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ABSTRACT 

Magnesium alloys has gained significant attention as bioabsorbable implants, 

but the fast-electrochemical reactions produce hydrogen gas, which detach the implant 

with home bone and tissues. The focus of present study is to introduce a multi-

structured organic/inorganic composite layer on magnesium alloys to improve their 

surface properties such as biocompatible osseointegration with home tissues and 

increase their resistance for corrosion process. The organic/inorganic composites 

consist on biodegradable polymers (chitosan, gelatin), bioactive glass powders (BG), 

zinc oxide and cerium oxide. Alternating current electrophoretic deposition (AC-EPD) 

was used for coating on an experimental magnesium alloy (Mg-Si-Sr) and two 

commercially available alloys (AZ31, ZK60).  

In this research work chitosan (MW 75–85% deacetylation) CS and gelatin 

(type (B) powder) G, 45S5 bioactive glass powders (7-61 μm) BG (a, b, c), ZnO 

(<100nm) and CeO2 (<50nm) nano powders were used for the coating of three 

magnesium alloys. Eight suspensions (A-H) were finalized for AC-EPD coating of 

Mg-Si-Sr with compositions of CS0.8-1.6-G0.8-1.6-BG(a,b,c)1.0. The influence of key AC-

EPD parameters (voltage amplitude, frequency, distance and time) as well as 

suspension parameters (biopolymer type and concentration, BG particle size) on the 

coating homogeneity was investigated. Coating microstructure and thickness were 

observed by SEM and FT-IR used for characterization of coating on the substrate. The 

electrochemical corrosion behavior was evaluated by potentiodynamic polarization 

curves in Ringer’s solution at 37oC. FT-IR spectra confirmed that chitosan 

crosslinking had taken place during AC-EPD parameters which is known to increase 

the coating stability and adhesion of the coating to the substrate. SEM images showed 

that biopolymer/BG layer was more homogeneous with no bubbles and cracks. SEM-

based profilometry test revealed that the coating thickness was up to ca. 20 μm for 

suspension CS0.8-G0.8-BG(b)1.0 with AC-EPD parameters (Voltage = 90V, Frequency 

= 100Hz, DC offset = 2V, Time = 190s, Distance = 7.5mm) with low corrosion 

current density (Icorr.) value 3.41 μA.cm-2 (corrosion rate 0.08 mm/y), after 10 min. in 

Ringer’s solution.  
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The surface of AZ31 was modified by CS-G-BG(a,b)-ZnO/CeO2 through 

hybrid coating by using AC-EPD. Twelve suspensions (A-L) were finalized for AC-

EPD coating with composition of CS0.8-1.6-G0.8-1.6-BG(a,b)1.0-3.2-ZnO0.4-0.6/CeO2(0.4-0.6). 

SEM images showed that coating morphology was almost same. Potentiodynamic 

polarization measurements (PDP) indicated that best parameters of AC-EPD for AZ31 

are (Voltage = 80V, Frequency = 100Hz, DC offset = 2V, Time = 240s,  Distance = 

10mm) which gave lowest corrosion current densities (Icorr.) values of 0.18 μA.cm-2 

(corrosion rate 0.41x10-2 mm/y) and 1.00 μA.cm-2 (corrosion rate 2.26x10-2 mm/y) 

respectively, after 10 min. immersion in Ringer’s solution with suspensions CS0.8-

G0.8-BG(b)1.0 and CS1.6-G1.6-BG(b)3.2-CeO2(0.4). SEM-based profilometry test revealed 

that coating thickness with suspensions CS0.8-G0.8-BG(b)1.0 and CS1.6-G1.6-BG(b)3.2-

CeO2(0.4) was approximately 20, 15μm respectively. Further corrosion behavior of 

ZK60 also investigated for suspensions (A-L) which are already investigated for 

AZ31. For ZK60, PDP measurements showed that best parameters of AC-EPD for 

ZK60 are (Voltage = 35V, Frequency = 300Hz, DC offset = 2V, Time = 480s, 

Distance = 10 mm) which gave lowest corrosion current densities values 1.39 μA.cm-2  

(corrosion rate 0.30x10-1 mm/y) and 1.84 μA.cm-2 (corrosion rate 0.39x10-1 mm/y), 

after 10 min. in Ringer’s solution with suspensions CS0.8-G0.8-BG(b)1.0-ZnO0.6 and 

CS0.8-G0.8-BG(a)1-CeO2 (0.6) respectively.Thickness test revealed that coating thickness 

with suspension  CS0.8-G0.8-BG(b)1.0-ZnO0.6 was approximately 11.5 μm.  
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CHAPTER  1  INTRODUCTION 

------------------------------------------------------------------------------- 

1 Introduction 

1.1 Bioimplants 

Bioimplants are natural and synthetic materials which are used for medical 

applications to functionalize the physiological and mechanical functions of human 

bones and tissues (Williams, 1976). The collagen and apatite are important 

components in human bone which decide its practical performances, for example, 

versatile modulus and fracture stiffness and so on. Mostly they are made from metals, 

polymers, ceramics and from their composites. They can be used for short term or 

long term in human body which depends upon the medical conditions and position in 

the body  (Ananth et al., 2015; Cheung, Lau, Lu, & Hui, 2007; Hussein, Mohammed, 

& Al-Aqeeli, 2015; Williams, 1987).  Biomaterials become essential when a human 

body part or organ cannot perform its functions properly. They are important in the 

field of orthopaedics, mostly used for replacement of bones/joints to regulate their 

functions in human body (Albrektsson, Zarb, Worthington, & Eriksson, 1986). Road 

accidents, games and war wounds injuries require quick attention with respect to 

replace or repair of mostly load bearing parts of the body like hip, knee, shoulder and 

elbow. Biomaterials are classified into two major types, biodegradable and non-

biodegradable bioimplants. Mostly nickel, titanium, chromium and their alloys are 

used as long-term implant materials (Bansiddhi, Sargeant, Stupp, & Dunand, 2008; 

Nasab, Hassan, & Sahari, 2010; Saini, Singh, Arora, Arora, & Jain, 2015; Wang & 

Fenton, 1996) and magnesium alloys are used as short-term implant material (Gu & 

Zheng, 2010; Guo, 2010; Hornberger, Virtanen, & Boccaccini, 2012; Staiger, Pietak, 

Huadmai, & Dias, 2006). The most important aspect of an implant is; its 

biocompatibility with home bone and tissue which makes it suitable for specified 

function in the human body. 
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Researchers have been emphasizing to design such elemental composite 

materials which should be copy to the system of bones and tissues for manufacturing 

bio-implants (Fig. 1.1). Every year in United State millions of patients implanted with 

different biomedical devices and millions of new and advanced surgeries continued 

according to the medical conditions. Rise in neurological and cardiovascular disorder 

in elderly population driving the implant market growth. In recent decades, more 

efficient bioimplants (electronic devices, biosensors, transisters) are demanded for 

neurological disorders like (Parkinson’s disease, dystonia, epilepsy etc.) which is also 

increasing the market demand (Li, 2020). The orthopedic market prospective world 

wide has been expanding quickly and is evaluated to be $15.21 billion by 2017 and 

expected to touch $30.42 billion by 2025 (Avinash, 2019). Efficiency of bioimplant is 

effected by high rate of infection, corrosion and blood clotting around the implant 

which further restrain the market growths and cost of second time treatment.  

 

 

Figure 1.1 Common bioimplants for biomedical applications.  

Generally, stainless steel, cobalt–chromium and titanium (SSCCT) 

combinations are commonly utilized for manufacturing of biomaterials (Table 1.1) for 

long term uses; however, numerous mismatch due to its apparent and mechanical 

features with physiological environment of human body have been identified. These 

types of implants are limited to be used due to incompetent exchange of freight to the 
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neighboring hard/weak tissues, which further create harm to bioimplants and serious 

continuous enduring pain to the body. In addition, they also discharge poisonous 

metallic particles like ions of chromium, molybdenum, nickel and titanium which 

cause failing of prosthesis, large or expanding pseudotumor, necrosis  and high 

concentration also increase the chance of second time surgery (Favetti et al., 2019; 

Yan et al., 2015).  

Table 1.1 Major biomaterial metal and alloys and their applications 

Stainless Steel (316L) Orthopaedic plates, dental implants, spinal rods, 

joint replacement implants, variable stents 

    Alloys of Cobalt-Chromium  Dental implants, Orthopaedic fracture plates, Heart 

valves, spinal rods, joint, stents 

      Nickel-Titanium alloys Cranial plates, orbit reconstruction, dental implants 

& wires, orthopaedic fracture plates, stents 

Mg-alloys Orthopaedic plates, screw, wire, pins, stents 

 

Among other bioimplants, magnesium (Mg) and magnesium alloys are 

attaining more attention as bioimplants (Table 1.1) because magnesium implants are 

more biocompatible and bioabsorbable as compared to other biomaterials (Brar, Platt, 

Sarntinoranont, Martin, & Manuel, 2009; Harandi & Raman, 2015; G. Song & Song, 

2007). Magnesium is essential element for mineralization of bones and its mechanical 

property (density 1.76 g.cm-3) and structural properties (1.6 to 4.5 times less dense 

than aluminum and steel) also match the human bones. Deficiency of Mg in the 

human body can cause cardiovascular diseases and pathological conditions 

(hypocalcaemia, hypokalaemia, neurological manifestations, hypertension, diabetes, 

osteoporosis) (Vormann, 2003) (Fig. 1.2). Compared to other metals, Mg is more 

biocompatible with human bones and tissues due to its efficient biodegradability and 

bioabsorbabilty (Amighi et al., 2004; Santhanakrishnan, Ho, & Dahotre, 2012).  
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 Figure 1.2 Sources of  magnesium and osteoporosis due to deficiency.  

The bioimplant's surface and mechanical behavior decide its connective and 

conductive properties with neighboring environment for cell attachment and bone 

development. Both implant and natural (organic) reactions in the body take place 

rapidly during healing process which produce different ions. Ceramics and polymers 

are limited to be used as bio-implant materials because of their non-biodegradability 

and unsatisfactory mechanical properties (Staiger et al., 2006). 

Although mechanical and physical properties of magnesium are closer to bone 

but its fast corrosion rate particularly in aqueous chloride environments leads to 

hydrogen gas production which retards its biocompatibility with attached tissues and 

bones (G. Song, 2007). Fast corrosion process reduces the mechanical properties and 

increases the detachment of implant with bone and tissue. Fast liberation of hydrogen 

gas also creates severe effect on surrounding pH of the implant which further 

disturbed the bone-implant combination (Fig. 1.3). Premature fracture, healing 

complications and risk of inflammation also increased due to high release of metal 

ions. These types of complications related to magnesium and magnesium alloys 

restricted their use as a competent biomaterial for medical applications (Witte et al., 

2008).  

 

Figure 1.3 Electrochemical reactions and corrosion product in Mg-implants. 
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1.2 Corrosion through body fluid and their types 

Under the influence of chemical, physical and electrochemical factors, the 

destruction or deterioration of materials are enhanced by corrosion. In human body, 

the corrosion process is more complicated than in industrial environment. Different 

factors are responsible for degradation of material like interaction of corrosive 

component (H+, O2, O-, Cl-, S2-) and free radicals of oxygen & nitrogen, pH value 

change and so on (Manivasagam, Dhinasekaran, & Rajamanickam, 2010). There are 

different types of corrosion that take place in the body like, galvanic corrosion, 

crevice corrosion, pitting corrosion, intergranular corrosion, erosion corrosion, 

selective leaching and stress corrosion. In addition, there are more distinct types of 

corrosion such as cavitation corrosion, corrosion fatigue, fretting corrosion and 

hydrogen embrittlement (R. Singh & Dahotre, 2007). 

1.2.1 Galvanic corrosion 

Galvanic corrosion occurs when two different metals with different 

electrochemical potentials are in physical contact in the presence of electrolyte like 

serum or interstitial fluid.  Magnesium is the most active metal in galvanic series and 

act as an anode when in contact with other metal.  This is the major problem to use 

magnesium parts in aggressive environments. In bio-implant materials when 

magnesium alloy plate is coupled with stainless steel screw in the presence of 

aggressive environment, the galvanic cell is generated (Jia, Song, & Atrens, 2007). 

1.2.2 Pitting corrosion 

Pitting corrosion takes place when specific areas of the material undergo rapid 

corrosion attack and other parts of the materials are virtually unaffected. Mostly 

intermetallic particles are responsible for pitting corrosion because of their high 

potential as compared to remaining matrix. Pitting corrosion also enhances the 

corrosion fatigue and stress corrosion cracking (R.-C. Zeng, Sun, Zheng, Cui, & Han, 

2014). 
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1.2.3 Erosion and fatigue corrosion  

Erosion corrosion is enhanced due to the interaction of α-matrix and wear load 

of the implant materials. Corrosion fatigue takes place when accumulated mechanical 

cycling load produced by localized chemical or electrochemical reactions increases. 

Corrosion fatigue decreases significantly in the presence of aqueous solutions. Fatigue 

life of alloys decreased with porosity because the pores are always the crack 

nucleation (N. Liu & Huang, 2006). 

1.2.4 Hydrogen evolution 

Evolution of hydrogen gas in the presence of chloride ions in physiological pH 

(7.4-7.6) is a complicated issue for pure metal and alloys. Hydrogen evolution rate of 

0.01 ml/cm2/day is a tolerated level in the human body (R. Zeng, Dietzel, Witte, Hort, 

& Blawert, 2008). The bubbles of hydrogen gas accumulated around the implant and 

retarded the healing of the tissues. The pH value also increased around the implant 

and causes the local alkalinity. Hydrogen evolution can be controlled by alloy 

combination and suitable coating for implant materials (Yun et al., 2009).    

1.2.5 Influence of albumin and pH value   

Anodic and cathodic processes of metals are changed by protein and metallic 

interaction. Corrosion morphology is greatly affected through pH value of the 

medium. Pitting corrosion normally occurs in neutral or alkaline salt solution and 

hardly takes place on higher pH (11.5). Iron or stainless-steel based alloys corrode in 

acidic sodium chloride solution compared with that in neutral and highly alkaline 

solutions. The normal physiological pH value in human blood, interstitial and 

intracellular is 7.15-7.35, 7.0 and 6.8 respectively (R. Zeng et al., 2008). 

1.2.6 Thermodynamics of corrosion 

Thermodynamics of corrosion is associated with the energy state of metals. 

Normally metallic ores exist in the low energy state. Energy state increases, when ore 

converts to metallic form through chemo-mechanical processes. Thermodynamic 

instability in a reactive environment is the main driving force for corrosion processes 

(Fig. 1.4) (Craig, 2013).  
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Figure 1.4 Metal oxygen reaction. 

For thermodynamic stability, different methods are very important among 

which prevention of cathodic reactions and use of neutralizers to adjust the pH are 

common. From thermodynamic parameters, we can estimate the corrosion reactions 

(Van Muylder, 1981). 

 

1.2.7 Kinetics of corrosion 

Generally, kinetics of corrosion takes place in three steps. In first step, 

transportation of oxidizing agent from electrolyte solution to the metal solution 

interface. In second step, electrochemical reactions take place on interface surface and 

in third step transportation of product away from interface (Fig. 1.5). From these steps 

current density generated by charge transfer  process which is not detectable directly 

because the metals do not show any net current flow (Scully, 1967).  

             

 

Figure 1.5 Electrochemical cell action on metal during corrosion process. 



8 
 

If equilibrium potential of an electrode is changed to some other value by 

connecting to another electrode to form a galvanic cell, which make possible to 

determine the current density by using Butler-Volmer equation (McCafferty, 2005). 

This equation is a basic relationship in electrochemical kinetics. It explains electrical 

current on electrode depends on the electrode potential, both cathodic and anodic 

reaction occur on same electrode.         

 

j = jo {exp [αanF (E-Eeq)]  (1.1)  

 

   j = current density (A/m2)                       jo = exchange current density (A/m2) 

  A= electrode active surface area (m2)     E = electrode potential (V) 

  Eeq= equilibrium potential (V)                 n = no. of electrons in the electrode reaction 

  F = Faraday constant                                αa = anodic charge transfer coefficient 

1.3 Protection methods for corrosion  

There are two important ways to control the fast corrosion of Mg: alloying 

manufacturing and surface treatment with suitable coating material (Poinern, 

Brundavanam, & Fawcett, 2012; G. L. Song & Atrens, 1999). Alloy forming elements 

(Al, Ca, Zn, Zr, Si, Sr…) provide suitable mechanical properties, appropriate 

corrosion resistance and biocompatibility with surrounding tissues. Therefore, any 

potential solutions, such as surface modifications, to control the corrosion rate of Mg 

alloys would enhance its practical performance.  

The corrosion rate of Mg through cathodic polarization is lower via anodic 

polarization because of the creation of partially protective film on the surface of Mg 

during cathodic reaction (Harandi & Raman, 2015). The surface modification of Mg 

alloy increases its resistance against electrochemical reactions and enhance the 

biocompatibility for long-term applications. The performance of modified specimen 

can be evaluated by reactive media Ringer’s, Hanks, SBF solutions. Various 

technologies have been used to obtain protective coatings on surfaces of magnesium-

based alloys, such as chemical conversion (alkali heat treatment) and material 

deposition methods (micro-arc oxidation, spurting & spinning coating, electrophoretic 



9 
 

deposition (EPD)) are used for surface treatment of Mg-based alloys (Fig. 1.6)  (K. 

Cai et al., 2011; L.-Y. Cui et al., 2017; B. Singh, Singh & Sidhu, 2016; Sreekanth & 

Rameshbabu, 2012). 

 

Figure 1.6 Surface modification by a) alloy manufacturing b) alkali heat 

treatment, c) microarc oxidation, d) spurting & spinning coating and 

electrophoretic deposition. 

The reported literature shows that researchers were interested in investigating 

organic and inorganic chemicals separately for surface modification of magnesium 

alloys (F.-z. Cui et al., 2008; Santhanakrishnan et al., 2012) but in recent literature it is 

reported that the researchers are interested in organic/inorganic hybrid coating for 

surface treatment of Mg-based alloys (Ur Rehman et al., 2018). These hybrid coatings 

are more useful for biocompatible attachment of implants with bone and tissues 

through their treated surfaces that particularly prevent the fast degradation of Mg-

based implants. Organic polymers have ability to form metal-polymer covalent or 

coordinate covalent bonds with substrate which are very important for homogeneous 

and compact coating. At physiological pH, inorganic entities increase the 

hydroxyapatite layer on the implant which enhances the attachment and growth of 

bone (Huang, Onyeri, Siewe, Moshfeghian, & Madihally, 2005; Ghodssi, et al., 2005; 

Yi, Wu, Narayan, 2010).    
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Mostly for surface treatment, natural and synthetic polymers, like collagen, 

alginate, silk, gelatin, chitosan, poly (lactic acid) and poly(caprolactone) with 

combination of ceramics are used for the coating of Mg implants (Fig. 1.7) (Agarwal, 

Curtin, Duffy, & Jaiswal, 2016; Heise, Virtanen, & Boccaccini, 2016; Uddin, Hall, & 

Murphy, 2015; Van Vlierberghe et al., 2007). Crosslinking of polymers like chitosan 

is very important for production of compact and homogeneous coating which 

increases the adhesion of coating layer with substrate (Kumbar, Kulkarni, & 

Aminabhavi, 2002). Gelatin structure also has more functional groups like (-OH, -

COOH, -NH2, -SH, -CO-NH-) which are very important for metal chelation and its 

mobility increases by EPD. 

 

Figure 1.7 Surface modification of biomaterial by organic/inorganic substances. 

Bioactive glasses (BG) are also a good choice as a coating material for metal 

implants, because they form hydroxyl-carbonate-apatite (HCA) layer on the surface of 

metal that increases the contact with physiological fluids (Cordero-Arias, Cabanas-

Polo, et al., 2015). Although a lot of research work has been done on hybrid 

polymer/BG implant coatings, very little work is reported on Mg implants with 

alternating current electrophoretic deposition (AC-EPD) (Bestetti & Da Forno, 2011; 

Braem et al., 2017; Cordero-Arias et al., 2013; Cordero-Arias et al., 2014; Czerwinski, 

2011; Drynda et al., 2010; Heise et al., 2017; Raddaha et al., 2014).  
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1.4 Electrophoretic deposition  

1.4.1 Procedure  

Many coating techniques with pretreatment such as anodization, micro arc 

oxidation, laser cladding, surface melting, electrochemical deposition and EPD, are 

utilized to enhance the corrosion resistance that increases the biocompatibility of the 

substrate (Blawert, Dietzel, Ghali, & Song, 2006; Adel Francis, Virtanen, Turhan, & 

Boccaccini, 2016; A Francis, Yang, & Boccaccini, 2019). AC-EPD is the latest 

technique with its versatile parameters to form a thick and homogeneous layer of 

polymer/BG on the implant surface. Mostly polymers like chitosan/gelatin mixed with 

BG make a composite that becomes positively charge and is used for composite metal 

interaction on cathode (Q. Chen, Cabanas-Polo, Goudouri, & Boccaccini, 2014). In 

EPD, arrangement two electrodes immersed in prepared suspension to deposit 

different particulates (Fig. 1.8). Electrodes are connected to the power supply which 

produced required   electric field between the electrodes.   

 

Figure 1.8 Schematic representation of the electrolytic cell used for AC-EPD 

experiments for Mg-alloy coating.  

Electric field can be applied through constant voltage or constant current with 

different modes; like direct current, alternating and with pulsed sequence (A. R. 

Boccaccini & Dickerson, 2013). From EPD technique, two types of EPD possible 

anodic and cathodic which depends upon the charge of electrolyte.  
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 In anodic EPD, negatively charged particle deposit on positive electrode and in 

cathodic EPD positively charged particles deposit on negative electrode.  In EPD 

technique substrate can also be used with different sizes, shapes and 3D structures (A. 

Boccaccini, Keim, Ma, Li, & Zhitomirsky, 2010; A. R. Boccaccini, Roether, et al., 

2006). 

Suspension composition and electric field strength are the main areas which 

decide the EPD process (Diba et al., 2014). Compact and homogeneous coating can be 

achieved by suitable parameters with substrate. Thickness and homogeneity of the 

coating can be possible by varying the electric field and deposition time. For a higher 

voltage a moderate time of deposition is more accurate because if time of deposition is 

long then deposition rate decreases due to the insulating effect of the already 

deposited layer (Q. Chen et al., 2013; Raddaha et al., 2014). In the beginning of EPD 

process a minimum electric field required to cancel out the repulsive interaction 

between ions. If applied voltage is below the threshold value, then repulsive forces 

among the ions hinder the coagulation and no deposition  will occur on the substrate 

(Radda'a et al., 2017).  

1.4.2 EPD requirement and mechanism  

Basic requirement for EPD process is stable suspension which further decide 

the zeta-potential (ζ)  value. Particularly a stable suspension has high zeta-potential 

value and low ionic conductivity of solvents (A. R. Boccaccini, Cho, et al., 2006; 

Sarkar & Nicholson, 1996). Zeta-potential determine the surface charge value of every 

particles in the suspension. Literature shows that zeta-potential give valuable 

information about expected charge and the mobility of the particles during 

electrophoretic deposition process (Dickerson & Boccaccini, 2011; Sa’adati, Raissi, 

Riahifar, & Yaghmaee, 2016). Mostly two types of zeta-potential values, positive and 

negative are effectives for cathodic and anodic electrophoretic deposition respectively. 

Zeta-potential value can be adjusted by varying the pH of  suspension (Arias, 2015). 

Other important process and parameters are also highlighted in Fig. 1.9 for EPD 

coating. 
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Figure 1.9 Important process and parameters for homogeneous electrophoretic 

deposition. 

Different types of suspensions media can be possible like organic, inorganic or 

hybrid which depends upon the final application (Besra, Compson, & Liu, 2006; Y.-

H. Liu et al., 2013; J. Ma, Wang, & Liang, 2007). Suspension concentration also plays 

an important role in electrophoretic deposition if cohesive forces become dominant 

then they restricted the mobility of the particles near the electrode. In less 

concentrated suspensions accumulation of solid particles can be possible, which may 

start side reaction and changed the pH of the suspension(Ning et al., 2019; F Pishbin, 

Simchi, Ryan, & Boccaccini, 2010; Stępniowski & Bojar, 2016). Size of the particles 

in suspension plays a vital role during EPD, most promising coating can be possible if 

the particles are stable and particle size in the range of (1-20μm) (Besra & Liu, 2007). 

Generally, very small size particles (nanosized) produced agglomeration and large 

size particles quickly settled downed in the suspension due to force of gravity which 

effect the mobility of particles and the homogeneities of coating (A. Boccaccini, Cho, 

Subhani, Kaya, & Kaya, 2010). Collectively EPD mechanism and their limitations are 

described in Fig. 1.10. 
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Figure 1.10 EPD mechanism and their limitations (Hamaker, 1940; Hamaker, & 

Verwey, 1940; Grillon et al., 1992). 

1.5 Materials for coating 

Different types of coating materials are utilized for coating of implants in 

which biocompatible organic (natural, synthetic) polymers and inorganic (nanosized) 

oxides of different elements are dominant(Panda, Biswas, & Paul, 2019; Willmann, 

1999). These types of combinations improved the bioimplants lifetime, mechanical 

properties, surface attachment, biocompatibility and corrosion resistance in simulated 

body fluid (Xiong et al., 2019). Commonly organic polymers (chitosan, gelatin, poly 

(lactic acid), poly(caprolactone)) and inorganic oxides (bioactive glasses, rear earth 

metals oxides) are used for coating of implants (Knopf-Marques et al., 2019; Vallet-

Regí & Salinas, 2019). 
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1.5.1 Chitosan  

Natural polymers like chitosan is excellent biopolymer for coatings of implants 

due to biocompatibility, biodegradability, non-toxicity and antibacterial activity 

(Heise et al., 2018; Höhlinger, Heise, Wagener, Boccaccini, & Virtanen, 2017; Rivera, 

Dippel, & Boccaccini, 2018, Loureiro et al., 2020). There are some substantial 

features of chitosan in which dominant are; biodegradability, biocompatibility 

(Ordikhani & Simchi, 2014), cellular attachment, antibacterial activity (Seuss, 

Chavez, Yoshioka, Stein, & Boccaccini, 2012), immobilized to proteins (Gebhardt et 

al., 2012), improved wound healing (Momeni, Mirhosseini, & Chavoshi, 2016; Zhang, 

Dai, Wei, & Wen, 2012), chemical and corrosion resistive (Mahmoodi, Sorkhi, 

Farrokhi-Rad, & Shahrabi, 2013; Zhang, Wen, Zhao, Li, & Dai, 2016), thermal 

stability (Molaei, Amadeh, Yari, & Afshar, 2016), advanced mechanical properties 

and low cost (Höhlinger et al., 2017; Seuss, Lehmann, & Boccaccini, 2014; Zhong, 

Qin, & Ma, 2015). Due to these properties, researchers utilized chitosan differently for 

biomaterial applications ( Gupta & Kumar, 1999). Chitosan derived from chitin which 

is found in crustacean (Fig. 1.11) (crab, crayfish, coral, jellyfish, lobster, shrimp and 

squid), exoskeleton of arthropods (butterfly, insects wall, ladybug), cell walls of fungi 

and yeast (fungi and mushroom) (Boßelmann, Romano, Fabritius, Raabe, & Epple, 

2007; Venkatesan & Kim, 2010).  

 

Figure 1.11 Schematic steps for extraction of chitosan. 
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Chitosan derived from crab and shrimp is more cost effective than other 

sources because these sources are by-product (waste) of food processing industry 

(Kim, 2015). Structure of chitin is 2-acetamido-2-deoxy-β-D-glucose through β(1-4) 

linkages and chitosan is βg(1-4) linked glucosamine and N-acetyl-D-glucosamine 

which is shown in Fig. 1.11. Chitosan can be derived from chitin through chemical or 

by enzymatic method (Yi, Wu, Bentley, et al., 2005).  

a. Chitosan properties 

Physical properties of chitosan depend upon molecular weight (MW), Degree 

of deacetylation (DD), pattern of amine and acetamido groups, pH and purity of 

product. Molecular weight in the range of 10,000 to 1 million Dalton decide the 

solubility of chitosan during solution formation (Kurita, 2001). Hydroxyl groups in 

the sequence of amine and acetamido groups can produced etherification, 

esterification, cross-linking and graft polymerization (Jiang et al., 2010; Momeni et 

al., 2016). For many industries, chitosan and modified forms of chitosan are used for 

variety of products (Jiang et al., 2010; Wu, Wen, Dai, Lu, & Yang, 2010; Yang et al., 

2016).  

  General properties of chitosan are molecular weight (105 to 5×103), degree of 

deacetylation (DD) (60-90), viscosity of 1 % solution in 1 % acetic acid, (200-2000 

cps), moisture content (6-7), Zeta-potential (+49.7 ± 1.15 mV) (Hanawa, 2004; K. Ma 

et al., 2016). Chitosan with these unique properties particularly used in various fields 

like agriculture, food, cosmetics and biotechnology. Detailed summery of different 

properties and applications are summarized in Fig. 1.12, which further highlight the 

importance of chitosan in various fields of life.   
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Figure 1.12 General chitosan properties and its application in different areas. 

 

b. Electrophoretic deposition (EPD) of chitosan  

Chitosan is insoluble in water and organic solvents. However, it is can be 

dissolved in water when combination of ethanol-acetic acid ( C2H5OH-CH3COOH) or 

hydrochloric acid (HCl) used at low pH (A. Kumar, Murugavel, Aditya, & 

Boccaccini, 2017; Tarno et al., 2011). In acidic environment, amine (-NH2) group of 

chitosan protonated by hydrogen ions and converted into positively charged 

ammonium ion (-NH3
+) as described in Equation 1.2.   
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(1.2) 

 

When electric potential is applied at cathode, during EPD hydroxyl ions (-OH-) are 

produced (Equation 1.3 and 1.4) due to the electrochemical decomposition of water 

(El-Rashidy et al., 2018).  

   (1.3)  

   (1.4)  

After this process, the local pH of the solution increases near the cathode and acidified 

chitosan moves toward it and deposites on the electrode by losing its charge 

(Equation 1.5) (Y. Liu, Ng, Yu, & Tsai, 2019; Fatemehsadat Pishbin et al., 2014). 

                     (1.5) 

 

 

Figure 1.13 Schematic diagram of protonated chitosan deposition during EPD.  
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1.5.2 Gelatin   

Gelatin derived from collagen; it is entirely consisting on proteins with unique 

combination of polypeptide bonds of amino acids (Fig. 1.14). Gelatin structure has 

more functional groups like (-OH, -COOH, -NH2, -SH and -CO-NH-) which are very 

important for biological functions (Schrieber & Gareis, 2007). Mostly two types of 

gelatin (Type A, B) are derived from collagen. Gelatin type (A) derived from collagen  

by acidic process (IEP of 8-9) and type (B) derived from collagen by basic process ( 

IEP of 4.8-5.5). Chemically gelatin is amphoteric in nature, it become positive in 

acidic solution and negative in basic environment. Gelatin also has hydrophilic and 

hydrophobic parts in poly peptide chain and dissolved in water in the presence of 

polar solvents like (acetic acid) (Erencia et al., 2015). 

 

 

Figure 1.14 Gelatin structure and amino acids composition.   

a. Properties of gelatin 

Gelatin plays a promising role in bone health, function of brain and recovers 

the skin and hair problems with improved appearance. Gelatin particularly in implants 

applications strengthens the bone and surrounded tissues and enhances the 

cohesiveness of bones with tendons due to the presence of peptides linkage of amino 

acids (Chollet et al., 2009).   
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In biomedical applications, gelatin is used in different ways, drug carrier, for 

implants matrix, as a hemostatic for wound healing and in versatile injectable drug 

delivery system (R. Chen et al., 2017; Totre, Ickowicz, & Domb, 2011; Ulubayram, 

Eroglu, & Hasirci, 2002).  Furthermore, when gelatin is dissolved with chitosan at 

suitable pH, they form a polyelectrolyte complex which enhance biomedical 

properties and improve the coating stability on implants(Jiang et al., 2010; Yi, Wu, 

Ghodssi, et al., 2005).    

b. EPD of chitosan/gelatin 

In recent years researchers are more emphasizing on electrophoretic deposition 

of chitosan/gelatin in different ways on implants materials due to its complex 

electrolyte formation in the presence of electric field. Different types of suspensions 

are prepared with different concentration of gelatin powder with chitosan, nano/micro 

particles, antibiotics (tetracycline), drugs (ampicillin) and metallic ions (strontium) (X. 

Cai et al., 2016; Kubisztal, Kubisztal, Stach, & Haneczok, 2018; Lu, Ganesan, 

Simionescu, & Vyavahare, 2004; K. Ma et al., 2014; Z. Zhang et al., 2016). At lower 

pH chitosan and gelatin formed polyelectrolyte due to the presence of electrostatic 

interaction  between ammonium (-NH3
+) group of chitosan and carboxylate (-COO-) 

group of gelatin (Ramakrishna, Mayer, Wintermantel, & Leong, 2001). During EPD 

chitosan and gelatin experience higher pH (up   to 10) near cathode, chitosan become 

deprotonated and chitosan/gelatin molecules co-deposited on the surface of electrode 

(Fig. 1.15) (Bellucci, Sola, Gentile, Ciardelli, & Cannillo, 2012).  

The coating thickness during EPD of chitosan-gelatin  depends upon the 

concentration of chitosan and gelatin in suspension, applied electric field and time of 

deposition (Djagny, Wang, & Xu, 2001; Patel et al., 2014). Deposition yield of 

suspension electrolytes like polymers is related to its isoelectric point. The isoelectric 

point value of gelatin type B (4.8-5.1) is lower as compared to chitosan (7-9), which 

effects the charge and movement of the electrolyte, as a result during EPD the 

deposition yield of gelatin can be decreased on the substrate. The pH of the 

suspension during EPD, also influence on deposition mechanism, thickness and 

morphology of the coating(Hench, Splinter, Allen, & Greenlee, 1971).   
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Figure 1.15 Schematic diagram of chitosan/gelatin deposition by EPD with pH 

variation.  

1.5.3 Bioactive glass  

First artificial material, bioactive glass (BG) was discovered by Hench and his 

colleagues in 1969 and they utilized it with ternary phase (Na2O-CaO-SiO2) for 

regenerating and bonding to living tissues(Hench, 2006). Commonly used bioactive 

glass is 45S5 with composition of 45 SiO2, 24.5 Na2O, 24.5 CaO, 6P2O5 (wt.%) 

(Hench, Day, Höland, & Rheinberger, 2010) (Hench et al., 2010). Silica in 45S5 

provide a glass network and other oxides act as modifier for glass network (Jones, 

2015). Oxides of 45S5 BG are very reactive towards surrounding environment, which 

makes its very important material for bone repairing and tissue engineering. They also 

help in osteoconduction (growth of bony tissue in implant) between implant and bone 

through formation of hydroxyapatite, as shown in Fig. 1.16 (Hench, 1998). Due to 

these properties BG widely used in dental implants and tissue engineering. 
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Figure 1.16 Bond formation mechanism of 45S5 (BG) with natural bones. 

 

Table 1.2 Recent development in EPD of polymers/nanomaterials coating on Mg-

alloys   

Year of publications  Approach Conclusion  References  

2015 

 

Albumin protein layers coating 

on Magnesium to resist 

biodegradation. 

Protein coating reduces the 

corrosion of magnesium. 

(Neirinck, Singer, 

Braem, Virtanen, & 

Vleugels, 2015)  

Alginate-Titania nanoparticles 

(n-TiO2) coating on Mg-alloy 

(AZ91D) by EPD.  

Corrosion resistance increases 3 to 4 

times as compared to bare sample. 

(Cordero-Arias, 

Boccaccini, & 

Virtanen, 2015) 

2016 Nanostructured hydroxyapatite 

(HA) coating on Mg alloy (Mg-

3Zn) by EPD. 

Roughness decreases from 130-150 

nm to 15-20 nm, mechanical 

properties increases, and corrosion 

decreases with increasing annealing 

temperature (300-400oC)  which 

improve osteogenic cell adhesion.  

 

 (R. M. Kumar et 

al., 2016) 

 

 

2017 

 

Chitosan-silica-BG coating on 

magnesium alloy (WE43). 

After 7 days in SBF carbonated 

hydroxyl apatite layer formed on 

coated sample which reduces the 

corrosion. 

 

(Gagliardo, 2017) 

2018 Chitosan-bioactive glass-silica 

coating on  

Coating adhesion and corrosion 

resistance increases by addition of 

more SiO2 as compared to BG 

     

(Heise et al., 2018) 

2019 

 

Chitosan-bioactive glass coated 

WE43 was immersed in serum 

to study the proteins influence   

By addition of serum, coated sample 

become more corrosion resistance  

 

(Höhlinger et al., 

2019) 
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In present work, we focused on chitosan/gelatin/BG/ZnO/CeO2 coatings 

through AC-EPD on Magnesium alloys (Mg-Si-Sr, AZ31, ZK60). We hypothesized 

that by optimization of the suspension and adjustment of AC-EPD parameters, the 

hybrid organic/inorganic coating characteristics can be fined-tuned in order to reduce 

the Mg corrosion rate. Therefore, after confirmation of successful coating via using 

different characterization techniques (FT-IR, SEM/EDX), corrosion studies were 

performed by potentiodynamic measurements in a Ringer’s solution at 37 °C. 

Furthermore, AC-EPD parameters were adjusted to produce crosslinking of chitosan 

in order to improve adhesion of the coating to substrate.  
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CHAPTER  2  MATERIAL AND METHODS  

------------------------------------------------------------------------------- 

2 Material and methods 

2.1 Substrate material 

Three substrates; an experimental Mg-Si-Sr alloy (99.62 wt% Mg, 0.13 wt% 

Si, 0.25 wt% Sr obtained from (Magnesium Innovation Centre (MagIC), Helmholtz-

Zentrum Geesthacht, Germany), AZ31 and ZK60 (obtained from School of 

Engineering & Technology, CMU) casted into a rod ( 1.6 cm) were used. Discs of 

ca. 5 mm thickness were obtained by electric discharge machining. In order to obtain 

reproducible surface conditions, every sample was grinded in ethanol using a SiC 

paper (grit size P1200, Microcut, Buehler). Next, the samples were extensively 

flushed with ethanol, rinsed again in ethanol and dried in air (Neirinck et al., 2015). 

2.2 Suspension preparation 

As biopolymers, chitosan (CS) (medium molecular weight, 75–85% 

deacetylation degree, Sigma Aldrich) and gelatin (G) (from bovine skin type B, Sigma 

Aldrich) have been used for coating the substrates. Three  different types of bioactive 

glasses (BG (a, b, c)) powders were also used with biopolymers: (a)  melt-derived BG 

(53 wt% SiO2, 20 wt% CaO, 23 wt% Na2O, 4 wt% P2O5), as previously described 

(Ibrahim, Mohamad, & Noor, 2017), (b) a particulate sol-gel derived BG (53 wt% 

SiO2, 20 wt% CaO, 23 wt% Na2O, 4 wt% P2O5), (c) sol-gel derived BG (70 wt% 

SiO
2
, 30 wt% CaO as previously described (N Drnovšek & Novak, 2012; Izquierdo‐

Barba, Salinas, & Vallet‐Regí, 1999). Particle size distributions for the BG powders 

were determined using laser diffraction (LS 13 320 XR, Beckman Coulter). 

Chitosan/BG suspensions were prepared fresh prior to each experiment following a 

previously reported procedure with slight modifications (Ur Rehman et al., 2018). In 

short, chitosan was dissolved at 1.6 g.L-1 n ultrapure Milli-Q water (MQ, Merck 

Millipore) containing acetic acid (99-100%, Chem lab) by magnetic stirring for 30 

min. Next, absolute ethanol (99–100%, Fisher Chemical) was added in order to reduce 
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the undesired hydrolysis of water during the EPD process, which can induce gas 

bubble formation affecting the homogeneity of the coatings. The volume ratio MQ to 

acetic acid and absolute ethanol was 80:1:19. Afterwards, BG powder was added to 

the prepared chitosan solution at 1.6 gL−1 and the suspension was magnetically stirred 

for 30 min. Furthermore, chitosan/gelatin/BG suspensions were prepared by; 

dissolving 0.8 g.L-1 gelatin and 0.8 g.L-1 chitosan separately in an 80:1 MQ:acetic acid 

solution. Next, the two solutions were mixed and 1 g.L-1 BG was added together with 

absolute ethanol (to obtain 80:1:19, MQ:acetic acid:absolute ethanol ratio) followed 

by stirring for 30 min. More suspensions were also prepared from CS/G/BG solution 

by adding ZnO and CeO2, separately. The pH of the suspension was measured prior to 

further experimentation. A summary of all suspensions investigated is given in Table 

2.1. For suspension D with and without BG b, zeta potential analysis (Nanobrook 

Omni, Brookhaven Instruments) was performed in a phase analysis scattering (PALS) 

mode. Reported values are an average of 3 readings of 30 cycles each.  

 

Table 2.1 Composition of the different suspensions used for AC-EPD. All 

suspensions were prepared in ultrapure water with absolute ethanol in 80:19 

volume ratio 

Sr. No. Biopolymers Bioactive glasses (BG) Nanoparticles  Acetic acid pH 

 Chitosan  

(g.L-1) 

Gelatin  

(g.L-1) 

BG(a)  

(g.L-1) 

BG(b) 

(g.L-1) 

BG(c) 

(g.L-1) 

ZnO  

(g.L-1) 

CeO2  

(g.L-1) 

Vol. 

(%) 

 

1 1.6 - 1 - - - - 1 5.5 

2 1.6 - - 1 - - - 1 5.5 

3 1.6 - - - 1 - - 1 5.5 

4 - 1.6 1 - - - - 1 5.5 

5 - 1.6 - 1 - - - 1 5.5 

6 - 1.6 - - 1 - - 1 5.5 

7 0.8 0.8 1 - - - - 1 5.5 

8 0.8 0.8 - 1 - - - 1 5.5 

9 0.8 0.8 1 - - 0.6 - 1 5.5 

10 0.8 0.8 - 1 - 0.6 - 1 5.5 

11 1.6 1.6 1.6 - - 0.4 - 2 6.0 

12 1.6 1.6 - 1.6 - 0.4 - 2 5.5 

13 0.8 0.8 1 - - - 0.6 1 5.5 

14 0.8 0.8 - 1 - - 0.6 1 5.5 

15 1.6 1.6 1.6 - - - 0.4 2 6.0 

16 1.6 1.6 - 1.6 - - 0.4 2 5.5 

  Vol. = Volume 
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2.3 Alternating current electrophoretic deposition 

A schematic representation of the experimental setup is given in Fig. 2.1 

(Neirinck et al., 2015). A Mg alloy disc was clamped at the bottom of a cylindrical 

electrochemical cell with an inner diameter of 1.6 cm, exposing a surface area of 2 

cm² of the Mg disc to the EPD suspension. The setup was sealed using an O-ring and 

a copper contact was used to ensure electrical contact with the Mg alloy. A stainless-

steel rod ( 1.6 cm) served as the counter electrode with an interelectrode distance 

between 0.5 and 1 cm. AC-EPD was carried out in ambient atmosphere using voltage-

controlled conditions. For all AC-EPD experiments, an asymmetric triangular wave 

function with an asymmetry of 3 was used, with super imposed DC offset either same, 

opposite or zero in the direction of the high-amplitude peak (Fig. 2.2) (Braem et al., 

2017). As main parameters, the peak-to-peak voltage, Vp-p (in V/cm), the DC offset 

(in V/cm) and the frequency (in Hz) of the signal as well as the duration (in s) of the 

experiment have been investigated. Current and voltage were instantaneously 

monitored during the experiments using an analog-to-digital acquisition module 

(NI9223, National Instruments) linked to the monitor channels of the operational 

amplifier and a multifunctional acquisition module (NI9219, National Instruments). 

 

Figure 2.1 Schematic representation of AC-EPD setup and electrolytic cell used 

for the deposition experiments. 
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Figure 2.2 Applied AC-signal, an asymmetric triangular wave form with an 

asymmetry of 3, with a superimposed DC offset either (a) same (b) opposite (c) 

zero to the high-amplitude peak. 

 

2.4 Coating characterization 

The surface morphology of the coatings was analysed by scanning electron 

microscopy (SEM, XL30-FEG, FEI) operated at standard high-vacuum settings 

applying an accelerating voltage of 10 kV. Samples were sputter-coated (Q150/ S, 

Quorum Technologies™) with Pt prior to SEM analysis to prevent the effect of 

charging on the samples. Compositional analysis was performed qualitatively by SEM 

with associated energy-dispersive X-ray spectroscopy (EDX, EDAX) at 10 kV and 

Fourier Transformed Infrared spectroscopy (FTIR; Nicolet 6700, Thermo 

Scientific™) in transmittance mode for wavenumber values ranging from 4000 to 400 

cm−1 with a resolution of 2 cm-1. Coating thickness was determined based on surface 

profile measurements obtained from SEM (Nova NanoSEM 450, FEI). 3 SEM images 

taken at the eucentric height with −10°, 0°, and 10° tilting angle, respectively, were 

reconstructed and analysed using the MeX software package (Alicona Imaging 

GmbH). Cross-section SEM images of coated samples are not performed due to 

unavailability of specific Mg-alloys cutting facility because in normal cutting setup 

Mg-alloys catches fire.  
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2.5 Corrosion study 

Potentiodynamic polarization curves were measured using a potentiostat 

(Biologic SP 150) with a conventional three-electrode system, as shown in Fig. 2.3. 

The coated Mg alloy served as working electrode with clamping the samples at the 

bottom of a cylindrical electrochemical cell, exposing a circular surface area of 1 cm2 

surface area to the electrolyte. 50 ml of Ringer’s solution (Cesarz-Andraczke & 

Nowosielski, 2019) at room temperature was used as electrolyte. The setup was sealed 

using an O-ring and a copper contact was used to ensure electrical contact with the 

Mg alloy. A Pt wire was used as a counter electrode and an Ag/AgCl (3 M KCl) 

electrode served as a reference electrode. Polarization plots were obtained in the 

potential range from –2.1 V to 0.5 V at a scan rate of 2 mV/s, and this for bare as well 

as coated Mg alloy samples. By applying the Tafel extrapolation method, the 

corrosion current density, icorr (in mA.cm-2), at the corrosion potential, Ecorr (V), and 

the anodic and cathodic Tafel slopes, βa resp. βb were determined. This allowed to 

estimate the corrosion rate, CR (in mm/year), using the following equation: 

 

CR(mm/y) = 3.27 x 10-3x icorr x Ew x p-1  (2.1) 

where Ew is the equivalent weight and p is density of the substrate (Jang, 

Hong, & Kim, 2009). Corrosion rate in millimeter per year is the metric which 

indicates the speed of corrosion process with the passage of time (year). For the Mg-

Si-Sr alloy, Ew and p are equal to 12.15 g and 1.74 g.cm-3, respectively. After 

polarization analysis, morphological changes of the coating surfaces were investigated 

using SEM. 

 

Figure 2.3 Schematic representation of corrosion study setup. 
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CHAPTER  3  RESULTS AND DISCUSSION 

------------------------------------------------------------------------------- 

3 Results and discussion  

3.1 Optimization of the coating process 

The protective coating on Mg implants is a valuable approach to improve the 

corrosion behaviour which allows fine-tuning the biodegradation rate to the envisaged 

application. Yet, the coating quality, i.e. uniformity of the coating and a good 

adhesion to the substrate, is determining for the uniformity and long-term nature of the 

corrosion process (Hornberger et al., 2012). Defects such as pores and cracks should 

be avoided as this will lead to localized corrosion. In the present work, composite 

coatings of natural biopolymers (chitosan, a cationic polysaccharide, and/or gelatin, an 

extracellular matrix mimicking protein derived from collagen) and inorganic bioactive 

particles (BG powders obtained by either a melt or sol-gel procedure) are envisaged as 

these will not only provide corrosion protection, but also introduce a bioactive 

functionality on the Mg implant surface as shown in earlier work (Chaudhari et al., 

2011; Nataša Drnovšek et al., 2012). Given the electrically conductive nature of Mg 

alloys, high-purity colloidal processing based on the electrophoresis of charged 

molecules and particles by means of used as component for AC-EPD is applied. In 

order to obtain homogeneous coatings with a high microstructural uniformity, first an 

optimization procedure to define the best parameter range is performed. Both 

suspension (A-H) as well as electric field (35-120 V) parameters are considered.  

A first prerequisite for successful EPD is the preparation of a stable suspension 

of charged particles or molecules. The BG powders used in this work are shown 

without suspension in Fig. 3.1 and with suspension in Fig. 3.2,  it can be observed that 

the particle size of BG(b) is smaller as compared to BG(a) and BG(c) which is 

measured by (LS Particle Size Analyzer) that average 8.80 μm for BG(a), 6.85 μm for 

BG(b) and 17.23-60.35 μm for BG(c). Small particle size has more surface area and a 

strong attraction to opposite charge, which enhanced the stability of polymer-BG 
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composite in the suspension. Due to the attraction of oppositely charged particles they 

formed a composite with overall a common charge, which further decide the anodic or 

cathodic deposition during electrophoretic deposition. For magnesium and its alloys, 

cathodic deposition is more feasible because during electrophoretic deposition 

magnesium act as a cathode with negative charge and electrolyte particles with 

positive charges moved towards cathode and deposit on the substrate. Anodization of 

magnesium and its alloys can also the restricted through cathodic deposition.    

 

Figure 3.1 Representative SEM images of the bioactive glass (BG) powder: (a, a’) 

melt-derived  BG (b, b’) particulate sol-gel derived BG have composition (53 

wt% SiO2, 20 wt% CaO, 23 wt% Na2O, 4 wt% P2O5) and (c, c’) sol-gel derived 

BG have composition  (70 wt% SiO
2
, 30 wt% CaO). 
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Figure 3.2 Representative SEM images of the bioactive glass (BG) powder: (a, a’) 

melt-derived  BG (b, b’) particulate sol-gel derived BG have composition (53 

wt% SiO2, 20 wt% CaO, 23 wt% Na2O, 4 wt% P2O5) and (c, c’) sol-gel derived 

BG have composition  (70 wt% SiO
2
, 30 wt% CaO) after suspension in (MQ: 

acetic acid: absolute ethanol). 
 

3.2 AC-EPD of Chitosan-Gelatin-Bioactive glass on Mg-Si-Sr 

Suspensions with varying biopolymers and bioactive glass content were 

prepared in a mixture of ultrapure water and absolute ethanol. For different water: 

ethanol ratios, 19 vol% ethanol was sufficient in order to prevent bubble formation 

due to water hydrolysis during AC-EPD Table 3.1.  Zeta potential measurement 

shows that zeta potential for suspension H with and without BG(b) is +46.28mV and 
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+39.90 mV respectively. It is confirmed that with BG(b) suspension H become more 

stable which is more suitable for cathodic deposition towards Mg-alloys (Agarwal et 

al., 2016). 

 

Table 3.1 Composition of the different suspensions used for AC-EPD. All 

suspensions were prepared in ultrapure water with absolute ethanol in  80:19 

volume ratio 

Suspension code Biopolymers Bioactive glasses (BG) Acetic acid pH 

 Chitosan  

(g.L-1) 

Gelatin  

(g.L-1) 

BG(a)  

(g.L-1) 

BG(b) 

(g.L-1) 

BG(c) 

(g.L-1) 

Vol. 

(%) 

 

A 1.6 - 1 - - 1 5.5 

B 1.6 - - 1 - 1 5.5 

C 1.6 - - - 1 1 5.5 

D - 1.6 1 - - 1 5.5 

E - 1.6 - 1 - 1 5.5 

F - 1.6 - - 1 1 5.5 

G 0.8 0.8 1 - - 1 5.5 

H 0.8 0.8 - 1 - 1 5.5 

 

According to these results, combining the chitosan or gelatin biopolymers with 

BG forms positively charged suspension particles which will be adsorb on the 

negatively charged electrode (cathode). Therefore, during AC-EPD, the Mg-alloy 

should be coupled as cathode during the high-amplitude peak. In all suspensions, a 

biopolymer-to-BG ratio of 1.6:1 is used in order to maintain the required pH of 5.5. In 

acidic pH the polymers have protonated positive charged sites which are suitable for 

negatively charged BG to make stable suspension. This will enable the formation of 

uniform coatings through EPD. It was indeed observed that for higher pH (6.5-7.5), 

thicker coatings but with deep cracks are obtained which is expected to enhance the 

corrosion process. Based on these results, eight suspension compositions (Table 3.1) 

were selected for further optimization of the AC-EPD parameters.  
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Coupling Mg alloys as cathode during EPD will actively prevent the corrosion 

for sufficient field strengths. It is expected that this effect will be more applicable in 

the case of AC-EPD using asymmetrical wave shapes, owing to a reduction of the 

electrochemical reactions, we investigated the effect of superimposing a DC offset 

either opposite to or in the same direction of the high-amplitude peak (Fig. 1.15). 

After many experiments 4 parameters were finalized, voltage (35, 80, 90 100) V 

frequency (300,100) Hz, time (2.5, 4) min, DC offset (+2, -2) V. Finally, a set of 

optimized AC-EPD parameters was defined as indicated in Table 3.2. 

Table 3.2 Summary of the optimized AC-EPD parameters for the experimental 

Mg-Si-Sr alloy as obtained with an asymmetric triangular waveform with a 

superimposed DC offset in the direction of the high-amplitude peak 

Sr. No Volt. 

(V) 
DC offset 

(V) 
Freq. 

(Hz) 
Time  

(s) 
Distance 

(mm) 

1 35.00 2.00 300  

 

240, 190 

 

 

5, 7.5, 10 2 80.00 -- 100 

3 90.00 -- 100 

4 100.0 -- 100 

    Volt. = Voltage; Freq. = Frequency 

 

3.3 Surface morphology and corrosion studies of AC-EPD coated 

Mg-Si-Sr 

3.3.1 AC-EPD of Chitosan-BG(a) on Mg-Si-Sr alloy and corrosion results 

Qualitative evaluation of the deposits chitosan-BG(a), obtained using AC-EPD 

parameters as summarized in Table 3.3, was done by SEM imaging analyses (Fig. 

3.3). All these coated samples are immersed in Ringer’s solution for 10 min.  SEM 

images shows that polymer and bioactive glass deposit on the surface (Fig. 3.3(1-12)). 

Potentiodynamics measurements showed that sample 1 and 3 showing less corrosion 

rate 0.13 and 0.17 mm/y Table 3.3 respectively as compared to other coated samples. 

In all coated samples, corrosion products (MgO, NaCl) are present on the surface. In 

corrosive media particularly in Ringer’s solution magnesium oxidised to MgO and 
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further converted to Mg(OH)2 in aqueous media (Jamesh, Kumar, & Narayanan, 

2011). 

 

Figure 3.3 AC-EPD treated (Table 3.3), SEM micrographs of Mg-Si-Sr alloy with 

Chitosan-BG(a) suspension (A) after 10 min. immersion in Ringer’s solution. 

 

 

 

Figure 3.4 Potentiodynamic polarization curves of bare and AC-EPD treated 

(Table 3.3) Mg-Si-Sr alloy with Chitosan-BG(a) suspension (A) after 10 min. 

immersion in Ringer’s solution.  
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Table 3.3 Corrosion data taken from the polarization curves of bare and coated 

Mg-Si-Sr alloy with various AC-EPD parameters for Chitosan-BG(a) suspension 

(A) after 10 min. immersion in Ringer’s solution 

Sr. No Volt. 

(V) 

Freq. 

(Hz) 

DC offset 

(V) 

Time 

(s) 

Distance 

(mm) 

Ecorr. 

  (V) 
Icorr. 

(μA.cm-2) 
CR 

(mm/y)  

Mg-Si-Sr      -1.51 30.06 0.69 

1 35 300 2 240 10 -1.56 05.60 0.13 

2 80 100 -- -- -- -1.44 12.81 0.29 

3 90 -- -- -- -- -1.46 07.45 0.17 

4 100 -- -- -- -- -1.49 09.94 0.23 

5 35 300 -- 190 7.5 -1.44 41.20 0.94 

6 80 100 -- -- -- -1.47 20.41 0.47 

7 90 -- -- -- -- -1.43 68.51 1.56 

8 100 -- -- -- -- -1.51 17.61 0.40 

9 35 300 -- -- 5.0 -1.54 34.61 0.79 

10 80 100 -- --  -- -1.60 26.01 0.57 

11 90 -- -- -- -- -1.63 12.63 0.29 

12 100 -- -- -- -- -1.64 28.21 0.64 

 

3.3.2 AC-EPD of Chitosan-BG(b) on Mg-Si-Sr and corrosion results 

SEM images indicate that chitosan and BG (b) deposit on the surface (Fig. 

3.5(1-12)) and potentiodynamic measurements showed that sample 2 and 6 showing 

less corrosion rate 0.15 and 0.14 mm/y Table 3.4 respectively in Ringer’s solution. 

Corrosion rates of sample 1, 4, 9, 11 and 12 are high (Table 3.4), although coating 

thickness is large (Fig. 3.5) but there are some cracks and inhomogeneity of coating 

present on the surface which may enhanced the corrosion process.  

 

Figure 3.5 AC-EPD treated (Table 3.4), SEM micrographs of Mg-Si-Sr alloy with 

Chitosan-BG(b) suspension (B) after 10 min. immersion in Ringer’s solution.  
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Figure 3.6 Potentiodynamic polarization curves of bare and AC-EPD treated 

(Table 3.4) Mg-Si-Sr alloy with Chitosan-BG(b) suspension (B) after 10 min. 

immersion in Ringer’s solution.  

 

Table 3.4 Corrosion data taken from the polarization curves of bare and coated 

Mg-Si-Sr alloy with various AC-EPD parameters for Chitosan-BG(b) suspension 

(B) after 10 min. immersion in Ringer’s solution  

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 
Distance

(mm) 
Ecorr. 

(V) 
Icorr. 

(μA.cm-2) 
CR 

(mm/y)  

Mg-Si-Sr      -1.51 30.06 0.69 

1 35 300 2 240 10 -1.59 30.64 0.70 

2 80 100 -- -- -- -1.58 06.76 0.15 

3 90 -- -- -- -- -1.65 10.80 0.25 

4 100 -- -- -- -- -1.69 26.85 0.61 

5 35 300 -- 190 7.5 -1.46 13.91 0.32 

6 80 100 -- -- -- -1.39 05.97 0.14 

7 90 -- -- -- -- -1.43 17.88 0.41 

8 100 -- -- -- -- -1.46 19.37 0.44 

9 35 300 -- -- 5.0 -1.55 35.81 0.82 

10 80 100 -- --  -- -1.64 21.60 0.49 

11 90 -- -- -- -- -1.56 22.83 0.51 

12 100 -- -- -- -- -1.50 24.63 0.56 

 

3.3.3 AC-EPD of Chitosan-BG(c) on Mg-Si-Sr and corrosion results 

SEM images showed that less chitosan and more bioactive glass deposit on the 

surface (Fig. 3.7(1-12)). Further potentiodynamic measurements showed that only 

sample 7 showing comparatively less corrosion rate 0.38 mm/y Table 3.5 as 



37 
 

compared to other coated samples in Ringer’s solution. The corrosion rates of all 

remaining samples are high, which may be due to the cracks and inhomogeneity of the 

coating layer attributed to the large size of the bioactive glass.  

 

 

Figure 3.7 AC-EPD treated (Table 3.5), SEM micrographs of Mg-Si-Sr alloy with 

Chitosan-BG(c) suspension (C) after 10 min. immersion in Ringer’s solution. 

 

 

Figure 3.8 Potentiodynamic polarization curves of bare and AC-EPD treated 

(Table 3.5) Mg-Si-Sr alloy with Chitosan-BG(c) suspension (C) after 10 min. 

immersion in Ringer’s solution.  
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Table 3.5 Corrosion data taken from the polarization curves of bare and coated 

Mg-Si-Sr alloy with various AC-EPD parameters for Chitosan-BG(c) suspension 

(C) after 10 min. immersion in Ringer’s solution 

 

3.3.4 AC-EPD of Gelatin-BG(a) on Mg-Si-Sr and corrosion results 

SEM images showed that gelatin and bioactive glass deposit on the surface 

(Fig. 3.9(1-12)). Further potentiodynamic measurements showed that only sample 7 

showing less corrosion rate 0.20 mm/y Table 3.6 as compared to other coated samples 

in Ringer’s solution. 

 

Figure 3.9 AC-EPD treated (Table 3.6), SEM micrographs of Mg-Si-Sr alloy with 

Gelatin-BG(a) suspension (D) after 10 min. immersion in Ringer’s solution. 

Sr. No Volt. 

(V) 

Freq. 

(Hz) 

DC offset 

(V) 

Time 

(s) 

Distance 

(mm) 

Ecorr. 

(V) 
Icorr. 

(μA.cm-2) 
CR 

(mm/y)  

Mg-Si-Sr      -1.51 30.06 0.69 

1 35 300 2 240 10 -1.58 32.04 0.73 

2 80 100 -- -- -- -1.68 42.26 0.96 

3 90 -- -- -- -- -1.66 30.30 0.69 

4 100 -- -- -- -- -1.68 23.20 0.53 

5 35 300 -- 190 7.5 -1.46 43.87 1.00 

6 80 100 -- -- -- -1.48 37.70 0.86 

7 90 -- -- -- -- -1.47 16.61 0.38 

8 100 -- -- -- -- -1.51 32.28 0.74 

9 35 300 -- -- 5.0 -1.59 49.76 1.14 

10 80 100 -- --  -- -1.52 19.76 0.45 

11 90 -- -- -- -- -1.55 27.15 0.62 

12 100 -- -- -- -- -1.58 44.64 1.02 
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Figure 3.10 Potentiodynamic polarization curves of bare and AC-EPD treated 

(Table 3.6) Mg-Si-Sr alloy with Gelatin-BG(a) suspension (D) after 10 min. 

immersion in Ringer’s solution.  

 

Table 3.6 Corrosion data taken from the polarization curves of bare and coated 

Mg-Si-Sr alloy with various AC-EPD parameters for Gelatin-BG(a) suspension 

(D) after 10 min. immersion in Ringer’s solution  

 

 

Sr. No Volt. 

(V) 

Freq. 

(Hz) 

DC offset 

(V) 

Time 

(s) 

Distance 

(mm) 

Ecorr. 

  (V) 
Icorr. 

(μA.cm-2) 
CR 

(mm/y)  

Mg-Si-Sr      -1.51 30.06 0.69 

1 35 300 2 240 10 -1.53 25.13 0.57 

2 80 100 2 -- -- -1.46 14.16 0.32 

3 90 -- 2 -- -- -1.55 17.95 0.41 

4 100 -- 2 -- -- -1.50 15.75 0.36 

5 35 300 2 190 7.5 -1.48 16.73 0.38 

6 80 100 2 -- -- -1.43 20.86 0.48 

7 90 -- 2 -- -- -1.47 08.81 0.20 

8 100 -- 2 -- -- -1.46 14.31 0.33 

9 35 300 2 -- 5.0 -1.48 19.29 0.44 

10 80 100 2 --  -- -1.44 10.98 0.25 

11 90 -- 2 -- -- -1.46 15.40 0.35 

12 100 -- 2 -- -- -1.48 11.80 0.27 
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3.3.5 AC-EPD coating of Gelatin-BG(b) on Mg-Si-Sr and corrosion results 

SEM images showed that less gelatin and more bioactive glass deposit on the 

surface (Fig. 3.11(1-12)). Further potentiodynamic measurements showed that only 

sample 4 showing less corrosion rate 0.23 mm/y Table 3.7 as compared to other 

coated samples in Ringer’s solution. The corrosion rates of all remaining samples are 

not significantly reduced, which may be due to the cracks and inhomogeneity of the 

coating layer (Fig. 3.11(5, 6, 9)). 

 

Figure 3.11 AC-EPD treated (Table 3.7), SEM micrographs of Mg-Si-Sr alloy 

with Gelatin-BG(b) suspension (E) after 10 min. immersion in Ringer’s solution. 

 

 

Figure 3.12 Potentiodynamic polarization curves of bare and AC-EPD treated 

(Table 3.7) Mg-Si-Sr alloy with Gelatin-BG(b) suspension (E) after 10 min. 

immersion in Ringer’s solution.  
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Table 3.7 Corrosion data taken from the polarization curves of bare and coated 

Mg-Si-Sr alloy with various AC-EPD parameters for Gelatin-BG(b) suspension 

(E) after 10 min. immersion in Ringer’s solution  

 

3.3.6 AC-EPD of Gelatin-BG(c) on Mg-Si-Sr and corrosion results 

SEM images showed that less gelatin and more bioactive glass deposit on the 

surface (Fig. 3.13(1-12)). Further potentiodynamic measurements showed that only 

sample 7 showing less corrosion rate 0.38 mm/y Table 3.8 as compared to other 

coated samples in Ringer’s solution, which may be due to inhomogeneity of coating 

layer. 

 

Figure 3.13 AC-EPD treated (Table 3.8), SEM micrographs of Mg-Si-Sr alloy 

with Gelatin-BG(c) suspension (F) after 10 min. immersion in Ringer’s solution. 

Sr. No Volt. 

(V) 

Freq. 

(Hz) 

DC offset 

(V) 

Time 

(s) 

Distance 

(mm) 

Ecorr. 

  (V) 

Icorr. 

(μA.cm-2) 
CR 

(mm/y)  

Mg-Si-Sr      -1.51 30.06 0.69 

1 35 300 2 240 10 -1.55 17.96 0.41 

2 80 100 2 -- -- -1.59 21.49 0.49 

3 90 -- 2 -- -- -1.61 16.51 0.38 

4 100 -- 2 -- -- -1.59 10.01 0.23 

5 35 300 2 190 7.5 -1.53 30.12 0.75 

6 80 100 2 -- -- -1.53 30.71 0.77 

7 90 -- 2 -- -- -1.50 18.33 0.42 

8 100 -- 2 -- -- -1.52 24.31 0.56 

9 35 300 2 -- 5.0 -1.49 44.09 1.00 

10 80 100 2 --  -- -1.46 23.27 0.53 

11 90 -- 2 -- -- -1.52 14.63 0.33 

12 100 -- 2 -- -- -1.62 17.80 0.41 
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Figure 3.14 Potentiodynamic polarization curves of bare and AC-EPD treated 

(Table 3.8) Mg-Si-Sr alloy with Gelatin-BG(c) suspension (F) after 10 min. 

immersion in Ringer’s solution. 

 

Table 3.8 Corrosion data taken from the polarization curves of bare and coated 

Mg-Si-Sr alloy with various AC-EPD parameters for Gelatin-BG(c) suspension 

(F) after 10 min. immersion in Ringer’s solution  

 

3.3.7 AC-EPD of Chitosan-Gelatin-BG(a) on Mg-Si-Sr and corrosion results 

SEM images showed that polymers (chitosan, gelatin) and bioactive glass 

deposit on the surface (Fig. 3.15(1-12)). Further potentiodynamic measurements 

showed that only sample 5 and 10 showing less corrosion rate 0.26 and 0.22 mm/y 

Table 3.9 as compared to other coated samples in Ringer’s solution. The corrosion 

Sr. No Volt. 

(V) 

Freq. 

(Hz) 

DC offset 

(V) 

Time 

(s) 

Distance 

(mm) 

Ecorr. 

  (V) 
Icorr. 

(μA.cm-2) 
CR 

(mm/y)  

Mg-Si-Sr      -1.51 30.06 0.69 

1 35 300 2 240 10 -1.49 39.64 0.91 

2 80 100 2 -- -- -1.51 42.26 0.97 

3 90 -- 2 -- -- -1.53 30.30 0.69 

4 100 -- 2 -- -- -1.49 23.20 0.53 

5 35 300 2 190 7.5 -1.56 43.87 1.00 

6 80 100 2 -- -- -1.51 37.70 0.86 

7 90 -- 2 -- -- -1.57 16.61 0.38 

8 100 -- 2 -- -- -1.58 32.28 0.74 

9 35 300 2 -- 5.0 -1.56 49.76 1.14 

10 80 100 2 --  -- -1.53 19.76 0.45 

11 90 -- 2 -- -- -1.54 27.45 0.63 

12 100 -- 2 -- -- -1.58 44.65 1.02 
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rates of all remaining samples are not significantly reduced and samples 2 and 9 

showing more corrosion rate than substrate. 

 

Figure 3.15 AC-EPD treated (Table 3.9), SEM micrographs of Mg-Si-Sr alloy 

with Chitosan-Gelatin-BG(a) suspension (G) after 10 min. immersion in Ringer’s 

solution. 

 

 

Figure 3.16 Potentiodynamic polarization curves of bare and AC-EPD treated 

(Table 3.9) Mg-Si-Sr alloy with Chitosan-Gelatin-BG(a) suspension (G) after 10 

min. immersion in Ringer’s solution. 
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Table 3.9 Corrosion data taken from the polarization curves of bare and coated 

Mg-Si-Sr alloy with various AC-EPD parameters for Chitosan-Gelatin-BG(a) 

suspension (G) after 10 min. immersion in Ringer’s solution 

 

3.3.8 AC-EPD of Chitosan-Gelatin-BG(b) on Mg-Si-Sr and corrosion results 

SEM images showed that polymers (chitosan, gelatin) and bioactive glass 

deposit on the surface (Fig. 3.17(1-12)). Further potentiodynamic measurements 

showed that sample 7 and 10 showing significantly very low corrosion rate 0.08 and 

0.10 mm/y Table 3.10 as compared to other coated samples in Ringer’s solution. 

Corrosion rates of remaining samples are also reduced to but samples 9, 11 and 12 

showing more corrosion rate than substrate. 

 

Figure 3.17 AC-EPD treated (Table 3.10), SEM micrographs of Mg-Si-Sr alloy 

with Chitosan-Gelatin-BG(b) suspension (H) after 10 min. immersion in Ringer’s 

solution. 

Sr. No Volt. 

(V) 

Freq. 

(Hz) 

DC offset 

(V) 

Time 

(s) 

Distance 

(mm) 

Ecorr. 

  (V) 
Icorr. 

(μA.cm-2) 
CR 

(mm/y)  

Mg-Si-Sr      -1.51 30.06 0.69 

1 35 300 2 240 10 -1.59 14.58 0.33 

2 80 100 2 -- -- -1.37 08.01 0.18 

3 90 -- 2 -- -- -1.59 13.78 0.32 

4 100 -- 2 -- -- -1.58 21.67 0.50 

5 35 300 2 190 7.5 -1.43 11.26 0.26 

6 80 100 2 -- -- -1.53 15.06 0.28 

7 90 -- 2 -- -- -1.50 12.20 0.29 

8 100 -- 2 -- -- -1.49 15.40 0.35 

9 35 300 2 -- 5 -1.47 34.46 0.77 

10 80 100 2 -- -- -1.40 09.51 0.22 

11 90 -- 2 -- -- -1.47 12.14 0.28 

12 100 -- 2 -- -- -1.49 13.55 0.31 
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Figure 3.18 Potentiodynamic polarization curves of bare and AC-EPD treated 

(Table 3.10) Mg-Si-Sr alloy with Chitosan-Gelatin-BG(b) suspension (H) after 10 

min. immersion in Ringer’s solution. 

 

Table 3.10 Corrosion data taken from the polarization curves of bare and coated 

Mg-Si-Sr alloy with various AC-EPD parameters for Chitosan-Gelatin-BG(b) 

suspension (H) after 10 min. immersion in Ringer’s solution 

 

 

Sr. No Volt. 

(V) 

Freq. 

(Hz) 

DC offset 

(V) 

Time 

(s) 

Distance 

(mm) 

Ecorr. 

  (V) 
Icorr. 

(μA.cm-2) 
CR 

(mm/y)  

Mg-Si-Sr      -1.51 30.06 0.69 

1 35 300 2 240 10 -1.52 09.72 0.22 

2 80 100 2 -- -- -1.67 21.51 0.49 

3 90 -- 2 -- -- -1.52 08.58 0.20 

4 100 -- 2 -- -- -1.55 17.34 0.40 

5 35 300 2 190 7.5 -1.40 12.30 0.28 

6 80 100 2 -- -- -1.46 23.04 0.53 

7 90 -- 2 -- -- -1.40 03.41 0.08 

8 100 -- 2 -- -- -1.40 20.11 0.46 

9 35 300 2 -- 5 -1.53 53.02 1.21 

10 80 100 2 -- -- -1.37 04.25 0.10 

11 90 -- 2 -- -- -1.49 44.71 1.02 

12 100 -- 2 -- -- -1.54 53.71 1.23 
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3.3.9 Surface morphology of best AC-EPD coated samples of Biopolymers 

BG(a,b) on Mg-Si-Sr alloy with DC offset same direction to the high 

amplitude 

Compared to uncoated Mg-Si-Sr and coated samples (Fig. 3.19) a smooth 

coverage of biopolymers was observed with combination of BG particles. EDX graphs 

also showed that coating elements (Si, O, C) are present on the coated samples (Fig. 

3.20). For chitosan suspensions including larger sized BG (a) particles, cracks can be 

observed near the BG (a) particles in Fig. 3.19 (1). Chitosan suspensions including the 

smaller sized BG (b) particles do not show significant cracking, instead homogeneous 

layers of chitosan-BG (b) and some BG (b) on top are observed (Fig. 3.19 (2, 3)). For 

chitosan-gelatin-BG (b) suspensions, BG (b) particles appear to be better integrated in 

the biopolymer layer, which covers the whole surface area without cracks (Fig. 3.19 

(4, 5)).  

 

Figure 3.19 AC-EPD treated (Table 3.11), SEM micrographs of Mg-Si-Sr alloy 

with Biopolymers-BG(a,b) suspensions (A, B, H). 
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Figure 3.20 EDX graphs of AC-EPD treated (Table 3.11) of Mg-Si-Sr alloy with 

Biopolymers-BG(a,b) suspensions (A, B, H). 

 

3.3.10 Surface Profilometry test 

The coating thickness was measured for a representative sample, i.e. sample 4 

by SEM-based surface profilometry test (Fig. 3.21). Within the scratch track, the 

original Mg surface is visible, while the rest of the surface is fully covered with a 

biopolymer/BG (b) composite coating, consisting of a homogeneous bottom layer of 

biopolymers (chitosan-gelatin) with a top layer of fragmented BG (b). Based on the 

surface profile, it can be observed that the coating thickness amounted approximately 

20 μm. Overall, the homogeneity and thickness of the coating indicates that, this 

suspension coating composition can potentially improve the corrosion resistance of 

the Mg-Si-Sr alloy.  
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Figure 3.21 SEM image for thickness test of sample 4 (Table 3.11) with; a) 

scratching the surface; b) through Tape test of corresponding surface profile. 

3.3.11 Adhesion test  

The coating adhesion strength and homogeneity of samples 4 and 5 were 

investigated by Tape test. A qualitative comparison of the coating surface before and 

after removal of the tape was done by SEM (Fig. 3.22). Qualitatively images revealed 

that, there is no real difference after the Tape test and all the coated materials present 

on the substrate. It is cleared that coating is compact and adhesive due to strong 

interaction of coating composite with substrate. 

 

 

Figure 3.22 SEM images of AC-EPD Biopolymers-BG(b) composite coatings on a 

Mg-Si-Sr alloy samples 4 (a) and  5 (b) after tape test. 
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3.3.12 FT-IR spectra of coated samples 

To further confirm the presence of biopolymers and different BGs, FTIR 

analysis was carried out on coated samples of Fig. 3.19 and compared to control 

spectra of pure B(a), BG(b), chitosan and gelatin powder (Fig. 3.23). These results 

confirm the presence of both biopolymers (chitosan, gelatin or a combination of the 

two) and BG (a or b) as present in the starting suspension, which demonstrates the 

hybrid nature of all coatings.  

For the coated samples, four stretching peaks were observed in the range of 

1664 to 1507 cm-1 which could not be observed combined in the pure starting 

materials. These peaks correspond to amides of chitosan and gelatin. An important 

peak of imine (-N=CH-) bond at 1664 cm-1 might be attributed to the crosslinking of 

chitosan during AC-EPD (Kumbar et al., 2002). This can be interesting from a 

corrosion inhibition perspective as the crosslinking of chitosan will produce a stronger 

adhesion of the biopolymer coating to the Mg substrate (Al-Shuja’a, Obeid, El-

Shekeil, Hashim, & Al-Washali, 2017). 

 

Figure 3.23 FTIR spectra of various AC-EPD treated Mg-Si-Sr alloy (Table 3.11) 

with Biopolymers-BG(a,b). For comparison, control spectra of pure BG(a), 

BG(b), chitosan and gelatin powder are included as well. 
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3.3.13 Surface morphology of AC-EPD coated with DC offset same direction to 

the high amplitude after in Ringer’s solution and corrosion results  

SEM images revealed a fine dispersed layer of corrosion products in certain 

areas for samples 2, 3 and  5 as well as NaCl deposits ( EDX graphs Fig. 3.25) 

originating from the high salt content in the Ringer’s solution (Fig. 3.24). For sample 

4, there is no prominent difference in coating morphology before (Fig. 3.19) and after 

corrosion testing (Fig. 3.24), which indicates that the Mg-Si-Sr alloy is covered with a 

compact and homogeneous biopolymer/BG (b) coating resistant to corrosion in the 

Ringer’s solution. In order to investigate the corrosion behavior of the Mg-Si-Sr alloy 

and compare the protection efficiency of the various AC-EPD biopolymer/BG 

composite coatings, polarization curves (Fig. 3.26) were recorded for the samples 

presented above after 10 min immersion in Ringer’s solution. An overview of the 

observed Ecorr the corresponding icorr as determined by Tafel extrapolation and the 

related estimated CR is given in Table 3.11. 

From Fig. 3.26, it can be observed that for samples 3, 4 and 5 prepared 

according the parameters summarized in Table 3.11, the Ecorr increased as compared 

to the uncoated Mg-Si-Sr alloy, indicating that these coating systems reduce 

electrochemically oxidation of the Mg based substrate. In contrast, the Ecorr decreased 

for samples 1 and 2, indicating that corrosion is enhanced on these samples. This 

might be attributed to the fact that some parts of the substrate were not fully covered 

with the biopolymer-BG coating leaving those areas unprotected against corrosion in 

the Ringer’s solution. Indeed, when comparing the corrosion data for all coating 

systems after 10 min immersion in Ringer’s solution (Table 3.11), sample 4 exhibits 

the lowest CR, significantly reducing the CR from 0.69 mm/year for the bare Mg-Si-

Sr to 0.08 mm/year. 
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Figure 3.24 AC-EPD treated (Table 3.11), SEM micrographs of Mg-Si-Sr alloy 

with Biopolymers/BG suspensions (A, B, H) after 10 min. immersion in Ringer’s 

solution. 

 

 

Figure 3.25 EDX graphs of AC-EPD treated (Table 3.11) of Mg-Si-Sr alloy with 

Biopolymers/BG suspensions (A, B, H) after 10 min. immersion in Ringer’s 

solution. 
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Figure 3.26 Potentiodynamic polarization curves of bare and AC-EPD treated 

(Table 3.11) Mg-Si-Sr alloy with Biopolymers/BG suspensions (A, B, H) after 10 

min. immersion in Ringer’s solution.  

 

Table 3.11 Corrosion data taken from the polarization curves of bare and coated 

Mg-Si-Sr alloy with various AC-EPD parameters for Biopolymers/BG 

suspensions (A, B, H) after 10 min. immersion in Ringer’s solution  

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 
Distance 

(mm) 
Code 

 
Ecorr. 
  (V) 

Icorr. 

(μA.cm-2) 
CR 

(mm/y)  

Mg-Si-Sr       -1.51 30.06 0.69 

1 35 300 2 240 10 A -1.56 05.60 0.13 

2 80 100 -- -- -- B -1.58 06.76 0.15 

3 80 100 -- 190 7.5 -- -1.39 05.97 0.14 

4 90 -- -- -- -- H -1.40 03.41 0.08 

5 80 -- -- -- 5.0 -- -1.37 04.25 0.10 

 

When comparing our current results with the corrosion behavior in Ringer’s 

solution for other coating systems on Mg alloys reported in literature, it can be 

observed that the icorr value of 3.41 µA/cm² is much lower as compared to the 

previously reported samples (Table 3.12) (Babilas et al., 2019; Rettig & Virtanen, 

2009; B. Singh, Singh, Sidhu, & Bhatia, 2019). This improved corrosion protection 

can be attributed to the compact nature of the biopolymer/BG coatings obtained after 

AC-EPD.  
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Table 3.12 Comparison of the corrosion data for  present coated alloy with 

chitosan/gelatin/BG b composite layer by means of AC-EPD with literature 

results. All reported data were obtained in Ringer’s solution at 37°C 

Substrate Coating 

material 

Coating technology Ecorr.  

(V) 

Icorr.  

(µAcm-2) 
Ref. 

Mg-Si-Sr CS-G-BG(b) AC-EPD -1.40 3.41  

Ca47Mg18Zn32Au3 Alloy manufacturing -1.31 209 (Babilas et al., 

2019) 

ZK60 70(HA):30(

Nb) 

Spray coating -1.42 224 (Rettig & 

Virtanen, 2009) 

Mg HA Chemical  conversion -2.02 677 (B. Singh, et al., 

2019) 

 

3.3.14 Surface morphology of AC-EPD coated with DC off with opposite 

direction of high amplitude and their corrosion results  

SEM images of Fig. 3.27 revealed that corrosion products in certain areas for 

all samples as well as NaCl deposits originating from the high salt content in the 

Ringer’s solution (Fig. 3.27). In order to investigate the corrosion behavior of the Mg-

Si-Sr alloy and compare the protection efficiency of the various AC-EPD 

biopolymer/BG composite coatings, polarization curves were recorded for the samples 

presented above after 10 min immersion in Ringer’s solution (Fig. 3.28). From Fig. 

3.28, it can be observed that for samples 1, 2 and 4 prepared according the parameters 

summarized in Table 3.13, the Ecorr decreased as compared to the uncoated Mg-Si-Sr 

alloy, indicating that these coating systems increased electrochemically oxidation of 

the Mg based substrate. For sample 3 and Ecorr also not increases significantly almost 

nearer to the uncoated Mg-Si-Sr, which might be attributed to the fact that some parts 

of the substrate were not fully covered with the biopolymer-BG coating leaving those 

areas unprotected against corrosion in the Ringer’s solution.   

Indeed, when comparing the corrosion data for all coating systems with DC 

offset with same direction of high amplitude after 10 min immersion in Ringer’s 

solution with coated samples having DC offset opposite direction to the high 

amplitude Table 3.13 it can be seen that the CR of sample 4, significantly increases 

from 0.08 to 0.521 mm/year. It could be observed that for the current Mg-Si-Sr alloy, 

a DC offset same direction to the high-amplitude peak (Fig. 1.15 a), degradation of 

Mg alloy was negligible, and the corrosion rate was also significantly reduced. When 
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applying a DC offset opposite direction of the high-amplitude peak (Fig. 1.15 b) 

increased the deposition yield leading to thicker coatings. Yet, for these samples, the 

corrosion rate also increased which can be attributed to Mg-Si-Sr may be oxidized 

during DC offset. 

 

Figure 3.27 AC-EPD treated (Table 3.13), SEM micrographs of Mg-Si-Sr alloy 

with Biopolymers/BG suspensions (A, B, H) after 10 min. immersion in Ringer’s 

solution. 

 

 

Figure 3.28 Potentiodynamic polarization curves of bare and AC-EPD treated 

(Table 3.13) Mg-Si-Sr alloy with Biopolymers/BG suspensions (A, B, H) after 10 

min. immersion in Ringer’s solution.  
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Table 3.13 Corrosion data taken from the polarization curves of bare and coated 

Mg-Si-Sr alloy with various AC-EPD parameters for Biopolymers/BG 

suspensions (A, B, H) after 10 min. immersion in Ringer’s solution 

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 
Distance 

(mm) 
Code 

 

Ecorr. 

  (V) 
Icorr. 

(μA.cm-2) 
CR 

(mm/y)  

Mg-Si-Sr       -1.51 30.06 0.69 

1 35 300 -2 240 10 A -1.51 12.43 0.28 

3 80 100 -- -- -- B -1.59 16.00 0.37 

4 80 100 -- 190 7.5 -- -1.48 19.55 0.45 

5 90 -- -- -- -- H -1.51 22.57 0.51 

6 80 -- -- -- 5.0 -- -1.48 19.33 0.44 
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3.4 AC-EPD of Chitosan-Gelatin-BG (ZnO/CeO2) on AZ31 

Through AC-EPD, different suspensions were investigated and eight 

suspensions, which are tabulated in Table 3.14, were found for AZ31 coating. AC-

EPD was applied with asymmetrical triangular wave function and AC-EPD set 

parameters for AZ31 coating are provided in Table 3.15.  During AC-EPD 

experiments it was observed that pH and concentration of absolute ethanol played an 

important role to produce homogeneous and bubble free coating. Higher pH (6.5-7.5) 

of suspensions gave more thick coating with deep cracks and may be resulted to 

enhance the corrosion process. In all suspensions, the best pH and concentration of 

absolute ethanol was 5.5 and 19 v%, respectively. 

  

Table 3.14 Composition of the different suspensions used for AC-EPD. All 

suspensions were prepared in ultrapure water with absolute ethanol in  80:19 

volume ratio 

Suspension 

code  

Biopolymers Bioactive glasses (BG) Nanoparticles  Acetic acid pH 

 Chitosan  

(g.L-1) 
Gelatin  

(g.L-1) 
BG(a)  

(g.L-1) 
BG(b) 

(g.L-1) 
ZnO  

(g.L-1) 
CeO2  

(g.L-1) 
Vol. 

 (%) 

 

A 0.8 0.8 1 - - - 1 5.5 

B 0.8 0.8 - 1 - - 1 5.5 

C 1.6 1.6 1.6 - - - 2 5.5 

D 1.6 1.6 3.2 - - - 2 5.5 

E 0.8 0.8 1 - 0.6 - 1 5.5 

F 0.8 0.8 - 1 0.6 - 1 5.5 

G 1.6 1.6 - 1.6 0.4 - 2 6.0 

H 1.6 1.6 - 3.2 0.4 - 2 5.5 

I 0.8 0.8 1 - - 0.6 1 5.5 

J 0.8 0.8 - 1 - 0.6 1 5.5 

K 1.6 1.6 -  1.6 - 0.4 2 6.0 

L 1.6 1.6 - 3.2 - 0.4 2 5.5 

 

Table 3.15 Summary of the optimized AC-EPD parameters for AZ31 as obtained 

with an asymmetric triangular waveform with a superimposed DC offset in the 

direction and opposite of the high-amplitude peak 

Volt. 

(V) 
DC offset 

(V) 
Freq. 

(Hz) 
Time  

(s) 
Distance 

(mm) 

80 0, 2, -2 100 240 10 
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3.4.1 AC-EPD of Chitosan-Gelatin-BG(a) on AZ31 and corrosion results 

SEM images showed AZ31 surface corroded in Ringer’s solution with 

corrosion current density ((Icorr.) value 2.24 (μA.cm-2) at corrosion potential (E corr.) -

1.42 V. Further AC-EPD treated SEM images with suspension A, showed that coating 

layer deposit on the surface (Fig. 3.29), which is thicker when DC offset opposite 

direction to the high amplitude.  

  

Figure 3.29 SEM images; (a, a')  bare AZ31;  AC-EPD treated (Table 3.16) with 

DC offset; (b, b') same direction to the high amplitude (c, c') opposite direction to 

the high amplitude with Chitosan-Gelatin-BG(a) suspension A before and after in 

Ringer’s solution.  

Potentiodynamic measurements in Ringer’s solution showed that with DC 

offset same direction to the high amplitude showing low corrosion current density 

((Icorr.) value 1.53 (μA.cm-2) and with DC offset opposite direction to the high 

amplitude showing high corrosion current density (Icorr.) value 5.03 (μA.cm-2) Table 

3.16. These results confirmed that DC offset opposite direction to the high amplitude 

during AC-EPD is not suitable for AZ31 coating. 
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Figure 3.30 Potentiodynamic polarization curves of bare AZ31 and AC-EPD 

treated (Table 3.16) with Chitosan-Gelatin-BG(a) suspension (A) after 10 min. 

immersion in Ringer’s solution.  

 

Table 3.16 Corrosion data taken from the polarization curves of bare AZ31 and 

AC-EPD treated with Chitosan-Gelatin-BG(a) suspension (A) after 10 min. 

immersion in Ringer’s solution 

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 
Distance 

(mm) 
Composition 

Code 

Ecorr. 

  (V) 
Icorr. 

(μA.cm-2) 

AZ31       -1.42 2.24 

1 80 100 2 240 10 A -1.02 1.53 

2 -- -- -2 -- -- -- -1.42 5.03 

 

3.4.2 AC-EPD of Chitosan-Gelatin-BG(b) on AZ31 and corrosion results 

SEM images showed that polymers (chitosan, gelatin) and BG(b) coating layer 

present on the surface (Fig. 3.31), more BG(b) present when DC offset same direction 

to the high amplitude as compared to zero DC offset. Potentiodynamic measurements 

in Ringer’s solution showed that with DC offset same direction to the high amplitude 

showing very low corrosion current density (Icorr.) value 0.18 (μA.cm-2) and with DC 

offset zero showing high corrosion current density (Icorr.) value 1.66 (μA.cm-2) Table 

3.17. These results confirmed that DC offset same direction to the high amplitude 

during AC-EPD is more suitable for AZ31 coating as compared to zero with 

composition B with same other parameters.  
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Figure 3.31 SEM images of AC-EPD treated AZ31 (Table 3.17) with DC offset (a, 

a') same direction to the high amplitude; (b, b') without DC offset, with Chitosan-

Gelatin-BG(b) suspension B before and after 10 min. immersion in Ringer’s 

solution. 

 

 

Figure 3.32 Potentiodynamic polarization curves of the bare AZ31 and AC-EPD 

treated (Table 3.17) with Chitosan-Gelatin-BG(b) suspension (B) after 10 min. 

immersion in Ringer’s solution.  

 



60 
 

Table 3.17 Corrosion data taken from the polarization curves of bare AZ31 and 

AC-EPD treated with Chitosan-Gelatin-BG(b) suspension (B) after 10 min. 

immersion in Ringer’s solution 

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 
Distance 

(mm) 
Composition 

Code 

Ecorr. 

  (V) 
Icorr. 

(μA.cm-2) 

AZ31       -1.42 2.24 

1 80 100 2 240 10 B -1.24 0.18 

2 -- -- 0 -- -- -- -1.37 1.66 

 

3.4.3 AC-EPD of Chitosan-Gelatin-BG(a) on AZ31 and corrosion results 

SEM images showed that polymers (chitosan, gelatin) and BG(a) coating layer 

present on the surface (Fig. 3.33), more thicker coating observed when concentration 

of polymers and bioactive become doubled (composition C) as compared to single 

concentration of polymers and BG(a) (composition D). In these coating DC offsets is 

same direction to the high amplitude. Potentiodynamic measurements in Ringer’s 

solution showed that with single concentration corrosion current density (Icorr.) value is 

4.30 (μA.cm-2) and with double concentration the corrosion current density (Icorr.) 

value is 6.38 (μA.cm-2) Table 3.18. These results showed that during AC-EPD with 

higher concentration of polymers-BG (0.8g.L-1 <) the corrosion current density 

increases of AZ31 coated samples in Ringer’s solution.  

 

Figure 3.33 SEM images of AC-EPD treated AZ31 (Table 3.18) with; (a, a') 

Chitosan-Gelatin-BG(a) suspension C; (b, b') Chitosan-Gelatin-BG(a) suspension 

D after 10 min. immersion in Ringer’s solution. 
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Figure 3.34 Potentiodynamic polarization curves of bare AZ31 and AC-EPD 

treated (Table 3.18) with Chitosan-Gelatin-BG(a) suspensions (C, D) after 10 

min. immersion in a Ringer’s solution.  

 

Table 3.18 Corrosion data taken from the polarization curves of bare AZ31 and 

AC-EPD treated with Chitosan-Gelatin-BG(a) suspensions (C, D) after 10 min. 

immersion in Ringer’s solution 

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 

Distance 

(mm) 
Composition 

Code 

Ecorr. 
  (V) 

Icorr. 

(μA.cm-2) 

AZ31       -1.42 2.24 

1 80 100 2 240 10 C -1.46 4.30 

2 -- -- - -- -- D -1.45 6.38. 

 

3.4.4 AC-EPD of Chitosan-Gelatin-BG(a,b)-ZnO on AZ31 and corrosion results 

SEM images showed that polymers (chitosan, gelatin), BG (a, b) and ZnO of 

suspensions (E-H) Table 3.19, present on the surfaces (Fig. 3.35). Surface 

morphology also showed that coating thickness increases when concentration of 

polymers and bioactive increases with suspension H. In these coatings, DC offsets is 

same direction to the high amplitude. Potentiodynamic measurements in Ringer’s 

solution showed that low corrosion current density (Icorr.) value 1.97 (μA.cm-2) 

observed for composition E. For other three suspensions (F, G, H) the corrosion 

current densities values (3.98, 2.74, 4.79) μA.cm-2 increases respectively (Table 3.19). 
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These results confirmed that composition E is more perfect for AC-EPD coating of 

AZ31.  

 

Figure 3.35 SEM images of AC-EPD treated AZ31 (Table 3.19) with Chitosan-

Gelatin-BG(a, b)-ZnO  suspensions; (a, a') E; (b, b') F; (c, c') G and (d, d') H 

before and after 10 min. immersion in Ringer’s solution. 
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Figure 3.36 Potentiodynamic polarization curves of bare AZ31 and AC-EPD 

treated (Table 3.19) with Chitosan-Gelatin-BG(a, b)-ZnO  suspensions (E-H) 

after 10 min. immersion in Ringer’s solution.  

 

Table 3.19 Corrosion data taken from the polarization curves of bare AZ31 and 

AC-EPD treated with Chitosan-Gelatin-BG(a,b)-ZnO suspensions (E-H) after 10 

min. immersion in Ringer’s solution 

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 
Distance 

(mm) 
Composition 

Code 

Ecorr. 

  (V) 
Icorr. 

(μA.cm-2) 

AZ31       -1.42 2.24 

1 80 100 2 240 10 E -1.42 1.97 

2 -- -- -- -- -- F -1.28 3.98 

3 -- -- -- -- -- G -1.43 2.74 

4 -- -- -- -- -- H -1.36 4.79 

 

3.4.5 AC-EPD of Chitosan-Gelatin-BG(a,b)-CeO2 on AZ31 and corrosion 

results 

SEM images showed that polymers (chitosan, gelatin), BG (a, b) and CeO2 of 

suspensions (I-L) Table 3.20, present on the surfaces (Fig. 3.37). Surface morphology 

also showed that coating thickness increases when concentration of polymers and 

bioactive increases particularly for composition K. In these coating DC offsets is same 

direction to the high amplitude. Potentiodynamic measurements in Ringer’s solution 

showed that corrosion current densities (Icorr.) values (1.79, 1.40, 1.00) μA.cm-2 
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observed for composition I, J and L respectively Table 3.20. These results confirmed 

that composition L is more perfect as compared to other compositions. 

 

Figure 3.37 SEM images of AC-EPD treated AZ31 (Table 3.20) with Chitosan-

Gelatin-BG(a,b)-CeO2 suspensions; (a, a') I; (b, b') J; (c, c') K and (d, d') L 

before and after 10 min. immersion in Ringer’s solution. 
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Figure 3.38 Potentiodynamic polarization curves of bare AZ31 and AC-EPD 

treated (Table 3.20) with Chitosan-Gelatin-BG(a,b)-CeO2  suspensions (I-L) after 

10 min. immersion in Ringer’s solution. 

 

Table 3.20 Corrosion data taken from the polarization curves of bare AZ31 and 

AC-EPD treated with Chitosan-Gelatin-BG(a,b)-CeO2 suspensions (I-L) after 10 

min. immersion in Ringer’s solution 

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 
Distance 

(mm) 
Composition 

Code 

Ecorr. 
  (V) 

Icorr. 

(μA.cm-2) 

AZ31       -1.42 2.24 

1 80 100 2 240 10 I -1.41 1.79 

2 -- -- -- -- -- J -1.36 1.40 

3 -- -- -- -- -- K -1.41 2.77 

4 -- -- -- -- -- L -1.35 1.00 

 

3.4.6 Surface morphology, EDX and FT-IR spectra of best coated samples of 

AZ31 

SEM images of bare AZ31 and AC-EPD coated with suspensions (A, B, E, J, 

L) are provided in Fig. 3.39 at 10 μm magnification. AC-EPD treated Mg alloy Fig. 

3.39(1) with suspension CS0.8-G0.8-BG a(1.0)  (A) showed that there are some cracks & 

pits on the coated layer and with suspension CS0.8-G0.8-BG b(1.0)  (B) surface 

completely covered with polymers-BG(b) layer (Fig. 3.39(2)) without cracks & pits. 

As shown in Fig. 3.39(3) when nanoparticles of ZnO are added in polymers-BG a 

suspension (E) the coating morphology may look similar as in Fig. 3.39(2) with a 
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good attachment of coating layer without cracks. Microscopic morphology of coated 

AZ31 with the addition of CeO2 nanoparticles suspensions J and L (Fig. (4, 5)) 

showed that BG b and CeO2 nanoparticles were also distributed across the coating, 

which is a more compact attachment with suspension L (Fig. 3.39(5)). For elemental 

analysis, EDX graphs confirmed that all suspension elements are present on the coated 

surfaces (Fig. 3.40). 

 

 

Figure 3.39 SEM micrographs of bare AZ31 and AC-EPD treated (Table 3.15) 

with biopolymers-BG-ZnO/CeO2 suspensions (A, B, E, J, L). 

 

 

Figure 3.40 EDX graphs of AC-EPD treated (Table 3.15) of AZ31 alloy with 

Biopolymers-BG(a,b)-ZnO-CeO2 suspensions (A, B, E, J, L). 
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To confirm the presence of biopolymers, different BGs, and ZnO/CeO2, FTIR 

analysis were carried out on coated samples of Table 3.21 and compared to the 

control spectra of pure BG a, BG b, ZnO/CeO2, chitosan, and gelatin powder (Fig. 

3.41). These results confirmed the presence of both biopolymers (chitosan, gelatin, or 

a combination of the two), BG(a or b), and ZnO/CeO2 as present in the starting 

suspension, which demonstrated the hybrid nature of all coatings.  

For the coated samples, four stretching peaks were observed in the range of 

1664 to 1507 cm-1 which could not be observed combined in the pure starting 

materials. These peaks correspond to amides (1-3) of gelatin at 1559, 1507, and 1457 

cm-1, respectively. Interestingly, an important peak of the imine (-N=CH-) bond at 

1664 cm-1 might be attributed to the crosslinking of chitosan itself during AC-EPD 

due to amine (-NH2) and carbonyl (-C=O) groups in the polymer chain by 

dehydration. 

 

 Figure 3.41 FTIR spectra of AC-EPD treated AZ31 (Table 3.15) with 

biopolymer-BG(a,b)-ZnO/CeO2 suspensions (A, B, E, J, L). For comparison, 

control spectra of pure BG a, BG b, ZnO, CeO2, chitosan, and gelatin powder are 

included as well. 



68 
 

3.4.7 Micromorphology and corrosion results in Ringer’s solution 

SEM images of AZ31 in Ringer’s solution without and with suspensions (A, 

B, E, J, L) are provided in Fig. 3.42 at 10 μm magnification. SEM image of bare 

AZ31 indicated that AZ31 oxidized in Ringer’s solution and produced more MgO 

(EDX graphs are provided in Fig. 3.43)). In Fig. 3.42(1) coated surface affected in 

some areas where some cracks and pits are present. No prominent difference was 

observed in the SEM image (Fig. 3.42(2)) of coated AZ31 with suspension B after 

contacting the surface in Ringer’s solution for 10 min, which confirmed that coating is 

compact, homogeneous, and least affected by Ringer’s solution. For suspension (E), 

with nanoparticles of ZnO, pits and trench were produced in Ringer’s solution which 

indicated that the surface is not completely covered with the composite coating (Fig. 

3.42(3)). In the case of suspensions (J, L), with nanoparticles of CeO2, 

micromorphology represented that little amount of NaCl produced with suspension J, 

while with suspension L, the surface is compact and homogeneous similar to before 

the corrosion test (Fig. 3.42(4, 5)). The EDX graphs also confirmed the presence of 

NaCl and other elements on the coated surface as shown in Fig. 3.43. Corrosion 

results (Table 3.21) also confirmed that corrosion process was inhibited significantly 

with suspension B (Icorr. = 0.18 μA.cm-2) as compared to suspension L (Icorr. = 1.00 

μA.cm-2).  

 

 

Figure 3.42 AC-EPD treated (Table 3.21), SEM micrographs of AZ31 alloy with 

Biopolymers-BG(a,b)-ZnO-CeO2 suspensions (A, B, E, J, L) after 10 min. 

immersion in Ringer’s solution. 
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Figure 3.43 EDX graphs of AC-EPD treated (Table 3.15) of AZ31 alloy with 

Biopolymers-BG(a,b)-ZnO-CeO2 suspensions (A, B, E, J, L) after 10 min. 

immersion in Ringer’s solution. 

 

Table 3.21 Corrosion data taken from the Tafel slopes of bare AZ31 and AC-EPD 

treated (Table 3.15) biopolymer-BG(a,b)-ZnO-CeO2 suspensions (A, B, E, J, L) 

after 10 min immersion in Ringer’s solution 

 
Sample Code Suspensions Ecorr. 

 (V) 
Icorr.  

(µA.cm-²) 

AZ31 - -1.42 2.12 

1 A -1.02 1.53 

2 B -1.24 0.18 

3 E -1.42 1.97 

4 J -1.36 1.40 

5 L -1.35 1.00 

 

Finally, electrochemical measurements confirmed that corrosion process of 

coated AZ31 in Ringer’s solution, significantly inhibited with suspension B (0.18 

μA.cm-2) and suspension L (1.00 μA.cm-2). It is also confirmed that DC offset with 

same direction to the high amplitude was more accurate with all AC-EPD parameters 

are (V= 80, Hz = 100, DC offset = 2, t = 240sec, D = 10 mm). Nanoparticles of CeO2  

are more useful for corrosion protection for AZ31 as compared to ZnO nanoparticles.   
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3.4.8 Profilometry thickness test 

Thickness of a coated layer play an important role for the protection of surface 

because multiple layers increased the adhesion strength of the coating with substrate 

and significantly reduced the corrosion process. The potentiodynamic results indicated 

that composition B and L are the best compositions as anticorrosion coating. Hence, B 

& L compositions were further subjected to check their coating thickness. The coating 

thickness of these two compositions were measured by SEM-based surface 

profilometry and amounted approximately 20, 15μm, respectively, Fig. 3.44.  

 

Figure 3.44 AC-EPD treated SEM images of AZ31 for coating thickness with 

suspension; a) B ; b) L at (V=80, Freq.= 100Hz, DC offset = 2, t = 240sec, D = 

10mm). 
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3.5 AC-EPD of Chitosan-Gelatin-BG-(ZnO/CeO2) on ZK60 

Through AC-EPD, different suspensions were investigated and eight 

suspensions, which are tabulated in Table 3.22, were found best for ZK60 coating. 

AC-EPD was applied with asymmetrical triangular wave function and AC-EPD set 

parameters for ZK60 coating are provided in Table 3.23.   

 

Table 3.22 Composition of the different suspensions used for AC-EPD. All 

suspensions were prepared in ultrapure water with absolute ethanol in  80:19 

volume ratio 

Suspension 

code 

Biopolymers Bioactive glasses (BG) Nanoparticles  Acetic acid pH 

 Chitosan  

(g.L-1) 

Gelatin  

(g.L-1) 

BG(a)  

(g.L-1) 

BG(b) 

(g.L-1) 

ZnO  

(g.L-1) 

CeO2  

(g.L-1) 

Vol. 

(%) 

 

A 0.8 0.8 1 - - - 1 5.5 

B 0.8 0.8 - 1 - - 1 5.5 

C 1.6 1.6 1.6 - - - 2 5.5 

D 1.6 1.6 3.2 - - - 2 5.5 

E 0.8 0.8 1 - 0.6 - 1 5.5 

F 0.8 0.8 - 1 0.6 - 1 5.5 

G 1.6 1.6 - 1.6 0.4 - 2 6.0 

H 1.6 1.6 - 3.2 0.4 - 2 5.5 

I 0.8 0.8 1 - - 0.6 1 5.5 

J 0.8 0.8 - 1 - 0.6 1 5.5 

K 1.6 1.6 -  1.6 - 0.4 2 6.0 

L 1.6 1.6 - 3.2 - 0.4 2 5.5 

 

Table 3.23 Summary of the optimized AC-EPD parameters for ZK60 as obtained 

with an asymmetric triangular waveform with a superimposed DC offset with 

same direction to the high-amplitude peak 

Volt. 

(V) 

DC offset 

(V) 

Freq. 

(Hz) 

Time 

(s) 

Distance 

(mm) 

35 2 300 480 10 

3.5.1 AC-EPD of Chitosan-Gelatin-BG(a,b) on ZK60 and corrosion results 

SEM images showed (Fig. 3.45) ZK60 surface corroded in Ringer’s solution 

with corrosion current density (Icorr.) value 5.15 (μA.cm-2) at corrosion potential (E 
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corr.) -1.46 V. Further AC-EPD treated with same direction to the high amplitude 

according to parameters Table 3.24 of composition A and B, SEM images showed 

that coating layer deposit on the surface (Fig. 3.45) which is more dominant with 

composition B. Potentiodynamic measurements in Ringer’s solution showed that 

corrosion current densities (Icorr.) values  2.77 and 1.89 (μA.cm-2) observed for 

composition A and B respectively Table 3.24. These results showed that during AC-

EPD with polymers-BG(b) (composition B) the corrosion current density decreases up 

to 1.89 (μA.cm-2), which showed that composition B is more promising as compared 

to composition A.   

 

Figure 3.45 SEM images; (a, a')  bare ZK60;  AC-EPD treated ZK60 (Table 3.22) 

with; (b, b') Chitosan-Gelatin-BG(a) suspension A; (c, c') Chitosan-Gelatin-

BG(b) suspension B before and after 10 min. immersion in Ringer’s solution. 
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Figure 3.46 Potentiodynamic polarization curves of bare ZK60 and AC-EPD 

treated (Table 3.23) with Chitosan-Gelatin-BG(a,b) suspensions (A, B) after 10 

min. immersion in a Ringer’s solution.  

 

Table 3.24 Corrosion data taken from the polarization curves of bare ZK60 and 

AC-EPD treated with Chitosan-Gelatin-BG(a,b) suspensions (A, B) after 10 min. 

immersion in Ringer’s solution 

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 
Distance 

(mm) 
Composition 

Code 

Ecorr. 

  (V) 
Icorr. 

(μA.cm-2) 

ZK60       -1.46 5.15 

1 35 300 2 480 10 A -1.33 2.77 

2 -- -- -- -- -- B -1.37 1.89 

 

3.5.2 AC-EPD of Chitosan-Gelatin-BG(a) on ZK60 and corrosion results 

SEM images (Fig. 3.47) of AC-EPD treated ZK60 with composition C and D 

(Table 3.25), showed that coating thickness increase by increasing the concentration 

of the polymers and BG (a). Potentiodynamic measurements in Ringer’s solution 

showed that corrosion current densities (Icorr.) values increases from 3.79 to 9.01 

(μA.cm-2) for composition C and D respectively Table 3.25. These results confirmed 

that higher polymers-BG(a) concentrations increases the corrosion current density, 

which confirmed that this is not promising for ZK60 coating. 
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Figure 3.47 SEM images of AC-EPD treated ZK60 (Table 3.24) with Chitosan-

Gelatin-BG(a); (a, a') suspension C; (b, b') suspension D before and after 10 min. 

immersion in Ringer’s solution.  

 

Figure 3.48 Potentiodynamic polarization curves of bare ZK60 and AC-EPD 

treated (Table 3.24) with Chitosan-Gelatin-BG(a) suspensions (C, D) after 10 

min. immersion in a Ringer’s solution. 

 

Table 3.25 Corrosion data taken from the polarization curves of bare ZK60 and 

AC-EPD treated with Chitosan-Gelatin-BG(a) suspensions (C, D) after 10 min. 

immersion in Ringer’s solution 

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 
Distance 

(mm) 
Composition 

Code 

Ecorr. 
  (V) 

Icorr. 

(μA.cm-2) 

ZK60       -1.46 5.15 

1 35 300 2 480 10 C -1.39 3.79 

2 -- -- -- -- -- D -1.46 9.01 
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3.5.3 AC-EPD of Chitosan-Gelatin-BG(a,b)-ZnO on ZK60 and corrosion 

results 

SEM images (Fig. 3.49) of AC-EPD treated ZK60 with composition E to H 

(Table 3.26), showed that in all samples coating layer present on the surface with 

more BG and ZnO nanoparticles. Potentiodynamic measurements in Ringer’s solution 

showed that corrosion current densities (Icorr.) values (1.39, 3.01, 2.86) μA.cm-2 

observed for composition F, G and H respectively. For composition E corrosion 

current density (Icorr.) value is 5.47 (Table 3.26). These results confirmed that 

polymers-BG(b)-ZnO composition (F) is more promising as compared to polymers-

BG (a, b)-ZnO (E, G, H) compositions for AC-EPD coating of ZK60. 

 

Figure 3.49 SEM images of AC-EPD treated ZK60 (Table 3.25) with Chitosan-

Gelatin-BG(a,b)-ZnO suspensions (E-H); (a, a') E; (b, b') F; (c, c') G; (d, d') H 

before and after 10 min. immersion in Ringer’s solution. 
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Figure 3.50 Potentiodynamic polarization curves of bare ZK60 and AC-EPD 

treated (Table 3.25) with Chitosan-Gelatin-BG(a,b)-ZnO  suspensions (E-H) after 

10 min. immersion in Ringer’s solution. 

 

Table 3.26 Corrosion data taken from the polarization curves of bare ZK60 and 

AC-EPD treated with Chitosan-Gelatin-BG(a,b)-ZnO suspensions (E-H) after 10 

min. immersion in Ringer’s solution 

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 
Distance 

(mm) 
Composition 

Code 

Ecorr. 
  (V) 

Icorr. 

(μA.cm-2) 

ZK60       -1.46 5.15 

1 35 300 2 480 10 E -1.36 5.47 

2 -- -- -- -- -- F -1.38 1.39 

3 -- -- -- -- -- G -1.38 3.01 

4 -- -- -- -- -- H -1.35 2.86 

 

3.5.4 AC-EPD of Chitosan-Gelatin-BG(a,b)-CeO2 on ZK60 and corrosion 

results 

SEM images (Fig. 3.51) of AC-EPD treated ZK60 with composition I to L 

(Table 3.27), showed that in all samples coating layer present on the surface with 

more BG and CeO2 nanoparticles.  Potentiodynamic measurements in Ringer’s 

solution showed that corrosion current densities (Icorr.) values (1.84, 2.78, 2.78) 

decreases for composition I, K and L. For composition J the corrosion current density 

(Icorr.) value is higher 6.09 μA.cm-2 Table 3.27. These results confirmed that 
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polymers-BG(a)-CeO2 composition (I) is more promising as compared to polymers-

BG(a.b)-CeO2 (J, K, L) compositions for AC-EPD coating of ZK60. 

 

Figure 3.51 SEM images of AC-EPD treated ZK60 (Table 3.26) with Chitosan-

Gelatin-BG(a,b)-CeO2 suspensions (I-L); (a, a') I; (b, b') J; (c, c') K; (d, d') L 

before and after 10 min. immersion in Ringer’s solution.  
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Figure 3.52 Potentiodynamic polarization curves of bare ZK60 and AC-EPD 

treated (Table 3.26) with Chitosan-Gelatin-BG(a,b)-CeO2 suspensions (I-L) after 

10 min. immersion in Ringer’s solution. 

 

Table 3.27 Corrosion data taken from the polarization curves of bare ZK60 and 

AC-EPD treated with Chitosan-Gelatin-BG(a,b)-CeO2 suspensions (I-L) after 10 

min. immersion in Ringer’s solution 

Sr. No Volt. 

(V) 
Freq. 

(Hz) 
DC offset 

(V) 
Time 

(s) 
Distance 

(mm) 
Composition 

Code 

Ecorr. 
  (V) 

Icorr. 

(μA.cm-2) 

ZK60       -1.46 5.15 

1 35 300 2 480 10 I -1.36 1.84 

2 -- -- -- -- -- J -1.40 6.09 

3 -- -- -- -- -- K -1.40 2.78 

4 -- -- -- -- -- L -1.39 2.78 

 

3.5.5 Surface morphology, EDX and FT-IR spectra of best coated samples of 

ZK60 

SEM images of bare ZK60 and AC-EPD coated with suspensions (B, F, I) are 

provided in Fig. 3.53 at 10 μm magnification. AC-EPD treated ZK60 (Fig. 3.53(1)) 

with suspension CS0.8-G0.8-BG b(1.0) (B) showed that surface is smoothly covered with 

coated layer without cracks & pits. As shown in Fig. 3.53(2) the coated layer without 

cracks consists on polymers and on the top of the polymers layer mixture of ZnO and 

BG b are present. SEM images of coated ZK60 with the addition of CeO2 

nanoparticles suspension I (Fig. 3.53(3)) showed that BG a and CeO2 nanoparticles 
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were also distributed across the coating. For elemental analysis, EDX graphs 

confirmed that all suspension elements are present on the coated surfaces (Fig. 3.54). 

 

 

Figure 3.53 SEM micrographs of bare ZK60 and AC-EPD treated (Table 3.23) 

with biopolymers-BG-ZnO/CeO2 suspensions (B, F, I). 

 

 

Figure 3.54 EDX graphs of AC-EPD treated (Table 3.23) of ZK60 alloy with 

Biopolymers-BG(a,b)-ZnO-CeO2 suspensions (B, F, I). 

FT-IR spectra of above coated samples (Fig. 5.55), showed that four stretching 

peaks were observed in the range of 1664 to 1507 cm-1 which could not be observed 
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combined in the pure starting materials. These peaks correspond to amides (1-3) of 

gelatin at 1559, 1507, and 1457 cm-1, respectively. Interestingly, an important peak of 

the imine (-N=CH-) bond at 1664 cm-1 might be attributed to the crosslinking of 

chitosan itself during AC-EPD due to amine (-NH2) and carbonyl (-C=O) groups in 

the polymer chain by dehydration. 

 

Figure 3.55 FTIR spectra of AC-EPD treated ZK60 (Table 3.23) with 

biopolymer-BG(a,b)-ZnO/CeO2 suspensions (B, F, I). For comparison, control 

spectra of pure BG a, BG b, ZnO, CeO2, chitosan, and gelatin powder are 

included as well. 

3.5.6 Micromorphology and corrosion results in Ringer’s solution 

SEM images of ZK60 in Ringer’s solution without and with suspensions (B, F, 

I) are provided in Fig. 3.56 at 10 μm magnification. SEM image of bare ZK60 

indicated that ZK60 oxidized in Ringer’s solution and produced more MgO (EDX 

graphs are provided in Fig. 3.57. In Fig. 3.56(1) the coated surface very less affected 

by Ringer’s solution and some small crystals of NaCl are deposited on the coated 

surface. No prominent difference was observed in the SEM image (Fig. 3.56(2)) of 

coated ZK60 with suspension F after contacting the surface with Ringer’s solution, 

which confirmed that coating is compact, homogeneous, and least affected by 

Ringer’s solution. In the case of suspension (I) (Fig. 3.56(3)), with nanoparticles of 

CeO2, micromorphology represented that coated surface is compact and homogeneous 
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like before the corrosion test (Fig. 3.53(3)). The EDX graphs also confirmed the 

presence of coated elements on the coated surface as shown in Fig. 3.57. Corrosion 

results (Table 3.28) also confirmed that corrosion process was inhibited significantly 

with suspension F (Icorr. = 1.39 μA.cm-2) as compared to suspension I (Icorr. = 1.84 

μA.cm-2). 

 

Figure 3.56 AC-EPD treated (Table 3.23), SEM micrographs of ZK60 alloy with 

Biopolymers-BG(a,b)-ZnO-CeO2 suspensions (B, F, I) after 10 min. immersion in 

Ringer’s solution. 

 

Figure 3.57 EDX graphs of AC-EPD treated (Table 3.15) of ZK60 alloy with 

Biopolymers-BG(a,b)-ZnO-CeO2 suspensions (B, F, I ) after 10 min. immersion in 

Ringer’s solution. 
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Table 3.28 Corrosion data taken from the Tafel slopes of bare ZK60 and AC-EPD 

treated (Table 3.23) biopolymer-BG(a,b)-ZnO-CeO2 suspensions (B, F, I)  after 10 

min immersion in Ringer’s solution 

Sample Code Suspensions Ecorr. 

 (V) 
Icorr.  

(µA.cm-²) 

ZK60 - -1.46 5.15 

1 B -1.37 1.89 

2 F -1.38 1.39 

3 I -1.36 1.84 

 

Finally, electrochemical measurements confirmed that corrosion process of 

coated ZK60 in Ringer’s solution, significantly inhibited with suspension F (1.39 

μA.cm-2) and with suspension I (1.84 μA.cm-2). It is also confirmed that DC offset 

with same direction to the high amplitude was more accurate with all AC-EPD 

parameters are (V= 35, Hz = 300, DC offset = 2, t = 480sec, D = 10 mm). 

Nanoparticles of ZnO  are more useful for corrosion protection for ZK60 as compared 

to CeO2 nanoparticles.   

3.5.7 Profilometry thickness test 

The potentiodynamic results indicated that composition F is the best 

composition as anticorrosion AC-EPD coating for ZK60. Hence, F composition was 

further subjected to check its coating thickness. The coating thickness of composition 

F was measured by SEM-based surface profilometry and amounted approximately 

11.5 μm Fig. 3.46.  

 

Figure 3.58 AC-EPD treated SEM image for coating thickness of suspension F at 

(V=35, Freq.=300 Hz, DC offset = 2, t = 480sec, D = 10mm). 
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CHAPTER  4  CONCLUSIONS & RECOMMENDATIONS 

------------------------------------------------------------------------------- 

4 Conclusions and recommendations 

4.1 Conclusions 

In present research work, a proof-of-concept is presented for the corrosion 

protection of  Mg-Si-Sr alloy, AZ31 and ZK60 by the application of hybrid coating of 

chitosan-gelatin-BG-ZnO/CeO2 through AC-EPD. Firstly, key suspension and AC-

EPD parameters were optimized in order to obtain a compact and homogeneous 

coating. Zeta potential analysis showed that a suspension of chitosan-gelatin mixed 

with BG particles resulted in positively charged composite particles with zeta 

potential values > 40 mV, indicating a sufficient suspension stability as required for 

EPD. After AC-EPD, deposits materials could be observed on the Mg-alloys 

substrates which is coupled as cathode during the high-amplitude peak. To further 

improve the deposition yield and avoid anodization of the Mg alloys substrate during 

AC-EPD, a DC offset in the direction of the high-amplitude peak was applied.  

SEM images indicated that first layer formed by biopolymers on the Mg 

substrates and second fragmented layer covered with BG particles. For suspensions 

combination both chitosan and gelatin playing important role with smaller amount of 

BG particles. FTIR spectra confirmed the presence of biopolymers and BG (chitosan 

and/or gelatin with BG a or b depending on the suspension composition) for the 

obtained AC-EPD coatings. Moreover, an additional peak attributed to imine bonding, 

which could not be observed for the starting materials pointed at crosslinking of 

chitosan during AC-EPD. Based on the potentiodynamic polarization studies 

performed in a Ringer’s solution, the protection efficiency of the AC-EPD coatings 

depended strongly on the coating quality, which was determined by the suspension 

composition and peak-to-peak voltage. As such, a chitosan-gelatin-BG b suspension 
(CS0.8-G-0.8- BG(b)(1)) producing coating with AC-EPD parameters (Vp-p =120 V/cm, 

Freq. = 100Hz, DC offset = 2.67 V/cm, t = 190 s) effectively reduced the corrosion 
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rate (CR) in Ringer’s solution from 0.69 mm/year of bare Mg-Si-Sr substrate to 0.08 

mm/year having thickness approximately 20μm. 
Organic-inorganic hybrid coatings {chitosan CS-gelatin B powder G, bioactive 

glass BG (a,b)- ZnO/CeO2} on magnesium alloy AZ31 and ZK60 were done using 

AC-EPD technique and further tested for anticorrosion performance. The main 

findings are concluded as follows; AC-EPD experiments showed that first layer 

formed by polymers and second layer with bioactive glass on the substrate and that the 

bioactive glass and ZnO/CeO2 helps to carry the polymers toward cathode by making 

positive composite (polymers-BG-ZnO/CeO2). In AC-EPD parameters the DC offset 

also played an important role and DC offset same direction to the high amplitude was 

found more perfect for present Mg-alloys AZ31 and ZK60 coating. SEM analysis 

showed that (CS0.8-G-0.8- BG(b)(1)) and (CS1.6-G-1.6-BG(b)(3.2)-CeO2(0.4)) are best 

suspensions for homogeneous coating with AC-EPD for AZ31. For AZ31 best AC-

EPD parameters are (Vp-p = 80 V/cm, Freq. = 100Hz, DC offset = 2 V/cm, t = 240 s) 
which gives lowest corrosion current density values (0.18 μA.cm-2) and (1.00 μA.cm-

2) after 10 min. in Ringer’s solution with suspensions (CS0.8-G-0.8- BG(b)(1)) and 

(CS1.6-G-1.6-BG(b)(3.2)-CeO2(0.4)) respectively. SEM analysis showed that for third 

alloy ZK60 the suspensions (CS0.8-G-0.8-BG(b)(1)-ZnO(0.6)) and (CS0.8-G-0.8-BG(a)(1)-

CeO2(0.6)) are more accurate for homogeneous coating with AC-EPD. Best parameters 

for ZK60 are (Vp-p = 35 V/cm, Freq. = 300Hz, DC offset = 2 V/cm, t = 480 s) which 

gives lowest corrosion current density values (1.39 μA.cm-2) and (1.84 μA.cm-2) after 

10 min. in Ringer’s solution suspensions (CS0.8-G-0.8-BG(b)(1)-ZnO(0.6)) and (CS0.8-G-

0.8-BG(a)(1)-CeO2(0.6)) respectively. 

 Hence, in present work, the selection of Mg-alloy, polymers-bioactive glass-

ZnO/CeO2 concentration, AC-EPD parameters (DC offset) disclose more perfect, 

compact and promising AC-EPD corrosion resistance coatings. This study also 

showed that these are the key elements for Mg-alloys surface modification. From 

these findings it is concluded that AC-EPD is modern technique which is very useful 

for magnesium alloys coating with its versatile parameters.  
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4.2 Recommendations 

In general, all the Mg-alloys showed promising coating through controlled 

AC-EPD parameters and significantly inhibit the corrosion process in highly corrosive 

media (Ringer’s solution). These coated alloys could be subjected to clinical trials to 

be used as cost effective, biocompatible and corrosion resistant Mg-based bioimplant 

devices. 
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