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ABSTRACT 

 Biomaterials are used in implantations inside the human body and have been a reliable 

method for a long time but not without detrimental effects. Although biomaterial manufacturing 

companies claim a longer service life for implants, it has been found that after a few years of 

implantation, a number of patients have complained about severe pain around the implantation 

areas attributed to the corrosion of implants. A number of research studies are undergoing to 

understand and reduce this corrosion. Anodization is a method performed in an electrolyte solution 

to reduce corrosion. Subsequent tests have been performed to recognize the impacts of anodized 

biomaterials, which includes immersing them into various solutions.  

 The purpose of this research was to carry out a long-term investigation of the corrosive 

behavior of both anodized and non-anodized biomaterials under controlled conditions. The 

titanium alloy Ti6Al4V was anodized in 0.4 M phosphoric acid (PHOA) and 0.5 M oxalic acid 

(OXA), and the magnesium alloy MgAZ31B was anodized in 0.4 M PHOA and 1 N potassium 

hydroxide (KOH) by applying 20 V DC potential. Prolonged investigations were performed by 

immersing them in 3% sodium chloride (NaCl), phosphate buffered saline (PBS), and deionized 

(DI) water solutions and measuring the corrosion rate and pattern by electrochemical analysis. 

Anodized titanium (Ti) and magnesium (Mg) alloys have been found to be more corrosion resistive 

than their non-anodized alloys. Maximum corrosion rates (CRs) of 3.0430 mpy and 0.78447 mpy 

were found for non-anodized and anodized Ti6Al4V, respectively, after immersion in 3% NaCl 

solution for 1,080 hours. Maximum CRs of 1640.02 mpy and 868.63 mpy were found for non-

anodized and anodized MgAZ31B, respectively, after immersion in 3% NaCl solution for 12 

hours. It was observed that anodization increases the natural oxide layer on the material surface, 

which decreases the corrosion rate and prolongs the life of the biomaterial.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The basic requirement for biomaterial implants that can be used in the human body is that 

they must be biocompatible and should have no adverse reaction [1]. It is important for biomaterial 

implants to withstand the body’s internal environment and have the stability to sustain the desired 

time period and not degrade to a point where it cannot function as expected [2]. Corrosion of metal 

implants is a critical factor because of its adverse effect on the implant’s mechanical properties 

and consequently its biocompatibility. Corrosion and surface oxide film dissolution mechanisms 

introduce additional ions into the body, and the extensive release of ions from a prosthesis can 

result in adverse biological reactions, thus leading to mechanical failure of the device [1].  

 Carcinogenic effects of foreign materials in the body have been a major concern for both 

short-term periods as well as long-term periods that exceed 20 years. With human aging, parts of 

the body tend to wear out as the result of everyday tasks [2]. Illness such as arthritis is becoming 

prominent with aging as well as for young people, thus leading to immobility and unbearable pain. 

However, the cause of this disease remains unknown even today, in spite of remarkable scientific 

advancements. Even young and dynamic people, like sportspersons, often need bone and hip joint 

replacements, as the result of fracture and excessive strain [3].  

 In 1965, Branemark described the ability of commercially pure titanium (Ti) to integrate 

with bone tissue [4]. Therefore, the titanium allow Ti6Al4V has become the most popular 

biomaterial used for bone implantation in the human body, because of its more favorable 

mechanical properties, compared to pure titanium. Ti6Al4V has the properties of high corrosion 

resistivity, strength, and flexibility [5]. In general, every year more than 1,000 tons (2.2 million 
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pounds) of titanium devices are implanted in patients worldwide. The medical grade of the 

Ti6Al4V alloy has a significantly higher strength-to-weight ratio than competing stainless steels. 

It has been well recognized that titanium is completely inert and immune to corrosion by all body 

fluids and tissue and is thus entirely biocompatible [6]. 

 In titanium hip implants, corrosion fatigue can occur even by simply walking, which causes 

cyclic loading at a frequency of about 1 Hz [3]. The fatigue corrosion resistance of titanium is 

almost independent of the pH value. It has been established that there are four steps involved in 

localized corrosion: (a) adsorption of reactive anions on the oxide-covered titanium surface, (b) 

reaction of the adsorbed anions with titanium cations in the titanium oxide lattice or with the 

precipitated titanium hydroxide, (c) thinning of the oxide by dissolution; and (d) direct attack of 

the exposed metal by anions, perhaps assisted by an anodic potential. This is sometimes called 

pitting propagation [7].  

 In forecasting the application of designed implants, knowledge about the various surface 

developments of titanium-based alloys is required. It is generally known that every surface 

treatment determines the mechanical properties and corrosion resistance of biomaterials in a highly 

corrosive biological environment, even the critical environment inside the human body [8]. 

Ti6Al4V is especially recognized for its outstanding resistance to chlorides and other halides 

generally present in most process streams [1]. However, Ti alloys are a suitable choice for 

implantation because of the combination of its excellent characteristics such as high strength, low 

density (approximately 4,700 Kgm-3), good resistance to corrosion (due to the formation of an 

adhesive TiO2 oxide layer at the surface), complete inertness in the body’s internal environment, 

enhanced biocompatibility, and moderate elastic modulus of approximately 110 gigapascals 

(GPa), which is a measure of pressure. Titanium and its alloy also have the ability to become 
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tightly integrated into bone [9]. Figures 1.1 and 1.2 show metallic biodevices and metallic 

biomaterial used for human body. 

 

Figure 1.1: Metallic biodevices and metallic biomaterial [1] 

 

   

Figure 1.2: Hip (left) and knee joint (right) implants [3] 

 Magnesium (Mg) contains some smart features such as biocompatibility, biodegradability 

and mechanical properties similar to bone [10]. The density of Mg is 1.77 g/cm3 at room 

temperature and is slightly less than bone, ranging from 1.8 to 2.1 g/cm3. There is also a close 

similarity between the elastic modulus of Mg (45 GPa) and bone, which varies from 40 to 57 GPa 
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[11, 12]. The similarity of its mechanical properties and encouraging biocompatibility makes Mg 

a promising material for use as biodegradable orthopedic implants [10]. 

 Magnesium alloys have been experimented on in vivo studies to assess their suitability for 

orthopedic applications which was conducted on rabbit tibiae, whereby magnesium alloys 

(LAE442, WE43, MgCa0.8, AX30, and ZEK100) were implanted into the tibia, and the 

mechanical strength, in vivo corrosion rate (CR), and biocompatibility were examined [13]. 

Despite the many advantages of the Mg alloy AZ31B, it has poor corrosion resistance in chloride-

rich body fluids (pH between 7.4 and 7.6), which has severely limited its use in medical 

applications. There are two elementary problems involved in the rapid acceleration of corrosion: 

the rapid formation of subcutaneous hydrogen gas bubbles that appear during the first week after 

surgery, and the loss of mechanical integrity between the implant and the surrounding bone tissue, 

which prevents effective tissue regeneration [14, 15] 

 Currently, one of the most significant discussions in orthopedic surgery involves total joint 

replacements, especially hip and knee, and the increasing trend to replace degraded and destroyed 

biological materials with artificial organs. It is estimated that approximately 1 million hip 

replacements and 250,000 knee replacements are carried out per year. This number is expected to 

double between 1999 and 2025 as the population ages and demands a higher quality of life [16]. 

 The study of Ti and Mg corrosion resistance is basically an investigation of the properties 

of oxide film. The oxide film on titanium is very stable and is attacked only by a few substances, 

including hot concentration reducing acids. Titanium is capable of healing this film almost 

instantaneously in every environment where a trace of moisture or oxygen is present because of 

its strong affinity for oxygen. But the oxide film of magnesium is not as stable as that of titanium 

and is attacked easily [17]. 
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 The lifetime of bioimplants varies, depending on a number of factors: age, activity of the 

person, materials, and environment. However, the manufacturers of bioimplants do not provide 

any precise numerical values for the functionality time of implants, although a number of industries 

claim a lifetime warranty of their Ti alloy implants, including implant replacements, treatment 

costs, and other facilities, if the product fails to perform after implantation [18, 19]. Most patients 

who have had their knee and hip joint bones replaced by biomaterial implants are really suffering 

from pain and other issues, due to the corrosion of the biomaterial implants inside the human body 

condition [20]. The number of patients complaining about implants has increased from 

approximately 2,500 to more than 5,000 from the year 2010 to 2011, according to Food and Drug 

Administration (FDA) [21]. These complaints can be categorized as pain, functional 

limitations, stiffness, and age, among which the pain is primarily attributed to corrosion and 

biocompatibility of the implant material [22]. The internal environment of the body is extremely 

well buffered and maintained at around pH of 7.4 at 37°C. Basically, two features control the 

severity of this environment. First, an excellent electrolyte saline solution facilitates the 

electrochemical (EC) mechanisms of corrosion and hydrolysis. Second, many molecular and 

cellular species in tissues have the ability to catalyze certain chemical reactions or rapidly destroy 

certain components identified as foreign. Thus, metals used in the human body must have a high 

corrosion resistance for a longer lifetime inside the human body [1]. 

 However, the lifetime expectancy of biomaterial can be established by determining the 

behavior of the corrosion rate of the metal used for the biomaterial in various corrosive media or 

solutions. One way of improving a material’s corrosion resistivity is by anodization [23]. This 

method is simply an anodic oxidation on the surface, which improves the implant and leads to the 

formation of a uniform coating layer at the environmental temperature. It could be basic or acidic 



 

6 

anodization, depending on the material properties that are being anodized [24]. For Ti6Al4V, the 

rate of anodic film formation is much higher than its dissolution rate in acidic electrolytes, like 

sulfuric acid, phosphoric acid (PHOA), oxalic acid (OXA), etc. But for MgAZ31B, the rate of 

anodic film formation varies with the acid and base solutions, such as PHOA and potassium 

hydroxide (KOH) solution [25, 26].  

 In the potentiostat method of anodization, a constant voltage is applied which affects the 

surface of the material. Oxide layer thickness means that the layer thickness increases is directly 

related to the anodizing voltage [27]. A more prominent color form appears on the Ti6Al4V than 

the MgAZ31B. Two theories illustrate the colors created on anodized surfaces: stoichiometric 

defects in the oxide film composition, and the interference of waves in the crystalline layers [23]. 

With the anodization process, there is great potential for increasing the lifetime of the biomaterial 

in terms of corrosion resistivity. 

1.2 Motivation 

 Most patients who have biomaterial implanted for a knee or hip replacement complain of 

severe pain or other issues due to corrosion of the implant material inside the human body. It has 

become necessary to determine a solution to this problem so that the lifetime of the implant 

material can be extended by increasing its corrosion resistivity. The different possible solutions to 

improve the corrosion resistivity of implant biomaterial are expensive and time-consuming. 

Therefore, applying the simple, low-cost process of anodization to implant materials for certain 

periods of time and studying the corrosion behavior of materials that have been anodized versus 

those that have not been anodized would be a convenient way to study the corrosion resistivity in 

order to find a solution to enhancing the lifetime expectancy of that biomaterial for several years 

rather than a few months. This is the motivation behind this thesis research. 
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1.3 Objectives 

 Depending on the vast potential for using Ti and Mg alloys as metallic biomaterial implants 

for the human hip joint, knee joint, etc., this research has the following objectives: 

 To investigate the corrosion behavior of Ti6Al4V and MgAZ31B by periodically 

determining the lifetime expectancy or corrosion penetration rate (CPR) of these bare 

alloys using an electrochemical study by obtaining Tafel curves before and after immersing 

the alloys in a 3% sodium chloride (NaCl) solution, phosphate buffered saline (PBS) 

solution (1x), and deionized (DI) water . 

 To carry out the anodization process on bare Ti6Al4V and MgAZ31B by applying a direct 

current (DC) voltage to various concentrations of acidic and/or base electrolyte solutions 

to improve the corrosion resistivity of the biomaterials, with the aim of enhancing the 

lifetime of the implant inside the human body. 

 To sporadically determine the CPR of the anodized Ti6Al4V and MgAZ31B in the same 

three solutions before and after immersing them in the 3% NaCl solution, PBS solution 

(1x), and DI water, and then investigate the corrosion pattern behavior of all materials at 

various times by means of Nyquist plots from the electrochemical studies. 

 To compare the corrosion rates of anodized and non-anodized Ti and Mg alloys before and 

after immersing them into the three different solutions for a period of time in order to 

determine the lifetime of the biomaterial implants in terms of corrosion resistivity. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Titanium and Magnesium Alloys 

 There are three main groups of titanium alloys: (a) alpha alloys, which contain neutral 

alloying elements (like Sn) and/or alpha stabilizers (like Al, O) only and are non-heat treatable; 

(b) alpha plus beta alloys, which normally are heat treatable to various temperatures and contain a 

combination of alpha and beta stabilizers; and (c) beta alloys, which are metastable in nature and 

contain sufficient beta stabilizers (like Mo, V) in order to completely retain the beta phase, even 

upon quenching, and so they can be treated in different solutions to reach considerable increases 

in strength [28]. 

 Most magnesium alloys are manufactured as high-purity alloys to decrease the corrosion-

related problems associated with higher levels of iron, nickel, and copper. Magnesium alloys 

contain at least 96% Mg with other metals such as aluminum (Al), zinc (Zn), manganese (Mn), 

silicon, copper (Cu), rare earth, and zirconium, etc. Aluminum is the principal alloying element 

for many magnesium alloys because of its improved mechanical strength, light structure, corrosion 

properties, and castability with Mg [29].  

2.1.1 Biocompatibility 

 An ideal biomaterial like Ti alloy or Mg alloy is expected to exhibit properties such as a 

very high biocompatibility, which clearly indicates no adverse response from human tissue. Also, 

it must have a low density like human bone, high mechanical strength, and fatigue resistance, all 

important qualities for endurance.  In addition, low elastic modulus and good wear resistance are 

vital properties [30]. It is very difficult to combine all these properties in only one material.  
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 Some metals, such as Ti6Al4V and MgAZ31B alloys, are used as biomaterials because of 

their excellent mechanical properties and good biocompatibility. The biocompatibility of Ti6Al4V 

is excellent, especially when direct contact with tissue or bone is required. However, Ti6Al4V’s 

low density of 4.43 g/cm3 and poor shear strength of 550 MPa make it undesirable for bone screws 

or plates [28, 31]. It also has poor surface wear properties and tends to seize when in sliding contact 

with itself and other metals. Similarly, MgAZ31B has a density of 1.77 g/cm3, which is close to 

that of human bone (1.8–2.1 g/cm3). The fracture toughness of magnesium is higher than that of 

ceramic biomaterials. The elastic modulus of Mg alloy ranges from 44.8 GPa, which is also quite 

close to that of human bone and helps avoid the stress-shielding effect [32, 33]. The most important 

disadvantage of metals is their corrosion tendency in an in-vivo environment. The human body 

can tolerate most metals in small amounts even as metallic ions. The consequence of corrosion in 

implant material is dissolution, which in turn weakens the implant and has a negative impact on 

surrounding tissues and organs. Surface treatment such as anodization can improve the implant’s 

surface wear properties like corrosion resistivity. Some metals are used as passive substitutes for 

hard tissue replacement such as total hip and knee joints, fracture healing aids such as bone plates 

and screws, spinal fixation devices, and dental implants [30]. 

2.1.2 Biodegradability 

 The reason for mechanical failure of an implant device occurs because of the adverse 

biological reactions as a result of the wide-ranging release of ions from the prosthesis. Therefore, 

metals used in the human body must have a high corrosion resistance. Degradation of metals and 

alloys is simply electrochemical and mechanical effects. Cyclic polarization experiments in 

Hank’s solution were performed on both Ti6Al4V and MgAZ31B. It was found that both alloys 

degraded in Hank’s solution after a certain period of time and their corrosion rate increased. It was 

http://asm.matweb.com/search/GetUnits.asp?convertfrom=43&value=4.43
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also observed that, initially, the degradation was higher for both materials, but after a certain period 

of immersion, it becomes consistent [1, 34]. The corrosion behavior of bare Mg and the MgAZ31B 

alloy were also been investigated by using the polarization method, and it was found that 

MgAZ31B has lower biodegradability than bare Mg in an NaCl solution, which basically indicates 

that Mg alloy can be a good choice to use for biomedical implants [35]. Because of the low 

biodegradability of the Ti alloy, it can also be the best choice for a biomedical implant application. 

2.1.3 Biomedical Applications 

 Most of us know someone who has required orthopedic surgery to replace a failing hip 

socket, shoulder joint, or severely broken bone. It is quite likely that medical grade titanium was 

the material of choice for surgeons reconstructing those parts of the body due to the titanium 

properties making it a perfect alloy for use within the human body. The Ti alloy is used for making 

the following parts found in the body [36]: 

 Pins 

 Bone plates 

 Screws 

 Bars 

 Wires 

 Posts 

 Expandable rib cages 

 Spinal fusion cages 

 Finger and toe replacements 

 Maxio-facial prosthetics 

http://www.azom.com/details.asp?ArticleID=1794#_Suitability_of_Titanium
http://www.azom.com/details.asp?ArticleID=1794#_Suitability_of_Titanium
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 Some of the most common uses for titanium in hip replacement surgery is shown in Figure 

2.1. It is also used to replace shoulder and elbow joints, and to protect the vertebrae following 

complicated and invasive back surgery. Titanium pegs are used to attach false eyes and ears, and 

titanium heart valves are even competing with regular tissue valves [37]. 

 

Figure 2.1: Titanium hip replacement implant [37] 

 Similar to the Ti alloy, some biomedical applications of the Mg alloy are as follows [3]: 

 Orthopedic screws, plates, and nails  

 Cardiac stent  

 Ureteral stent 

2.2 Biomaterial Implant Issues Inside Human Body 

 The human body’s internal environment containing a corrosive solution at 37°C is 

regulated homeostatically [38]. When an implant is placed inside the human body, the 

thermodynamic driving force between the implant and surrounding tissue lowers the surface 

energy, and reactions of various kinds occur and proceed until the lowest thermodynamics state or 

a kinetic barrier layer develops at the interface [39]. Primarily, the oxidation of metals takes place, 

which may result in the release of ions or the formation of metal oxides, metal chlorides, 

organometallic compounds, etc., which lead to corrosion of the implant over time [40]. A survey 
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was done by researcher Sivakumar et al. to show the failure of stainless steel orthopedic implants 

[41].  

2.3 Corrosion of Biomaterial Implant 

 The primary failure of the orthopedic implant occurs as the result of wear of the metal 

which accelerates corrosion. Thus, high wear-resistant materials, such as ceramics and cobalt-

chromium (Co-Cr), to fabricate orthopedic implants are often preferred. In the case of hip implant 

manufacturing, Ti-based alloys are used only for making the femoral component of the implant, 

and Co-Cr or other hard ceramics are used to make the ball. Also, the femoral components are 

sometimes coated with cement to provide good fixation [3]. When biomaterials are implanted with 

bone cement, crevice corrosion takes place in the femoral components made of Ti6Al4V and 

Ti6Al7Nb alloys [42]. 

 It has been established that titanium with palladium (Pd) reveal high resistance to corrosion 

over a wide range of pH value due to the enrichment of Pd on the surface of the material [43]. It 

has been found that metals with ceramics and polymers are the main class of materials considered 

for replacement of non-functional body part implants. Unlike other material, pure titanium has 

poorer wear and wear-corrosion resistance than the Ti alloy and can create wear debris, which may 

cause serious health issues and severe body pain [44]. 

 The influence of bovine serum albumin (BSA) and human serum albumin (HAS) on the 

corrosion behavior of 316L, Co-28Cr-6Mo, and Ti6Al4V in aerated PBS solution (1x) has been 

investigated. This study shows that the greater the BSA and HAS concentrations, the more the 

open circuit potential (OPC) shifted to cathodic potential from time to time [45]. Cyclic 

polarization experiments in Hank’s solution at 37 ºC for substrates of commercially pure titanium 
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(CP-Ti) grade 4, stainless steel 316LVM and Ti6Al4V were carried out. In Figure 2.2 the 

schematic presentation of the corrosion test experiment procedure is illustrated properly. 

 

Figure: 2.2 Schematic diagram of corrosion test assembly [1] 

It has been well established that CP-Ti has the lowest corrosion rate and corrosion potential. On 

the other hand, stainless steel 316LVM showed lower passive current density than either CP-Ti or 

Ti6Al4V [1]. 

 On the other hand, the major challenge in overcoming the use of Mg/Mg-based alloys as 

biomedical implants is the swift corrosion of these alloys in biological environments (i.e., saline 

media) [46]. Such rapid corrosion causes super-fast hydrogen gas generation, which is difficult for 

bone tissue to accommodate, thus degrading the implant’s mechanical integrity with bone and 

other tissues. Therefore, it is very critical to rectify the corrosion issue and develop Mg/Mg-based 

alloy implants that will survive inside the internal environment of the human body [47]. 
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2.4 Corrosion Measurement 

 Corrosion is the degradation of metallic materials under various environmental effects. 

This is simply a surface reaction, which propagates very actively in a progressive way by affecting 

the integrity of the material. In the presence of a water or salt solution, corrosion actively leads to 

localized loss of the material [48]. The surface reaction is the electrochemical nature involving the 

exchange of charges or ions in the solid or liquid interface. Simultaneously, two types of EC 

reactions take place: an anodic reaction, or anion in which the metal is ionized and the cation 

formed that goes into the solution where it is hydrolyzed; and a cathodic reaction, in which the 

produced electrons from the anodic reaction are consumed in the reduction of protons in hydrogen 

or in the reduction of oxygen in water [49]. 

2.4.1 Homogeneous Electrodes and Traditional Electrochemical Method 

 Essentially, there are two basic electrochemical devices in any EC cell: the galvanic cell, 

shown in Figure 2.3(a) and the electrolytic cell, shown in Figure 2.3(b). Fundamentally, all EC 

cells consist of an anode, a cathode, an electrically conductive path, and an ionically conductive 

path. Metal works as an electrode to provide the interface between an electronic conductor and the 

electrolytic solution for ionic conductors [48]. 

 

Figure: 2.3 Basic electrochemical devices [48] 
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 Galvanic cell or electrolyte cell electrochemical reactions always engage with two half-cell 

reactions that occur simultaneously over different anode and cathode surfaces. Anodic oxidation 

reactions occur at the anode solution interface by losing electrons by the species, and cathodic 

reduction reactions occur at the cathode solution interface by gaining electrons. At the two half-

cells, the mass transfer, chemical reaction, and physical state change are the chronological steps 

[48, 50]. When anodes and cathodes are connected by a conductor in a galvanic cell, as shown in 

Figure 2.3(a), then an EC reaction occurs instinctively at the anodes and cathodes ends. When it is 

necessary to convert chemical energy to electrical energy, galvanic cells can be used as batteries 

and fuel cells. A galvanic cell also offers the opportunity for developing metal corrosion theories 

as well as corrosion-prevention technologies [51]. For an electrolytic cell, as shown in shown in 

Figure 2.3(b), the external voltage must be higher than the OPC of the cell in order for EC reactions 

to occur. Generally, electrolytic cells are commonly used for electrolysis, metal winning, 

electroplating, and cathodic-protection industries [50]. 

 Figure 2.4 shows the simplified model of a conventional, uniform electrode-solution 

interface, where an EC double layer consisting of inner and outer Helmholtz layers exists in the 

vicinity of an electrode surface that is electrochemically homogeneous [51]. 

 

Figure 2.4: Simplified electrode-solution interface model [51] 
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 The analysis of the electrochemical process is made straightforward by the homogeneous 

electrode-solution interface model [52]. Over-potentials are attributed to the enhancement of the 

chemical reactions. Oxidation reactions occur due to the higher positive over-potentials, whereas 

negative over-potentials induce reduction reactions to occur. Transformation of the charge transfer 

rate between solution species and the electrode affects the reaction current flow and is considered 

a key parameter [53]. The EC reaction kinetics are indicated with the charge transfer rate which is 

represented by measuring the exchange current density, io. Figure 2.5 shows a schematic diagram 

of the EC polarization measurement. 

 

Figure 2.5: Schematic diagram of electrochemical polarization measurement [52] 

 In polarization measurements, the working electrode is either injected or electrons are 

extracted using a potentiostat. This causes the electrode potential to change from Eeq, i.e., the 

equilibrium position of E, to a new electrode potential η, and the over-potential is equal to the 

difference of the new electrode position and the equilibrium position. The over-potential is directly 

related to the applied current and is adjusted to the desired value prior to measurement. A reference 

electrode is used with a voltmeter to measure the applied current. A zero-resistance ammeter is 
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used to collect potential vs. current data, in order to plot polarization curves. Information on 

electrode reaction kinetics and processes are extracted from the polarization curves [52, 54]. 

2.4.2 Mixed Potential Theory and Electrochemical Corrosion Measurement 

 According to the Wagner-Truad mixed potential theory, any electrochemical reaction can 

be divided algebraically into oxidation and reduction reactions with no net charge. The low 

resistance of the metal results in the EC potential at the anodic site equal to that at the cathodic site 

[55]. 

 Corrosion is a traditional mixed electrode process operating at a mixed potential or the 

corrosion potential that can be measured by recording the potential difference between a corroding 

electrode and a stable reference electrode. This potential is generally used in conjunction with 

an E-pH diagram, popularly known as a Pourbaix diagram, as shown in Figure 2.6, and indicates 

the corrosion thermodynamic status to forecast corrosion [56].  

 

Figure 2.6: Typical E-pH diagram for iron water system at ambient temperature [57] 
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 This potential can also be used to evaluate the composition of corrosion products as well 

as to predict environmental changes that would put a stop to corrosion attack. The Pourbaix 

diagram, obtained from the application of a Nernst equation, is a graphical representation of the 

thermodynamic stable phases as a function of electrode potential and the pH of common 

electrochemical and chemical equilibrium between metal and water [57]. However, only the 

corrosion tendency information can be obtained from the thermodynamic Pourbaix diagram, not 

corrosion rate data. The CR can be determined by measuring the kinetics of the corrosion EC 

process [58]. 

 The corrosion current, icorr, is the sum of electrons flow measured in the metallic phase or 

aqueous phase that reveal the rate of corrosion reaction (e.g., Fe → Fe2+ + 2e). However, because 

there is no way to measure corrosion electron flows between frequent minianodes and 

minicathodes positioned on the same electrode surface, it is necessary to fine an alternative method 

of determining the icorr from a corroding electrode surface [59]. 

 With the help of the Evans diagram, the kinetics of a mixed electrode under dynamic 

corrosion can be easily analyzed. This diagram is simply a graphical representation of the kinetics 

of a mixed electrode. Figure 2.7 shows an Evans diagram for iron electrode corrosion in acid [60]. 

Though the Evans diagram is a very helpful tool for analyzing corrosion kinetics and for corrosion 

reactions affecting factors prediction, it should be eminent that an Evans diagram is imaginative 

and cut-down illustration of electrode internal polarization of a corroding metal surface [61]. This 

diagram is not a real-life measurable experimental process; therefore, it is not capable of 

divulging icorr from a corroding electrode surface. The corrosion potential, Ecorr, or the mixed 

potential can be established through shifting both the anodic and cathodic reactions potential by 
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the corrosion current, icorr. However, this diagram normally demonstrates a non-equilibrium 

scheme, where the corrosion current is maintained for a dynamic reaction occurring [52, 60].  

 

Figure 2.7:  Evans diagram for mixed-electrode state of iron corrosion in acid [60]. 

 In polarization measurements, to polarize an electrode from steady-state mixed 

potential Ecorr to a new electrode potential, E, a potentiostat is normally preferred. The over-

potential, η = E − Ecorr, can be adjusted to any expected value. The measured potential vs. current 

(or log i) data are usually well known as polarization curves [62]. Experimental polarization 

curves, together with a comparison of an experimental polarization diagram to an Evans diagram 

are described in Figure 2.8. They are different but related Evans diagram of simplified plots of 

anodic and cathodic reaction of an electrochemical system and the polarization curve for the 

potential current density behavior can both be used to describe mixed electrode processes leading 

to metal corrosion. Here both the anodic and cathodic polarization curves merge with the Evans 

diagram under an area of relatively high polarization region called Tafel region. This is clear that 
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the corrosion potential Ecorr and corrosion current icorr could be determined by extrapolation of the 

polarization curve. This method is renowned by Tafel method [63]. 

 

Figure 2.8:  Polarization curves and Evans diagram for iron corrosion in acidic solution [52] 

 If anodic and cathodic reactions over an electrode surface are controlled by activation, and 

the corrosion potential is not close enough to the equilibrium potentials of the individual anodic 

and cathodic reactions, equations (2.1) and (2.2) can be used to determine electrode potential of 

any reversible half-cell reaction and the corrosion-reaction kinetics [64]: 

  (2.1) 

 

 (2.2) 

   (2.1) 
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where η is the over-potential, i the measured current density, icorr  is the corrosion current density, 

F is Faraday's constant, R is the universal gas constant, T is the absolute temperature, n and n′  are 

the number of electrons transferred in the anodic and cathodic reactions, respectively, and α and β 

are coefficients related to the potential drop. Equation (2.2) can be reduced to equations (2.3 to 

2.5) when there is a sufficiently high value of applied potential present [52, 64]. For anodic 

polarization, when η RT/βn′F, 

              (2.3) 

where 

   

Similarly, for cathodic polarization, when − η >>RT/αnF, 

  (2.4) 

where 

  

Hereafter, from equations (2.3) and (2.4), the Tafel equation can be obtained as 

  (2.5) 

where a and b are the constants for anodic and cathodic polarization, respectively [52, 64]. 

 Equation (2.5) describes the Tafel curve extrapolation method. According to this method, 

the intersection value of either the anodic or the cathodic current is defined as icorr. It is preferred 

that the best way to determine the corrosion current icorr is by extrapolating the linear portions of 

the Tafel plot back to their intersection, where the over-potential should be zero [65, 66]. Figure 2.9 
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clearly shows how to determine the corrosion parameters, such as corrosion current, icorr, and 

corrosion potential, Ecorr, from the Tafel plot. This method is one of the best possible ways to 

determine the corrosion parameter of metal [65].  

 

Figure 2.9:  Tafel curve extrapolation for determining electrochemical corrosion parameters [66] 

 One the corrosion current or corrosion current density, icorr, is obtained, then it can be used 

to predict corrosion penetration rates by using the following formulas [65]: 

 

 

 

 

where M is the atomic weight (g/mol), icorr is the current density (mA/m2), n is valence of the metal 

ion, r is density (g/cm3), and WL is weight loss [65]. 
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2.5 Corrosion Prevention 

 Corrosion is the wear of any material due to its reaction with the environment, and causes 

detrimental effects on material and surroundings. A number of methods are used to prevent 

corrosion, among which anodization is one of the widely used processes [66].  

2.5.1 Anodization 

 Anodization creates metal oxide layers on the surface of a material, thus preventing further 

reactions with the environment through an electrolytic passivation process. The name is attributed 

to the use of the treated part, as the anode of the electrical circuit [67]. The bare metal surface is 

layered with a corrosion-resistive, decorative, hard, durable, anodic oxide surface. Anodization is 

done on various materials including Al, Ti, Nb, Mg, Zn, and Ta. Different anodization processes 

are performed on materials, namely the following [68]: 

• Chromic acid anodizing (Type I) 

• Sulfuric acid anodizing (Types II and III) 

• Organic acid anodizing 

• Oxalic acid (organic) anodizing 

• Phosphoric acid anodizing 

• Borate and tartrate baths 

• Plasma electrolytic oxidation 

2.5.2 Anodization Mechanism 

 In anodization, the metal is immersed into an acid electrolyte bath and current is passed 

through a circuit. As shown in Figure 2.10, the cathode electrode is placed inside of the anodizing 

tank while the metal acts as an anode. The cathode enhances the release of oxygen atoms from the 

electrolyte solution, creating a layer of metal oxide on the anode. The anodized surface layer ranges 
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from a few nm to as much as several m [65, 66]. Anodizing improves corrosion and wears 

resistivity along with paint adhesion. This process also creates electrical insulation and facilitates 

dying for cosmetic and other purposes [69]. 

 

Figure 2.10: Basic anodization mechanism [66] 

2.5.3 Anodization-Affecting Parameters 

 The following parameters affect the anodization process, depending on the type of material 

[70]: 

 Concentration of acid (100–300 g/L for sulfuric acid) 

 Temperature of bath (20-30 C) 

 Additives (dyes, electrodes) 

 Current density (depending on metal and electrolyte solution) 

 Reaction time (1–20 m, depending on current density and layer thickness 

 Voltage (5–100 DC) 

 Efficient bath agitation and bath cooling 

2.5.4 Effects of Anodization on Various Biomaterials 

 Anodization or passivation improves the corrosion resistivity of CP-Ti and stainless steel 

316LVM significantly, they have been recommended as the best candidates for use in human body 
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implant due to their lower corrosion rates and higher corrosion potentials [1]. Using a potentiostat 

(MODEL: EG&G 273), color anodization of Ti6Al4V was done in a phosphoric acid solution of 

0.4 M concentration for 30 s in different voltages from 10 V to 120 V of a DC power supply, and 

different anodizing voltages provided different colors (shown in Figure 2.11) and thicknesses of 

the anodizing layer, which increased with increased voltage. Depending on the voltage, the 

thicknesses varied linearly from 38 nm to167 nm [23]. 

 

Figure 2.11:  Color of anodized Ti6Al4V in phosphoric acid at various voltages [23] 

 One biomaterial, MgAZ61D, was anodized in a basic electrolyte solution to make a thick 

Mg oxide layer, and it was found that the corrosion resistivity of the metal improved as well as 

lowered the corrosion current. This facilitates the sustainability of the material inside the human 
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body for a longer period of time [71]. Figure 2.12 shows the before and after images of the non-

anodized and anodized MgAZ61D. 

 

Figure 2.12: Before and after images of non-anodized (left) and anodized (right) MgAZ61D [65] 

2.5.5 Benefits of Anodization 

 Anodization facilitates both science and nature by providing the following advantages:  

 Enhancing biomaterials to be more biocompatible and corrosion resistive [23]. 

 Making the material highly abrasion-resistant and durable for corrosion prevention 

(friction stir welded, Al, Ti, Mg, and Zn alloys, etc.) [72]. 

 Creating anodic coatings that do not peel, chip, or flake off, etc. [73]. 

 Creating anodic coatings that are translucent, resulting in a deep, rich metallic appearance 

[74]. 

 Creating anodic coatings that  are not affected by sunlight and have outstanding finished 

areas [74]. 

 Making some metals colorful, even for decorative purpose [75]. 

Before After 
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CHAPTER 3 

EXPERIMENT 

3.1 Experimental Basis 

 Electrochemical corrosion measurement study for the corrosion rate of Ti and Mg 

biomaterial alloy engaged with different anodized and non-anodized test samples were immersed 

into three different solutions of 3% NaCl solution, PBS solution (1x), and DI water for various 

time periods. The 3% NaCl solution and DI water were used for reflecting the highest and lowest 

corrosion environments, respectively, while PBS with a pH of 7.4–7.7 was used to reflect the 

normal body condition corrosion environment. Primary attention was given to establishing and 

comparing the corrosion behaviors of the anodized and the non-anodized samples in order to study 

the improvement of corrosion resistivity of the anodized samples correlating with the above 

factors. The following samples were used for the experiments: 

 Bare Ti alloy, anodized in phosphoric acid and anodized in oxalic acid Ti alloy immersed 

in 3% NaCl solution 

 Bare Ti alloy, anodized in phosphoric acid and anodized in oxalic acid Ti alloy immersed 

in PBS solution 

 Bare Ti alloy, anodized in phosphoric acid and anodized in oxalic acid Ti alloy immersed 

in DI water 

 Bare Mg alloy, anodized in phosphoric acid and anodized in KOH Mg alloy immersed in 

3% NaCl solution 

 Bare Mg alloy, anodized in phosphoric acid and anodized in KOH Mg alloy immersed in 

PBS solution 
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 Bare Mg alloy, anodized in phosphoric acid and anodized in KOH Mg alloy immersed in 

DI water 

 In this electrochemical analysis, all of the above samples were tested to obtain both the 

Tafel and Nyquist curves for all three different solutions. Tafel curves provide the corrosion 

parameters as well as the corrosion rate, depending on the Tafel equation and the CR calculation 

formula. All tests were performed after every certain interval for both the Ti and Mg anodized and 

non-anodized alloys to determine the CR change with time. All Nyquist curves gave the patterns 

of the corrosion after immersing the samples into different solutions periodically. 

 Using an optical microscope, the images were captured for both the anodized and non-

anodized Ti and Mg alloy samples to observe the surface appearance of the samples. Visual 

inspection of the samples was also been done periodically. It was found that an anodic coating or 

anodization is a potential choice for improving the corrosion resistivity of the biomaterial. 

3.2 Materials and Equipment 

 The following materials were used for the experiments: 

 Ti alloy: Ti6Al4V 

 Mg alloy: AZ31 

 3% NaCl solution 

 Phosphate buffered saline solution (1x) 

 DI water 

 0.4 M phosphoric acid 

 0.5 M oxalic acid 

 1 N potassium hydroxide solution 
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 Ti6Al4V is a variant of the Ti alloys and contains a maximum percentage of titanium, 

aluminum, and vanadium. MgAZ31B is one of the Mg alloys having a maximum percentage of 

magnesium, aluminum, and zinc. The material compositions, equivalent weights, and densities of 

Ti6Al4V and MgAZ31B are given in Table 3.1. The same equivalent weights and densities are 

considered for the CR calculation of both anodized and non-anodized samples of the oxide layer. 

Images of Ti6Al4V and MgAZ31B alloy samples are shown in Figures 3.1 and 3.2. 

TABLE 3.1 

MATERIAL COMPOSITION DATA FOR TI6AL4V AND MGAZ31B ALLOY 

Ti6Al4V MgAZ31B 

Composition % 
Equivalent  

Weight 

Density 

(gm/cm3) 
Composition % 

Equivalent  

Weight 

Density 

(gm/cm3) 

Al 6.26 

12.3413 4.43 

Al 3 

12.345 1.77 

V 4.12 Cu 0.05 
Fe 0.011 Fe 0.005 
O 0.002 Mg 95.64 
Ti 89.607 Mn 0.2 
  Ni 0.005 
  Si 0.1 
  Zn 1 

Total 100   Total 100  
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Figure 3.1: Images of bare Ti6Al4V samples 

 

Figure 3.2: Images of bare MgAZ31B samples 

 A 3%, or 0.5 M, NaCl solution was prepared by diluting 29.22 gm of NaCl crystal salts 

into 1,000 ml of DI water. A dilution process was used to prepare the PBS 1x solution from the 

PBS 10x concentrations that contains NaCl (58.44 g mol-1), KCl (74.55 g mol-1), Na2PH4 (141.96 g 

mol-1), and KH2PO4 (136.09 g mol-1). A pH range of 7.5–7.7 was maintained during preparation 
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of the PBS solution, because an approximate pH of 7.5 is usually maintained inside the human 

body. Deionized water was used as another immersing solution for the tests. 

 Solutions of 0.4 M PHOA, 0.5 M OXA, and 1 N KOH were used as the electrolyte solutions 

for anodization. Both the PHOA and the OXA were used for Ti alloy anodization, and both PHOA 

and KOH solutions were used for Mg alloy anodization by applying the same 20V of DC current 

at room temperature, but the anodization times were different for various electrolyte solutions and 

anodized materials. 

 The following equipment was used for the experiments: 

 Weighing machine 

 Incubator 

 Anodization pot 

 Gamry Reference 600 potentiostat/galvanostat  

 Gamry cell 

 Reference electrode 

 Dryer 

 Quad-power four-liner regulated voltage supplier 

 Corrosion occurring jar 

 Optical microscope 

3.3 Experimental Procedure 

3.3.1 Corrosion Rate Measurement  

 The experimental setup for the corrosion test is shown in detail in Figure 3.3. Corrosion 

rates were measured for both Ti and Mg alloys by using the Gamry reference 600 potentiostat and 

Gamry corrosion cell by using the following sequential process: 
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 Samples were prepared in the manufacturing laboratory by cutting them into small pieces 

so they could fit into the Gamry cell. 

 Samples surfaces were polished and cleaned properly with soap and DI water to remove 

unwanted debris and carbon from the surface of the sample. 

 Samples were placed in the working counter of the Gamry cell. 

 Testing solutions, i.e., NaCl, PBS, or DI water, were poured into the Gamry corrosion cells 

up to the marked level. 

 All sensor connections were given between the Gamry cell and Gamry reference 600 

according to the machine setup by following the sensor color code, as shown in Figure 3.4. 

 Gamry cell framework software was opened, the potentiodynamic test option was selected, 

and all input parameters—such as limit voltages, Gamry cell hole area of 4.89 cm2, density 

and equivalent weight of sample material, scan rate, sample period, etc.—were provided 

in order to obtain the potentiodynamic or Tafel curve. 

 From the analysis section of the software and from the Tafel curve, corrosion rates were 

obtained automatically by selecting the Tafel curve. 

 In framework software, the potentiostatic option was opened, and after providing the input 

parameters, i.e., frequency range, similar to Tafel curve, the Nyquist curve was drawn, 

which supported a reliability test of the corrosion behavior, which was done for all samples 

in the various three solutions. 

 After the tests, all samples were immersed in three different solutions of NaCl, PBS, and 

DI water to study corrosion. 

 For the Ti alloy, the corrosion rates of each particular sample in each solution were tested 

every five days, and for the Mg alloy, the corrosion rates of each particular sample in each 
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solution were tested on an hourly basis by following all the above testing procedures and 

thus the Tafel curves were obtained. 

 The same above procedures were followed for all samples to obtain the Nyquist curves as 

well. 

 These test procedures were followed for all the anodized and non-anodized samples of Ti 

and Mg alloys, which were immersed into three different solutions to obtain the corrosion rate and 

Tafel and Nyquist curves periodically. Approximately three to five repeated tests were performed 

to obtain accurate corrosion data, and the average value was taken for each set of data. Corrosion 

rates were observed after immersing the solutions for 1,080 hours for Ti6Al4V and until pitting 

started for MgAZ31B. Figure 3.5 shows the samples that were immersed in various solutions. As 

time passed, the corrosion process was also initiated with the samples immersed in various 

solutions. 

 

Figure 3.3: Experimental setup for corrosion parameter measurement 
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Figure 3.4: Color code for sensors connections with Gamry cell  

 

Figure 3.5: Samples immersed in various solutions  
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3.3.2 Anodization Process 

 Anodizing or electrolyte passivation was done on both Ti6Al4V alloy and MgAZ31B 

alloys in different electrolyte solutions using the following sequential steps: 

 Both the Ti6Al4V and MgA31B samples were prepared for anodization by cutting from a 

plate sample in the manufacturing laboratory. Samples 55 mm by 30 mm with 5 mm 

thickness were made for the Ti alloy, and samples 100 mm by 35 mm with 1 mm thickness 

were prepared for the Mg alloy for anodization. 

 All samples surfaces were smoothed and cleaned with soap and DI water, and dried 

properly to remove all debris and carbon precipitation. 

 The electrolyte solution was transfered to the anodization pot so that the sample could be 

dipped into the solution. 

 The anode from the voltage supply end was connected to the sample, and the cathode was 

connected to the electrolyte solution. Here, the sample worked as an anode and the solution 

worked as a cathode. 

 The DC 20 V consistent current was supplied by using the quad power voltage supplier 

and instantly the anodization process initiated. 

 The anodization process was performed for different time spans, depending on the material 

and the electrolyte solution, and different color layers were found on the surface depending 

on the sample material. 

 After anodization, the sample was taken out of the electrolyte solution and dried properly 

to enhance the color, meaning the oxide layer on the surface. 

 Samples were cleaned properly and dried again to sustain the surface layer for a longer 

period of time. 
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 The same anodizing process was followed for all samples.  

 As previously mentioned, the anodizations were done for various time periods in different 

electrolyte solutions depending on the material. For Ti6Al4V, the anodizations were done in 0.4 

M phosphoric acid and 0.5 M oxalic acid for 45 seconds and 60 seconds, respectively. For 

MgAZ31B, the anodizations were performed in 0.4 M phosphoric acid and 1 N KOH solution for 

4 min and 15 min, respectively. In both cases, the applied voltage of 20V was kept the same, for 

precise or “apples-to-apples” comparison. Figure 3.6 shows the anodization process in the 

electrolyte solution. It must be kept in mind that during the anodization process, the voltage should 

be kept stable; otherwise, the color can vary from material to material for variable voltages. This 

process is quite steady and reliable, if stability and consistency can be maintained during the 

anodization; otherwise, several trials are needed to perform the anodization of a single sample. 

 

Figure 3.6: Anodization process in electrolyte solution by applying DC voltage  
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3.3.3 Optical Microscopy 

 Optical microscope uses visible light and a system of lenses to magnify small images or 

surfaces. Optical microscopic images of 10x and 20x magnification were taken by using the 

computer-integrated optical microscope. It provided surface images of both Ti and Mg alloy 

samples before and after the anodization process. 

https://en.wikipedia.org/wiki/Visible_spectrum
https://en.wikipedia.org/wiki/Lens_(optics)
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Electrochemical Corrosion Measurement Results 

 Electrochemical corrosion studies were done periodically on Ti and Mg alloy non-anodized 

and anodized samples immersed into three different solutions for increasingly longer time periods. 

This process is easy and accurate for determining the corrosion behavior as well as corrosion rate 

of the material in different solutions to determine the life expectancy of biomaterials. This EC 

simulation process for corrosion determination saves a considerable amount of time and money. 

4.1.1 EC Results of Non-Anodized Ti6Al4V Immersed in 3% NaCl Solution 

 Figure 4.1 shows the day-wise Tafel curves for non-anodized Ti6Al4V immersed in 3% 

NaCl solution for approximately 1,080 hours, or 45 days. Corrosion rates with Ecorr and Icorr values 

obtained from Tafel curves are shown in Table 4.1. 

 

Figure 4.1: Tafel curves of non-anodized Ti6Al4V immersed in 3% NaCl solution 
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TABLE 4.1 

CORROSION PARAMETERS OF NON-ANODIZED TI6AL4V IN 3% NACL SOLUTION 
 

Immersion  

Days 

CR  

(MPY) 

Standard Deviation 

(MPY) 
Ecorr, V Icorr, A 

0 0.5220 0.011 -0.21 7.11 E-06 
6 0.8475 0.007 -0.11 1.15 E-05 
11 1.2056 0.010 0.08 1.64 E-05 
16 2.6121 0.145 0.29 3.56 E-05 
21 2.8915 0.137 -0.24 3.94 E-05 
26 2.8980 0.109 0.17 3.95 E-05 
31 2.9163 0.121 -0.09 3.97 E-05 
36 2.9279 0.113 -0.32 3.99 E-05 
41 3.1135 0.152 -0.09 4.24 E-05 
45 3.0430 0.139 -0.26 4.15 E-05 

 In Figure 4.2, Nyquist plots of non-anodized Ti6Al4V reflect the same pattern of corrosion 

behavior after periodical immersion in the 3% NaCl solution. 

 

Figure 4.2: Nyquist plots of non-anodized Ti6Al4V immersed in 3% NaCl solution 
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4.1.2 EC Results of Ti6Al4V Immersed in 3% NaCl Solution and Anodized in 0.4 M 

Phosphoric Acid and 0.5 M Oxalic Acid  

 Figure 4.3 shows the change in surface color of Ti6Al4V after anodization with both 

phosphoric acid and oxalic acid and applying 20 V DC current. A smooth surface layer formed 

after performing the anodization on the bare Ti alloy. Figures 4.4 and 4.5 also show the day wise 

various Tafel curves before and after anodized Ti6Al4V in 0.4 M phosphoric acid and 0.5 M oxalic 

acid electrolyte solutions respectively immersing in 3% NaCl solution for 45 days or 1080 hours. 

This indicates almost similar types of Tafel curves for various immersion time periods to obtain 

the corrosion parameters. 

 

Figure 4.3: Bare and anodized Ti6Al4V 
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Figure 4.4: Tafel curves of Ti6Al4V immersed in 3% NaCl solution  
and anodized in 0.4 M phosphoric acid 

 

 

Figure 4.5: Tafel curves of Ti6Al4V immersed in 3% NaCl solution  
and anodized in 0.5 M oxalic acid 
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solution. In Figure 4.6 and Figure 4.7, the Nyquist curves of the TI6Al4V anodized in phosphoric 

acid and oxalic acid, respectively, are showing the same pattern of the corrosion in various 

immersion time lengths in NaCl solution. 

TABLE 4.2 

CORROSION PARAMETERS OF ANODIZED TI6AL4V IN 3% NACL SOLUTION 
 

Immersion 

Days 

CR in  MPY Ecorr, V Icorr, A 

Anodized 

in  

PHOA 

Anodized 

in 

OXA 

Standard 

Deviation 
Anodized 

in 

PHOA 

Anodized 

in 

OXA 

Anodized 

in 

PHOA 

Anodized 

in 

OXA PHOA OXA 

0 0.15015 0.17967 0.021 0.018 -0.115 -0.324 2.05E-06 2.45E-06 
5 0.24404 0.22346 0.042 0.022 0.235 -0.098 3.30E-06 3.05E-06 
10 0.42100 0.44454 0.019 0.054 0.243 0.174 5.74E-06 6.60E-06 
15 0.57542 0.68913 0.053 0.021 0.339 0.366 7.84E-06 9.39E-06 
20 0.66724 0.71426 0.037 0.035 -0.200 0.052 9.09E-06 9.73E-06 
25 0.68113 0.74999 0.027 0.014 -0.055 0.321 9.28E-06 1.02E-05 
30 0.69254 0.75002 0.069 0.032 0.161 -0.130 9.44E-06 1.02E-05 
35 0.69715 0.76689 0.043 0.039 -0.344 -0.255 9.50E-06 1.05E-05 
40 0.70000 0.77876 0.029 0.012 -0.348 -0.186 9.54E-06 1.06E-05 
45 0.69358 0.78447 0.033 0.062 -0.166 -0.107 9.45E-06 1.07E-05 

 

 

Figure 4.6: Nyquist plots of Ti6Al4V immersed in 3% NaCl solution  
and anodized in 0.4 M phosphoric acid  
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Figure 4.7: Nyquist plots of Ti6Al4V immersed in 3% NaCl solution  
and anodized in 0.5 M oxalic acid  
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Figure 4.8: Comparison of corrosion rates of Ti6Al4V in 3% NaCl solution 
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Figure 4.9: Tafel curves of non-anodized Ti6Al4V immersed in PBS solution (1x) 
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Figure 4.10: Nyquist plots of non-anodized Ti6Al4V immersed in PBS solution (1x) 
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Figure 4.11: Tafel curves of Ti6Al4V immersed in PBS solution (1x)  
and anodized in 0.4 M phosphoric acid 

 

 

Figure 4.12: Tafel curves of Ti6Al4V immersed in PBS solution (1x) 
and anodized in 0.5 M oxalic acid  
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TABLE 4.4 

CORROSION PARAMETERS OF ANODIZED TI6AL4V IN PBS SOLUTION (1X) 

Immersion 

Days 

CR (MPY) Ecorr, V Icorr, A 

Anodized 

in  

PHOA 

Anodized 

in 

OXA 

Standard 

Deviation 
Anodized 

in  

PHOA 

Anodized  

in  

OXA 

Anodized 

in  

PHOA 

Anodized 

in 

OXA PHOA OXA 

0 0.0051 0.0054 0.001 0.001 0.308 -0.177 7.08E-08 7.23E-08 
5 0.1278 0.1095 0.009 0.006 0.032 0.350 1.74E-06 1.49E-06 

10 0.1798 0.1443 0.007 0.004 0.812 0.612 2.45E-06 1.97E-06 
15 0.1890 0.1606 0.005 0.008 -0.312 0.114 2.58E-06 2.19E-06 
20 0.1970 0.1734 0.010 0.007 0.147 0.168 2.68E-06 2.36E-06 
25 0.2013 0.1928 0.011 0.009 0.490 0.615 2.74E-06 2.63E-06 
30 0.2083 0.1944 0.014 0.013 0.208 0.314 2.84E-06 2.65E-06 
35 0.2133 0.1878 0.009 0.016 0.611 0.960 2.91E-06 2.56E-06 
40 0.2115 0.1948 0.018 0.006 0.591 0.826 2.88E-06 2.65E-06 
45 0.2188 0.1988 0.007 0.012 -0.094 0.078 2.98E-06 2.71E-06 

 

 

Figure 4.13: Nyquist plots of Ti6Al4V immersed in PBS solution (1x)  
and anodized in 0.4 M phosphoric acid  
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Figure 4.14: Nyquist plots of Ti6Al4V immersed in PBS solution (1x) 
and anodized in 0.5 M oxalic acid 
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anodized sample is much better than the non-anodized sample with the same amount of immersion 

time in the PBS solution. 

 

Figure 4.15: Corrosion of anodized and non-anodized Ti6Al4V after 45 days immersion 
 

 

Figure 4.16: Comparison of corrosion rates of Ti6Al4V in PBS solution (1x) 

 

-0.050

0.150

0.350

0.550

0.750

0.950

1.150

0 5 10 15 20 25 30 35 40 45 50

C
or

ro
si

on
 R

at
e 

in
 M

PY

Immersion Time in Days

Comparison of Corrosion Rates of Ti6Al4V in PBS Solution (1x)

W/O Anodized Ti6Al4V
Ti6Al4V Anodized in 0.4M Phosphoric Acid
Ti6Al4V Anodized in 0.5M Oxalic Acid

Ti6Al4V anodized in 
phosphoric acid after 45 

days immersion 
 

Ti6Al4V anodized in 
oxalic acid after 45 

days immersion 
 

Non-anodized 
Ti6Al4V after 45 days 

immersion 
 

Highly Corroded 



 

51 

4.1.7 EC Results of Non-Anodized Ti6Al4V Immersed in DI Water 

 Similar to the NaCl and PBS solution, in Figure 4.17 the daywise Tafel curves of non-

anodized Ti6Al4V with respect to the immersion time in DI water are shown below. In Table 4.5, 

the corrosion parameters of non-anodized Ti alloy are revealed with the immersion time in DI 

water a. It shows very low corrosion increment of a maximum value of around 0.217 mpy in DI 

water for 1080 hours immersion from the initial value of 0.0088 mpy before immersion due to the 

low rate of the oxidation reaction. In Figure 4.18, the Nyquist plots for non-anodized Ti6Al4V 

indicates the same pattern of corrosion at various immersion times in DI water although the 

corrosion rate remains very low. 

 

Figure 4.17: Tafel curves of non-anodized Ti6Al4V immersed in DI water 
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TABLE 4.5 

CORROSION PARAMETERS OF NON-ANODIZED TI6AL4V IN DI WATER 

 

 

Figure 4.18: Nyquist plots of non-anodized Ti6Al4V immersed in DI water 

 

 

 

0

500

1,000

1,500

2,000

2,500

-1,000 1,000 3,000 5,000 7,000 9,000 11,000

Zi
m

ag
 (o

hm
)

Zreal (ohm)

Nyquist Plots of Non-Anodized Ti6Al4V Immersed in DI Water

6 days

11 days

16 days

21 days

26 days

31 days

36 days

41 days

45 days

Immersion 

Days 

CR  

(MPY) 

Standard 

Deviation (MPY) 
Ecorr, V Icorr, A 

0 0.0088 0.0004 -0.047 1.21E-07 
6 0.0126 0.0002 -0.255 1.72E-07 
11 0.0556 0.0001 -0.067 7.57E-07 
16 0.1131 0.0008 0.443 1.54E-06 
21 0.2202 0.0010 0.058 3.00E-06 
26 0.2208 0.0031 0.257 3.02E-06 
31 0.2247 0.0009 -0.043 3.06E-06 
36 0.2256 0.0045 0.313 3.07E-06 
41 0.2177 0.0073 0.277 2.97E-06 
45 0.2172 0.0007 0.252 2.96E-06 
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4.1.8 EC Results of Ti6Al4V Immersed in DI Water and Anodized in 0.4 M Phosphoric 

Acid and 0.5 M Oxalic Acid 

 In Figures 4.19 and 4.20, the Tafel curves for Ti6Al4V immersed in DI water and anodized 

in phosphoric acid and oxalic acid are shown, respectively, with their respective immersion times 

in DI water. In Table 4.6, the corrosion parameters of the anodized samples indicate a very low 

corrosion rate, with a maximum value of 0.03 mpy for the anodized sample immersed in DI water 

for 45 days, compared to the maximum corrosion rate of 0.0012 mpy before immersion in DI 

water. In this case, both the corrosion current and corrosion voltage are lower than the NaCl and 

PBS solutions, which is obvious. In Figures 4.21 and 4.22, the Nyquist curves of the anodized Ti 

alloy anodized with phosphoric acid and oxalic acid, respectively, show the same corrosion pattern 

with the immersion time in DI water. The shape of the curve is different than the PBS and NaCl 

solutions because immersion in DI water exhibits a very low corrosion rate. 

 

Figure 4.19: Tafel curves of Ti6Al4V immersed in DI water  
and anodized in 0.4 M phosphoric acid  
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Figure 4.20: Tafel curves of Ti6Al4V immersed DI water and anodized in 0.5 M oxalic acid 
 

 TABLE 4.6 
 

CORROSION PARAMETERS OF ANODIZED TI6AL4V IN DI WATER 

Immersion 

Days 

CR (MPY) Ecorr, V Icorr, A 

Anodized 

in  

PHOA 

Anodized 

in 

OXA 

Standard 

Deviation 
Anodized 

in  

PHOA 

Anodized 

 in 

OXA 

Anodized 

in  

PHOA 

Anodized 

in 

OXA PHOA OXA 

0 0.0012 0.0009 0.0001 0.0001 0.108 0.172 1.60E-08 1.29E-08 
5 0.0039 0.0018 0.0003 0.0002 0.450 0.390 5.33E-08 2.45E-08 
10 0.0048 0.0035 0.0005 0.0001 -0.351 -0.257 6.58E-08 4.78E-08 
15 0.0073 0.0067 0.0010 0.0006 0.380 0.347 9.95E-08 9.13E-08 
20 0.0263 0.0228 0.0017 0.0009 0.245 0.462 3.59E-07 3.10E-07 
25 0.0271 0.0233 0.0023 0.0054 0.193 0.538 3.69E-07 3.17E-07 
30 0.0292 0.0243 0.0013 0.0011 -0.184 0.694 3.97E-07 3.31E-07 
35 0.0300 0.0249 0.0089 0.0023 0.517 0.162 4.09E-07 3.39E-07 
40 0.0300 0.0261 0.0064 0.0089 0.590 0.546 4.09E-07 3.56E-07 
45 0.0297 0.0261 0.0039 0.0058 0.626 0.806 4.05E-07 3.56E-07 
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Figure 4.21: Nyquist plots of Ti6Al4V immersed in DI water  
and anodized in 0.4 M phosphoric acid 

 

  
 

Figure 4.22: Nyquist plots of Ti6Al4V immersed in DI water  
and anodized in 0.5 M oxalic acid 
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4.1.9 Corrosion Behavior Comparison of Anodized and Non-Anodized Ti6Al4V Immersed 

in DI Water 

 Figure 4.23 shows the behavior of the corrosion rate of anodized and non-anodized 

Ti6Al4V, indicating that the bare sample has a higher corrosion rate than the anodized samples 

with a similar immersion time in DI water, and the rate of increment is very low compared to that 

in the NaCl and PBS solutions. The corrosion rate becomes steady after ten days of immersion, 

but the gap between the non-anodized and anodized sample corrosion rates widens with time, 

which indicates that the anodized sample has a lower corrosion rate. This is attributed to the higher 

corrosion resistivity than the non-anodized sample, also with respect to immersion time in DI 

water. 

 

Figure 4.23: Comparison of corrosion rates of Ti6Al4V in DI water 

4.1.10 Corrosion Behavior Comparison of Anodized and Non-Anodized Ti6Al4V Immersed 

in Various Solutions 

 In Figure 4.24, a comparison of corrosion rates for non-anodized Ti6Al4V with immersion 

times in various solutions is illustrated. As can be seen, bare Ti samples have a higher corrosion 

rate in the NaCl solution than the PBS solution or DI water, which is expected because corrosion 
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in a salt solution initiates at a higher rate than in a PBS solution or DI water due to the sodium 

ions. In the NaCl solution, the CR goes up to 3.0 mpy, which is very high compared to that of PBS 

and DI water, with a CR of around 0.9 mpy and 0.3 mpy, respectively. 

 

Figure 4.24: Comparison of corrosion rates of non-anodized Ti6Al4V  
immersed in various solutions 

 
 Figure 4.25 shows a comparison of the corrosion rates of Ti6Al4V samples immersed in 

three different solutions and anodized in 0.4 M phosphoric acid for various immersion times. As 

shown, after anodization, the corrosion rate drops for all three solutions and increases with the 

immersion time. It is also evident that the corrosion rate is higher in the NaCl solution than in the 

PBS solution or DI water. But here, the maximum corrosion rate is 0.69 mpy for the sample in the 

NaCl solution, which is lower than the non-anodized sample corrosion rate of 3.0 mpy in the same 

NaCl solution for the same amount of immersion time. It can be concluded that the corrosion 

resistivity of the Ti alloy has been increased by the anodization process. 

 Similarly, Figure 4.26 shows a comparison of the corrosion rates of Ti6Al4V immersed in 

three different solutions and anodized in 0.5 M oxalic acid with various immersion times. These 
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results are similar to those found in the sample that was anodized in phosphoric acid. The 

maximum corrosion rate is found to be around 0.78 mpy, which is even lower than the non-

anodized maximum CR of 3.0 mpy in NaCl solution. The corrosion rates for Ti6Al4V immersed 

in PBS and DI water are even lower. Therefore, it can be said that anodization triggers positive 

effects on the corrosion resistivity of the Ti alloy. 

 

Figure 4.25: Comparison of corrosion rates Ti6Al4V immersed in various solutions  
and anodized in 0.4 M phosphoric acid  

 

 

Figure 4.26: Comparison of corrosion rates of Ti6Al4V immersed in various solutions  
and anodized in 0.5 M oxalic acid  
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4.1.11 EC Results of Non-Anodized MgAZ31B Immersed in 3% NaCl Solution 

 Figure 4.27 shows the hourly Tafel curves of bare, or non-anodized, MgAZ31B immersed 

in 3% NaCl solution from which the corrosion parameters can be obtained. Table 4.7 shows the 

corrosion parameters obtained from the Tafel curves for the bare MgAZ31B. As can be seen, 

before immersion in NaCl solution, MgAZ31B showed a corrosion rate of 933.59 mpy, which is 

close to the some of the available data. After 12 hours of immersion, MgAZ31B exhibited a 

maximum corrosion rate of 1640.02 mpy for the non-anodized sample, which is quite high. The 

parameters indicate that with the increase in immersion time, the corrosion rate increases, and after 

20 hours, it drastically decreases because of the pitting propagation or the damage of the oxide 

layer of the material because of the high rate of oxidation for a large amount of sodium ion. In 

Figure 4.28, Nyquist plots for bare MgAZ31B samples show the same pattern of corrosion with 

immersion time in 3% NaCl solution. 

 

Figure 4.27: Tafel curves of non-anodized MgAZ31B immersed in 3% NaCl solution 
- 
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TABLE 4.7 

CORROSION PARAMETERS OF NON-ANODIZED MGAZ31B IN 3% NACL SOLUTION 

Immersion  

Hours 

CR  

(MPY) 

Standard Deviation  

(MPY) 
Ecorr, V Icorr, A 

0 933.59 3.75 -1.120 5.08E-03 
1 1412.50 5.89 -1.570 7.69E-03 
2 1535.65 8.99 -1.550 8.36E-03 
4 1569.82 6.54 -1.417 8.55E-03 
8 1586.90 9.11 -1.350 8.64E-03 
12 1640.02 7.76 -1.090 8.93E-03 
20 16.08 0.98 -0.578 8.75E-05 
28 15.55 1.01 -0.709 8.47E-05 

  

 

Figure 4.28: Nyquist plots of non-anodized MgAZ31B immersed in 3% NaCl solution 
 

4.1.12 EC Results of MgAZ31B Immersed in 3% NaCl Solution and Anodized in 0.4 M 

Phosphoric Acid and 1 N Potassium Hydroxide 

 Figure 4.29 shows both anodized and non-anodized MgAZ31B samples. Anodized samples 

surfaces are dark ash color because of the anodized surface layer. Figures 4.30 and 4.31 show the 

Tafel curves of anodized MgAZ31B with immersion time in NaCl solution from which the 

corrosion parameters can be obtained. 
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Figure 4.29: Anodized and non-anodized MgAZ31B samples 

 

Figure 4.30: Tafel curves of MgAZ31B immersed in 3% NaCl solution  
and anodized in 0.4 M phosphoric acid  
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Figure 4.31: Tafel curves of MgAZ31B immersed in 3% NaCl solution  
and anodized in 1 N potassium hydroxide  

 
 Table 4.8 shows the corrosion parameters of the anodized MgAZ31B samples immersed 

in 3% NaCl solution for various periods of time. These parameters indicate a higher corrosion rate 

with the increase in immersion time. After reaching the maximum limit of 868.63 mpy for the 

phosphoric acid-anodized sample, the corrosion rate drops steeply to 19.69 mpy, which can be 

attributed to the corroded sample surface. But the maximum corrosion rate of the anodized sample 

is much lower than the non-anodized sample in the same condition, which indicates the longer 

lifetime of the anodized sample in terms of corrosion. In Figures 4.32 and 4.33, Nyquist plots for 

the anodized MgAZ31B show the same pattern of corrosion with the 3% NaCl solution immersion 

timeframe. This means that corrosion is taking place in the same fashion with the increased 

immersion time.  
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TABLE 4.8 

CORROSION PARAMETERS OF ANODIZED MGAZ31B IN 3% NACL SOLUTION 

Immersion 

Hours 

CR in  MPY Ecorr, V Icorr, A 

Anodized 

in  
PHOA 

Anodized 

in 

KOH 

Standard 

Deviation 
Anodized 

in 
PHOA 

Anodized 

 in  

KOH 

Anodized 

in  
PHOA 

Anodized 

in 

KOH PHOA KOH 

0 364.35 270.32 1.08 2.12 -1.66 -1.45 1.98E-03 1.47E-03 
1 398.54 364.74 3.21 1.56 -1.52 -1.37 2.17E-03 1.99E-03 
2 561.31 458.97 2.98 2.67 -1.29 -1.28 3.06E-03 2.50E-03 
4 675.14 579.36 1.95 2.01 -1.29 -1.36 3.67E-03 3.15E-03 
8 732.05 686.34 2.23 1.06 -1.29 -1.15 3.98E-03 3.74E-03 

12 868.63 775.57 1.24 1.99 -1.29 -1.25 4.73E-03 4.22E-03 
20 18.12 29.99 0.61 0.89 -0.54 -0.67 9.87E-05 1.63E-04 
28 19.69 21.52 0.87 0.91 -0.38 -0.28 1.07E-04 1.17E-04 

 

 

Figure 4.32: Nyquist plots of MgAZ31B immersed in 3% NaCl solution  
and anodized in 0.4 M phosphoric acid  
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Figure 4.33: Nyquist plots of MgAZ31B immersed in 3% NaCl solution  
and anodized in 1 N potassium hydroxide  

 
4.1.13 Corrosion Behavior Comparison of Anodized and Non-Anodized MgAZ31B 

Immersed in 3% NaCl Solution 

 Figure 4.34 shows a comparison of the corrosion rates for anodized and non-anodized 

MgAZ31B. After anodization, the corrosion rate drops initially, and then rises and becomes steady 

with immersion in the NaCl solution. However, for the bare sample, the corrosion rate rises quite 

high and becomes steady after a specified period of time. Between 12 and 20 hours of immersion, 

the corrosion rate drops because of pitting, which results in holes on the sample surface area due 

to a reduction in the chemical affinity and the damaging oxide layer that forms. However, the 

anodized samples have a lower corrosion rate than the non-anodized sample, thus indicating a 

better corrosion-resistivity effect due to anodization and hence a better lifetime of the material. 

Figure 4.35 shows images of corrosion and pitting of the MgAZ31B alloy immersed in the 3% 

NaCl solution for several hours. Pitting in the non-anodized sample is found to be higher than in 

the anodized material. 
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Figure 4.34: Comparison of corrosion rates of anodized and non-anodized 
 MgAZ31B immersed in 3% NaCl solution 
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Figure 4.35: Images of corrosion and pitting of MgAZ31B immersed in 3% NaCl solution 
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4.1.14 EC Results of Non-Anodized MgAZ31B Immersed in PBS Solution (1x) 

 Figure 4.36 shows the hourly Tafel curves of bare, or non-anodized, MgAZ31B immersed 

in a PBS solution from which corrosion parameters are obtained. Table 4.9 shows the hourly 

corrosion parameters of the non-anodized MgAZ31B sample immersed in a PBS solution, 

reflecting the corrosion increments with immersion time until 20 hours. 

 

Figure 4.36: Tafel curves of non-anodized MgAZ31B immersed in PBS solution (1x) 
 

TABLE 4.9 

CORROSION PARAMETERS OF NON-ANODIZED MGAZ31B IN PBS SOLUTION (1X) 

Immersion 
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CR 
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Standard Deviation 

(MPY) 
Ecorr V IcorrA 

0 500.479 5.67 -1.43 2.72E-03 
1 970.571 3.98 -1.64 5.28E-03 
2 991.251 7.34 -1.30 5.40E-03 
4 1001.611 4.91 -1.58 5.45E-03 
8 1011.522 5.34 -1.37 5.51E-03 
12 1119.568 8.76 -1.49 6.09E-03 
20 1105.668 6.63 -1.38 6.02E-03 
28 441.688 3.21 -1.52 2.40E-03 
36 23.708 0.94 -0.69 1.29E-04 
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 Here, the maximum corrosion rate after 20 hours of immersion is 1105.668 mpy, which is 

quite high, whereas before immersion, it was only around 500 mpy. After that, the corrosion rate 

started to drop, as a result of the pitting propagation, and after 36 hours, the rate became very low 

because of pitting. In Figure 4.27, Nyquist plots indicate the same corrosion pattern of the non-

anodized Mg alloy sample immersed in PBS solution. 

 

Figure 4.37: Nyquist plots of non-anodized MgAZ31B immersed in PBS solution (1x) 
 

4.1.15 EC Results of MgAZ31B Immersed in PBS Solution (1x) and Anodized in 0.4 M 

Phosphoric Acid and 1 N Potassium Hydroxide  

 Figures 4.38 and 4.39 show the hourly Tafel curves for anodized samples immersed in PBS 

solution from which the corrosion parameters are obtained. Table 4.10 shows the hourly major 

corrosion parameters of anodized MgAZ31B alloy samples immersed in PBS solution. Like the 

non-anodized sample, the corrosion rate also increases with immersion time, but in this case, the 

maximum rate of corrosion of the anodized sample is only 228.756 mpy after 28 hours of 

immersion, whereas the rate of corrosion for the non-anodized sample is around 1105 mpy, even 

after only 20 hours of immersion. After 36 hours of immersion, the rate becomes the lowest, due 

to pitting. It also shows the respective corrosion currents and corrosion potentials. 
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Figure 4.38: Tafel curves of MgAZ31B immersed in PBS solution (1x) 
and anodized in 0.4 M phosphoric acid 

 

 

Figure 4.39: Tafel curves of MgAZ31B immersed in PBS solution (1x)  
and anodized in 1 N potassium hydroxide 
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TABLE 4.10 

CORROSION PARAMETERS OF ANODIZED MGAZ31B IN PBS (1X) SOLUTION 

Immersion 

Hours 

CR in  MPY Ecorr, V Icorr, A 

Anodized 

in  

PHOA 

Anodized 

in 

KOH 

Standard 

Deviation 
Anodized  

in  

PHOA 

Anodized  

in  

KOH 

Anodized 

in  

PHOA 

Anodized 

in 

KOH PHOA KOH 

0 63.683 88.883 2.03 1.99 -0.982 -1.390 3.47E-04 4.84E-04 
1 83.914 129.945 1.45 1.57 -0.926 -1.100 4.57E-04 7.07E-04 
2 102.579 206.604 3.21 4.78 -0.848 -1.360 5.58E-04 1.12E-03 
4 142.462 243.034 1.23 2.38 -0.504 -1.310 7.75E-04 1.32E-03 
8 122.623 271.175 2.31 4.22 -0.844 -1.250 6.67E-04 1.48E-03 
12 172.969 295.419 2.99 4.95 -0.855 -1.520 9.47E-04 1.61E-03 
20 151.860 291.569 1.09 2.56 -0.756 -1.290 8.27E-04 1.59E-03 
28 138.865 221.756 2.11 2.03 -0.842 -0.825 7.56E-04 1.21E-03 
36 17.312 16.339 0.77 0.93 -0.471 -0.382 9.42E-05 8.89E-05 

 Figures 4.40 and 4.41 show Nyquist plots for the anodized (in phosphoric acid and oxalic 

acid) samples indicating the same corrosion pattern of anodized samples immersed in PBS 

solution. The pattern of corrosion for anodized material in either acid is almost the same due to 

immersion in PBS. 

 

Figure 4.40: Nyquist plots of MgAZ31B immersed in PBS solution (1x) 
and anodized in 0.4 M phosphoric acid  
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Figure 4.41: Nyquist plots of MgAZ31B immersed in PBS solution (1x) 
and anodized in 1 N potassium hydroxide  

 
4.1.16 Corrosion Behavior Comparison of Anodized and Non-Anodized MgAZ31B 

Immersed in PBS Solution (1x) 

 Figure 4.42 shows a comparison of the corrosion rates for both anodized and non-anodized 

samples. It can be seen from the graph that for the non-anodized sample, the corrosion rate rises 

more than 1100 mpy from the initial value of around 500 mpy after 15–20 days of immersion, 

whereas the anodized sample corrosion rate decreases from the initial state due to anodization and 

then increases steadily up to a maximum of 300 mpy after the same number of immersion days, 

which is really nearly 72% lower compared to the non-anodized sample corrosion rate. The 

Nyquist plots for all samples (anodized and non-anodized) are almost similar, which indicates the 

same pattern of corrosion occurring during immersion in the PBS 1x solution, which supports the 

data reliability of all the performed tests for various time periods. This shows that anodization 

increases the corrosion resistivity as well as lifetime of the implant material. In both cases, further 

immersion in the PBS solution indicates a drop in the rate of corrosion due to pitting that occurs 

after 20–30 hours of immersion. 
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Figure 4.42: Comparison of corrosion rates of anodized and non-anodized MgAZ31B  
immersed in PBS solution (1x) 

 
 Figure 4.43 shows corrosion images of the anodized and non-anodized MgAZ31B samples 

with respect to immersion time in the PBS solution in a pH range of 7.5–7.7. It also shows pitting 

corrosion occurring after 30–36 h of immersion in the PBS solution. Although pitting is not as 

rapid and prominent as with the NaCl solution, holes are evident for both anodized and non-

anodized samples. However, holes in the non-anodized sample are more prominent than those in 

the anodized samples because of the improvement in surface corrosion resistivity as a result of the 

anodization process. 
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Figure 4.43: Images of corrosion and pitting of MgAZ31B immersed in PBS solution 

4.1.17 EC Results of Non-Anodized MgAZ31B Immersed in DI Water 

 In Figure 4.44 shows hourly Tafel curves for the bare MgAZ31B immersing in DI water. 

Corrosion parameters are calculated from these Tafel curves. Table 4.11 shows the various 

corrosion parameters of bare Mg alloy sample with respect to the immersion time in DI water. In 

DI water, the corrosion rate is very low before immersion and even increase slowly with immersion 

time compared to NaCl or PBS solution. The corrosion currents and corrosion voltages are almost 

consistent with minor fluctuation. 
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Figure 4.44: Tafel curves of non-anodized MgAZ31B immersed in DI water 
 

 Table 4.11 shows various corrosion parameters of bare Mg alloy sample with respect to 

the immersion time in DI water. In DI water, the corrosion rate increases slowly upto a maximum 

value of 86.224 mpy after 40 hours of immersion time compared to NaCl or PBS. The corrosion 

currents and corrosion voltages are almost consistent as well as with minor change. In Figure 4.45, 

the Nyquist plots illustrate the same patterns of corrosion for bare MgAZ31B in DI water. 

TABLE 4.11 

CORROSION PARAMETERS OF NON-ANODIZED MGAZ31B IN DI WATER 

Immersion 

Hours 

CR  

(MPY) 

Standard Deviation 

(MPY) 
Ecorr,V Icorr, A 

0 46.710 1.21 -1.24 2.54E-04 
1 50.892 1.43 -1.57 2.77E-04 
2 52.242 1.94 -1.30 2.84E-04 
4 53.168 2.01 -1.37 2.89E-04 
8 58.202 1.08 -1.32 3.17E-04 
16 60.718 2.78 -1.52 3.31E-04 
24 69.506 2.22 -1.48 3.78E-04 
32 85.755 1.09 -1.48 4.67E-04 
40 86.224 2.99 -1.41 4.69E-04 
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Figure 4.45: Nyquist plots of non-anodized MgAZ31B immersed in DI water 
 

4.1.18 EC Results of MgAZ31B Immersed in DI Water and Anodized in 0.4 M Phosphoric 

Acid and 1 N Potassium Hydroxide 

 Figures 4.46 and 4.47 show Tafel curves for all anodized (in phosphoric acid and in 

potassium hydroxide MgAZ31B samples for various immersion times in DI water. Table 4.12 

provides the obtained important corrosion parameters for all anodized MgAZ31B samples with 

immersion in DI water. Here, the maximum corrosion rate of the anodized sample is only 39.2114 

mpy, which is not higher, like the NaCl or PBS solutions, which is valid since DI water is not as 

responsible for corrosion or oxidation as NaCl and PBS. It also shows a very low corrosion rate 

increment compared to the NaCl and PBS solutions. Accordingly, low corrosion potentials and 

corrosion currents are also obtained. 
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Figure 4.46: Tafel curves of MgAZ31B immersed in DI water  
and anodized in 0.4 M phosphoric acid  

 

 

Figure 4.47: Tafel curves of MgAZ31B immersed in DI water  
and anodized in 1N potassium hydroxide  
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TABLE 4.12 

CORROSION PARAMETERS OF ANODIZED MGAZ31B IN DI WATER 

Immersion 

Hours 

CR in  MPY Ecorr, V Icorr, A 

Anodized 

in  

PHOA 

Anodized 

in 

KOH 

Standard 

Deviation 
Anodized 

in  

PHOA 

Anodized  

in  

KOH 

Anodized 

in  

PHOA 

Anodized 

in 

KOH PHOA KOH 

0 2.622 6.202 0.079 0.101 -0.667 -0.650 1.43E-05 3.38E-05 
1 6.188 8.481 0.066 0.091 -0.933 -0.707 3.37E-05 4.62E-05 
2 9.739 11.326 0.893 0.761 -0.943 -0.713 5.30E-05 6.17E-05 
4 11.951 14.333 0.971 0.882 -1.04 -0.675 6.51E-05 7.80E-05 
8 14.186 16.274 0.056 0.345 -0.921 -0.846 7.72E-05 8.86E-05 

16 17.712 18.553 0.898 0.991 -1.210 -0.874 9.64E-05 1.01E-04 
24 22.391 24.849 1.233 0.078 -0.645 -0.334 1.22E-04 1.35E-04 
32 35.921 39.264 1.556 1.676 -0.524 -0.331 1.96E-04 2.14E-04 
40 35.859 39.2144 0.998 1.673 -0.524 -0.331 1.95E-04 2.13E-04 

 In Figures 4.48 and 4.49, Nyquist plots indicate the same corrosion pattern for the anodized 

samples in acidic and basic solutions after immersion in DI water for up to 40 hours maximum. 

Even after this long immersion time, the corrosion rate is significantly low compared to other NaCl 

or PBS solutions. 

 

Figure 4.48: Nyquist plots of MgAZ31B immersed in DI water  
and anodized in 0.4 M phosphoric acid 
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Figure 4.49: Nyquist plots of MgAZ31B immersed in DI water 
and anodized in 1 N potassium hydroxide  

 
4.1.19 Corrosion Behavior Comparison of Anodized and Non-Anodized MgAZ31B 

Immersed in DI Water 

 Figure 4.50 shows a comparison of corrosion rates for anodized and non-anodized samples 

immersed in DI water. The non-anodized sample corrosion rate increases to a maximum of around 

89 mpy after 45 hours of immersion, whereas the corrosion rate of the anodized samples initially 

decreases just after anodization and then increases to a maximum of 40 mpy only, which is less 

than half of that of the non-anodized sample after the same immersion time, even in DI water. It 

can be inferred that the corrosion resistivity of the anodized sample is much better than the bare 

MgAZ31B because of this surface modification process to enhance the lifetime of the material. 

Figure 4.51 shows images of the corrosion effect of all anodized and non-anodized samples 

immersed in DI water for a couple of hours, which gives a clear visualization of the low corrosion 

behavior of all types of samples with the immersion time, in order to understand the positive effects 

of the anodization process for the surface modification of the material in terms of corrosion 

resistance. 
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Figure 4.50: Comparison of corrosion rates of MgAZ31B immersed in DI water 
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Figure 4.51: Images of corrosion of MgAZ31B immersed in DI water 
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4.1.20 Corrosion Behavior Comparison of Anodized and Non-Anodized MgAZ31B 

Immersed in Various Solutions 

 Figure 4.52 shows a comparison of the corrosion rates of bare MgAZ31B samples 

immersed in three different solutions, indicating that the corrosion rate is higher in all cases in 

NaCl and PBS solutions than in DI water. Among the NaCl and PBS solutions, NaCl has a greater 

detrimental effect on corrosion and pitting on bare MgAZ31B. Pitting started after 12 hours of 

immersion time in NaCl, whereas it started after 20 hours of immersion time in PBS. 

 

Figure 4.52: Comparison of corrosion rates of non-anodized MgAZ31B  
immersed in various solutions 

 
 Figure 4.53 shows a comparison of the corrosion rates for MgAZ31B samples immersed 

in various solutions and anodized in 0.4 M phosphoric acid. In all cases, the corrosion rate 

decreases after anodization and starts increasing with immersion. The 3% NaCl solution causes 

greater corrosion and pitting effects than does PBS and DI water, but in all cases, the maximum 

corrosion rate is lower than even the non-anodized samples, due to the anodization process. 
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Figure 4.53: Comparison of corrosion rates of MgAZ31B immersed in various solutions and 
anodized in 0.4 M phosphoric acid 

 
 Figure 4.54 illustrates a comparison of the corrosion rates for MgAZ31B samples 

immersed in various solutions and anodized in 1 N potassium hydroxide. It was found that in all 

cases, the corrosion rate decreased after anodization and started increasing with immersion. The 

3% NaCl solution is more responsible for high corrosion and pitting effects than either PBS or DI 

water, but in all cases, the maximum corrosion rate is lower than the non-anodized samples due to 

the anodization process. 

 

Figure 4.54: Comparison of corrosion rates of MgAZ31B immersed in various solutions and 
anodized in 1 N potassium hydroxide  
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4.2 Optical Microscopic Images 

 For a magnified view of the samples, optical microscopic images were taken in order to 

capture the difference in grain boundary with and without anodization. Sample layers due to 

anodization were more visible with the optical microscopic images. It can be seen that colored 

layers were formed on the surfaces due to the anodization process. With the increased time in 

drying, the colored surface layers became more prominent in the microscopic images. 

4.2.1 Optical Microscopic Images for Anodized and Non-Anodized Ti6Al4V 

 As shown in the magnified optical microscopic images in Figure 4.55, the boundary grain 

of Ti6Al4V was viewed with a magnification of 10x and 20x for both anodized and non-anodized 

samples, although a separate layer of bluish color indicates both phosphoric acid and oxalic acid 

anodization. 

 

Figure 4.55: Optical microscopic images of anodized and non-anodized Ti6Al4V 
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4.2.2 Optical Microscopic Images of Anodized and Non-Anodized MgAZ31B 

 Figure 4.56 shows the magnified optical microscopic images for MgAZ31B, which 

indicate the boundary grain visible with a magnification of 10x and 20x for both anodized and 

non-anodized samples, although a separate layer was seen for both phosphoric acid and potassium 

hydroxide solutions. The surface smoothness was better with KOH solution anodization and less 

smooth with PHOA anodization. 

 

Figure 4.56: Optical microscopic images of anodized and non-anodized MgAZ31B 
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CHAPTER 5 

CONCLUSION 

 In this research, corrosion parameters of both anodized and non-anodized metallic 

biomaterial alloys were investigated. Samples were immersed into NaCl, PBS, and DI water 

solutions for various time periods to compare the lifetime of the biomaterial. It was found that the 

corrosion rate increases for all materials as the immersion time increases. However, anodized 

samples have a lower corrosion rate than non-anodized samples after immersion in the same 

solutions for the same amount of time. Improvement in corrosion resistivity of the biomaterial 

alloy samples occurred as the natural oxide layer that formed on the materials’ surfaces due to the 

anodization process in various acidic and basic electrolyte solutions. During the experiment, it was 

found that Ti alloys do not corrode like Mg alloys with immersion. For Mg alloys, the corrosion 

is attributed to pitting, which started after approximately 15–20 h of immersion in the NaCl 

solution. Moreover, after longer immersion periods, the corrosion rate of anodized samples did not 

increase as much as that of the non-anodized samples before immersion. 

 In addition, the highest rates of corrosion that occurred for anodized Ti6Al4V and 

MgAZ31B were 0.78447 mpy and 868.63 mpy, respectively, in NaCl solution, whereas the highest 

corrosion rates of corrosion in non-anodized Ti6Al4V and MgAZ31B were 3.0430 mpy and 

1640.02 mpy, respectively, for the same amount of immersion time in the same NaCl solution. 

Hence, corrosion is much higher in non-anodized samples than anodized samples. Optical 

microscopic images show that anodization forms a smooth surface layer on the biomaterial, which 

lowers the corrosion rate. Thus, it can be established that anodization or surface modification 

improved the corrosion resistivity of the biomaterial alloys, even in more corrosive mediums, and 

it increased the lifetime of the metallic biomaterial implant alloys. 
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CHAPTER 6 

FUTURE WORK 

 A number of aspects that could be further explored in the current research remain to be 

investigated. Here, all the tests were done based on the potentiodynamic and potentiostatic 

methods by using polarization curves, but they could also be performed by means of other types 

of measurement: alternate current (AC) impedance, electrochemical noise, weight loss etc. 

 Based on the discussion in Chapter 4, the following suggestions are offered for future 

research on this topic:  

 Instead of NaCl, PBS solution, and DI water, tests could be performed on stimulated body 

fluids in which the biomaterial will operate.   

 Anodization of Ti alloy could be done with solutions other than PHOA and OXA. 

 Different concentrations of the acid solution could be used for Ti alloy anodization. 

 Similarly, Mg alloy anodization could be done with various concentrations of other acid 

and base solutions other than phosphoric acid and KOH solution. 

 Instead of using a 20 V energy supply, anodization can be done with other voltage ranges 

to analyze the various oxide layer of the surface. 

 Further study of the corrosion rates could be performed with longer immersion times. 

 Scanning electron microscopy (SEM) images could be captured for both anodized and non-

anodized implant alloys to compare and better understand the effects of the anodization 

process. 

 A biocompatibility test with the stress-strain analysis of the anodized material could be 

performed for longer periods of time, taking into consideration the movements and internal 

environment of the human body.  
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