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ABSTRACT

Magnesium (Mg) and its alloys are potential biodegradable implant materials because of
their alluring biological property. Moreover, they have attracted growing interest as a promising
alternative for medical implant and device applications due to their advantageous mechanical and
biological properties. However, the major limitation of magnesium is its rapid degradation in
physiological fluids and low corrosion resistance property which might lead to failure of implants.
Therefore, the present key challenge lies in controlling Mg degradation rate in physiological
environment. The objective of this thesis was to fabricate Hydroxyapatite on magnesium alloy for
orthopedic biodegradable implant operations. Hydroxyapatite (HA) is a calcium phosphate bio
ceramic material that has nearly identical properties to that of the mineral component of bone. Its
osteoconductivity and biocompatibility have led to its application in a broad range of applications
in orthopedics and dentistry.
The present work aims to deposit Hydroxyapatite (HA) on magnesium AZ31using
electrodeposition technique to enhance the bio-degradable property of magnesium implant
material. The morphology of the coatings were studied using SEM-EDS and FTIR
characterizations and optical microscopy. The biodegradable nature of HA coatings were examined
by electrochemical tests. Post treatment of HA coating is required to convert the amorphous phases
into complete HA. The experimental results signified that HA coatings after post treatment in
alkali solution 1M NaOH can slowdown the biodegradation rate of AZ31 magnesium alloy in
Phosphate Buffered Saline (PBS).
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CHAPTER 1
1. INTRODUCTION
1.1

Magnesium and its Alloys for Medical Applications
Based up on the superior combination of high mechanical property and fracture toughness,

metallic biomaterials have been widely accepted for bone fixation in medical applications
(Staiger, Pietak et al. 2006). However, some prominent limitations such as corrosion resistance
property, release of toxic ions by the corrosion or mechanical wear confine their efficient
performance in-service (Shimizu, Yamamoto et al. 2010). In addition, patients also have to
tolerate the pain consequence of second surgery for removing the implant material (Staiger, Pietak
et al. 2006). Therefore, a non-toxic compatible bio degradable material is required for medical
applications which have a favorable rate of corrosion resistance and appropriate mechanical
properties.
Magnesium and its alloys offer non-toxic composition that can be esteemed as potential
bio-compatible material, which not only prevents the second surgery and minimizes the pain of
patients but also contribute in accelerating bone restoration. The elastic modulus and density of a
natural bone are quite similar to magnesium (Shimizu, Yamamoto et al. 2010). As a result, in
order to achieve the purpose of magnesium for medical applications, a wide number of studies
have investigated the properties over the last decade (Staiger, Pietak et al. 2006). The corrosion
resistance and nontoxicity of magnesium alloys has to be satisfactorily investigated for medical
applications. Magnesium is the fourth most abundant cation in the human body and it is essential
for human metabolic functions (Avedesian and Baker 1999). It is distributed approximately one
half in the bone one half in the muscle and other soft tissues (Shimizu, Yamamoto et al. 2010).
Advantages of magnesium can include reduced symptoms from conditions such as fatigue,
1

chronic pain and insomnia (Shimizu, Yamamoto et al. 2010). Magnesium may also furnish
protection form a number of chronic diseases, especially those associated with aging and stress
(Avedesian and Baker 1999).

1.2

Orthopedic Implants and Fracture Management Devices
An orthopedic implant is a device surgically placed in to the body which is designed to

restore function by reinforcing or replacing a damaged structure. The material used in orthopedic
implants must be bio-compatible to avoid rejection by the body (Bhat 2002). The implant helps in
repair and reunion of bone mass quickly and effectively so that the patient can return to a normal
healthy lifestyle. Bone is unique among the tissues of the body, in the level of its resistance to
compressive forces. Constituent volume fraction, mechanical properties, interfacial bonding
interaction and orientations are the factors contributing to the overall mechanical behavior of the
bone. Interfacial bonding interactions between the mineral and organic constituents is based in
part on electronic interactions between negatively charged organic domains and the positively
charged mineral surface (Park, Condrate et al. 2002) . The mineral organic interactions are offered
to the bone by the presence of phosphate minerals, thereby influencing the mechanical properties
of bone in tension (Reifenrath, Bormann et al. 2011).

2

Fig.1 Orthopedic Implants (A) Screws, plates, rods and tacks, commonly utilized for
fracture fixation and meniscal repair. (B) Plates and cages for spinal repair (C) Porous scaffolds
(Marlowe, Parr et al. 1997).
Most orthopedic implants are used in fracture management devices and joint replacement
(Marlowe, Parr et al. 1997). Fracture management devices include wires, screws, pins, plates,
spinal fixation devices and other artificial ligaments. Orthopedic implants possess some adverse
effects and risks in spite of their overwhelming benefits and successes. Extremely adverse effect
outcomes are a result of degradation products generated from corrosion wear (Staiger, Pietak et al.
2006). Polymer based fracture devices are the implants made with polymer such as fiber and
plastic, they are limited for structural applications in orthopedics because the properties of
polymeric implants are not related to that of bone. Therefore there is a need for development of an
alternative to polymeric implant materials which serves in a better case by using metallic bio
degradable implant material.

3

1.3

Magnesium’s Rapid Degradation and Its Challenges
Magnesium is harmless for the human body as it is bio-compatible and potentially bio

degradable which is required in the case of orthopedic fracture management devices, the metal has
to degrade with respect to time in order to expedite the bone growth and quick healing of the
tissue. Mg can be selected as a potential biodegradable material in orthopedic implants as its
density, elastic modulus and yield strength are similar to that of bone (Song and Atrens 1999).
While magnesium possesses many attractive properties, its rapid rate of degradation is a barrier
that needs to overcome in order to make it suitable for application in implant materials (Witte,
Kaese et al. 2005). In the atmosphere, magnesium provides acceptable protection in a dry
environment as it forms a porous oxide layer (Song and Atrens 1999) . However, in the body
oxide layer is permeable to water allowing for magnesium dissolution through the following
degradation reaction.
Mg + 2H2O → Mg (OH) 2 + H2
The degradation process of Mg is summarized in the following reaction scheme (Gray-Munro and
Strong 2009).
Mg → Mg2+ + 2e- (anodic reaction)
2H2O + 2e- → 2OH- + H2 ↑ (cathodic reaction)
The degradation behavior implicates micro-galvanic coupling between cathodic and anodic
regions (Song and Atrens 1999). The sum of the above partial reactions gives the overall reaction
of Mg degradation: Mg + 2H2O → Mg (OH) 2 + H2. (Song and Atrens 1999) (Song and Atrens
2003). In summary, Mg dissociates by a reacting with water to produce a porous, crystalline film
of magnesium hydroxide (Mg (OH) 2), and hydrogen gas (H2). This Mg (OH) 2 layer acts as a
barrier that slows further degradation to some extent. However, in vivo, chloride in the
physiological fluid can cause magnesium to degrade at a much faster pace by forming highly
4

soluble MgCl2, (Song and Atrens 2003) (Maguire and Cowan 2002) leading to pitting corrosion
(Xin, Huo et al. 2008) and therefore causing eventual implant loosening and mechanical failure.
Furthermore, 1 mole of H2 is produced for every 1 mole of dissolved Mg during the
degradation of pure Mg. The formation of H2 during degradation can cause tissue necrosis,
delaying its healing process (Song, Zhang et al. 2010) (Wong, Yeung et al. 2010). New tissue
formation and cell proliferation are adversely effected by hydroxyl groups (OH-) produced during
degradation which increases the pH around the implantation region (Song and Atrens 1999).
Hence, magnesium’s rapid degradation generates many adverse effects including local pH
increase, hydrogen gas cavities and mechanical failure (Witte, Kaese et al. 2005). In order to be
functional, an implant should maintain its mechanical integrity during the period required for the
bone tissue to heal completely. However, because of magnesium’s rapid degradation rate, there is
not a sufficient amount of time for bone to heal completely before the implant loses its mechanical
integrity (Stulikova and Smola 2010) (Wong, Yeung et al. 2010) (Seal, Vince et al. 2009) (Zhang,
Zhang et al. 2010). Therefore, the present key challenges for using Mg alloys for medical
applications are in managing their degradation rate in the physiological environment which
requires the need for a surface coating.
1.4

The Necessity for Surface Coating
The Surface coatings can be selected as a strategy to delay magnesium corrosion behavior

which will serve magnesium as a potential bio-degradable material in orthopedic implant and
fracture management devices. There are number of technologies that have been used for surface
coating on magnesium and its alloys to improve its corrosion resistance property for engineering
applications such as conversion coatings, anodizing, hydride coatings, sputter coating process,
spray coatings and electrodeposition (Freyland, Zell et al. 2003). Organic coatings are used on
magnesium alloys to provide corrosion protection and for decoration. Organic finish paints range
5

from single coats applied, on a pre-treated surface, to complex multi coatings systems involving
anodizing, epoxy surface sealing, priming, and one or more topcoats. Conversion coatings and
anodizing are paint base coatings which offer a temporary protection and not suitable for bio
medical applications. Electrodeposition as a coating strategy offers to coat irregular surfaces and
is inexpensive; therefore electrodeposition was selected as a coating strategy for magnesium to
increase its rate of corrosion resistance rate.
Research has indicated that the onset of degradation can be delayed by surface coatings.
Due to the similar properties of magnesium to that of natural bone, hydroxyapatite has been
considered as possible coating material. (Staiger, Pietak et al. 2006) (Reifenrath, Bormann et al.
2011) (Song, Shan et al. 2009) (Liu, Yazici et al. 2008). Moreover, hydroxyapatite has not shown
toxicity during degradation (Cui, Yang et al. 2008).

1.5

Hydroxyapatite Coated Material for Orthopedic Applications
Hydroxyapatite (HA) is bio-active accepting bone cells to grow on its surface. It has been

shown that the bone growth on HA is greater than the amount of bone growth on an uncoated stem
(Soballe 1996). This newly formed bone holds in its place and grows around the implant.
Hydroxyapatite coatings have noticed to slow down the diffusion of water and other ions to the
surface of magnesium, thereby reducing the rate of degradation (Song, Zhang et al. 2010) (Xu,
Pan et al. 2009) (Gray-Munro, Seguin et al. 2009) which as a result, will enhance the pH of the
surrounding fluid. Especially the phosphate ions have shown to reduce magnesium degradation
and delay pitting corrosion due to the precipitation of magnesium phosphate (Song and Atrens
1999, Song, Zhang et al. 2010) (Xin, Huo et al. 2008) (Huo, Li et al. 2004) Furthermore,
precipitation of hydroxyapatite coatings have been noticed on the surfaces of magnesium based
metals immersed in physiological medium and when implanted in vivo; these coatings have
6

shown to enhance the biocompatibility of metallic implants and to enhance osteoblast response
thereby promoting osteointegration.
For an uncoated implant, bone will rise unilaterally from the bone towards the implant.
When the bone trabecula reaches the implant’s surface they begin to spread parallel to the surface
bridging the gap. For HA coated implants, it was reported by numerous researches that bone can
grow on both the surfaces thus closing the gap more rapidly (Soballe 1996) and (Porter, Hobbs et
al. 2002). Compared to the uncoated sample, this bi-directional gap filling permits the fixation to
occur quickly. The advantage of bioactive coatings is that they protect the body form any metalion release from the metallic implant (Sun, Berndt et al. 2002). Release of these ions induces the
body to initiate an immune response, constituting a fibrous membrane around the implant. This
fibrous layer prevents adequate fixation between the bone and the implant and reduces the load
that can be applied before failure occurs (Sousa and Barbosa 1996). The efforts of researchers has
also displayed that HA has a similar composition to that of bone (Soballe 1996). Therefore
hydroxyapatite was selected as a possible coating material for orthopedic applications and fracture
management devices.

1.6

Thesis Outline
The goal of this thesis is to fabricate hydroxyapatite coated magnesium alloy for orthopedic

bio-degradable metallic implant applications. Electrodeposition of hydroxyapatite on magnesium
is done for its potential application as a bio-degradable orthopedic metallic implant material. The
bio-degradable material would gradually be dissolved, absorbed, consumed or excreted after
healing of the bone tissue by increasing its degradation rate. This thesis is structured into five
chapters. Chapter 2 focuses on the literature review of the previous work on the magnesium as a
bio-degradable material, mechanical properties of human bone and magnesium, corrosion
7

behavior, surface coating strategies, hydroxyapatite and its biological view. In Chapter 3, the
experiment protocol and techniques are discussed, the pre-treatment process, post-treatment
process and electrodeposition process which provides a background and the related coating
techniques, the data, which is collected to conduct various experiments by using the literature
review from Chapter 2. In Chapter 4, the results of the experiment are discussed using scanning
electron microscopy with electron dispersive X ray spectroscopy SEM-EDS and Ca/P ratio which
confirmed the deposition of hydroxyapatite on magnesium substrate and also corrosion tests are
discussed by using GAMRY potentiostat. Chapter 5 focusses on the conclusions and future
research directions.
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CHAPTER 2
2. LITERATURE REVIEW

2.1

Magnesium as a Bio-Degradable Material

2.1.1 Introduction
Metallic biomaterials are widely used in load-bearing bio-medical applications because
they possess a good combination of high mechanical properties and fracture toughness (Wong,
Yeung et al. 2010). Though, some clinical limitations of these materials like stainless steel 316L,
cobalt chromium alloys, pure titanium and titanium alloys confine their applications (Frosch and
Stürmer 2006). The surface of the metallic implants is unbearable to suit perfectly with the bone
surface, while some toxic ions released by corrosion or mechanical wear could cause harmful
influence on the bone and tissue response for instance, inflammation and less bone formation
(Puleo and Huh 1995). The stress shielding effect is induced due to a higher elastic modulus of
metal in-service in comparison with natural bone. These phenomena would result in unbalanced
load supported by the metal instead of surrounding bone contributing to accelerate the
reabsorption of bone in vicinity of the implant (Puleo and Huh 1995). Eventually, the implant will
fail to satisfy the requirement of load-bearing fixation property. On the foundation of those
negative effects, biodegradable polymers and resorbable ceramics have widely been developed as
a substitution to permanent metallic implants, whereas the low mechanical properties retard their
medical applications. There are some challenges with polymeric implants as they are not suitable
for structural applications in orthopedics. The properties of polymeric implants are not related to
that of human bone (Wong, Yeung et al. 2010). Therefore, there is a need for development of
alternatives to polymeric biodegradable implant materials which serves as a better case by using
9

metallic implant materials for load bearing applications.
Presently used metallic implants include magnesium and iron which are promising
candidates for biodegradable metallic implant applications. If we consider the elastic modulus and
density of iron (91Gpa and 7.8g.cm-3) respectively into account, it is apparently noted that iron
does not seem to be an excellent alternative for bone fixation because of the prominent deviation
from those natural bone (10-15Gpa and 1.5-2.0 g.cm-3) respectively. However, according to some
particular advantages of iron, it may conform to the requirement of specific applications such as
biodegradable vascular stents (Waksman et al, 2008).On the other hand, magnesium yield strength
(55Mpa) being lower that of natural bone such as femur ≈ 110 Mpa, the elastic modulus and
density of magnesium are similar to that of human bone (Li, Gu et al. 2008) (Gu, Zheng et al.
2009). Hence, magnesium has been explored as a possible bio-degradable material for orthopedic
applications.
The bio-medical implant based on magnesium and its alloys offers a new medium to
relieve the patient’s pain by avoiding second surgery for removing the bone fixation. The
physiological concentration of magnesium ions discharged by corrosion and wear will sustain and
alleviate constant standard in serum across storage in the bone and muscle, while the excess
magnesium ions are excreted through the kidney. Furthermore, through the corrosion process of
magnesium alloys, the protective layer which consists of the precipitated calcium phosphates and
corrosion products like magnesium hydroxides and magnesium oxides formed on the surface of
the implants in vivo enhance the osteoconductivity (Puleo and Huh 1995). The fast evolution of
hydrogen gas produced by corrosion in the physiological condition may result in subcutaneous
formation of cavity. Based on the pre-operation and post-operation investigation of Mg alloys, as
cardiovascular stents in animals, the hydrogen evolution appears to infrequently occur remarkable
inflammation, however due to good transport through blood circulation and less weight of the
10

implants, the hydrogen gas is completely eliminated within two weeks and does not seem to cause
any source of clinical concern (Heublein, Rohde et al. 2003). Therefore, magnesium can be
employed as a bio-degradable material as per above properties.

2.1.2 Mechanical Properties of Human Bone and Magnesium Alloys
Bone is a specialized connective tissue composed of an extracellular matrix that is partly
organic and partly inorganic within which are present bone cells. 35 % constitutes the organic part
of bone and of that, 95 % is made up of mainly type I collagen fibers, the rest consists of noncollagen proteins of bone, such as osteocalcin, osteonectin and osteopontin, plasma proteins,
lipids, and glycosaminoglycans (Narasaraju and Phebe 1996) . The inorganic mineral component
of bone makes up 6 % of the bone matrix, and consists of crystalline salts, that are mainly calcium
and phosphate based. A well-known form of crystalline salt that is a constituent of bone is
hydroxyapatite [(Ca)10(PO4)6(OH)2] (Evans, Behiri et al. 1990) (Aoki 1991), (Athanasou 1999).
Apatites have significant importance to biologists, mineralogists, and inorganic and
industrial chemists. Apatites form the mineral component of bone and teeth and as they have
much significance in biomedical applications. These materials are constantly used for bone
replacement or coatings of bone prostheses, due to their biocompatible nature. The involvement of
apatites and related calcium phosphates in the mineralization processes and pathological
calcifications is attributed to the versatility of these minerals in accepting a large variety of
replacement ions (Narasaraju and Phebe 1996) (Barralet, Best et al. 1998); (Merry, Gibson et al.
1998) (Ferraz, Fernandes et al. 1999)

(Lopes, Knowles et al. 2000) (Rendon-Angeles,

Yanagisawa et al. 2000)

The location of the carbonate group within the structure of biological, mineral and
11

synthetic apatites was also a major debate at the time. Furthermore, the idea that apatites could be
precipitated from solution to give Ca/P ratios ranging from 1.6667 to 1.5 without any significant
changes in the x-ray diffraction pattern was also ambiguous. Analytical tools such as single crystal
x-ray diffraction have been utilized to find out the crystal chemistry and structural aspects of the
apatites and other calcium phosphates. However,

the application of infra-red and nuclear

magnetic spectroscopy have provided other ways of understanding the relationship between
carbonate and apatites and the variation in the Ca/P ratios of precipitated apatites due to lack of
suitable single crystals.

2.1.3 Corrosion Behavior of Magnesium In Aqueous Solutions
Magnesium and its alloys experience electrochemical reaction easily in aqueous
conditions. The corrosion products generally observed are magnesium hydroxide and hydrogen.
The complete corrosion equation of magnesium in aqueous solution is
Mg (s) + 2 H2O (aq) ↔ Mg (OH) 2 (s) + H2 (g)
This reaction can be separated in three partial equations
Mg (s) ↔ Mg2 + (aq) + 2 e- (anodic reaction)
2 H2O (aq) + 2 e- ↔ H2 (g) + 2 OH- (aq) (cathodic reaction)
Mg2 + (aq) + 2 OH- (aq) ↔ Mg (OH) 2 (s) (product formation)
However, the Mg (OH) 2 film obtained on the surface on Mg could temporarily retard the
corrosion to some extent, it becomes susceptible when the concentration of aggressive chloride
ions increases above 30 mmol/l and eventually transform into MgCl2 with high solubility (Shaw,
2003).
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2.1.4 Bone Reaction at the Corrosion of Bio-Degradable Implants
A large number of investigations have stated the degradation mechanism on the boneimplant interface of different magnesium alloys neighboring to the bone and the effect on the
surrounding bone (Ducheyne and Qiu 1999). High pH (>11.5) could improve a stable protective
hydroxide layer on the Mg alloys implants surface and low pH (<11.5) could enhance the
corrosion resistance process in aqueous solutions (Pourbaix 1966). Therefore, the surface
corrosion rate of magnesium alloy implants apparently elevate due to the low pH value produced
by acidosis after the surgery based on the above outcome.
Investigations regarding degradation process occurring on the bone-magnesium alloy
interface and analyzed bone formation in the neighborhood of bio-degradable magnesium
implants (AZ31, AZ91, LAE 442, WE43) in comparison with currently degradable polymers (SRPLA96) used in medical practices. A better osteoblast activity and a greater rate of deposition of
mineral in the neighborhood of degradable Mg implants relative to a degradable polymer implant
were noticed (Witte, Kaese et al. 2005). Magnesium ions positively influence the synthesis of
biological nucleic acids and the activity of enzymes which direct the nucleic acids or the
translation of protein for the extracellular matrix such as collagen type 1 was noticed due to the
presence of high Mg ion concentration (Katayanagi, Miyagawa et al. 1990). Furthermore,
magnesium implants possessed distinct corrosion rate but produce similar calcium phosphates on
the surface which would retard corrosion behavior in vivo based on different composition among
these alloys.

2.1.5 Surface Coatings of Magnesium alloys
Magnesium alloys are excessively susceptible to the physiological pH (7.4-7.6) and
environments comprising high concentration of chloride ions (Lie et al, 2007). Negative outcomes
13

such as large amount of hydrogen release over the tolerance limit of physiology and relatively loss
of mechanical integrity before the tissue has sufficiently healed (Hornberger, Virtanen et al.
2012). The use of surface coatings has given more attention due to the capability to protect the
surface of the alloy form it’s surrounding or connection with corrosion chemicals, while advanced
technologies for synthesis of magnesium alloys with a minimal amount of impurities was
considered as an efficient and favorable strategy to enhance the corrosion properties. Few
investigations have pointed out that corrosion resistance of pure magnesium may be achieved by
proper surface modification (Yamamoto, Terawaki et al. 2008). Titanium coatings (Zhang, Xu et
al. 2005) and heat treatment (Lie et al, 2007) have been adopted to optimize the corrosion
behavior of magnesium alloys. Therefore, to manipulate the rate of corrosion, processing history
and elemental composition are not the only ways. Therefore, to achieve dual functions i.e.
biocompatibility and corrosion, it is necessary to employ a suitable coating.

Hydroxyapatite (HA) Coating
Hydroxyapatite (HA) has been widely regarded as a bio-medical material because of
its excellent bioactivity and biocompatibility, while the composition of HA were exactly similar to
that of natural bone. Therefore, a magnesium alloy substrate with HA coating as a bio-implant has
been studied. Electrodeposition can provide a uniform coating at room temperature by changing
the electrochemical potential and electrolyte concentration. Calcium phosphate based coatings on
magnesium alloy by electrodeposition (Song, Liu et al. 2007) resulted in a layer consisting of
dicalcium phosphate dehydrate (DCPD) and β-tricalcium phosphate (β-TCP). After immersion
into alkali solution, they could convert into hydroxyapatite. Therefore, these studies signify that
DCPD and β-TCP are the precursors for the formation of HA.
HA coating on extruded AZ31 Mg alloy and corrosion performance in alkali environment
14

were noticed (Wen, Guan et al. 2009). The as-deposited coating consisted of DCPD and HA,
while a partial amount of DCPD immersed in NaOH solution converted into HA, as previously
related (Song, Liu et al. 2007). The coated layer is a type of Ca-deficient HA and is cogitated by
the measured average of Ca/P ratio in comparison with the theoretical value of HA. In this
experiment, after SEM-EDS and Ca/P ratio, HA content could not be justified and it resulted in
the formation of amorphous HA coating. To eliminate the precursors, post treatment procedure is
used in this thesis for a complete HA coating. But after the post treatment, calcium deficient HA
coating was performed which resulted in forming the precursor of HA.
The analysis of data from electrochemical testing signified that the corrosion resistance of
magnesium alloy improved significantly due to the formation of coating as an effective protective
barrier. When the as-deposited alloy experienced alkali treatment, the anti-corrosion behavior
slightly enhanced. It is trusted that the coating becomes more stable after alkali treatment. Hence,
besides the characteristic of the chemical of coating, the stability also performs an important
function in affecting the corrosion behavior. Furthermore, the result of immersion testing in
Phosphate Buffered Saline (PBS) suggested that as-deposited alloy and alloy post-treated in alkali
environment possessed an excellent anticorrosion property due to the presence of Ca-P-Mg apatite
as an efficient corrosion barrier in the Mg-rich interface in the initial time. Because of the low
working temperature, the biomimetic method was broadly regarded as an effective and feasible
vehicle to deposit on magnesium and its alloy with low heat resistance. On the basis of favorable
benefits (Hu, Wang et al. 2010), the corrosion resistance of AZ91D magnesium alloy modified by
DCPD coating on the surface through a biomimetic method by immersion in simulated body fluid.
The Mg alloy after solution treatment at 420 °C for 24h was submerged in a Ca(NO3)2 solution,
while a K2HPO4 solution was gradually dribble into the former solution. This way partial HA
coatings were performed on different samples. In this thesis, a non-corrosive ionic liquid was
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selected as a part of electrolyte which enhances the electrodeposition process and a complete HA
coating was performed which later on proved its corrosion resistance property by immersing
hydroxyapatite coated magnesium samples in Phosphate Buffered Saline (PBS).

2.2

Metallurgical View of Magnesium

2.2.1 Magnesium and Its Alloys
The mechanical properties of magnesium at 20 °C are shown in Table 1. In a command to
encounter various requirements for the practical application, different elements such as zinc,
aluminum, cerium, zirconium and yttrium are alloyed in commercial magnesium alloys.
2.2.1.1

Magnesium as a Medical Material

Table 2.1. Typical mechanical properties of unalloyed magnesium at 20 °C. (Avedesian,
Baker et al. 1999)
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For the purpose of medical applications, harmful and toxic elements should be avoided for
alloying with Mg. As discussed earlier, based on corrosion properties, zinc and calcium have been
widely considered as potential alloying candidate for magnesium in the area of research in biodegradable materials. In

addition, other types of potential intermetallics are mentioned in the

phase diagram of magnesium and zinc below.
2.2.1.2

Binary Mg-Zn Alloy

The phase diagram of binary Mg-ZN alloy is shown schematically in Fig. 2.1 (a). Based on
the diagram, the maximum solid solubility of Zn in Mg is approximately 6.2 wt. % (i.e. 2.5 at. %)
at 325 ° C, whereas the solubility descends to 1.6 wt. % (i.e. ~ 0.6 at. %) at room temperature in
the equilibrium state. The intermetallic particles can spontaneously precipitate form the
magnesium matrix if the addition of zinc element exceeds the ultimate concentration. For
example, Solidification follows the dashed line as showed on Fig. 2.1(a) starting with the
formation of primary α-Mg below the corresponding liqidus temperature. As the temperature
reduces; the eutectic phase forms because of eutectic reaction.

Fig. 2.1 (a) The Mg-Zn phase diagram (Gu, Xie et al. 2012), (b) Microstructure of conventional
17

–cast Mg-Zn sample (Zhang, Zhang et al. 2009).
Ultimately, it will co-exist with primary magnesium. Generally, the second phase (MgZn)
observed along grain boundaries as shown in Fig. 2.1(b) is widely accepted as the product of the
eutectic reaction. The MgZn phase formation has been confirmed by X-ray diffraction analysis
(Zhang, Zhang et al. 2009). In addition, other types of potential intermetallics are also noted in
the phase diagram.

2.2.1.3

Binary Mg-Ca Alloy

The phase diagram of binary Mg-Ca alloy is elucidated in Fig. 2.2 (a). Mg2Ca is the second phase
in this system. Mg2Ca holds the Laves C14 crystal structure (Aljarrah and Medraj 2008).

Fig. 2.2 (a) The Mg-Ca phase diagram, (b) Microstructure of conventional-cast Mg-2Ca sample
(Li, Gu et al. 2008).
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Mg2Ca intermetallics form by adding only a small quantity of calcium due to the extremely
low solid solubility of Ca in Mg, As shown in Fig. 2.2(b), the typical metallographic
microstructure of α-(Mg) primary grains with Mg2Ca phase precipitating are observed.

2.2.1.4

Ternary Mg-Zn-Ca Alloy

The Mg-Zn-Ca phase diagram was first plotted by Paris et al., 1934 with the help of cooling 189
different alloys in sixteen different isopleths. The composition of intermetallics of this ternary
alloy has been in controversy among a large number of researchers. Ultimately, through the
method of analysis, they have successfully investigated the ternary compound and confirmed it to
be Ca2Mg6Zn3 in composition (Jardim, Solórzano et al. 2002). However, insufficient and limited
evidence is available to verify its presence. The microstructure of conventional-cast Mg-3Zn-1Ca
alloy fabricated as shown in Fig. 2.3. A large volume of second phase particles, possibly, the
Ca2Mg6Zn3 phase can be seen.

Fig. 2.3. Micrograph of conventional-cast Mg-3Zn-1Ca alloy prepared in this study
(Jardim, Solórzano et al. 2002).
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2.2.1.5

Commercial Alloys

Normally, a large quantity of commercial magnesium alloys contains aluminum, to furnish
strengthening. Mg-Al-Zn alloys are known as AZ series alloys such as AZ31, AZ61 and AZ91,
which are commonly used in industrial application. In addition, AJ62 and AM60 as other
available Mg alloys, which contain approximately 6.0 wt. % Al, are also widely used in some
engineering application. The compositions of these commercial alloys are illustrated in Table 2.2.

Table 2.2. Compositions of commercial magnesium alloys (wt. %). (Note that only the two major
alloying elements are shown). (Jardim, Solórzano et al. 2002)

2.2.2 Physical and Chemical Properties of Magnesium
The average atomic mass of Mg is 24.305 g/mol and it is among the alkaline earth metals.
The melting temperature of magnesium is 649 °C. It possesses excellent electrical and thermal
conductivity. Due to magnesium’s high chemical activity, its free state hardly exists under natural
atmosphere, tending to react with water, oxygen, nitrogen, chlorine and phosphorous (Maguire
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and Cowan 2002). Normally, Magnesium reveals an appearance of a silvery and white shade. It is
worth mentioning that Mg is the lightest of all structural metals which are used in the automobile
and building industry (Avedesian and Baker 1999).
Pure magnesium possesses a hexagonal closed-packed (h.c.p.) crystal structure under
atmospheric pressure. The atomic locations in the magnesium unit cell, and the principal planes
as well as directions are illustrated in Fig. 2.4 (Roberts, 1960). The lattice parameters of pure Mg
at 25 ℃ are a = 0.32092 nm and c = 0.52105 nm within marginal error (± 0.01%), (Stager and
Drickamer 1963). Since the ideal value of c/a ratio for the ABAB close-packed layers of atoms is
1.633, the h.c.p. structure of pure magnesium is almost perfectly ideal (c/a = 1.6236). If the Mg
crystal undergoes plastic deformation, primarily, it happens on the (0001) basal plane and in the
close-packed [1120] direction of the plane. Secondary slip occurs in the [1120] direction on the
[1012] perpendicular face planes. Twinning of pure magnesium can be observed most frequently
across the [1010] series planes, and the occurrence of secondary twinning is across the [3034]
planes.
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Fig. 2.4. The magnesium unit cell crystal. (a) Atomic position. (b) Basal plane, a face plane, and
principal planes of the [1100] zones. (c) Principal planes of the [1210] Zone. (d) Principal
directions (Roberts, 1960).
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2.3

Hydroxyapatite (HA)

2.3.1 Calcium Phosphate Bio Ceramic Materials
In recent years, calcium phosphate ceramics have obtained a lot of research because of
their chemical similarity to calcified tissue (teeth and bones). They have been in medicine and
dentistry for about thirty years for applications comprising dental applications, alveolar ridge
augmentation, periodontal treatment, orthopedics, maxillofacial surgery and otolaryngology
(Schneider, Bansal et al. 2012).

Table 2.3. Some Calcium Phosphate Compounds (Frayssinet, Mathon et al. 2000)& (Ravaglioli
and Krajewski 1992)
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There are various distinct calcium phosphate compounds. The highly important of these are
summarized in table 1.2 of calcium phosphate ceramics outlined in table 2.3, Hydroxyapatite
(HA) is one of the highly concerned similar to calcium phosphate phase present in the bone.

2.3.2 Structure
Crystallographic structures of crystals can be categorized depending on the type of
symmetry inherent to them. These structures can therefore be categorized corresponding to their
space group. Hydroxyapatite, in particular calcium hydroxyapatite has a definite crystallographic
composition and structure based on a repeating unit cell as in fig. 2.5 The unit cell of
hydroxyapatite comprises of a six fold c-axis perpendicular to three equivalent axes (a1, a2, and
a3) at angles 120º C to each other. The groups that make up the closely packed hexagonal unit
cell are Ca2+, PO4 3-, and OH- groups (Kay, Young et al. 1964) (Feki, Savariault et al. 1999)
(Ikoma, Yamazaki et al. 1999) (Lopes, Knowles et al. 2000) (Morgan, Wilson et al. 2000)).
(Abrahams and Knowles 1994)
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Fig. 2.5. Diagram illustrating the unit cell of hydroxyapatite (Morgan, Wilson et al. 2000).
The six PO4 3- groups have tetrahedral symmetry and are accountable for the stability of the
apatite structure. The atomic arrangements that are adopted in the hydroxyapatite are similar to
those seen in fluorapatite, (Ca10(PO4)3F2), and Cl-Apatite (Ca10(PO4)3F2), but the OH- atomic
positions in this instance are described for F- and Cl- ions that substitute for the OH- groups as
seen in Fig. 2.1
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Fig. 2.6. Diagram illustrating the unit cell of fluorapatite (Hench and Wilson 1993).

Alterations in the properties of Ca- hydroxyapatite can occur as a result of ionic
substitutions of Ca2+, PO4 3- and OH- groups within the apatite structure. The alterations in
properties include lattice parameters, morphology and solubility however; they can take place
without significantly altering the hexagonal symmetry. It has, been reported that symmetry
changes from hexagonal to monoclinic can occur upon Cl- substitution for OH-and this is in fact
a loss or reduction in symmetry which is thought to reflect the alternating positions of Cl- atoms
and an expansion of the cell in the b-axis (Hench and Wilson 1993).
The solubility properties of apatites can give a denotation of the crystallinity, stability and
crystal size of a particular apatite. Fluorapatite for instance, demonstrates a higher degree of the
aforementioned properties, and effectively are less soluble, compared to fluoride free apatites and
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biological apatites. This can be attributed to a contraction in the a-axis without any change in the
c-axis, and arises from substitution of F- for OH- (Hench and Wilson 1993).
The manner of substitutions that have been mentioned are important in understanding how
the change in properties of the apatite relate to the way HA behaves as a biomaterial, in particular
the manner that HA interacts with bone mineral of the bone-biomaterial interface. HA can be
used for medical applications such as bone repair, augmentation, substitution and coatings of
metals used as dental and orthopedic implants.

2.3.3 Composition of Hydroxyapatite
The theoretical composition of HA either it is pure, mineral or commercial will
undoubtedly alter depending on the phases that are present when sintered. Pure HA is composed
of 39.68wt% Ca; 18.45wt% P; giving a Ca/P weight ratio of 2.151 and molar ratio of 1.6667
(Song, Shan et al. 2008). Dense HA containing only the apatite phase or mixed with other Ca-P
phases can exhibit a variation in the Ca/P ratio when sintered, this can be attributed to the
presence of secondary phases such as β -TCP. Other factors such as the composition or calcium
deficiency in the material before sintering can also influence the Ca/P ratio. The presence of β TCP, tetracalcium phosphate, Ca4P2O9 or Ca4 (PO4)2O along with the HA phase in the sintered
material is indicative of a Ca/P ratio which is lower than that of just the HA phase (Ca/P=1.67)
and is impacted by the sintering conditions and the temperature. Higher Ca/P ratios than 1.67
would indicate the presence of CaO with the HA phase. The final composition of dense HA after
sintering appears to depend on the sintering temperature the conditions and Ca/P molar ratio of
the apatite preparation prior to sintering (Hench and Wilson 1993).
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2.3.4 Biological View of Hydroxyapatite
Biological HA, such as that present in teeth and bones, comprises many impurities. It
allows the substitutions of many other ions because of its very hospitable apatite. Biological HA
is typically calcium deficient and carbon substituted (Buma, Van Loon et al. 1997). The minor
elements connected with biological apatites are magnesium (Mg2+), carbonate (CO3 2-), sodium
(Na+), Chloride (Cl-), potassium (K+), fluoride (F-) and acid phosphate (HPO4). Trace elements
include strontium (Sr2+), barium (Ba2+) and lead (Pb2+). The compositions of synthetic HA and
bone are compared in table 2.4.

Table 2.4. Comparison of bone and hydroxyapatite ceramics (Buma, Van Loon et al. 1997).

The biocompatibility of synthetic HA is not only recommended by its similar composition
to that of biological HA but also by results in vivo implantation, which has generated no local
systemic toxicity, no inflammation, and no foreign response. Studies confirming the
biocompatibility of HA include those completed by (Ducheyne, Beight et al. 1990) (Ducheyne
and Qiu 1999) (Buma, Van Loon et al. 1997).
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2.3.5 Post Processing on Hydroxyapatite
Pre-treatment and Post-treatment processes are carried out at certain temperature on the
HA coated implant materials. Pre-treatment process helps in removing the impurities form the
magnesium substrate and enhances the rate of electrodeposition. Post-treatment process
eliminates the formation of some amorphous phases as tri calcium phosphate and di calcium
phosphate dehydrate (Tampieri, Celotti et al. 2000). These phases are rapidly soluble in human
blood plasma and leads to failure of the implant material after a period of implantation
(Albrektsson 1998). When samples are immersed in alkaline solution after coating, these phases
have been eliminated and complete HA coating was observed (Merry, Gibson et al. 1998).
Temperature plays a crucial role on the HA coatings as there is agreement between several
researches about the processes which occur during the thermal decomposition of HA, it is tough
to predict the exact temperatures at which these reactions happen (Park, Condrate et al. 2002).
This is because the reactions do not occur immediately but over a broad range of temperature,
which depends on a number of factors connecting to both the composition of HA and
environment. Researches have employed several techniques, such as Thermogravimetric
Analysis (TGA) (Lazić, Zec et al. 2001) (Tampieri, Celotti et al. 2000) Differential Thermal
Analysis (DTA) (Park, Condrate et al. 2002) (Deram, Minichiello et al. 2003), X-Ray Diffraction
(XRD) and Fourier Transform Infrared Spectroscopy (FTIR) (Liao, Lin et al. 1999), in order to
decide the effects of temperature on HA.
The evaporation of water from hydroxyapatite has been accounted to occur within a broad
range of temperature, between 25 °C and 66 ° C (Sridhar, Kamachi Mudali et al. 2003) (Lazić,
Zec et al. 2001) S. (Park, Condrate et al. 2002) (Tampieri, Celotti et al. 2000). The complete
weight loss of absorbed water is accounted to be as high as 6.5 wt. %. The temperature ranges in
which reactions takes place as HA is heated from room temperature to 1730 °C are summarized
29

as in table 2.5.

Table 2.5. Thermal effects on Hydroxyapatite (Tampieri, Celotti et al. 2000)

2.4

Tissue Response
The biocompatibility of the HA surface permits the cell attachment and cell proliferation of

a variety of cell types; these include macrophages, fibroblasts, osteoclasts, osteoblasts and
periodontal ligament cells (Hench and Wilson 1993).
Dissolution of HA crystals from the surface of the ceramic takes place as a result of cellular
interactions. This process is carried out in two ways:


Intracellular: Phagocytosis
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Extracellular : Producing an acid environment for dissolution

Bone cells that attach and proliferate on HA and on bone surfaces do not appear to distinguish
between the two surfaces. This proposes that the surface chemistry of HA and bone exhibits
similarities. The ability of dense HA to boost the attachment and proliferation of matrix
producing bone cells on a CO3- apatite surface is indicative of a material which provides the
right surface chemistry and surface charges, and in many respects is considered osteoconductive
in nature (Hench and Wilson 1993).

2.5

Hydroxyapatite Coatings

2.5.1 Production of Hydroxyapatite Coatings
Hydroxyapatite has a great biocompatibility but poor fracture toughness and bending strength
(Deram, Minichiello et al. 2003). It is therefore not suitable for applications in load bearing, such
as the complex physiological conditions which happen at the hip joint. For a higher strength and
fatigue resistance, HA is applied as a coating strategy on a stronger substrate, such as a metal
which is magnesium substrate.
For the production of hydroxyapatite coatings, a wide number of coating strategies have been
used. Thermal spraying process techniques such as plasma spraying have been used for HA
coatings production for several years (Morks and Kobayashi 2007). Further recently strategies
such as chemical vapor deposition techniques, physical vapor deposition (PVD) and
electrophoretic deposition (EPD) have been investigated (Morks and Kobayashi 2006).

2.5.2 Plasma Spray Process
In plasma spray process, the thermal energy is furnished by a high energy plasma that is
formed within the plasma gun. The spray gun comprises of a cathode (electrode) and anode
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(nozzle) detached by a small gap. Using a power source, a DC current is supplied to the cathode
i.e. electrode. This eventually arcs across the anode generating an electric arc. An ionizing gas
such as helium, argon, nitrogen or hydrogen, is nourished into the arc where it gets ionized and
produces a plasma flame. Mixtures of gases are utilized in some cases. The gas gets excited to
huge energy levels and generates a plasma arc (Morks and Kobayashi 2006). Thus, by releasing a
large amount of thermal energy, the plasma that is generated is not stable and it recombines to
form a gas again as shown in figure 2.7.

Fig.2.7. Atmospheric Plasma Spraying Process (Morks and Kobayashi 2006).

2.5.3 Thermal Spray Process
The thermal spraying process comprises passing the deposition material, in this case HA
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powder is used, where it is melted over a heating zone. After the coating is formed, the molten
materials are propelled towards the substrate. The history of thermal spraying process dates back
to late 1800’s. Subsequent filing of patents in 1882 and 1899, in 1911. Coatings have been
applied on tin and lead to metal surfaces through flame spraying to increase corrosion resistance
performance (Davis 2004). The process was continued to develop with patents in 1911 and 1912.
Presently there are wide range of thermal spray processes. The very important in the production
of hydroxyapatite coatings are the plasma spray process, the high velocity oxy-fuel (HVOF)
process and Detonation-Gun spraying (D-Gun) (Davis 2004).

Fig.2.8. Thermal Spray Process (Davis 2004).

2.5.4 Electrodeposition Process
Electroplating is the deposition of a metallic coating by using a negative charge against a
substrate in an electrochemical cell. An electrochemical cell is diagrammatically showed in Fig.
2.3. It contains of two electrodes (cathode and anode) where the electrochemical reactions takes
place, an electrolyte for conduction of ions, and an external conductor to provide for continuity of
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the circuit.
Faraday’s law, explained in the equation 2.3, shows the amount of charge supplied to the
amount of substance reduced or oxidized, which can be employed to calculate the thickness of
deposited metal films in electrodeposition (Freyland, Zell et al. 2003).
Itη=nF m/sM

Equation 2-3

where I is the applied current, t is the charging time, η is the current efficiency, n is the number of
electrons transferred, F is the Faraday’s constant (96485 C/equiv), m is the mass reacted, s is the
stoichiometric coefficient and M is the molecular weight.

Fig.2.9. Electrodeposition Process using a DC power source (Freyland, Zell et al. 2003).
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CHAPTER 3
3.

3.1

EXPERIMENTAL PROCEDURE AND TECHNIQUES

Materials Used
The substrate material was magnesium (Mg) AZ31 alloy with a size of 15

50 mm size

purchased from Goodfellow Cambridge Limited. The counter electrode was platinum (Pt) rod of
length 100mm and diameter 16mm purchased form Goodfellow Cambridge Limited The sample
surface was pre-treated with alkaline solution which consists of dipping the Mg substrates in 1M
NaOH for 1 hour at 70 °C to remove the impurities.
3.2

Pretreatment Process
The working sample Magnesium AZ31 and Counter sample Platinum rod are pretreated

with the help of a detergent solution to clean the impurities from the sample. After cleaning the
samples, they are immersed in 1 M NaOH solution (alkaline solution) to activate its surface there
by enhancing the electrodeposition process.
3.3

Electrodeposition Process
The electrolyte solution contains 1:2 molar ratio of non-corrosive Ionic Liquid (I.L) to HA

coating solution and is prepared by slow addition of HA coating to Ionic Liquid solution at 70 °C
under continuous stirring. Non-corrosive Ionic Liquid 1 butyl-2,3-dimethylimidazolium
tetrafluoroborate was used in the electrolyte to enhance the electrodeposition process. The HA
coating solution was prepared by mixing 0.61 moles Ca (NO3)2 and 0.36 moles NH4H2PO4
dissolved in distilled water. A platinum electrode was used as an anode and magnesium AZ31
specimen was used as cathode.
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Electrodepostion was carried out at a stable current density of 0.3 A for 90 minutes at room
temperature using a DC power supply. After the electrodeposition of specimens with HA, they
were removed from the electrochemical solution and rinsed in distilled water and dried in air.
Then the samples were immersed in 1 M NaOH solution for 1 hour at 70°C for the post treatment
process to convert Di Calcium Phosphate Dehydrate (DCPD) into HA Coating. Based on the posttreatment strategy, two coating strategies were developed. Firstly, the sample is post treated
immediately called immediately post treated (IPT) sample, then to check the degradation
behavior, the sample was post treated after one day to check the oxide layer behavior and the
coating strategy was named as 1 day post treatment (1DPT). The sample was dried for 6 hours and
subsequently characterized by techniques as described below.

3.4

Characterization Technique’s
The surface morphologies was observed with Zeiss Scanning Electron Microscopy (SEM)

equipped Energy Dispersive Spectroscopy (EDS) which confirmed the HA coating using detailed
surface characterization and EDS results gave the elemental composition of the coated material.
Characterization was done using Optical Microscopy (OM) which showed the coated surface of
the sample at bright fields and dark fields. Further characterization was done using Fourier
Transformed Infrared Spectroscopy (FTIR) which additionally confirms the HA coating on the
magnesium substrate. Further porosity measurement tests were done using Mat lab, which shows
the porosity value for the HA coated samples which are the region of required porosity.
3.4.1 Optical Microscopy
The Leica Optical Microscope (OM) connected with a digital camera and a computer was
employed for the micro-structural observation and grain size measurement. In addition, to obtain
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images from the camera and execute relevant analysis, the software Leica Vision was also
installed in the computer. Depending on experimental demands, we could adjust the settings of the
microscope to take desirable picture samples using optical microscopy technique at different
magnifications. In addition to obtain images form the camera and execute relevant analysis, the
software Leica Vision was also installed on the computer.

Fig.3.1 Optical Microscope apparatus

3.4.2 SEM-EDS
The scanning electron microscope is substantially a large vacuum tube with the sample
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located inside. The electrons inside the vacuum tube are produced from a heated filament and
driven by a high voltage to the sample, which is conductive or which has made conductive
through coating with a conductive material. Using its electron beam, the SEM generates an image
of the sample. This procedure enables much higher magnification of the sample of concentration
than is possible with optical microscopes, and considerable greater depth of the filed, hence very
little features on irregular topographies can be imaged clearly. In this case, once the
electrodeposited hydroxyapatite coated magnesium sample is prepared and air dried, they were
treated for analysis with scanning electron microscopy.
In addition for generating images though Scanning Electron microscopy, the electrons
generate x-rays emitted from the sample can be explained using energy dispersive spectroscopy
(EDS) to determine of which elements or atoms composed by the surface of the sample and also
the elemental composition of the characteristics on the sample. Thus EDS can be utilized in
determining the elemental composition from the surface of the materials except for a few
elements heavier than boron not including hydrogen. The typical size of the sample that can be
adapted within the chamber of the SEM is a maximum of a few cubic centimeters. The sectioning
of larger samples is done for this small sample size.
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Fig.3.2 SEM apparatus

3.4.3 FTIR Characterization
Fourier transform infrared spectroscopy (FTIR) was used to find out the characteristics of
peaks of hydroxyapatite and interactions that happen between the compounds in its structure. It is
an extensively used technique due to its high sensitivity and the capability of digital handling.
This technique gives the user the similar information as traditional infrared, however, it
used the interference effects between two rays from a wide range of band source, as a result a
signal is detected that oscillates in time and is referred to as interferogram. This signal is
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transformed using a mathematical technique so that it can be interpreted so that it can be
interpreted as a function of frequency so that it shows a normal infrared spectrum (Williams and
Fleming 1995).
FTIR is a broadly used analytical chemistry tool and is based on the fundamental principles
of molecular spectroscopy(Williams and Fleming 1995). The fundamental principal behind
molecular spectroscopy is that particular molecules absorb light energy at specific wavelengths,
called as resonance frequencies (Williams and Fleming 1995). An FTIR spectrometer operates by
taking a minor quantity of sample and introducing it to the infrared cell, where it is exposed to an
infrared light source, which was scanned from 4000 cm-1 to around 600 cm-1. The intensity of
light transmitted through the sample is measured at each wavenumber allowing the amount of
light absorbed by the sample to be determined as the difference between the intensity of light
before and after the sample cell (Williams and Fleming 1995). This is called as infrared spectrum
of the sample. In the infrared region of the spectrum, the resonance frequencies of a molecule are
due to the presence functional groups specific to the molecule (Williams and Fleming 1995).

3.4.4 Porosity Evaluation
The goal of this study was to measure the porosity of HA coated magnesium sample with
the help of a mathematical software Mat lab. This technique is based on previous reported
literature using Mat lab for determining the porosity (Ghasemi-Mobarakeh, Semnani et al. 2007).
The software (Mat Lab.) depicts the image history and image properties mathematically and that
input was used to calculate porosity in this experiment. The images are compared to SEM images
for evaluation of porosity. Using Mat lab with the help of a simulation code, studies have shown
that HA is porous in nature and the average value for porosity for HA is in the range of 30-40
(Tampieri, Celotti et al. 2001). The porosity of the HA coated magnesium samples of both
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Immediately Post Treated and 1-Day Post Treated samples have been calculated using a program
in Mat lab. Images taken by SEM at different magnifications were used as a reference and they
helped in leading the porosity results (Ghasemi-Mobarakeh, Semnani et al. 2007).
3.5

Corrosion Analysis
Traditional corrosion test methods incudes weight loss measurements, electrochemical test

methods including potentiodynamic and impedance measurements. Electrochemical test methods
are familiar as they are completed in a short period of time. GAMRY potentiostat 600 instrument
was used for conducting electrochemical tests by accelerating corrosion with appropriate current
and voltages. This instrument is connected to a computer and accessed with the help of Gamry
Framework software. The reference 600 Potentiostat is equipment connected to the Gamry
corrosion cell, where corrosion is accelerated with the help of current.
This Reference 600 can be operated as a potentiostat, a galvanostat or a Zero Resistance
Ammeter (ZRA). A sine wave generator on the reference 600 allows its use for impedance
measurements at frequencies up to 1 MHz. Data can be acquired at frequencies up to 30000
points per second, allowing cyclic voltammetry at scan rates 1500 V/Sec with 5mV per point
resolution.
A unique Digital Signal Processing (DSP) data acquisition mode allows the Reference 600
to reject noise, from the instrument itself, from the electrochemical cell, and from the lab
environment. In many cases where other instruments require a cell in a Faraday shield to make
quite measurements, the Reference 600 can be used with the cell exposed on a bench top. The
Reference 600 offers an unprecedented combination of high speed, high sensitivity, and low
noise. At the time this is being written, the Reference 600 offers the widest EIS performance area
(in a plot of impedance versus frequency) of any potentiostat. Electrochemical tests were
conducted in a corrosion cell with the help of three electrodes, one is working electrode which is
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the coated or uncoated sample whose degradation property has to be tested, the second electrode
is graphite, and the third electrode used is Saturated Calomel Electrode (SCE) which senses the
reaction happening inside the corrosion cell and inputs the values to the software where necessary
data is shown in the form of graphs.
The bio-degradable property was evaluated by performing electrochemical tests in Phosphate
Buffered Saline (PBS) which has the same salt concentration of that human body and is
considered as in vitro experiment. The apparatus used was GAMRY potentiostat Reference 600 as
shown in fig. 3.3. Electrochemical tests were carried out in a classis three electrode cell with
graphite as counter electrode and Saturated Calomel Electrode (SCE) as reference electrode and
the samples as working electrode. The potentiodynamic curves were obtained at a constant voltage
scan rate of 10 mV/s. The specimen area exposed was 0.9503 cm2 with scan frequencies ranging
from 1 to -1 V. The experimental parameters of Tafel and Nyquist plots are depicted in table 3.1
and 3.2 respectively.
Table 3.1. Experimental Parameters for Tafel Plot
Initial Voltage

1 V vs. Eoc

Final Voltage

-1 V vs. Eoc

Scan Rate

10 mV/s

Sample Period

0.245 s

Specimen Area

0.9503Cm2
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Table 3.2. Experimental Parameters for Nyquist Plot
Initial Frequency

1 V vs. Eoc

Final Frequency

-1 V vs. Eoc

Points per Decade

10 mV/s

AC Voltage

0.245 s

Specimen Area

0.9504Cm2

Fig.3.3 GAMRY setup for corrosion analysis
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CHAPTER 4
4. RESULTS AND DISCUSSIONS

4.1

Selection of Ionic Liquids
Ionic liquids are the salts with weak interactions between the ions, which generates them to

be liquid at room temperature typically below 100 °C.

The technological and scientific

importance for ionic liquids have spanned a wide range of applications, owing to their
physiochemical properties such as low melting point, thermal and chemical stability, negligible
volatility, flame retardancy moderate viscosity, high ionic conductivity high polarity and
solubility with a wide variety of compounds (Fischer, Sethi et al. 1999) (Earle and Seddon 2000)
(Wasserscheid and Keim 2000) (Wasserscheid and Welton 2008). Ionic liquids create an attractive
alternative for environmentally friendly process as they are good solvents for a wide range of
organic and in organic compounds. Since their early development, electrochemical processes have
been an important application area for ionic liquids. The wide electrochemical window,
vanishingly low pressure and high conductivity are the prime advantages of ionic liquids over
common organic media or aqueous media. These characteristics not only relieve investigations
into metal electrodeposition (Hamelin, Stoicoviciu et al. 1987) (Schmickler 1996) (Mann 2007)
(Mann 2009), electro capacitor, and electro catalysis in a less demanding manner, but also open up
new possibilities for increased reactivity of processes or stability of reactants or products in ionic
liquids (Dom and Mar 2008).
It has been identified that the ionic liquid or electrode interfaces greatly impact the
electrochemical processes. Thus, it is required to investigate these interfacial systems, especially
to obtain a molecular level perspective. Moreover, ionic liquids are composed purely of ions that
are liquid at room temperature while furnish an interesting system in physical chemistry. The
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surface chemistry of aqueous electrolytic systems has been under extensive study for nearly a
century, the study of neat ions in the liquid state is very new and highly investigated. In addition,
there are various experimental techniques, e.g. electrochemical, spectroscopic and microscopic
instruments available to study surfaces.
A non-corrosive ionic liquid was investigated and used which does not generate corrosion
process in magnesium substrate. Magnesium was tested in different ionic liquids such as Choline
Hydroxide, Choline Chloride, 1- Butyl - 2,3 dimethylimidazolium tetrafluoraborate, 1-Ethyl-3methylimidazolium chloride, Tetrabutylphosphonium methane sulfonate and 1-Butyl-vridinium
chloridethe. The best possible non-corrosive ionic liquid was selected. It was 1- Butyl - 2,3
dimethylimidazolium tetrafluoraborate. The structure is shown in Fig.4.1.

Fig.4.1. The structure of 1- Butyl - 2, 3 dimethylimidazolium tetrafluoraborate.

4.2

HA Coated Magnesium Samples
Hydroxyapatite was coated on magnesium samples to delay the onset of degradation with
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the help of surface coating strategies. Due to the similar properties of magnesium to that of natural
bone, hydroxyapatite was been considered as a possible coating material. Moreover, HA has not
shown toxicity during the property of degradation. Hydroxyapatite coatings have noticed to slow
down the diffusion of water and other ions to the surface of the magnesium, thereby reducing the
rate of degradation.

4.2.1

Immediately Post-Treatment Sample
As discussed earlier, post treating strategy is an important part to convert the precipitate Di

Calcium Phosphate Dehydrate (DCPD) into hydroxyapatite coating. So, in this case the sample is
post-treated just after the electrodeposition process is done and this coating strategy is termed as
immediately post treated sample. The following image shows the deposition of HA using
immediately post treatment strategy.

Fig.4.2. Immediately post treated sample
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4.2.2 1-Day Post treated sample
In this method, the electrodeposited sample is post treated after a single day i.e. 24 hours just to
notice the behavior of oxide layer on the coated sample. As in this case, the post treatment
converts precipitate DCPD into HA coating. It is left for a single day just to see the fluctuation in
degradation rate, as in some cases the implant has to remain in the body for a limited time, so this
is the coating strategy to control the rate of degradation of the implant material.

Fig. 4.3. 1-Day post treated sample

4.2.3

Magnesium Sample (Control)
This is the plain magnesium AZ31 sample used as a control sample to compare the

corrosion and degradation rate of the coated sample.
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Fig.4.4 Plain magnesium sample (Control)

4.3
4.3.1

Surface Treatment Techniques
Pre-Treatment Procedure
The goal of surface pretreatment is to eliminate contaminants, such as dust and films

from the surface of the substrate. The surface contamination can be extrinsic, composed of organic
debris and mineral dust from the environment or preceding processes. It can also be intrinsic, such
as even prevent deposition on the surface of the substrate. Therefore surface pretreatment is
required to ensure the quality of coating.

4.3.2

Alkaline Surface Treatment
Alkaline Pretreatment is one among the most chemical pretreatment strategies that

has investigated for the medical applications. It includes several alkaline reagents like sodium
hydroxide (Carrillo, Lis et al. 2005), calcium hydroxide (Chang, Nagwani et al. 2001) and
potassium hydroxide (Chang and Holtzapple 2000) Mechanically alkali is trusted to cleave
hydrolysable linkages in glycosidic and lignin bonds of polysaccharides, which causes a reduction
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in the degree of polymerization and crystallinity. The effectiveness of alkaline pretreatment is
dependent on the chemical composition and physical structure of the substrate as well as the
treatment conditions. It removes the impurities from the substrate and thereby enhances the
electrodeposition process by activating the surface.
The substrate material used in this thesis experiment was magnesium AZ31 alloy with a
size of 1.5 cm x 5 cm. prior to electrochemical deposition; the samples were pre-treated in alkaline
solution by dipping the Mg samples in 1 M NaOH solution for 1 hour at 70°C.
4.3.3

Post Treatment Procedure
During the coating process, rapid cooling of coated substrate guides to the formation of

some amorphous phases like try calcium phosphate (α and β TCP) and tetra-calcium phosphates
(TTCP) (Morks and Kobayashi 2006). These phases are rapidly soluble in human blood plasma
and can lead to implant instability after a period of implantation. (Lu, Xiao et al. 2006) (Morris
and Ochi 1998) (Albrektsson 1998). Lot of research work has been done to enhance the
effectiveness of the coating by optimizing coating parameters, reinforcing some secondary
materials and by post coating heat treatment process (Morks and Kobayashi 2007), (Zheng, Huang
et al. 2000) and (Lu, Song et al. 2003). It is also mentioned in previous literature that post coating
heat treatment eliminates all non-favorable phases formed during coating operation and HA
coating (Li, Khor et al. 2002). These phases have to be minimized or eliminated in order to extend
the applications of bio implant. After the Hydroxyapatite coating is completed on the substrate,
the precipitate Di Calcium Phosphate Dehydrate (DCPD) is converted into HA Coating by the
process of post treatment strategy.
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4.4

Morphology and Microstructure of Coatings

4.4.1 Optical Microscopy
The images from the microscope indicate the white porous coating in the image below, A,
B, C, D indicates the HA coated sample, it is fully covered with porous coating leaving the bare
magnesium substrate under the coating, this coating is helpful to infiltrate into implants and
enhance the healing of the damaged bone tissue earlier. The images E and F show the bare
uncoated magnesium AZ 31 sample just as a control.
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Fig.4.5. (a) HA IPT sample with 10 x magnification, (b) HA 1DPT sample with 10 x
magnification (c) HA IPT sample with 4 x magnification, (d) HA 1DPT sample with 4 x
magnification, (e) Mg AZ 31 Sample with 4 x magnification, (f) Mg AZ 31 Sample with 10 x
magnification.
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The light contrast between the bright matrix and the dark unevenness such as grain
boundaries or intermetallics could be apparently seen in the bright field (BF) mode. The
method to cause this phenomenon is related to the weakened intensity of the reflected light due
to light dispersion from grain boundaries and the interfaces between second phases and matrix.

4.4.2 Scanning Electron Microscopy
In this thesis, hydroxyapatite coated magnesium samples were placed inside SEM and
images were taken. Figure shows the surface morphologies scanned with Scanning Electron
Microscopy. From both the images A, B, C, D, the coating is found to be porous in nature; the
coating is uniform with flake like structure uniform present diverging from the periphery of the
sample to the center which will be critical for uniform healing of the bone tissue. The porous
HA coating will enable the bone tissue to infiltrate them healing the bone tissue pretty earlier,
SEM images of the uncoated magnesium sample were shown in E and F which acts as a
control. When the images A, B, C, D are compared to images E and F, the coating is clearly
observed.
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Fig.4.6. (a) HA IPT sample with 10 µm magnification, (b) HA 1DPT sample with 10
µm, (c) HA IPT sample with 2 µm magnification, (d) HA 1DPT sample with 2 µm
magnification (e) Mg AZ31 sample with 2 µm magnification, (f) Mg AZ31 sample with 10 µm
magnification

4.4.3 EDS Analysis
The images 4.3 and 4.4 below shows the histogram which depicts the elemental
concentration of the atoms present in the HA immediately post treated sample and 1-Day post
treated sample.

Fig.4.7. Elemental composition spectra for the immediately post treated sample

Fig.4.8. Elemental composition spectra for the 1-Day Post treated sample
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4.4.3.1

Ca/P Ratio

Table 4.1. Ca/P Ratio of HA coating materials compared with reported value using EDS
results (Song, Shan et al. 2008)

Thesis Value

Reported Value

From the table above, the thesis results are compared to a reported results, the weight and
atomic percentage of the calcium and phosphate are considered in the table and the atomic ratio
of calcium to phosphate was calculated which depicts the content of HA (Mafe, Manzanares et
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al. 1992) (Schaad, Poumier et al. 1997). For the formation of hydroxyapatite, the ratio of
calcium to phosphate has to be equal to 1.67 (Ca/P = 1.67) which depicts the theoretical value
of HA. In the table, HA 1-day post treated sample has the ratio of 1.7 which depicts the ideal
ratio of HA and this proves that HA is deposited on the magnesium substrate, also HA
immediately post treated sample layer appears to be rich in calcium (Ca/P > 1.67), this show is
also the presence of HA. While in the other reference, the Ca/P ratio was less than the 1.67.

4.5

FTIR Characterization
The intensity of light transmitted through the sample was measured at each

wavenumber allowing the amount of light observed by the sample to be determined, here the
percentage of transmittance is plotted with respect to wavelength (Williams and Fleming
1995).

Fig.4.9. FTIR Spectrum for HA immediately post treated sample
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Fig.4.10. FTIR Spectrum for HA 1-Day Post treated sample

Fig.4.11. Overlay of HA immediately post treated and 1-day post treated sample
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Fig.4.12. FTIR spectrum for 1-day post treated sample.

In the figures above, the graph shows the peak which depicts the absorption bands were
found on the HA immediately post treated and HA 1 day post treated samples both perfectly
overlapped on the other image. The split bands, mainly 1249 to 1411cm-1, shows calcium peaks
and the bands 560, 601 and 1021cm-1 shows phosphate peaks according to the wavenumber.
When the peak values are compared to reference (Manso, Jiménez et al. 2000) the wavenumbers
correspond to the same values showing the matching content as in hydroxyapatite. The detailed
study regarding the peak values are compared with the values in the table below.
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Table.4.2. Showing the peak values of coating. (Cuilian W. et al, 2008), for the middle
column)

Peaks of HA

Peaks of HA IPT

Peaks of HA 1DPT

566 (Ca)

560

566

605 (Ca)

601

601

860 (P)

873

874

Concerning the FTIR spectra, by comparing the images with the reference, the peaks are
at the same intervals. The vibration bands of 560,601 and 1021cm-1 are confirmed as a peak of
phosphate and the vibration bands 1249 to 1411 cm-1 confirms the calcium deposition peak. By
the peak value with respect to the literature, we can conclude there is enough deposition of
calcium and phosphate with in the expected wavelength and percentage of transmission region
on the magnesium sample, and thus FTIR characterization has proved enough deposition of
HA on magnesium surface.
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4.6

Porosity Measurement

Fig.4.13. (a) And (c) Porosity Resolution Image for HA IPT coated Sample with
Resolution 0.3, (b) And (d) Porosity Resolution Image for HA 1DPT coated Sample with
Resolution 0.3Using Mat lab.
Using Mat lab, with the help of image show command, the resolution for this coating is
selected as 0.3 as is shows clear picture of black and white pixels where accurate value of
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porosity can be calculated. Then as per the selected image, image history command gives the
percentage of pixels of both black and white pixels in the selected image. The pixel value of
black and white are noted and that leads to the ultimate porosity ratio using a formula (L.
Ghasemi et al., 2007).
The values of white pixels, black pixels and total pixels are plugged into the formula for
each coating process and at different magnification for all the SEM images taken.

Table.4.3. Average Porosity Values with respect to the figure 4.13
Sample Name

Porosity Value

HA IPT coated Sample with

36.22

Average Value

2 µm (A)
HA IPT coated Sample with

30.44

33.34

10 µm (C)
HA 1DPT coated Sample

37.46

with 2 µm (B)
HA 1DPT coated Sample

35.86

36.66

with 10 µm (D)

The average value of the porosity has been calculated as per the SEM images for HA
IPT and it was found to be 33.34 and the average value of the porosity for HA 1DPT was
found to be 36.66. These values confirm the deposition of HA coating with acceptable value of
porosity in the range of 30-40 (Tampieri, Celotti et al. 2001). Thus Hydroxyapatite coating is
porous in nature as it infiltrates into implant and accelerates the healing of bone quickly.
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4.7

Electrochemical Tests

4.7.1 Tafel Plots
This technique uses the data acquired form cathodic and anodic polarization measurements.
Cathodic data are selected, since these are efficient to measure experimentally. In Fig. the total
anodic and cathodic polarization curves superimposed as dotted lines. It can be noticed that at
relatively high-applied current densities, the applied current density and the corresponding
hydrogen evolution have become virtually similar. At the corrosion potential, the rate of
hydrogen evolution is same as that of metal dissolution, and this point corresponds to the rate
of corrosion of the system expressed in terms of current density. Tafel constants must be
calculated from both the anodic and cathodic portions of the Tafel plot. The units of the Tafel
constants are V/decade. A decade of current is one order of magnitude. Concerning
polarization occurs when the reaction rate was high that the electroactive species cannot reach
the electrode surface at a sufficient rapid rate and the reaction becomes diffusion controlled.
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Fig.4.14. Determination of Corrosion Rate using Tafel Curve

Tafel plot is very useful electrochemical technique for corrosion studies, where the
corrosion current can be easily determined.
Tafel Equation.
I = I0 e (2.3(E-E°)/β) where,
I = the current resulting from the reaction
I0 = a reaction dependent constant called the Exchange Current
E = the electrode potential
Eo = the equilibrium potential (constant for a given reaction)
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Β = the reaction's Tafel Constant (constant for a given reaction). Beta has units of volts/decade.

Fig 4.15. Tafel plot for HA immediately post treated sample.

Table 4.4. Determination of Corrosion Rate using Tafel Plot for HA immediately post treated
sample
BetaA

BetaC

Icorr

Ecorr

Corrosion

Corrosion

(V/ decade)

(V/ decade)

(A)

(V)

Rate

Rate

(mpy)

(Mm/yr.)

33.0651

0.8398

1E+15

1.2773

0.0000915

-0.112
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Fig 4.16. Tafel plot for HA 1-Day post treated sample.

Table 4.5 Determination of Corrosion Rate using Tafel Plot for HA 1-Day post treated sample.

BetaA

BetaC

Icorr

Ecorr

Corrosion

Corrosion

(V/ decade)

(V/ decade)

(A)

(V)

Rate

Rate

(mpy)

(Mm/yr.)

60.7308

1.54

1.0295

1.7932

0.000168

-0.434
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Fig.4.17. Tafel plot for Magnesium AZ31 sample.

Table 4.6. Determination of Corrosion Rate using Tafel Plot for Magnesium AZ31 sample

BetaA

BetaC

Icorr

Ecorr

Corrosion

Corrosion

(V/ decade)

(V/ decade)

(A)

(V)

Rate

Rate

(mpy)

(Mm/yr.)

343.2145

8.717

1.0789

0.978

0.00095

-1.42
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Tafel Overlay of HA IPT, IDPT and Mg
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-1.00E+00
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-3.00E+00

Log i A/CM²

Fig 4.18. Overlay of Tafel Plots of HA IPT, HA 1DPT and Mg samples

From the above image, it is clear that HA IPT and HA 1DPT are more corrosion
resistant than Mg AZ31 uncoated sample, from the image, HA coated sample are on a region
which has used less current and more voltage for the degradation, while Mg AZ31 sample has
used more current and less voltage for the degradation. The clear picture is understood once we
focus on the experimental data, from tables 4.1, 4.2 and 4.3, we can see that the corrosion rate
of HA IPT and HA 1DPT was 33.0651 and 60.7308 mille inches per year, while the corrosion
rate for Mg AZ31 sample was 343.2145, this proves that both HA coated sample degrade
lesser than uncoated sample protecting it from degradation.
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4.7.2

Electrochemical Impedance Spectroscopy (Nyquist Plots)
Electrochemical Impedance Spectroscopy (EIS) is a recent tool in corrosion and solid

state laboratories that has partially made its entry into the service laboratories as units are
decreased in size and become portable. Impedance Spectroscopy was initially applied for the
determination of double layer capacitance and in ac polarography, they are now used in the
characterization of complex interfaces and electrode processes. EIS investigates the response
of the system to the application of a small periodic amplitude ac signal. These measurements
were performed at different ac frequencies and thus, the name impedance spectroscopy was
taken. Analysis of the system response consists of the information regarding the interface and
its reactions and structure taking place. It is considered an important tool in the research and
applied chemistry.
Though, EIS is a very sensitive technique and it needs to be used with great
responsibility. Besides, it is a mature and a well understood technique. It helps on acquiring,
validating and quantitative interpreting the experimental impedances. There is almost an
infinite variety of different reactions and interfaces that can be studied like corrosion, coatings,
batteries and fuel cells, conducting polymers, electro catalytic reactions, semiconductors,
chemical reactions coupled with faradaic processes. In this thesis, corrosion and coating
methodologies were tested using EIS spectroscopy.
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Fig 4.19. Nyquist plot for HA immediately post treated sample using EIS spectroscopy.
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EIS (Nquist) Overlay curves of HA IPT, 1DPT and
Mg
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Fig 4.20. Overlay of Nyquist Plots of HA IPT, HA 1DPT and Mg uncoated samples
using EIS
From the above image, the curves represent perfect Nyquist plots in shape. HA IPT and
HA 1DPT has more corrosion resistance than Mg AZ31 uncoated sample, as frequency is the
parameter as the graph is plotted between Z real and Z imaginary. Angular frequency is tested
here, which represents the corrosion rate, angular frequency is higher if the curve has high real
and imaginary values and lower vice versa. According to figure 4.16, Corrosion resistance for
both HA IPT and HA 1DPT are higher according to high angular frequencies and Mg uncoated
sample has lower corrosion resistance accordingly.
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4.8

Degradation of HA Coated and Uncoated Samples in PBS
The electrochemical tests are performed in Phosphate Buffered Saline (PBS) which has

the same salt concentration of human body (Atlas 2004). Phosphate buffered saline is a buffer
solution greatly used in biological research (Atlas 2004). It is a water-based salt solution
containing sodium chloride, sodium phosphate, potassium chloride and potassium phosphate.
The buffer's phosphate groups help to sustain a constant pH. The ion concentrations and
osmolarity of the solution usually match those of the human body (isotonic) (Atlas 2004). PBS
has many uses because it is isotonic and non-toxic to cells. This study aims to explore the
action of PBS solution on magnesium-based coated and uncoated sample in a corrosion cell
(Atlas 2004).

Table.4.7. The salt concentration of PBS (Atlas 2004).

The results showed significantly improved degradation performance in HA coated
magnesium samples compared to non-coated magnesium samples in PBS. The results from
both Tafel and Nyquist curves showed that the HA coated samples are more corrosion resistant
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than the uncoated samples using electrochemistry. The unique composition of PBS and the
frequency of media change affected the rate and process of Mg dissolution. Rapid degradation
of implant material can result in shortening of an implant lifetime. It can be observed that the
protectiveness provided by the coatings are initially strong but reduces with respect to time.
Although, the coated samples provide more improvement than the non-coated samples. This
behavior of protection is desirable of an implant because degradation should initially be slow
in order to maintain its mechanical integrity at the time of bone healing. Once the new bone is
generated, the implant is expected to degrade after initial period. However, the initial
protection offered by the coating is required for the healing of the bone tissue in the initial
weeks. Therefore, for more practical measure of Mg implant degradation rate, the immersion
test has to be performed on an actual bone implant.
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CHAPTER 5

5. CONCLUSION AND FUTURE RESEARCH
5.1

Conclusion
The main objective of this work performed in this thesis is to design hydroxyapatite

coated magnesium based alloys as a potential orthopedic metallic implant material. Magnesium
is chosen as a matrix and hydroxyapatite as a reinforcement phase on the basis of biodegradable and bio-compatible nature. Hydroxyapatite coatings were deposited on magnesium
AZ 31 sample by electrodeposition method. The bioactive hydroxyapatite (HA) coating was
fabricated on magnesium AZ31 alloy substrate by an electrochemical deposition method and
offered a great prospect to be a potential biodegradable implant material. Both coating
strategies immediately post treatment and 1–Day post treatment strategies shown enough
deposition of HA on substrate respectively with the help of Ca/P ratio exceeding the theoretical
value 1.67. The observation with the help of SEM-EDS and FTIR gave significant information
about morphology and structure of the coating, Optical Microscopy also depicted the
observation of HA on the magnesium substrate. Alkaline post treatment converted the
amorphous phases into complete hydroxyapatite eliminating phases like Dicalcium Phosphate
Dehydrate and Tri Calcium Phosphate Dehydrate.
In comparison of non-coated samples with coated samples, the HA IPT and 1DPT
samples significantly increased the corrosion resistance property indicating that the coating was
protecting magnesium samples from rapid degradation using electrochemical tests. Therefore
HA coatings are promising for managing the biodegradation of Mg-based orthopedic implant
materials and devices. This elucidated the coating could protect the substrate effectively and
73

reduce its corrosion rate. EDS results confirmed through the Ca/P ratio that there was enough
deposition of HA on magnesium sample. These coating could enhance the biodegradation
property of magnesium AZ31 alloy in the human body environment while simultaneously
enhancing bone integration.
Electrochemical tests indicate the degradation rate of the coated and uncoated samples in
PBS, with the help of Nyquist and Tafel curves, it’s been proved that Hydroxyapatite
Immediately Post Treated Sample and 1-Day Post Treated sample are more corrosion resistant
than the uncoated magnesium sample. Hence, the coating protects the implant from early
degradation and it infiltrates into the implant thus enhancing the bone growth.

5.2

Future Research
Bone implants undergo different stresses in vivo, which can affect its overall bioactivity

and degradation (Bond 1980). The shear stress applied to implants also contributes dynamic
physiological fluid flow. Hence dynamic flow should be accounted for its effect on
degradation as well as its effect on the surrounding magnesium concentration and pH (Bond
1980). Fulfilling degradation studies in vivo or in stimulated in vivo conditions would give a
more ideal demonstration of the behavior of magnesium in physiological environment.
Future studies are required to optimize nanostructured coatings to control magnesium
degradation as discussed previously. Further work will explore the cytocompatibility and
bioactivity such as proliferation and differentiations of HA coated and non-coated magnesium
samples in vitro. Further, mechanical bond strengths are also required to determine the HA
bond strength to the Mg and the overall coating mechanical strength with the magnesium. It
was planned to confirm the enough wavelength of HA coating on the magnesium substrate.
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Further investigations on the understanding of physical characterization of the films may
be performed by looking at the coating response and other chemical and mechanical forces
which were not performed in this study. Some tests may include nanoindentation, scratch
testing and cell culture can be done by growing Fibroblast cells on it for the evaluation of
cytotoxicity (Athanasou 1999).
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