
et al. 2008). The specimens were taken out after 1 week, 1 month and 3 months
and were then characterized.

By measuring concentration of Fe and Mn in the degradation medium using
atomic absorption spectrometer (AAS), an evolution of Fe and Mn ions release
was approached and shown in Fig. 5.1.

Table 5.1 Degradation rate of Fe-Mn alloys in comparison to pure Fe

Material Degradation rate (mm/year)

Immersion Potentiodynamic

Fe-20Mn 0.24 (0.04) 1.33 (0.07)
Fe-25Mn 0.24 (0.05) 1.08 (0.05)
Fe-30Mn 0.23 (0.05) 0.67 (0.06)
Fe-35Mn 0.23 (0.03) 0.44 (0.04)
Pure Fea 0.20 (0.02) 0.16 (0.05)

Standard deviation is in parenthesis
a Pure Fe (99.8 % purity), annealed plate, Goodfellow Corporation, Oakdale, PA, USA
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The curves indicate similarity in ion release for both alloys up to 14 days, but
then Fe-25Mn released slightly more ions than Fe-35Mn. This measurement
presented a complementary data on the rate of ions release. The highest average
concentration reached after 3 months of degradation test was 2 ppm for Fe and
1.4 ppm for Mn in Fe-25Mn alloy. Those ion concentrations are very low com-
pared to the experiment on AM60B Mg alloys that reached 50–100 ppm in
14 days (Levesque et al. 2008). This could be related to the fact that the degra-
dation products of Fe-Mn alloys which contain Fe and Mn were not soluble.

The degradation product mostly adhered to the surface of specimens and was
not completely washed out by the flowing solution, thus slowed down the ion
exchange between the metal substrate and the solution. Characterization on deg-
radation layer showed similar result as that of static degradation test. Further
measurement by X-ray photoelectron spectrometer (XPS) revealed that the top
layer contained mainly C, O, N, Na and trace of P, Cl and S. The presence of H
could not be detected but it was expected as hydrated degradation products.

Degradation rate was also approached quantitatively by measuring the corroded
depth as a function of degradation time. During the 3 months test period, the total
corroded depth of Fe-25Mn specimens was 130 lm and that of Fe-35Mn specimens
was 110 lm, corresponding to average degradation rates of 520 and 440 lm/year,
respectively. The slightly faster degradation in Fe-25Mn could be related to the bi-
phase composition where e and c phases coexist. Therefore, it presents more
micro-galvanic sites susceptible to corrosion initiation than in Fe-35Mn which has
only c phase. Compared to pure Fe, which has corrosion rate of 220–240 lm/year
(Peuster et al. 2001), both Fe-Mn alloys have shown higher corrosion rates.
This could imply a faster in vivo degradation rate than pure Fe which was not
completely degraded in rabbits after 18 months (Peuster et al. 2001). Meanwhile,
the in vivo degradation is known to be much slower than that of in vitro
(Witte et al. 2006).

Fig. 5.1 Concentration of Fe
and Mn ions in degradation
medium as a function of
immersion time for Fe-25Mn
and Fe-35Mn measured by
AAS. Adapted with
permission from Elsevier
(Hermawan et al. 2010b)
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Degradation mechanism of the Fe-Mn alloys during the dynamic degradation
test in modified Hank’s solution can be identified into four steps as detailed in
Table 5.2.

Immediately as the metal immersed in the degradation medium, initial corro-
sion reaction occurred, Fig. 5.2a. Oxidation occurred randomly at the more anodic
surface spots such as grain boundaries or interface between different phases,
Eqs. (5.1) and (5.2). A corresponding cathodic reaction (reduction of water) then
consumed the released electrons, Eq. (5.3). Subsequently, insoluble hydroxides
(hydrous metal oxides) layers were formed from the free metal ions that reacted
with the hydroxyl ions (OH-) following Eqs. (5.4) and (5.5), Fig. 5.2b. Under
visual observation on the Fe-Mn specimens, those hydroxides appeared as red–
brown (Fe2O3) layer on the top and black (Fe3O4 and FeO) layer on the bottom.
Even though, XRD analysis rather detected only very weak peak pattern corre-
sponds more to those of magnetite, Fe3O4. Based on literatures, degradation
product of Fe alloys normally consisted of FeO.nH2O layer at the bottom,
Fe3O4.nH2O in the middle and Fe2O3.nH2O on the top (Roberge 2000).

Chloride ions from the solution penetrated into metal substrate to compensate
the increase of metal ions beneath the hydroxide layer. The formed metal chloride
was then hydrolyzed into hydroxide and free acid, Eq. (5.6), lowering pH in the
pits while the bulk solution remained neutral. Figure 5.2c illustrates this auto-
catalytic reaction that lead to the formation and growth of pits (Shreir et al. 2000).
As the degradation continued, a new Ca/P-contained-layer precipitated over the
previously formed degradation layer, Fig. 5.2d.

5.3 In Vitro Cytotoxicity

Cell viability tests were carried out by indirect contact of metal samples with the 3T3
mouse fibroblast cell line by 3 lm tissue culture inserts. Powders of Fe-35Mn alloy,
pure Fe, pure Mn and SS316L with average size less than 50 lm were used and their
content in the medium was expressed as concentration (mg/ml). The water soluble
tetrazolium (WST) assay was used to assess the cell viability after 48 h of incuba-
tion. Details on the protocol was published elsewhere (Hermawan et al. 2010b).

Table 5.2 Degradation mechanism on Fe-Mn alloys

Step Reaction

(1) Initial corrosion reaction (5.1) Fe ? Fe2+ ? 2e-

(5.2) Mn ? Mn2+ ? 2e-

(5.3) 2H2O ? O2 ? 4e- ? 4OH-

(2) Formation of hydroxide layers (5.4) 2Fe2+ ? 4OH- ? 2Fe(OH)2 or 2FeO.2H2O
(5.5) 4Fe(OH)2 ? O2 ? 2H2O ? 4Fe(OH)3 or 2Fe2O3.

6H2O
(3) Formation of pits (5.6) Fe2+ ? 2Cl- ? FeCl2 ? H2O ? Fe(OH)2 ? HCl
(4) Formation of Ca/P layer Precipitation from the solution

52 5 Metallic Biodegradable Coronary Stent: Degradation Study



Figure 5.3a plots relative metabolic activity (RMA) of the 3T3 fibroblast cells
to concentration of the metal samples. It indicates that Mn as the most toxic metal
compared to Fe, SS316L and Fe-35Mn alloy. A sharp decline of RMA to less than
80 % was observed as the cells exposed to 0.01 mg/ml Mn powder, and was
undetectable at 4 mg/ml. Contrary, the RMA of cells treated with Fe and SS316L
remained as high as that of the control along the tested concentrations. Meanwhile,
a distinct pattern was observed for Fe-35Mn sample where 0 % RMA was noted at
16 mg/ml or four times higher than that of Mn.

Further confirmation was done on fixed concentration of 0.5 mg/ml to show a
good picture of inhibition. As shown in Fig. 5.3b, the RMA in presence of
SS316L, Fe and Fe-35Mn alloy resembled to that of control. It was significantly
higher than those of Mn and the mixture of Fe and Mn powders which add another
evidence of low metabolic inhibition of Fe-35Mn alloy.

It is known that in most cases metal toxicity arises when reaction occurs
between metals and body fluids acting as electrolytes. The metal ions that released
during electrochemical reaction, e.g. Eqs. (5.1) and (5.2), are responsible for
providing toxic effects (Flint 1998). However, it depends on the nature of the metal

Fig. 5.2 Illustration for Fe-Mn alloys degradation mechanism: a initial reaction, b formation of
hydroxide layer, c formation of pits, and d formation of Ca/P-contained layer. Adapted with
permission from Elsevier (Hermawan et al. 2010b)
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ions itself against cell metabolic activities as clearly shown in Fig. 5.3. Iron is an
essential element with a high toxic level, i.e. 350–500 lg/dl in serum (Frey 1999).
Its low inhibition of metabolic activity can be explained by its characteristic
where: (1) extracellular Fe bound to transferrin which maintains Fe soluble and
non toxic, and then the Fe-loaded transferrin binds to its specific receptor on the
cell surface and undergoes endocytosis; (2) the internalized excess of Fe is
detoxified by sequestration into ferritin (Papanikolaou and Pantopoulos 2005).
Meanwhile, SS316L is an inert metal where its low inhibition was mainly due to
surface passivation of chromium oxide (Cr2O3) layer.

Manganese is also categorized as an essential element but with some toxic
potential, i.e. a level of 3–5.6 lg/dl can cause neurologic symptoms (Ellenhorn
et al. 1997). It may exist primarily in the form of Mn2+ (Harris and Chen 1994) but
may be oxidized to a more reactive and more toxic Mn3+ (Chen et al. 2001).
It targets mitochondria to cause high level of lactic acid (Hirata 2002) which then
decrease the cells ability to cleave WST into soluble formazan, the parameter to
measure cell viability. However, once Mn is alloyed with Fe to form a solid
solution of metal alloy, the alloy’s inhibition effect to the cell was reduced. The
atoms in Fe-35Mn alloy arranged in a face centered cubic crystal structure known
as the c phase which is different than those of the forming elements, i.e. body
centered cubic for Fe and simple cubic for Mn. Therefore, the alloy has very
different characteristics than its forming elements. Figure 5.3 clearly shows that
alloying significantly reduced the inhibition effect of Mn to the cells which is
related to slow (small) release of Mn ion during dynamic degradation test
(Fig. 5.1). If Fe and Mn powders were only mixed together without forming an
alloy, the mixture, as shown in Fig. 5.3b, was still as toxic as Mn to the 3T3
fibroblast cells.

Fig. 5.3 Relative metabolic activity of 3T3 fibroblast cells in presence of various metal powders:
a as a function of concentration of the powders, b at a fixed concentration of 0.5 mg/ml. Note
Fe ? Mn = mixture of 65wt% of Fe powder with 35wt% of Mn powder. Adapted with
permission from Elsevier (Hermawan et al. 2010b)
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5.4 Conclusion and Benchmarking

Fe-Mn alloys degraded in vitro at an average rate up to 520 lm/year slightly faster
than pure Fe with a mechanism rather uniform than localized. The degradation
products constituted of iron hydroxides and calcium/phosphorus containing layers.
The alloys possessed a low inhibition effect to 3T3 fibroblast cells metabolic
activities compared to pure Mn. It can be concluded that Fe-Mn alloys have the
potentiality to be a biocompatible degradable biomaterial with a degradation
behavior considerably suitable for the development of stent.

Recent works on Fe-based alloys have shown improvement on mechanical
property but not much improvement on degradation rate. The works also assessed
more in vitro biological parameters to reveal the alloy’s biocompatibility.
Table 5.3 summarizes the degradation rate and some key in vitro biological per-
formances of Fe-based biodegradable metals.

Xu et al. developed and compared Fe-30Mn and Fe-30Mn-1C alloys where the
later showed a higher degradation rate than the earlier but still lower compared to
Fe-30Mn developed by Hermawan et al. (Xu et al. 2011). Interestingly, Fe-30Mn-
1C showed lower hemolytic ratio, better anticoagulation property and less platelet
adhesion as well as good cell compatibility compared to Fe-30Mn which claimed
as meeting the basic requirement on medical implants. Liu et al. have shown that
corrosion rate of Fe-30Mn-6Si alloy was higher than that of Fe-30Mn alloy, beside
also the alloy showed low hemolysis percentage (\2 %) which made it as a
promising biodegradable metal with an interesting shape memory function (Liu
et al. 2011).

The Fe-X (X = Mn, Co, Al, W, B, C or S) binary alloy models developed by
Liu et al. showed degradation rates close to that of pure Fe which indicate no

Table 5.3 Degradation and in vitro behavior of Fe-based biodegradable metals

Metal Degradation
rate (mm/year)

In vitro biological performance

Fe-Mn (Hermawan
et al. 2010a)

0.44–1.33 Showed low inhibition to fibroblast cell viability

Fe electroformed
(Moravej et al.
2010b)

0.46–1.22 Decreased proliferation of rat SMCs

Fe-30Mn-6Si (Liu
et al. 2011)

0.30 Showed low hemolysis percentage (\2 %)

Fe-30Mn-1C (Xu et al.
2011)

0.14–0.22 Showed low hemolytic ratio and low platelet adhesion

Pure Fe (Moravej et al.
2010a)

0.16–0.19 Reduced growth rate of SMCs (Mueller et al. 2006)

Fe nanocrystalline
(Nie et al. 2010)

0.09–0.20 Stimulated proliferation of fibroblast, promoted
endothelialization and inhibited VSMCs viability

Fe-X (Liu and Zheng
2011)

0.10–0.17 Showed low hemolysis percentage (\5 %)
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improvement compared to that of Fe-Mn alloys (Liu and Zheng 2011). The Fe-X
binary alloys decreased the viability of the L929 cell line, maintained the viability
of vascular smooth muscle cells (VSMCs) and increased the viability of the
ECV304 cell line (except for Fe-Mn). All Fe-X binary alloy models resulted
hemolysis percentage less than 5 % with no observed sign of thrombogenicity.

The degradation rate of pure Fe was not accelerated by changing its micro-
structure into nanocrystalline (Nie et al. 2010). However, the nanocrystalline pure
Fe stimulated better proliferation of fibroblast cells and preferable promotion of
endothelialization, while inhibits effectively the viability of VSMCs. In contact
with the metal, the burst of red cells and adhesion of the platelets were also
substantially suppressed in blood circulation. The work has shown that the
refinement of microstructures correlated with well-behaved in vitro biocompati-
bility of Fe.

Differently, Moravej et al. have shown that pure Fe produced by electroforming
degraded faster than conventional cast pure Fe (Moravej et al. 2010b). The metal
did not decrease the metabolic activity of primary rat smooth muscle cells but it
decreased the cell proliferation activity which could be beneficial for the inhibition
of in-stent restenosis.
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Chapter 6
Metallic Biodegradable Coronary Stent:
Stent Prototyping

Abstract Iron-manganese alloys have been designed, developed and assessed as
material for biodegradable metallic coronary stent. The alloys have shown
mechanical and physical properties comparable to those of 316L stainless steel and
suitable in vitro degradation behavior. Therefore, it is interesting to transform the
alloys into stent prototype, to determine their processability and to assess the
implant properties. The current available technology of stent processing might be
adapted to fabricate biodegradable stents. This chapter covers fabrication of iron-
manganese stents that followed a standard process for fabricating and testing 316L
stainless steel stents. It was found that some steps like laser cutting can be directly
applied; but changes on the parameters are needed for annealing and alternatives
are needed to replace electropolishing.

Keywords Biodegradable stent � Stent fabrication � Laser cutting � Annealing �
Descaling � Fe-Mn alloy

6.1 Stent Design

The Fe-35Mn alloy was selected as material for fabrication of Fe-Mn stent pro-
totypes. It was produced from elemental powders of high purity Fe and Mn
through powder sintering and thermo-mechanical treatments as detailed in the
previous chapter as well as in (Hermawan et al. 2008). The alloy composed of
35.3wt% Mn, 0.04wt% C, 0.006wt% Si, 0.0224wt% O, 0.005wt% N and balanced
with Fe. Its mechanical property is detailed in Table 6.1.

An industrial protocol for fabricating SS316L stents involving laser cutting,
annealing, descaling and electropolishing, as reviewed in (Hermawan et al. 2010a),
was followed. Standard characterization methods as for SS316L stents was applied
to the developed stent prototypes. A structure of a commercial SS316L stent was

H. Hermawan, Biodegradable Metals, SpringerBriefs in Materials,
DOI: 10.1007/978-3-642-31170-3_6, � The Author(s) 2012
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redrawn by using a computer aided design (CAD) program and was taken as the
model for the developed stent as shown in Fig. 6.1.

6.2 Minitube Fabrication

Tube extrusion or cold drawing is a common method for mass producing SS316L
minitubes for stents as they provide excellent dimensional accuracy and induce
cold-worked condition for the ease of handling and fixturing (Poncin and Proft
2003). Extrusion was also used in producing minitubes for the experimental
Mg-based alloys stents (Hassel et al. 2007). However, for Fe-35Mn stent proto-
typing, the minitube was made by means of machining process (Fig. 6.2). The bulk
material was machined into rectangular bars by using electrical discharge wire
cutter, and then into minitubes by employing high precision drilling and turning
machineries. The micro dimension of the minitubes, 1.80 mm (±0.01) of outside
diameter, 0.15 mm (±0.0075) of wall thickness, and 40 mm of length, was
achieved without any major problem in fixturing or bending.

6.3 Stent Fabrication

6.3.1 Laser Cutting

The Fe-35Mn minitubes were cut following the programmed stent design by means
of an Nd-YAG laser cutting machine with oxygen as cutting gas (Rofin-Baasel

Fig. 6.1 2-D projection of designed stent and important strut measurement (inset), a strut,
b curvature, c connector, d width between curves

Table 6.1 Mechanical properties of the Fe-35Mn alloy and SS316L

Material Tensile strength (MPa) Yield strength (MPa) Maximum elongation (%)

Fe-35Mn 550 ± 8 235 ± 8 31 ± 5
SS316L 580 ± 2 250 ± 2 56 ± 2
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Lasertech, Starnberg, Germany). The cutting parameters were set at: wavelength =

1064 nm, pulse frequency = 5300 Hz, pulse duration/pulse width = 10 ls and
nominal power = 100 W. Figure 6.3 shows a typical laser cutting process for stents,
meanwhile the transformation of a Fe-35Mn minitube into stent is shown by scan-
ning electron microscope (SEM) images in Fig. 6.4. The minitube was successfully
laser cut using the same parameters as for SS316L stents (Figs. 6.4a, b).

Fig. 6.2 Transformation of Fe-35Mn alloy from bulk material made though PM machined into
minitube

Fig. 6.3 Laser cutting process of stents: a photograph, b schematic illustration. Adapted with
permission from Bentham Science (Hermawan et al. 2010b)
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6.3.2 Annealing

The laser cut minitubes were annealed under 100 Pa vacuum pressure at 900 �C for
20 min, and then cooled under vacuum outside the furnace. In SS316L stent fabrication,
the minitubes is usually under cold-worked to avoid bending and scratches during
handling, therefore annealing has been commonly applied. It brings the stent into
annealed condition thereby increase ductility and eliminate possible microstructural
inhomogeneity induced during laser cutting (Meyer-Kobbe and Hinrichs 2003). The
later was also expected for Fe-35Mn stent. Figure 6.4c shows the laser cut minitube after
annealing.

6.3.3 Descaling

This term was used to name the process to remove non-stent parts from the
annealed laser cut minitubes. Acid pickling is another term often used for SS316L
stents. Different with that for SS316L, descaling parameters applied for Fe-35Mn
were: (1) immersion in acidic solution composed of 5 % H3PO4 ? 0.5 %
H2O2 ? water at 60 �C for 30–60 s under ultrasonic vibration, (2) rinsing in
deionised water and then ethanol all under ultrasonic vibration and dried in open
air. After descaling, burrs (remelted material on minitube’s inner surfaces) and
slags (remelted material on cutting walls) attached to the cutting line were

Fig. 6.4 SEM images on the evolution from minitube to stent: a initial machined minitube,
b laser cut minitube, c annealed laser cut minitube, and d descaled minitube (stent)
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dissolved allowing the non-stent parts to be successfully removed and to easily
recover the stent. The weight of descaled stents was *15 mg each.

6.4 Stent’s Mechanical Testing

Expansion test was done following the same protocol as applied for SS316L stents
as shown in Fig. 6.5.

The Fe-35Mn stents were crimped over balloon catheter using a manual
crimper where stent’s diameter shrunk from 1.80 to 1.05 mm. The catheter was
then connected with a manual pump which delivered water to gradually inflate the
balloon up to its maximum diameter of 3.0 mm (French scale 9). The stents were
fully expanded at 6 atm. The expanded diameter of stents while still on the inflated
balloon was 3.15 mm and shrunk (recoiled) to 3.10 when the pressure was
released. The un-cracked or un-ruptured stents observed under stereo microscope
were then sent for mechanical tests.

Results from mechanical tests (Table 6.2) showed that Fe-35Mn stent possessed
lower radial force but similar recoil compared to the similarly designed SS316L
stents. However, compared to other metallic biodegradable stents, Fe-35Mn stent
has higher radial force than Biotronik absorbable Mg stent (AMS), and lower
recoil than both AMS and NOR-1 Fe stent.

Mechanical property of the Fe-35Mn stents can be further improved by opti-
mizing the physical and metallurgical aspects of the stents. Better expansion
behavior, i.e. less crack or strut rupture is expected when smoother surface can be
obtained. Higher radial force is also expected once the metallurgical condition of
the stents can be improved, i.e. number of grains across the strut thickness higher
than ten.

Fig. 6.5 Photograph of Fe-35Mn stents at three conditions: (up) as descaled, (middle) as crimped
over balloon, and (bottom) as expanded
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6.5 Critics to the Fabrication Process

Annealing should not be carried out under vacuum. Alternatively, annealing under
argon at pressure higher than vapor pressure of Mn or annealing under Mn-rich
inert atmosphere could be a suitable process. For the used Fe-Mn alloy, annealing
after laser cutting might not be necessary since the initial minitube condition was
already annealed and since the laser cutting did not induce any substantial
microstructural change.

Minitubes fabrication by machining limits the length of the tubes since it
depend on the length and rigidity of the drilling bit/rod. Tube drawing or extrusion
should be more suitable as it is commonly employed for making long, consistent
and dimensional accurate SS316L minitubes for stents.

Electropolishing as the common process for improving surface condition of
SS316L stents might not be suitable for metallic biodegradable stents since the use
of acidic solution in conjunction with electrical current causes relatively uncon-
trolled corrosion attacks on relatively non-uniform surface condition of the stents
after descaling. Microblasting could be a potential alternative to be performed after
descaling to improve surface condition of metallic biodegradable stents. The
impingement of micro-balls will theoretically reduce surface roughness and close
surface porosity. In addition, blasting could also introduce superficial compressive
residual stress which is beneficial to prevent crack initiation and propagation.

6.6 Stent’s Degradation Testing

A stent is inserted into a narrowed coronary artery by using a catheter system
through a small incision in arm or groin (King et al. 2008). The whole procedure
may take 1.5–2.5 h (Texas Heart Insitute 2010), but the time frame for a stent
starting from insertion until deployment may take about 15 to 30 min. During that
time frame the stent was always in contact with blood, a corrosive and warm
environment. For a biodegradable stent, degradation process should already begin
in that time. Therefore, an observation to stent degradation during its early period
of implantation was conducted.

The degradation test was carried out in a test-bench that simulated conditions in
human coronary arteries as detailed in (Levesque et al. 2008). Testing solution was

Table 6.2 Results from mechanical test of Fe-35Mn stents

Specimen Radial force (mN) Recoil (%)

Fe-35Mn stents 1800 ± 200 \1
SS316L stents 3800 ± 50 \1
Biotronik AMS *800 (Zartner et al. 2005) 8 (Erbel et al. 2007)
NOR-1 Fe stent N/A 2.2 (Peuster et al. 2006)

Note Different method was possibly applied to test AMS Biotronik and NOR-1 stents
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prepared from Modified Hank’s solution which was circulated at velocity of
10 cm/s to create a laminar flow inside the test channel. The flow introduced a
calculated shear stress on the stents as 0.6 Pa which was in the range of wall shear
stress of human coronary arteries (Doriot et al. 2000). Figure 6.6 shows photo-
graphs of stent specimens before and after degradation tests taken immediately
after they were taken-off from the test-bench.

The stents can be stably crimped without problem of non-uniformity or dis-
placement (Fig. 6.6a) and be fully expanded (Fig. 6.6c) without rupture. Only the
stents, which visually (40X magnification) have no fissure or crack after expan-
sion, were then used for degradation tests. Figure 6.6b shows that there was no
sign of visible corrosion attack on crimped stent after 0.5 h of degradation test.
Meanwhile, a progression of corrosion was well visible on expanded stents as
degradation period extended (Figs. 6.6d, e, f) as shown by the change of color and
formation of corrosion product.

Figure 6.7 shows SEM images of the surface of the stent after 24 h of degra-
dation test where by using EDS these elements were detected: 55wt% Fe, 7wt%
Mn, 5wt% P, 3wt% Ca, 4wt% Na and 26wt% O. It was also detected that pre-
cipitation of Ca and P on crimped stent as early as 0.5 h of degradation test. As the
test period extended, the amount of P, Ca, Na and O increased but the amount of
Fe and Mn decreased. This could be due to the formation of oxide layer

Fig. 6.6 Photographs of the Fe-35Mn stents: a, b crimped, before and after 0.5 h of degradation
test, c, d, e, f expanded before and after degradation test: 1, 24, a week, respectively
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(+precipitation layer) slows down the degradation process (Fe, Mn release) as also
described during degradation study of the material (Hermawan et al. 2010b).

6.7 Conclusion

The Fe-35Mn alloy can be transformed into stents following the standard process
for SS316L stents with some modifications on the processing parameters. The
produced Fe-35Mn stents shows an acceptable overall mechanical property.
Physical aspects of the stent can be considered unacceptable for their excessive
surface roughness. Further improvement to some process parameters and finding
new alternative additional process are mandatory. Modification to metallurgical
condition of the alloy is also necessary. The Fe-35Mn stent starts to degrade as
soon as it is intact with degradation medium. The stents maintain its mechanical
integrity during a short-term degradation test up to 1 week.

6.8 Suggestion

Beside mechanical and long-term degradation tests, a short-term degradation test
protocol on biodegradable stents could be mandatory. This test is to confirm that
on the very early period, from stent insertion into arterial system till expansion, the
stents is not severely degraded which can cause rupture during expansion. This
confirmation will ensure that the deployed stent has a perfect integrity to fulfill its
function and to degrade away as expected.

The test should involve two situations: (1) immersion of a crimped stent over
balloon catheter in a flowing SBF for a short period, i.e. 30 min; and (2) expansion
of the stent in the flowing SBF. The expanded stent is then observed under
microscope with sufficient magnification for any sign of crack or rupture.

Fig. 6.7 Surface morphology of the Fe-35Mn stents after 24 h of degradation test: a a curvature,
and b magnification of a region on a
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Chapter 7
Perspective

The advance in tissue engineering has demanded biomaterials to exhibit
bio-functional capability. The future direction for metallic implants goes toward
the combination of the superior mechanical property of metals and the excellent
bio-functionality of ceramics and polymers. A future for metallic biomaterials
may include their revolutionary use for biodegradable implants. The study of
innovative biodegradable metals is one of the most interesting research topics at
the forefront of biomaterials in present days.

Introduced in 2001 when pure iron was used to make stent prototype and tested
in rabbits, biodegradable metals have attracted interest of biomaterialists. Hundred
studies have been published till the most significant clinical study of absorbable
magnesium stents for treatment of critical limb ischemia in 2009. However, a
significant breakthrough has never been reported. It has been ten years of devel-
opment but there is still lack of knowledge which prevented the clinical use of this
emerging technology.

There are at least two questions remain unexplained very well in biodegradable
metals, namely: (1) the interaction between metal and its degradation product with
the surrounding implantation site, and (2) in vivo degradation mechanism and its
kinetics.

Very recently, a workshop on the state of the art of biodegradable metals was
held in the FDA’s Silver Spring office on 30th March 2012 attended by 120
participants. The aim of the workshop was to bring the current knowledge in this
field and to discuss the current view of the FDA on this emerging technology.
The workshop came out with an initiative to form a standardization committee
on biodegradable metals for medical use. This may indicate a future for the
applications of biodegradable metals in the medical field.

H. Hermawan, Biodegradable Metals, SpringerBriefs in Materials,
DOI: 10.1007/978-3-642-31170-3_7, � The Author(s) 2012
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