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 ه ١٤٤٣                                             م ٢٠٢٢

  AZ31غنيسيوم مال ةك يسب زرعةل كل آتسلوك ال
 2OTiو   PMMA/HA ب ـالمطليه 



 الخلاصة

حيوي مع تحسين الصفات الميكانيكية ومقاومة  وسبائكه معدنًا قابلًً للتحلل ال المغنيسيوم عتبري

مكن استخدام سبائك المغنيسيوم كمواد حيوية جديدة قابلة من المالتآكل. أظهرت الأبحاث السابقة أنه 

  AZ31المغنيسيوم   يكةحث هذه الدراسة في معدل تحلل سببت للتحلل مع توافق حيوي مقبول.

درس كما ت٪ كلوريد الصوديوم(.  0.9و  ringerكغرسة مؤقتة في بيئات تآكل مختلفة )محلول 

( والطلًء  PMMAحيوياً )بولي ميثيل ميثاكريلًت  للتحلل لقابلأيضًا تأثير طلًء البوليمر ا

( على معدل PMMA( مع 2TiO( و / أو ثاني أكسيد التيتانيوم ) HAالمركب )هيدروكسيباتيت ) 

 . spin coatingباستخدام تقنية   AZ31المغنيسيوم  سبيكة تحلل 

لتق  التجارب  بعض  )  ييمأجريت  الذرية  القوة  مجهر  مثل  الطلًء.  المجهر  AFMأداء   ،  )

( ، زاوية  FTIR، مطيافية فورييه لتحويل الأشعة تحت الحمراء )(  FESEM)  الماسحالإلكتروني  

( ل،  (  CAالتلًمس  البسيط  الغمر  اختبار   ، الهيدروجين  الهيدروجيني    معرفةتطور  الأس  تغيير 

 .منحنى تافل( وOCPالدائرة المفتوحة )  جهد ، و زيادة زمن الغمرمحاليل مع لل

طح أملسًا في  ، ومع ذلك يعتبر الس  مطليهعينات اللفي خشونة السطح ل  اختلًفااظهرت النتائج  

صور من  موضح  هو  كما  الحالات  ال  جميع  المركب    PMMAلطلًء    AFM فحص  والطلًء 

إلى صور   النظر  من خلًل  يتضح  وطبقتين.  واحدة  إلى    FESEMبطبقة  أدت  الطلًء  أن طريقة 

إ الثانية  الطلًء  طبقة  تؤدي  الحيوي.  السيراميك  لجزيئات  متجانس  أو توزيع  شقوق  أي  تغطية  لى 

تتواجد مسام   سمك    قد  الأولى.  الطلًء  طبقة  البوليمرالفي  سماكة    دهلوح  يطلًء  من  بكثير  أعلى 

 جميع طلًءات البوليمر المركبة. 

تافلمنحنمن  يظهر بـ  ،    يات  المطلية  للعينات  التآكل  تيار  محلول   PMMAأن   ringer  في 

  10-4*2521.مقارنة بـ    Cللعينة    امبير   10-5*  4.83إلى    Bللعينة    امبير  10-5*    2.09حوالي  

الم غير  قيمة  طليه  للعينة  تقليل  تم   .Icorr  بطبقتين المطلية    ( 2HA + TiO)   من  للعينة 

5 ٪/MMAP    محلول    7-10*    6.456و    7-10*    5.557إلى كلوريد  0.9و    ringerفي   ٪

تآكل أقل بكثير التوالي ، مما يشير إلى معدل  للعينات    Icorr. في حين أن قيمة  الصوديوم ، على 

٪ كلوريد الصوديوم على  0.9و    ringerفي    4-10*    2.22و    4-10*    1.25تساوي    غير المطليه

و    PMMA / HAالتيار المنخفض لـ  حو  التوالي. أيضًا ، يمكن ملًحظة أن هناك تحولًا كبيرًا ن 

2PMMA / TiO  مع نسبة مختلفة منHA   2أوTiO. 



من نتيجة تطور الهيدروجين يمكن أن تظهر أن العينات المطلية بطبقة واحدة أو طبقتين من  

  HAت  لين أيضًا ، إضافة جزيئالوأثبتت فعاليتها في تقليل معدل التآكل في المح  PMMAبوليمر  

بوليمر    2TiOأو   إلى  معًا  إضافتها  الهيدروجين    PMMAأو  تطور  تقليل  على  بوضوح  يساعد 

يومًا ، كان تغيير قيمة الأس الهيدروجيني لكلً    45بشكل كبير. خلًل فترة الغمر الإجمالية البالغة  

 . المطليهغير  AZ31  يكةبكثير من سب  قلعلى عينة الطلًء مستقرًا نسبيًا وأ ينلين المحتويلوالمح
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Abstract 

Mg and its alloys consider as biodegradable metal with improve 

mechanical qualities and corrosion resistances. This study investigates the 

degradation rate of AZ31 magnesium alloy as a temporary implant in different 

corrosion environments (Ringer solution and 0.9%NaCl). It also investigates 

the influence of biodegradable polymer coating (polymethylmethacrylate 

PMMA) and composite coating (hydroxyapatite (HA) and/or titanium dioxide 

(TiO2) with PMMA) on the degradation rate of AZ31 magnesium using spin 

coating technique. 

Some experiments were achieved to estimate the performance of 

coating. Such as Atomic Force Microscopy (AFM), Field Emission Scanning 

Electron Microscope (FESEM), Energy-dispersive X-ray spectroscopy 

(EDS), Fourier Transform Infrared Spectroscopy (FTIR), contact angle (CA), 

antibacterial, antibiofilm formation hydrogen evolution, simple immersion 

test to show the change of solutions pH with time, open circuit potential (OCP) 

and potentiostatic polarization. 

The results show a difference in the surface roughness of the coating 

specimens, It is clear by looking at the FESEM images that the method of 

coating led to a homogeneous distribution of bioceramics particles. The 

second coating layer lead to covered any cracks or pores if it found in the first 

coating layer. The thickness of the single polymer coating is much higher than 

the thickness of all composite polymer coatings. 

From potentiostatic polarization can show the coating efficiency (E%) 

of single PMMA coated specimens in ringer solution are around 73.1% for B 

specimen to 66.21% for C specimen compared with 99.3 and 99.7% for 
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specimen coated with two layers of 5%(HA+TiO2)/PMMA composite coating 

in ringer solution and 0.9%NaCl, respectively, indicating a much lower 

corrosion rate and the best corrosion resistance. Also, it can be observed that 

there is a significant shift toward lower current densities for PMMA/HA and 

PMMA/TiO2 with different percentage of HA or TiO2 coated specimens. 

From the result of hydrogen evolution can show that the specimens 

coated with one or two layers of PMMA polymer proved effective in reducing 

the rate of corrosion in the two solutions Also, adding HA or TiO2 particles or 

adding them together to the PMMA polymer clearly helps to reduce the 

hydrogen evolution significantly. During the total immersion period of 45 

days, the pH value change of both solutions containing coating specimen was 

comparatively stable and much smaller than that of bare AZ31 alloys, a 

general trend was observed with an initial increase in the pH value as the 

degradation began and then draw near the saturation after some days. 
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Chapter One 

Introduction 

1.1 General View 

In order to complete the healing process, the broken bone should be 

stabilized well to keep away from any micromovement under influence the 

considerable force involved. In load-bearing applications, the metallic 

implants must be preferred due to their good fracture toughness and 

excellent mechanical strength. The most common metallic alloys that are 

currently used as biomaterials include different grades of stainless steel, 

titanium alloys and (cobalt_chromium) based alloys. They are well known 

to have an excellent corrosion resistance to preserve long-term structural 

stability in the living body. Nevertheless, if these alloys remain for a long 

time in the human body, they have the ability to cause a chronic 

inflammation, permanent physical irritation, or maybe release a toxic 

element, all of these reactions cause health impairment [1]. 

Furthermore, the implants will show obviously various mechanical 

properties comparing with the replaced biological tissue. Especially the 

difference in modulus of elasticity between the natural bone and implants 

that cause many problems in the body such the interfering with bone 

turnover, bone stress shielding, possibly bone losing and perhaps cause 

secondary bone fracture [2]. Moreover, the metallic alloys mentioned 

above are non-biodegradable materials. As a result, it's not ideal for short-

term uses like pins, screws, and plates used to set severe fractures, which 

need be removed by a second surgical when the tissue was fully healing. 

This second surgery will cause the patient pain in addition to the risks of 
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surgery and additional costs. Therefore, it is necessary to develop a 

biodegradable implant to support the complex bone fractures. These 

implants must be dissolving at a rate adapted to the tissue healing process. 

Moreover, the decrease in its stiffness and resistance must be ideal, so that 

it is commensurate with increasing in load_bearing of the reinforced 

tissues. It also needs to keep some mechanical stability till the healing 

process is finished [1]. 

The biodegradable metallic implant, that produced from magnesium 

and its alloys, have a lot of potential for usage as temporary implants. 

However, the metallic biodegradable must have many requirements as 

better biocompatibility, good mechanical properties, acceptable 

degradation property matching the healing of tissue and non-toxicity, 

which need to be developed [3,4]. 

Implants that made of magnesium and its alloys have a possibility to 

serve as a biocompatible, osteo-conductive, and biodegradable implants for 

load-bearing applications. The reason behind that could be related to the 

unique properties of Mg and its alloys. As it is considered from the 

lightweight metals and it characterized with mechanical properties analogy 

to those of the natural bones (Table 1-1), in addition to the natural ionic 

presence with a considerable functional role in biological system, as well as 

in vivo degradation via corrosion in the electrolytic environments of the 

living body [5]. 

Mg and its alloys show promise as orthopedic metals, especially for 

bone fixation devices and implants. When Mg is manufactured into bone 

fixation devices such as plates, nails or screws, it is necessary that the 

implants offer long-term fixation until the broken bone tissues restore a 

suitable mechanical strength (Fig.1-1) [6]. 
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Table 1-1 The mechanical characteristics of natural bone compared with several implant 

materials. [7]. 

 

 

Fig. 1-1: Optimal degrading behavior of a Mg-based implant in the repair of bone 

fractures [6]. 

The value of the standard electrode potential of the magnesium metal is 

less than that of hydrogen, under standard conditions and in an aqueous 

solution it can be degrade into magnesium ions (Mg+2) and hydrogen gas 

(H2) [8], therefore, it will be corroded dramatically and quickly. 

Magnesium acts as an essential element for muscular relaxation, bone 

mineralization, and several other cellular functions, since it is considering 

as the 4th most abundant cations in the body and the 2nd most abundant 

intracellular cation [9]. Excessive amounts of Mg ions be acceptable since 
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they can be carried through the circulatory system and quickly eliminated 

through urine and feces without causing harm [10]. 

 Fig. 1-2 shows Mg balance in the human body, where the daily dietary 

intake of magnesium equalizes 360mg, in the other hand, the daily amount 

of magnesium which output through feces and urine also equal to 360mg, 

in addition to 29.34g which found permanently in a various tissue in order 

to achieve their biological careers completely [11]. Thus, the magnesium-

based alloys can be known as a type of novel resorbable metallic materials. 

 

Fig. 1-2: Magnesium balance in the human body [11]. 

The nature of products that formed from the degradation have strong 

influences on the overall degradation processes on the magnesium surface 

as well as the biological reaction of the bone tissues. The products formed 

from metal degrading that serve as a protective layer can partially describe 

the decreased degradability observed in vivo than in vitro experiments, and 
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identify the influence of both proteins and various cell contacts with/near 

the implant materials on the degradation behavior [12].  

In spite of that, all of these interactions have the potential to disrupt 

the locally physiological stability at the implantation site. There are many 

different interactions between the surface of magnesium alloy that 

degraded and the processes taking place at the implantation site, making 

the corrosion process in the body environments very complex compared 

with that in simple saline solutions. Furthermore, the expectations of the 

degradation become difficult as the implant environments vary with the site 

of implantation and from one patient to another that lead to an individual 

differences in the reactions, as well as it can also vary with the time [1,13]. 

The studies on the time-dependent corrosion have shown that the corrosion 

process begins at a very high degradation rate and then begins to slow 

down gradually with increasing the immersion time, this is due to the 

nature of the corrosion product which formed upon magnesium alloy 

surface [14,15]. 

One of the alternate materials for degradable bone plates is pure 

magnesium. Fig. 1-3 depict pure Mg screws and plates used to repair bone 

fractures. (a–c) A biodegradable pure Mg plates system was used to 

osteosynthesis of a cranio-osteoplasty in miniature pig; (d,e) A rabbit ulna 

fracture was fixed with pure Mg fixing screws and plate [16]. 
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Fig. 1-3: Screws and plates made of pure magnesium in order to use for bone 

fractures fixation [16]. 

To improve corrosion resistance and mechanical properties, many 

alloying elements have been added to the magnesium, the most commonly 

used are aluminum (Al), zirconium (Zr), zinc (Zn) , calcium (Ca) , 

strontium (Sr) , and rare earth elements (REEs) such as yttrium (Y) and 

lanthanum (La)  [17,18]. One of the common biomedical Mg alloys include 

aluminum-zinc–containing magnesium alloys such AZ31, AZ61, AZ81 and 

AZ91[19]. 

Since the repair of hard-tissue requires the implant stabilization at 

least 12 weeks [20].  But the high magnesium corrosion rate will negatively 

affect the implant's mechanical properties  before the bone heals 

completely. Coatings have proven to have a more promising effect in terms 

of corrosion protection. These coatings act as a barrier layer, preventing 

attacking ions that found in the physiological media from infiltrating the 

Mg alloy's surface, effectively minimizing corrosion and extending the 

alloy's lifetime [21]. 
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The coatings should have good strength and corrosion resistance 

during the essential time to adapt and complete the substrate performance 

in the body. In addition, these coatings should be able to degrade after a 

certain time. If the coating remains intact after the necessary time, it 

prevents the biodegradation process of the implant and decreases the 

biodegradability [22]. Several polymers such as polyglycolic-acid (PGA), 

polylactic-acid (PLA), polycaprolactone (PCL), polylactic-co-glycolic-acid 

(PLGA), poly-l-lactic-acid (PLLA), polyethyleneimine (PEI), PLA–PCL, 

and PCL–PLLA are used as a surface coatings for Mg and its alloys to 

regulate the degradation rate [23,24].  

The corrosion failure mechanism on polymer coated Mg-based 

materials is depicted in Fig. 1-4 Rp(Mg) is the anode's polarization resistance, 

Rp(C) is the cathode's polarization resistance, Rs is the electrolyte's electrical 

resistance, and RMg–C act the electrical resistance between the two 

electrodes (anode and cathode). Rp(Mg) and Rs are difficult to change in a 

stable bio-environment [25]. 

 

Fig. 1-4: Schematic diagram illustrate the mechanism of corrosion failure on Mg-based 

alloys coated with polymer [25]. 
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However, for orthopedic applications, the pristine polymers do not 

appear to be suitable for coating. Therefore, the composite coating was 

used [26] by adding a bioactive ceramic to the polymers. Bioactive 

ceramics, like titanium oxide (TiO2), as well as calcium phosphate (CaP) 

and its derivative including hydroxyapatite (HA) are famous biomedical 

materials that have been shown to elicit biological responses at the 

interface, resulting in tissue-material bonding and lead to biointegration in 

the long run [27]. 

 There are several surface coating techniques have been introduced to 

apply a polymer or polymer/ceramic powder on the alloy surface, as 

example the spin coating technique. Spin coating is a process that spreads a 

coating solution evenly over a surface by using centrifugal forces caused by 

a rotating substrate. This coating method is indeed quick and effective. A 

few factors can be adjusted to provide a well-defined coating coverage like 

the rotating velocity and spinning time. This coating process can be used 

both in a laboratory and in a manufacturing setting [28]. 

In this study, it was planned to use a composite coating consisting of a 

bioceramic powder dispersed in the polymethyl methacrylate (PMMA) 

polymer in order to protect the surface of AZ31-magnesium alloy, the 

coating was applied by using a spin coating technique.  

PMMA known as acrylic or (Plexiglas), is really low-cost polymer with 

excellent environmental resistance, transparent, rigid, and biocompatible. 

Anticorrosive coating, dental resin, implants, contact and intraocular 

lenses, bone cement, optical fibers, and prosthesis are only a few of the 

applications for PMMA [29]. PMMA considered as a biodegradable 

polymer [30]. 
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Hydroxyapatite (Ca10(PO4)6(OH)2) is consider as an effective 

bioceramic material, that currently used for bones tissues engineering due 

to its good bioactivity (the ability to made a chemical bonding with the 

natural bones), slow in situ biodegradability, better biocompatibility, non-

inflammatory behavior, high osteoconductive and/or osteoinductive non-

toxicity. All these unique properties attributed to its structural and chemical 

likenesses to tooth and bone inorganic components [31] and 

nonimmunogenicity property with both of soft and hard tissues [32,33]. 

Because of its brittleness and poor strength, HA is commonly used as a 

bioactive coating on metallic substrates [31]. As a result, with further 

investigation, HA may be a good material for coating Mg and its alloys 

[34]. 

One of the key challenges with orthopedic implants is mechanical and 

biological attachment to the surrounding bone. As a result, the current 

study concentrated on surface modification to improve the material's 

osteoconductivity, make it a structural support, and encourage new bone 

formation and growth. As implant elements must be fully absorbed or 

decomposed in the body in order to allow the new tissue to form and 

provide enough support, osteoconductivity must be combined with 

biodegradability [35]. 

The use of hydroxyapatite (HA) to promote osseointegration of metal 

implants has been proposed. Titanium dioxide, on the other hand, has 

emerged as a possible candidate for improving the surface characteristics 

and corrosion resistance of magnesium [36]. 

Titanium dioxide is stable and non-toxic to both of humans or 

environment. It also has a stable property against the corrosion, good 

oxidizing power, and excellent catalytic activity [37]. Additionally, it has 
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antimicrobial characteristics [38]. Titanium dioxide causes the formation of 

bone-like apatite or calcium phosphates on its surface, according to various 

authors [39,40]. Because of these characteristics, titanium dioxide is an 

excellent choice for bone replacement and regeneration [36]. 

1.2 Aims of Present Work 

 The aim of present work is to decrease the magnesium implants 

degradation rate in the living body until healing process complete by using 

a biodegradable coating, this done by: 

1- Investigate the degradation rate of AZ31 magnesium alloy as a 

biodegradable implant in different corrosion environments (Ringer solution 

and 0.9%NaCl). 

2- Investigate the influence of biodegradable polymer coating 

(polymethylmethacrylate PMMA) on the surface of AZ31 alloy on the 

degradation rate of AZ31 magnesium using spin coating technique. 

3- Investigate the influence of the composite coating (bioceramic particles 

of hydroxyapatite and/or titanium dioxide – PMMA) on the surface of 

AZ31 alloy on the rates of degradation of AZ31 magnesium using spin 

coating technique. 
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Chapter Two 

Theoretical Part and Literature Review 

2.1   Introduction 

This chapter will highlight on the important aspects of the magnesium 

alloys as a biodegradable material, starting from biomaterials and their 

classes, metallic biodegradable implants, brief historical introduction to 

biodegradable Mg alloys, biodegradable Mg in orthopedic implants, 

corrosion of Mg and its alloys, coatings for biodegradable Mg alloys, spin 

coating, PMMA, TiO2, HA, composite coating, and literature survey. 

Finally, the last section includes the originality of this study. 

2.2   Biomaterials  

“Any substance (other than drugs) or combination of substances, 

synthetic or natural in origin, which can be used for any period of time, as a 

whole or as a part of a system which treats, augments, or replaces any tissue, 

organ, or function of the body” is known as a biomaterial. In a broader sense, 

Biomaterials are an inert material, may be synthetic or natural, that are 

developed to replace a specific portion of a system or a certain physiological 

function [41]. 

Biomaterials require many basic properties, and these properties differ 

according to the application and their effect varies from one application to 

another. On the other hand, there are specific requirements for the implant / 

prosthesis, as is given in Fig. (2-1), such as compatibility, mechanical 

properties and manufacturing [42]. 
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Biomaterials are employed in a wide range of medical applications, 

including [43]: 

(a) Cardiovascular implantable devices such as heart valves, defibrillators, 

vascular grafts, stents, and pacemakers. 

(b) Neural devices such as cochlear and retinal applications, peripheral 

nervous system (PNS), and neuronal implants and prostheses for central 

nervous system (CNS). 

(c) Orthopedic prostheses such as fins, bone plates, bone grafts, and fusion 

devices. 

(d) Orthopedic fixation devices such as plates and screws for cranio-

maxillo-facial repair, pins and rods for fracture fixation, and, interference 

screws in the hand, knee, and ankle areas. 

(e) Bones tissues engineering scaffold for fracture and dental implant.  

 

Fig. (2-1): Requirements of implant [42]. 
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Two surgeries were needed for patients with bone fracture fixation, one 

for implantation and the other to remove the implant after it had healed. It 

raises patients' economic burden as well as their pain [44]. Therefore, it is 

sometimes preferable to use biodegradable materials [45], Temporary 

implants based on controlled corrosion of metals are currently investigated 

as biodegradable metals [46]. 

Biodegradable metals are metals that are designed to degrade gradually 

in vivo with a proper host response evoked by released corrosion products, 

then dissolve completely after the objective of assisting tissue repair is 

completed with no implant leftovers [44].  

Fig. (2-2) shows the clinical translation of biodegradable metallic 

implants material in orthopedic application. The images of XRD show the 

distal radius fracture fixation with conventional stainless-steel pin implant 

and the scaphoid nonunion with RESOMET screws before and after surgery, 

six months and one-year follow-up. Complete degradation of screw and bone 

healing was observed at one-year follow-up [41]. 

 

Fig. (2-2): Clinical translation of biodegradable metallic implants material in 

orthopedic application [47]. 
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Based on the primary material category, biomaterials can be divided 

into four categories: metals, polymers, ceramics and composite materials 

[48]. 

         2.2.1 Metallic biomaterials 

For several biomedical load-bearing systems, the mechanical 

characteristics of metals and their alloys including strength, coefficient of 

elasticity and fatigue life that makes them appealing materials. Metallic 

materials tend to degrade in a process of corrosion and even as the corrosion 

reactions of releasing certain side products, including ions, compounds of 

chemical and components of insoluble [49].  Therefore, the alloys and the 

elements included in their composition must be chosen with caution and 

accuracy and in specific proportions so as not to cause any toxicity inside the 

living body [50]. 

2.2.2 Biopolymers 

Biopolymers are bio-macromolecular chains of covalently bonded 

monomers. In simple terms, they are polymers which are derived from living 

matter and are found naturally in microorganisms, plants and animals [51].  

Biopolymers are polymers being synthesized by living organisms with 

the help of enzymes that connects the building blocks like sugars, hydroxyl 

fatty acids, and amino acids to produce molecules with high molecular 

weight [52].  

Generally speaking, polymers are promising biomedical materials since 

they can be readily combined physically or chemically with biomolecules or 

cells to yield biologically functional systems. Immobilization of 

biomolecules such as enzymes and antibodies or further extension to drugs 
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and cells within the polymeric surface are the basic applications in 

therapeutics, diagnostics, and bioprocesses [53]. 

Biodegradable polymers can be classified into two groups. The first is 

natural-based materials, including polysaccharides (chitosan, starch, 

alginate), proteins (silk, fibrin gels, collagen), and some biofibers, and the 

second is synthesized biodegradable polymer, such as PU, PLA, PGA, 

PLLA, and PMMA. Typically, biodegradable polymers are used for 

temporary organ replacement, drug-delivery systems, absorbablesutures, and 

surgical dressing [30]. 

2.2.3 Bio-ceramics 

Ceramic biomaterials generally classified into three categories: the first 

one includes the inert bio-ceramic such as carbon, aluminum nitrides, 

alumina and zirconia. The second one is the bioactive ceramic such as bio-

glass and hydroxyapatite. The final category includes the 

biodegradable/resorbable ceramic such as calcium phosphates and calcium 

aluminates. Many bio-ceramics have been applied as coating on the surface 

of metallic alloys including diamond-like, nitrides, carbon and more 

commonly bio-glasses and hydroxyapatites [54]. 

Some ceramic materials like non-carcinogenic, non-toxic, non-

inflammatory, non-allergic, functional and biocompatible make them the 

applicant materials in bio-medical application for their lifetime in the host. 

However, they have major drawbacks, like low strength, and fragility [55] 

Therefore, ceramic biomaterials are often used in surface modification of 

metallic implants. Metal oxides ceramics like Al2O3, MgO, TiO2 and ZrO2 

and carbides like hydroxyapatite are often used in coatings alone or as a 

reinforcement material in composite coating [56]. 
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2.2.4 Biocomposites 

Nanocomposite structures are frequently employed because they can 

improve the mechanical strength of hybrid organic/inorganic composites, 

influencing cell proliferation and differentiation. In regenerative 

biomaterials developing for hard tissues engineering (i.e., engineering of 

bones tissues), one material alone (either an organic polymer or an inorganic 

bio-ceramic) cannot achieve the requirements. For closely mimic the 

characteristics of bones tissues at the nanometer scale, HA nanoparticles 

have been mixed with natural or synthetic polymers [57]. 

2.3   Metallic Biodegradable implants 

In general, the concept of degradable biomaterials is as simple as that, 

some implants might require only temporary presence for supporting the 

healing process of a diseased tissue. These temporary implants are expected 

to be used in a variety of cases, including cardiovascular, orthopedic, and 

pediatric fields [58].  

In other word, biodegradable metals are designed to provide a 

temporary support to the damaged tissues until the healing process was 

complete and then it is gradually dissolved. It derives two main features: (1) 

temporary support; and (2) degradation. Biodegradable metals are also 

expected to positively interact (bioactive) during the healing process. The 

degradation metals and its products are not supposed to provide adverse 

effect to the healing process [59]. Biodegradable metals such as iron (Fe), 

zinc (Zn), and magnesium (Mg) have attracted special interest in biomedical 

research [58].  

Fig. (2-3) show a biodegradable devices at clinical stages – (a) 

Resomet orthopedic devices (Courtesy of U&I Corporation), (b) DREAMS 
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2nd generation stent, (c) Magnezix screw and pin (Courtesy of Syntellix), 

(d) Iron-based suture anchor (Courtesy of Fraunhofer IFAM), (e) Velox CD 

vascular closure device (Courtesy of Transluminal Technologies), (f) Pure 

Mg Screws [47]. 

 

Fig. (2-3): Current state-of-the-art applications of biodegradable metals [47]. 

Magnesium alloys are very attractive material for structural 

components due to their excellent strength to weight ratio. At present time, 

magnesium alloys are commonly used in the automotive industry, but their 

biocompatibility and biodegradability also provide possibilities for 

biomedical applications, such as degradable stents or bone fracture fixation 

pins [60,61]. For a successful application of magnesium as a biodegradable 

material, the following issues are critical [62]:  

•  The lifetime of the implant. 

•  The strength during the degradation period. 

•  The corrosion resistance. 

• The non-toxicity as a prerequisite for biocompatibility 

and biodegradability. 

•  The osteoconductivity. 
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2.3.1 Fe Alloys 

Pure iron has several advantages to be used as biodegradable metal such 

as good mechanical properties, biocompatibility, and biodegradability. It is 

also one of the essential elements for human life [58]. It has favorable 

mechanical properties. For example, the high elastic modulus of Fe leads to 

a high radial strength. However, the degradation rate of Fe is too slow to 

meet the requirements of tissue repair [63]. Higher degradation rate is desired 

for biodegradable Fe. Thus, without modifying its corrosion rate, Fe is not 

suitable to be used in biomedical applications [58]. 

2.3.2 Zn Alloys 

Zinc is another essential element of human life. It is present in several 

body tissues such as skin, muscle, liver, and bone. Infants and adults need 

around 2 mg*day−1 and 6.5–15 mg*day−1 of Zn, respectively for the basic 

biological functions such as DNA synthesis, nucleic acid metabolism, 

enzymatic reactions, and apoptosis regulation [58]. 

Besides, Zn corrodes at a moderate rate that can be controlled by adding 

several alloying elements or by applying forming processes. In the literature, 

it has been shown that the degradation rate of Zn is slower than Mg and faster 

than Fe, which makes Zn a good candidate to be used as degradable 

biomaterial. Therefore, Zn has recently attracted significant attention. Yet, 

the poor strength and ductility still restrict its use in load-bearing applications 

[64].  

2.3.3 Mg and Mg Alloys 

Mg is the prominent biodegradable material with exceptional 

performance [65]. It is also an essential element in human body [66]. The 
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environment of a human body is very aggressive to metallic products. 

Despite many favorable intrinsic properties of Mg, its rapid degradation in 

body fluid or blood plasma causes uncontrollable hydrogen evolution and 

formation of gas pockets in scaffold-tissue interface, which delays or 

prevents the healing of the surgery region [67]. 

The relationship between biodegradable materials and the host 

responses is highly complex, the degradation process or the corrosion 

products can induce local inflammation and the products of inflammation 

can, in turn, enhance the degradation process [68]. Even pharmaceutical that 

the patient receives affect the corrosion process, since the oral administration 

of acid nutrients or diluted hydrochloric acid has been suggested to prevent 

the fast degradation of Mg [69]. Fig. 2-4 depicts examples of Mg implants. 

However, its degradation performance is often uncontrolled and 

unpredictable, which limits its applicability [70]. 

  

Fig.2-4: Real/possible applications of biodegradable magnesium implants (a) 

cardiovascular stents (b) MAGNEZIX screw (c) microclip for laryngeal microsurgery 

(pure magnesium), (d) biodegradable wound-closing devices [70]. 
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Since then, Biotronik has fabricated three generations of absorbable 

metal stents (AMS) from WE43 and modified Mg-based alloys, as an 

example shown in (Fig.2-4a). Clinical trials have shown no symptoms of 

allergic or toxic reactions to magnesium stents. Magnesium stents can 

achieve an immediate angiographic result similar to the other permanent 

metallic stents and can degrade completely and safely after 4 months. 

Recently, the first commercially available Mg-based orthopedic product has 

emerged. The MAGNEZIX screw (Fig.2-4b) obtained the CE marking of 

medical devices for medical applications within Europe. Animal models 

have already been conducted on other potential magnesium products (Fig.2-

4c,d), including microclips for laryngeal microsurgery, plates and nails, and 

wound-closing devices [70]. 

2.4 Brief Historical Introduction to Biodegradable Mg 

Alloys 

The degradable biomaterials may be defined as materials used for 

medical implants, which allow the implants to degrade in living body 

environment [71]. 

More than 200 years after the first production of elemental magnesium 

(Mg) by Sir Humphrey Davy, the attention to magnesium-based alloys as 

biomaterials has increased during the past decade with biomaterial scientists 

and medical device developers [72]. Surprisingly, the concept of using 

magnesium as an implantable material is relatively old [73]. 

In 1878, the physician Edward C. Huse successfully used Mg wires as 

ligatures to stop bleeding vessels in a radial artery and in some surgical 

processes. After the treatment of few patients, Huse observed that the wires 

degraded slowly and the period of time to complete degradation was 
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dependent on the size of the Mg wire used. In 1892, physician Erwin Payr 

from Austria implemented versatile clinical applications and reported 

advances in the field of biodegradable Mg implants. Two of his publications 

around the year 1900 proposed that the tissue water content, dissolved salts 

in blood and cells chemical processes were responsible for the corrosion of 

Mg in vivo [69]. 

Few years after, Belgium orthopaedist Albin Lambotte extended in vivo 

experiments in rabbits and dogs to clinical studies in humans. The supplier 

for Payr’s experiments was the Austrian company I. Rohrbeck which 

produced pure Mg sheets, plates and wires among other shapes. However, 

this company was not the pioneer commercializing Mg [74]. 

With the adoption of stainless steels as metallic implants the interest in 

Mg implants waned in the post-World War II period to little. The attraction 

of a lightweight metal with mechanical properties suitable for many 

applications brought a renewed focus on Mg alloys in the automotive and 

aerospace industries. This interest spread to the current, rapidly growing 

interest in magnesium-based alloys for medical applications [72]. 

Since then, aluminum-zinc magnesium series (AZ) have been one of 

the most highly studied due to their commercial availability. One important 

outcome was that Mg alloys degrade in vivo depending on the composition 

of the alloying elements. Yet, efforts are being made to elucidate how local 

environment and surface modification influence the corrosion mechanisms 

of Mg alloys both in vitro and in vivo [74]. 

Germany is the first country that use a screw made of MgYReZr alloys 

in the hallux valgus surgery (Fig. 2-5 A) [75]. In addition, South Korea 

developed a screw made of MgCaZn alloys (Fig. 2-5 B) for distal radius 
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fracture repair [76]. While China has concentrated on developing a 99.99 

percent high-purity magnesium as an internal fixation bone implant to 

eliminate any potential health problems from alloying elements in the 

patient's body [77]. In patients with avascular necrosis of the femoral head, 

these pure magnesium screws have been used to fix autologous vascularized 

bone flaps (Fig. 2-5 C) [78]. 

 

Fig. 2-5: Clinical use of magnesium alloys as orthopedic implants [75,76,78]. 

   2.5 Common Biomedical Magnesium Alloys 

Previously, different magnesium alloys types in addition to the high 

pure magnesium were suggested for use as a biomedical material [79,80]. 

Magnesium is commonly alloyed with other metals to improve its strength, 

corrosion resistance, formability, etc. for engineering applications [81]. 
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The international specification for magnesium and its alloys depends 

on the American Society for Testing and Materials (ASTM). Usually, the 

alloy was labeled with two capital letters illustrating the essential alloying 

components, followed by two numerals indicating the actual weight 

percentage of every one of the two alloying elements. It is possible that a 

third letter will be required to highlight a specific distinction in the 

composition [82]. 

Table 2-1 exhibits the key letters symbolizing the main alloying 

elements that used in magnesium alloy systems, a fabrication code may be 

add in order to show the alloys condition (e. g. T4: solution heat treated, F: 

as-cast, ... etc.). For instance, AZ31 T4 refer to the magnesium alloy with a 

3wt% aluminum and 1wt % zinc which has been solution heat treated [83-

85]. 

TABLE 2-1. ASTM alloy designation [83-85]. 

Alloying Element Notation 

Aluminium A 

Zinc Z 

Copper C 

Yttrium W 

Strontium J 

Zirconium K 

Manganese M 

Calcium X 

Rare earths E 

Silicon S 

The addition of alloying elements must be carefully so that their 

corrosion products should not cause any toxicity in the living body, it should 

also not cause a negatively effect on the mechanical properties and corrosion 

resistance. An example, a high Al concentration increases the content of 

Mg17Al12 phase. Mg17Al12 precipitates at the grain boundaries in general, 

which promotes the tendency for pitting corrosion [86]. The perfect 
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concentration of aluminum in the human blood serum ranges between 2.1 to 

4.8 µg/L [87]. The high Al concentration will be very harmful to the 

osteoblasts and neurons [88]. Consequently, the amount of aluminum 

released from magnesium alloys must be carefully monitored. When 

compared to other magnesium alloys, the AZ31 magnesium alloy, which has 

a low Al concentration, is the most suitable for biodegradable implants. The 

composition and phase elements of various common alloys, AZ91 and AZ31 

consider as a typical example of Mg-Al-Zn alloys are summarized in the 

Table (2-2). 

Table (2-2): summarizes the compositions and phase elements of various common 

alloys, AZ91 and AZ31 consider as a typical example of Mg-Al-Zn alloys. 

Family alloys Examples on 

the alloys 

Alloying 

elements 

Main phases reference 

Pure Mg Mg  Mg [89] 

Mg − Al − Zn AZ31 
AZ61 
AZ91 

3%Al + 1%Zn 
6%Al + 1%Zn 
9%Al + 1%Zn 

Mg, Mg17Al12 [89,90,91] 
[92,93] 

[89,94,95] 

Mg − Ca Mg − xCa 
(x
= 1,2,3,4,5, … ) 

xCa 
(x
= 1,2,3,4,5, … ) 

Mg, Mg2Ca [89,96,97] 

Mg − Zn − Ca ZX 1%Zn + 1%Ca Mg, Mg2Ca, Ca2Mg6Zn3  [98] 

Mg − Zn
− Mn − Ca 

Mg − 2Zn
− 1.2Mn
− 1Ca 

2%Zn
+ 1.2%Mn
+ 1%Ca 

Mg, Mg2Ca, Ca2Mg6Zn3, 

Ca2Mg5Zn13 
[99] 

Mg − Zn  xZn 
(x = 1,3,10) 

Mg, MgZn,  Mg2Zn3,  Mg7Zn3 [89,94,100,101] 

Mg − Zn
− Mn 

 1%Zn
+ 1%Mn 

Mg, MgZn, Mg2Zn3, Mg7Zn3 [102] 

Mg − Mn Mg − 1Mn 
Mg − 1.5Mn 
Mg − 3Mn 

1%Mn 
Mg + 1.5%Mn 
Mg + 3%Mn 

Mg, Mn [89] 
[92] 
[92] 

Mg
− Rare Earth 

LAE442 

WE43 
ZE41 
AE44 

 
Mg − xGd 

(x
= 5,10,15, … ) 

WZ21 

 
Mg − 8Y 

4%Li + 4%Al
+ 2%RE 
4%Y + 3%RE 

4%Zn + 1%RE 
4%A1 + 4%RE 

xGd 

 

 
2%Y + l%Zn 

 
8%Y 

Mg, Al11RE3 

Mg, Mg12YNd, Mg14YNd2  

Mg, MgZn(RE) 
Mg, Mg17Al12, Al11RE3, Al12RE 

 
Mg, Mg5Cd 

 
 

Mg, MgYZn3, Mg7Zn3, Mg3YZn6 

 
Mg, Mg24Y5, Mg2Y 

[90,103] 
[90,104] 
[89,94] 

[89] 

 
[105] 

 
 

[106] 

 
[107] 
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2.6 Biodegradable Mg in Orthopedic Implants 

The main advantages of absorbable orthopedic implants are eliminating 

the need for a second ablation intervention leading to reduction of patient 

stress, reduction of postoperative infection risk and cost reduction [108]. In 

the same time, it will decrease bone/implant contact stress effect. Absorbable 

materials will allow load capacity transfer gradually to the bone in the same 

time with resorption, decreasing the risk of fracture after surgery, as in the 

case of metal one. Main requirements are represented by biocompatibility 

and biofunctionality. It should be physiological material without rejection 

reaction by the surrounding tissues, and it should assist the bone repair. In 

addition, they require physicochemical properties consistent with the 

physiology of the region, without toxicities when resorption occurs, bone 

adhesion and allowing bone cell proliferation (osteoconductive) and 

resorption by biodegradation and bone remodeling [109]. 

The temporary implants possess a similar concept but employ in 

different physiological environments with different specific functions. In 

example, temporary orthopedic implants, in anther meaning bone fixation 

screws/pins, should be able to join a fractured bone and hold it tight until 

sufficient bone joint is formed and then degrade and are replaced by new 

bone tissue. In pediatric, the implants should also deal with the growing 

implantation sites, the surrounding tissue and organ [59]. 

Magnesium-based degradable biomaterials are promising in the field of 

bone remodeling, thanks to the following characteristics: 

i) The physiological environment degrades Magnesium-based 

materials. 
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ii) Magnesium alloys densities (1.7 – 2.0 g/cm3) are close to the 

cortical bone density values. 

iii) Magnesium-based materials have mechanical properties 

similar to those of natural bone reducing the problem of stress shielding 

re-fractures. 

iv) The fact that magnesium is the fourth most abundant cation 

in the human body makes magnesium an essential element that is 

tolerable in significant amounts in the human body without adverse 

reactions [110]. Besides, half of the physiological Mg is stored in the 

bone tissue [111], and it is an essential element involved in numerous 

metabolic reactions. This fact leads to a physiological absorption and 

metabolisation of magnesium-based materials degradation products. 

v) Magnesium-based materials have been reported to stimulate 

new bone formation showing positive osteoconductivity [15]. 

Finally, yet importantly, the degradation mechanisms especially under 

the complexity of physiological conditions, the effect of released ions (e.g. 

Mg2+ and alloying elements) in the tissue healing process (e.g. remodelling 

process) and their possible physiological accumulation [112] are not well 

understood. Nonetheless, using high purity magnesium and the recent 

advances in alloying and material processing tailoring the microstructures, 

give the possibility to tune adequate corrosion rates and mechanical 

properties matching the different implantation sites necessities. For these 

reasons, magnesium implants, like Magmaris stents (BIOTRONIK), 

MAGNEZIX screws and pins (Syntellix AG) or Resomet screws and wires 

(U&i Corporation), have been recently introduced in the market [73,74]. 

2.7 Corrosion of Magnesium and Its Alloys 
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The very poor corrosion resistance of the magnesium and its alloys can 

be mostly attributes to two key factors. The first one, the extremely 

electronegative potential of Mg which cause proceed the corrosion even in 

oxygen absences, whereby the cathodic water reduction reaction be 

predominant at such negative potential. The second one, a weak protection 

property of any film form upon magnesium surface. This mean that any 

oxide or hydroxide layer that formed upon magnesium surface will be 

soluble in the most aqueous environments or in the humidity presence. 

Moreover, the Mg surface layer cover the underlying Mg metal incompletely 

and is highly defective [113]. 

In the absence of water, magnesium reacts instantaneously to form 

magnesium oxide at room temperature: 

Mg(s) +  ½O2(g) →  MgO(s)                               … … … (1) 

Refson et al. [114] studied the water chemisorption on the magnesium 

oxide. They reported that the adsorbed water molecules dissociate forming 

OH- and H+ lead to the magnesium oxide surface hydroxylation as show in 

the equation: 

MgO(surface) +  H2O(g) → Mg(OH)2 (surface)       … … … (2) 

Both magnesium oxide and hydroxide are relatively soluble in the 

water. Therefore, the film formed on the magnesium surface will be 

nonprotective in the neutral and acidic aqueous solutions. Mg(OH)2 

dissolution lead to a clear increase in the pH value of the electrolyte [115]: 

Mg(OH)2(s) → Mg(aq)
+2  +  2(OH)(𝑎𝑞)

−                … … …  (3) 
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The corrosion mechanism that occurs on the surface of magnesium and 

its alloys shown in Fig. 2-6 [116]. 

 

Fig. 2-6: Mg corrosion mechanism [116]. 

2.7.1 Alloying element influencing corrosion behavior of 

Mg alloys 

The presentation of Fig. 2-7 provides important insights in its own right, 

as the deleterious effect of transition metals is evident. Herein, the corrosion 

rate has been normalized to mg/cm2/day to not make any assumptions 

regarding the morphology of corrosion. Indicative ranges of corrosion rates 

are also provided, whilst the trends in the role of alloying elements are the 

prime feature being presented [117]. 

It seen that a large number of elements have the ability to dramatically 

increase the corrosion rate of Mg with increased its concentrations, including 
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Sr, Ca, and rare earths. Zr at low concentrations is also detrimental to 

corrosion. It is also revealed that Al, Zn, and Mn have a moderate effect on 

the corrosion of Mg [117].  

 

Fig. 2-7: Effect of alloying in the case of binary Mg-alloys in NaCl electrolytes [117]. 

Direct observation of Fig. 2-8 reveals that a large number of alloying 

additions enhance cathodic kinetics. The schematic depicts the ability of 

alloying additions to modify either anodic or cathodic kinetics (or both). CS 

represents solid solubility [117]. Under open circuit conditions, this results 

in enhanced corrosion. This mechanism of corrosion rate enhancement (i.e., 

cathodic activation) in Mg alloys is now considered a hallmark of Mg 

corrosion. It is recalled that such cathodic activation has been shown to occur 

even in the case of pure Mg following Mg dissolution [118]. However, the 

notion of cathodic activation in the case of Mg alloys in undoubtedly also 

enhanced by surface enrichment of noble alloying elements [119,120]. 
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Fig. 2-8: Schematic representation of the electrochemical impact of alloying elements in 

Mg [117].  

2.7.2 Suggestions to Improve Magnesium Degradation 

In order to use Mg alloys to be feasible for orthopedic applications, the 

corrosion mechanisms must be reduced and controlled. In response to this, 

various possibilities exist to develop magnesium alloys using alloying 

elements and protective coatings that would reduce the corrosion rates of Mg 

alloys. The processes, must lead to a non-toxic, and biologically compatible 

material. As alloying of Mg is challenging due to low solubility of many 

elements in Mg, the development of coatings on Mg alloys are of high 

significance, and could be an attractive approach to improve the corrosion 

resistance. Coatings can protect a substrate by providing a barrier between 

the metal and the corrosion inhibiting chemicals. In order to provide 

adequate corrosion protection, coating must be uniform and well adhered. 

One of the challenges with magnesium is its chemical reactivity, when it is 
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in contact with air or water. An oxide or hydroxide layer is formed on the 

surface, which can have a detrimental effect on the coating adhesion and 

uniformity [121]. 

Challenges for surface modification of Mg alloys to reduce the 

degradation and to increase the biological performance are complicated. The 

implant in a human body is expected to degrade in a relatively short time-

frame, as compared to other nonmedical applications. In those cases, defect-

free and robust coatings for a long-term corrosion protection are not concern. 

In an effort to improve the corrosion resistance of the magnesium alloys, 

various conventional preparation methods such as anodic oxidation [122], 

polymer coating [123], chemical conversion coatings [124], plasma 

iodization [125], and magnetron sputtering processes [126] have been 

proposed. None of these methods produces satisfactory coatings, and only 

provides a low corrosion resistance. 

When compared to pure magnesium, the addition of Al not only 

changes the mechanical properties of the alloy, but also improves its 

corrosion resistance [127]. It has also been demonstrated that the corrosion 

resistance of the alloys in the simulated bodily fluid (SBF) decreases with 

increasing Al content in the Mg-Zn-Al system [128]. 

2.8 Coatings for Biodegradable Magnesium Alloys 

Fabricating an extremely dense and stable protective coating as a 

physical barrier can effectively inhibit the corrosion of Mg substrate and 

promote their application. However, in practice, the quality of prepared 

coatings is affected by many factors, such as preparation technology, coating 

composition, and cost. Researchers expect to find an optimal result. In 

previous works, many technologies have been proposed for fabricating 
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various coatings on Mg alloys, including chemical conversion method, 

plasma electrolytic oxidation (PEO), layer-by-layer, and ion implantation 

[129,130]. Based on these technologies, attempts to enhance compactness, 

stability, and thickness while maintain simplified preparation processes of 

physical barrier coatings (fig.2-9), has become a popular research area [131]. 

 

Fig. 2-9: Schematic representation of the coatings [131]. 

2.8.1 polymer Coatings for Biodegradable Mg Alloys 

The organic and polymer coatings fabricated on the surface of 

biomedical Mg alloys not only perform efficiently, that is, with corrosion 

protection and good biocompatibility as with other kinds of coatings, but 
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they also bring new functions, such as drug delivery, which makes it a good 

candidate for surface modification of degradable biomedical Mg alloys 

[131].  

Encapsulation coatings can be defined as coatings that are loaded with 

active repair agents, which can transform the coating from a barrier role to 

an active role by internal or external stimuli such as ion release, pH increase, 

dynamic bonds, and shape memory effect. Compared with chemical 

conversion coatings, encapsulation coatings rely more on the functions of 

the coating materials and intelligent designs; thus, the coatings show a more 

complex preparation process but higher corrosion protection efficiency and 

controllability. Currently, research focuses on the encapsulation of ions, 

inhibitors, nanoparticles, and nano-microcapsules as show from (Fig. 2-10) 

[131]. 

 
Fig. 2-10: Diagram of the encapsulation coatings [131]. 

2.9 Spin Coating 

Spin coating takes advantage of the centrifugal forces that occur as a 

substrate is spinning. Spin coating can work with many types of coating 

solutions. If a liquid solution is placed in the center of the sample, and the 
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sample spins at a given speed and time, the centrifugal forces will cause the 

liquid to spread evenly across the sample. This process can be used 

effectively to control the amount of coverage of the actual coating solution. 

[28]. 

Combined with a thin and homogeneous coating, the greatest 

advantage in the spin coating process can be shown as the simplicity and 

relative ease of installation of a process. The high airflow caused by the high 

rotational speeds causes rapid drying. This helps ensure high stability in 

macroscopic or nano-length scales. The limitation of this process is a single 

substrate can used for spin coating. 

The current rotational speed ranges are important because they define 

the thickness range that can be obtained from a particular solution. In 

general, standard spin coatings allow the substrate to spin until the film is 

completely dry. A spin coating time of 30 s is recommended as a starting 

point for most processes, since this is considered sufficient [132]. 

The spin coating process involves four stages: deposition, spin-up 

(centrifugal force dominated), a spin-off (viscous flow dominated) and 

evaporation [133]. Fig. 2-11 illustrates the functioning of the spin coating 

process with all the stages involved. 
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Fig. 2-11: Illustration of the process of spin coating where, (a) denotes the deposition 

stage, (b) illustrates the spin-up stage, (c) demonstrates the spin-off stage and (d) 

elucidates the final evaporation stage [134]. 

2.10 Poly Methyl Methacrylate (PMMA) 

Poly methyl methacrylate (PMMA) [CH2═C(CH3)COOCH3] is an 

acrylic material widely used for orthopedic applications owing to its useful 

attributes including processing simplicity, lightweight, and low cost [135]. 

PMMA has many other advantages including superior biocompatibility, 

reliability, and absence of taste, odor, tissue irritation and toxicity, relative 

ease of manipulation, good aesthetic appearance, and color stability. 

Moreover, PMMA based materials are preferred in various biomedical 

applications such as intraocular lenses, and removable dentures [136]. 

PMMA is used broadly in medical applications such as a blood bump 

and reservoir, an IV system, membranes for blood dialyzer and in vitro 

diagnostics.  It is also found in contact lenses and implantable ocular lenses 
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due to excellent optical properties, dentures, maxillofacial prostheses due to 

good physical and coloring properties and bone cement for joint prostheses 

fixation (ASTM standard F451) [ 137].  

 From the surgical point of view the easy intraoperative workability of 

PMMA cement favored several other applications parts from cementing joint 

stems, such as filling the large bone cavities produced by the surgical 

removal of a tumor. In these applications PMMA often assured a long - 

lasting mechanical stability and compatibility with the recipient bone [138].   

2.11 Titanium dioxide (TiO2)  

Titanium dioxide (TiO2) and titanium oxide (IV) are metal oxides. TiO2 

crystallizes naturally in three main forms: Rutile, Anatase, and Brookite. 

Pure Rutile is desirable phase in clinical applications due to the high 

corrosion protection of metallic implants, a large single crystal can be easily 

obtained, high biocompatibility and usually stated to be the 

thermodynamically most stable form of TiO2. Anatase phase also has 

bioactivity properties. Anatase gradually transforms to rutile depending on 

temperature that has bioactivity properties [139].  

The structure of this oxide is based on a titanium atom surrounded by 

six oxygen atoms in a distorted octahedral configuration [140]. Titanium 

oxide is stable and non-toxic to the environment or living body. It also has 

high catalytic activity, high oxidizing power, and it is stable against 

corrosion [141]. Furthermore, it presents antibacterial properties [142]. 

Different authors have been reported that titanium oxide induces the 

precipitation of bone-like apatite or calcium phosphates on its surface 

[143,144]. Those properties make titanium dioxide a suitable candidate for 

bone replacement and reconstruction. 



Chapter two               Theoretical part and Literature review 

 

37 
 

Due to their mechanical properties and biocompatibility, the uses of 

titanium dioxide coatings in biomedical sciences include drug delivery 

systems [145,146] and dental and orthopedic applications [147,148]. Since 

adequate interaction between the biomaterial and the surrounding tissue, as 

well as biodegradability, are desired properties of an orthopedic implant, 

magnesium alloys coated with titanium dioxide are of interest to biomedical 

sciences. By combining those properties, the lifetime of a magnesium 

implant can be extended and various biological processes can be fostered 

without waiving the biodegradation properties [149]. 

Titanium dioxide (TiO2) may offer alternative benefits such as 

increased calcium ion interaction, which is important for protein and 

osteoblast attachment as well as hydroxyapatite (HA) formation [150].  

2.12 Hydroxyapatite (HA) 

Hydroxyapatite (HA) (Ca10(PO4)6(OH)2) is similar to biological 

apatite, the mineral component of bone. HA is bioactive used to repair bone 

in the form of blocks, granules, as additives in polymers, as coatings on 

metallic implants, and in the form of dense bodies. HA is brittle and 

mechanically weak, which limits its application in load-bearing biological 

applications. This shortcoming can be overcome by using metallic implants 

and coating them with HA. This provides a bioactive surface and changes 

the mode of fixation from mechanical to biological as HA bonds to 

surrounding tissue [151]. 

Pure HA coating does not have strong adhesion strength on metallic 

substrate. Moreover, it dissolves rapidly in body fluids, which in turn creates 

a long-term stability problem [152].  
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There is no doubt that the natural materials are accessible and 

biocompatible, yet the synthetic materials possess different properties due to 

their controlled nature. HA can be used in combinations with several kinds 

of polymers for the tissue engineering purposes. The examples of some 

synthetic materials are polylactic-acid (PLA), polylactic-co-glycolic-acid 

(PLGA), b-tricalcium phosphate (b-TCP), and polycaprolactone (PCL). HA 

can be used in combination with synthetic materials [151]. 

   The advantages of hydroxyapatite based orbital implants are [153]. 

1. Inert, biocompatible and biochemically stable.  

2. light weight to increase motility.  

3. Smooth surface.  

4. Porous structure for tissue in - growth, resulting in improved motility 

and minimum extrusion.  

5. Resilience. 

         2.13 Composite Coatings 

Although the use of high concentrations of TiO2 leads to toxicity, small 

amounts have been proven very helpful for implants [95]. It has been 

previously reported that the addition of TiO2 to PMMA composites improved 

the quality of the material by reducing bacterial attachment to its surface, 

thereby reducing the probability of bacterial biofilm formation, which is the 

leading cause of bacterial infection [154].   

Finally, the addition of TiO2 nanoparticles also improved the 

antimicrobial behavior of PMMA denture bases by reducing their bacterial 

adherence ability, confirming the practical significance of the addition of 

TiO2 nanoparticles. The previous researches showed that the addition of TiO2 

nanoparticles in small ratios with a good distribution in the PMMA matrix 

not only improved the mechanical behavior, but also had a wide effect on the 
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removal of toxic or hazardous pollutants and can be used as an antibacterial 

in dentistry [155].  

2.14 Literature Survey 

In this section we preview the recent studies about Mg alloys coated 

with different composite polymer by different coating method. In addition, 

we show the summery of literature review. 

2.14.1 Recent Studies Related to Mg Alloys 

In 2010 Conceicao et al. [156] use the poly(ether imide) as corrosion 

protective coating for AZ31 magnesium alloy by using the spin coating 

technique. The influence of different parameters on the coating properties 

was evaluated and the corrosion behaviour of the coatings was investigated 

using electrochemical impedance spectroscopy. The best corrosion 

protection was obtained preparing the coatings under N2 atmosphere, using 

15 wt.% solution in N՛N՛-dimethylacetamide (DMAc) which resulted in a 

coating of approximately 2 µm thickness, with an initial impedance of 109 Ω 

cm2 and of 105 Ω cm2 after 240 h of exposure to a 3.5% NaCl solution.  

In 2011 Chen, et al. [157] study the applying of the polycaprolactone 

(PCL) and polylactic acid (PLA) coatings on the surface of high purity 

magnesium (HPMs), respectively, using dip coating, then the   

electrochemical and dynamic degradation tests were used to investigate the 

degradation behaviors of these polymer-coated HPMs. The experimental 

results indicated that two uniform and smooth polymer films with 

thicknesses between 15 and 20 μm were successfully prepared on the HPMs. 

Electrochemical tests showed that both PCL-coated and PLA-coated HPMs 

had higher free corrosion potentials (Ecorr) and smaller corrosion currents 

(Icorr) in the modified simulated body fluid (m-SBF) at 37 ◦C, compared to 
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those of the uncoated HPMs. The weight of the specimens and the pH over 

the tests were recorded to characterize the corrosion performance of those 

samples.  

In 2013, Johnson, et. al. [158] applied the nanostructured 

hydroxyapatite (nHA)/poly(lactic-co-glycolic acid) (PLGA)composite by 

spin coating on magnesium specimen in order to control the degradation of 

magnesium alloy and to improve the bone–implant integration. The results 

demonstrated that nHA/PLGA coatings with nHA dispersed in PLGA matrix 

retained nano-scale characteristics. In revised simulated body fluid (rSBF), 

the nHA/PLGA composite coated magnesium increased the corrosion 

potential and reduced the corrosion current as compared to non-coated 

magnesium specimen. Because both of PLGA and nHA/PLGA coatings 

appear some degree of delaminated from magnesiu-based alloy after 

prolonged immersion in rSBF, the coating treating and properties should be 

further improved in order to fully exploit biodegradable magnesium and 

nHA/PLGA nanocomposites for orthopedic application. 

In 2013, Garcia et al. [159] studied a composite coating including 

polyether imide, with various diethylene triamine and hydroxyapatite 

concentrations, and applied it by dip coating to an AZ31 magnesium alloy 

that had been pre-treated with hydrofluoric acid. Electrochemical impedance 

spectroscopy and scanning electron microscopy were used to examine the 

coating performance of the coated specimens that immersed in Hank's 

solution. The behavior of MG63 osteoblastic cells on the coated specimens 

was also investigated. The findings showed that the novel coatings not only 

slowed the corrosion of AZ31 magnesium alloys in Hank's solution, but also 

improved the adherence.  
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In 2015, Bingpeng, et al. [160] used polydopamine (PDA) induced 

biomimetic mineralization to create a hydroxyapatite (HA) coating in a CaP 

solution to improve the AZ31 magnesium alloy's in vitro corrosion resistance 

and biocompatibility. Scanning electron microscopy (SEM), energy 

dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and Fourier 

transform infrared spectroscopy (FTIR) were used to investigate the 

development of the phase structure, chemical composition, and surface 

morphology of the modified AZ31 magnesium alloy specimen. The 

corrosion resistance of the modified AZ31 Mg alloy was dramatically 

increased as compared to the pristine specimen, according to 

potentiodynamic polarization and hydrogen evolution tests. The as-modified 

alloy did not cause toxicity and enhanced the proliferation of L-929 cells, 

according to cytotoxicity studies and cell morphology evaluation. 

In 2016, Jin, et al. [161] deposited a poly(methyl methacrylate) 

(PMMA) coating on the ZK60 Mg alloy by spin coating to improve the 

corrosion resistance and biocompatibility. The thickness of the coating layer, 

its surface composition, corrosion behavior, and biocompatibility are all 

investigated. The PMMA coating with a thickness of about 470 nm provides 

good protection against corrosion in simulated body fluids, according to 

potentiodynamic polarization, electrochemical impedance spectroscopy, and 

simple immersion examinations. In vitro, the PMMA-coated ZK60 

magnesium alloy exhibits good cell adherence and vitality. 

In 2017, Sasikumar, et al. [162] studied the effect of surface 

treatment using NaOH or H2O2 on the bioactivity and corrosion behavior of 

AZX310, AZ91D, AM50, and AZ31 Mg alloys in simulated body fluid 

(SBF) with the aid of surface morphological assessment, in vitro 

characterization, and electrochemical measurements. In addition, the effect 

of immersion time on the behaviors of the modified alloys in SBF was 
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evaluated. XRD and SEM examinations certain significant surface 

modifications after alloys surface treatment with NaOH and H2O2. XRD and 

SEM analyses also revealed that the surface modification enhanced the 

formation and growth of hydroxyapatite (HA). FTIR examination revealed 

the formation of a HA layer on the alloy surface. The pH of SBF solution 

including treated alloys is lower than that of SBF solution containing 

untreated alloys, according to an in vitro immersion test.  

In 2018, Kim, et al. [163] determined the optimal conditions to 

applied polycaprolactone (PCL) coating on screws by varying the PCL 

concentration and the cycles of coating, and were investigated the in vitro 

and in vivo. Among the different conditions of polycaprolactone (PCL) 

coating, the 6 wt.% + 4 cycles group was applied uniformly to the screw 

thread. Because of internal magnesium corrosion and layer peeling, oxides 

and gases were present between the magnesium and the PCL layer in the 

non-uniform PCL layers. Due to the low wear on the thread, the 6 wt. percent 

+ 4 cycles group exhibited a strong corrosion resistance. In the rat femur, 

thicker and denser bone developed around the PCL-coated screw. This 

difference was owing to the excellent corrosion resistance, which allowed 

enough time for tissue regeneration and new bone growth. 

In 2019, Rezk, et al [164] describe a bifunctional composite coating 

made up of polycaprolactone and synthetic hydroxyapatite nanoparticles 

(HA-NPs) loaded with simvastatin that was applied onto the AZ31 

magnesium alloy by electrospinning technique. The synthesized HA-NPs 

and composite nanofibers layer were characterized using TEM, FESEM, FT-

IR, and XRD to show the physiochemical properties of the composite 

nanofibers compared to the pristine polymer and bare Mg alloy. 

Biodegradability was measured in terms of pH and Mg ions release in SBF 
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solution, and corrosion resistance was measured electrochemically using 

potentiodynamic polarization and EIS measurements.  

In 2019, Sikderet et al. [165], worked on producing protective 

monolayer and bilayer coatings of fluorine-doped hydroxyapatite (FHA) and 

poly(lactic acid) (FHA–PLA) on AZ31 Mg alloy. Microwave irradiation was 

used in the synthesis, which aided in the fast synthesis of FHA coatings and 

spin coating for generating the PLA layer. The results showed that dense and 

defect-free FHA–PLA hybrid coatings could be formed. They also 

contributed to a significant reduction in AZ31 galvanic–corrosion reactions 

in a physiological media. FHA/PLA–coated samples had a two-order-of-

magnitude lower corrosion current density than untreated samples. The 

coatings' corrosion resistance was further proven by their lower weight 

losses. The as-synthesised FHA–PLA coatings can provide AZ31 Mg with 

good corrosion protection when used together. 

In 2020, Panahi, et.al. [166] investigated a surface modification 

strategy using electrospinning coating technique to applied a continuous poly 

(ε-caprolactone) fibers incorporating bioactive glass nanoparticles (~30 nm) 

to control the degradation rate and in vitro cell behavior of AZ91 magnesium 

alloy. The average thickness of the nanocomposite film and the fibers are 

30μm ± 5 and 300 ± 31 nm, respectively. The magnesium alloy degradation 

rate is lowered by two orders of magnitude, according to electrochemical 

tests in simulated body fluid (SPF) and standard simple immersion test. 

Scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 

(EDS), and X-ray diffraction (XRD) analyses have revealed the generation 

and precipitation of hydroxyapatite and magnesium hydroxides on the 

surface of fibrous film after the incubation for one week.  
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In 2021, Mousa, et. al. [167] studied the biodegradable AZ31 Mg 

alloy, which spin-coated with polycaprolactone (PCL) polymer blended with 

Schiff base derived from amino acid as a corrosion inhibitor. Field emission 

electron microscopy (FESEM) and Fourier-transform infrared spectroscopy 

(FTIR) analyses were used to analyze the coated specimens. Electrochemical 

potentiodynamic polarization was also used to evaluate corrosion behavior. 

The corrosion inhibition efficiency of coated specimens with blended PCL 

and L-isoleucine Schiff (PCL-SI) reached 66 percent, compared to 39 

percent for pure PCL. This shows that the suggested materials were superior 

to control biodegradability and biocompatibility of the bare specimen in the 

bone’s tissues engineering applications. 
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Chapter Three 

Experimental work 

3.1 Introduction 

This chapter covers the details of practical tests in order to studying 

the use of polymethylmethacrylate with and without ceramic particles of HA 

and/or TiO2 as biomedical coatings on a biodegradable magnesium alloy. 

The schematic diagram (3-1) shows the experimental steps which involve in 

this study. 

3.2 Materials 

The materials used to coat Mg alloy in this research are demonstrated 

in Table (3-1). 

  Table (3-1): Purity %, average particle size and suppliers of materials.   

3.2.1 Substrate Specimen 

A rolled plate made of AZ31 magnesium alloy has been cut for small 

specimens with 12.5 mm diameter and 3mm thickness. The chemical 

composition of magnesium alloy obtained by x-ray fluorescence (XRF) as 

shown in table (3-2). The specimen density has been measured by using 

"Mastu HaKu HGH PRECISION DENSITY TESTER GP-120S". The 

density was calculated using Archimedes' rule, where based on specimen 

weight which measured in the air and then in the water, the average density 

of five specimens was equal to 1.7616 g/cm3. 

Table (3-2): Chemical Compositions for AZ31. 

 

 

Material Purity % 
Particle 

Size (µm) 
Company 

Titanium dioxide powder 99.5 Less than 15 Fluke - Swiss made 

Hydroxyapatite 99.3 Less than 75 Hopkins & Williams, England 

Polymethylmethacrylate 99.9  Acros , M.W. 35000 
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Fig. (3-1): experimental steps involved in the present study. 

 

 



Chapter three                              Experimental work 

47 
 

3.2.2 Coating Materials 

A PMMA in a grains form was used as coating material after dissolved 

it with a chloroform. Various amounts of ceramic particles (HA and/or TiO2) 

have been added to the polymeric coating as a reinforcing material. 

The particle size of HA and TiO2 powders was found by using 

Bettersize 2000 laser particle size analyzer. The results are observed in Figs. 

(3-2) and (3-3). The Average particles size of powders were identified and 

equals to 30.02 and 1.107 µm for HA and TiO2 powder, respectiely. 

 
Fig. (3-2): particle size analysis for HA powder. 

 
Fig. (3-3): particle size analysis for TiO2 powder. 
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3.3 Specimen Preparation  

3.3.1 Specimen Preparation for Microstructure 

The specimen was grinding by silicon carbide (SiC) papers of 180, 

400, 600, 800, 1500, 2000 and 2500 grades, respectively with using water as 

a lubricant.  The specimens were then polished using oily diamond liquid 

with a particle size of 3 μm. After polishing stage, the specimen was carefully 

washed in sonicate bath with ethanol for 5 minutes to remove any oil may be 

found on its surface, and then dried with hot air. 

Then the specimen etched by using a suitable etch solution to reveal 

the grain boundaries. The solution that used for etching process composed 

of 30ml acetic acid, 15ml water, 6g picric acid, and 100ml ethanol (95%), 

the specimen need only one second to complete the etching process. 

Finally, AZ31 specimen was examined by optical microscope to show 

its microstructure at a magnification of 400x and 800x by optical microscopy 

type (280 XEQ- MM 300 TUSB), at Babylon university/college of Material 

Engineering. 

3.3.2 Specimens Preparation for Coating and Testing 

All specimens required to coating were grinding with silicon carbide 

paper of 180 and 400 grades respectively. After several attempts were made 

to choose the final SiC paper grade, the paper grit was stopped at 400 SiC 

grade in order to obtain a sufficiently rough surface to achieve adequate 

coating adhesion. Since the 400 SiC grade achieved a more stability surface 

coating adhesive than the 600 and 800 grit.  

All immersion test specimens were mounted from all sides except  one 

face which need to coated later. Prior to coating process all specimens were 
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washing with ethanol using sonication path then dried with hot air and finally 

heated in an oven at 50°C.  

3.4 Coating Preparation 

Coating solutions were prepared by dissolve 1g of PMMA polymer in 

20ml chloroform solvent at room temperature and stirring for only half of 

hour. In order to prepare the composite coating solution, different amounts 

of bioceramic particles (HA and/or TiO2) were dispersed in 20 ml of 

chloroform and mixed with a magnetic stirrer for two continuous hours to 

avoid any agglomeration that might be found in the powder and to ensure 

that the particles were evenly distributed. After that, an amount of PMMA 

polymer was add to the bioceramic that dispersed in the solvent and mixed 

for another half an hour until all the PMMA grains completely dissolved.  

The amounts of the bioceramic powders equal to 0.025, 0.05, and 

0.075 g to each 20 ml of chloroform. For composite coating which consist of 

HA, TiO2, and PMMA, equal amounts of HA and TiO2 were added. For all 

coatings, the sum of both of PMMA polymer and bioceramic particles 

weights equals 1 g. 

3.5 Coating Process by Spin Coating Technique 

Spin-coating process was performed in a vacuum spin coater VTC-

100 operated under room temperature. Specimens with 12.5 mm diameter 

were spun at a specific velocity (2500 rpm) during 60 s when 0.1 mL of the 

coating solution was applied on the surface of AZ31 Mg alloy substrate. The 

drying of all coated Mg specimens was achieved after the coating process 

finish immediately, however, the coated specimens storing under clean 

conditions for another 20 h at room temperature.  

Both of spin time and rotating velocity were choice after many tries 

until we get a homogeneous coating layer without any segregation or 
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agglomeration. Table (3-3) show the symbol code and description of various 

AZ31 specimens (coated and uncoated). 

Table (3-3): the description of various AZ31 specimens (coated and uncoated). 

Symbol Code Description 

A Uncoated specimen 

B Coated with one-layer PMMA 

C Coated with two-layers PMMA 

D Coated with one-layer PMMA + 2.5 HA 

E Coated with two-layers PMMA + 2.5 HA 

F Coated with one-layer PMMA + 5 HA 

G Coated with two-layers PMMA + 5 HA 

H Coated with one-layer PMMA + 7.5 HA 

I Coated with two-layers PMMA + 7.5 HA 

J Coated with one-layer PMMA + 2.5 TiO2 

K Coated with two-layers PMMA + 2.5 TiO2 

L Coated with one-layer PMMA + 5 TiO2 

M Coated with two-layers PMMA + 5 TiO2 

N Coated with one-layer PMMA + 7.5 TiO2 

O Coated with two-layers PMMA + 7.5 TiO2 

P Coated with one-layer PMMA + 2.5 mixing powders 

Q Coated with two-layers PMMA + 2.5 mixing powders 

R Coated with one-layer PMMA + 5 mixing powders 

S Coated with two-layers PMMA + 5 mixing powders 

T Coated with one-layer PMMA + 7.5 mixing powders 

U Coated with two-layers PMMA + 7.5 mixing powders 

3.6 Coating Characterization 

In order to show the characterization of polymer coating with and 

without reinforcement particles, (different coatings), it must be done many 

tests such as AFM, FESEM, FTIR, and contact angle. All these tests were 

done to show coating roughness, topography, particles distribution, and 

wettability of the coatings. 
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3.6.1 Fourier Transform Infrared (FTIR) Spectroscopy 

Analysis 

The interaction of an infrared radiation with the investigated material 

is the basis of Fourier transform infrared (FTIR) spectroscopy. When an 

infrared light interacts with a material, it causes molecular vibrations. 

Specific bonds and functional groups feature of the surface are determined 

by monitoring the frequencies of these vibrations. The FTIR spectra recorded 

by "FTIR-8400S SHIMADSU." Japan made, at Babylon university/college 

of Material Engineering. 

3.6.2 Atomic Force Microscopy (AFM)  

AFM uses the interactions between the atoms of a sharp probe and 

those of the specimen's surface to rebuild its topography with nanoscale 

spatial resolution. Atomic Force Microscope (AFM) micrographs (Digital 

Instruments, CSPM-AA3000) was illustrated in Fig. (3-4).  

 
Fig. (3-4): AFM device. 

It used to observe the surface roughness as well as the topography of 

the specimens after deposited thin films, additionally it shows the particle 
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distribution on the coated specimens. It is located in Polymer and 

Petrochemical Industries Department–College of Materials Engineering –

University of Babylon. 

3.6.3 FESEM 

For electron microscopy, the MIRA 3-XMU Field Emission Scanning 

Electron Microscope (FESEM) was used to provide high resolution 

secondary electron imaging and optimized X-ray analysis. The specimen 

image produces by scanning it with many electrons which focused as a beam. 

The electrons interact with the specimen atoms, exhibiting a different signal 

that include an information about the surface topography of the specimen. 

Scanned photographs of the specimens’ surface after coating in order to view 

the surface topography of coated specimen and to show the particles 

distribution in coating. 

The surface morphology of the coating specimen had been observed 

by MIRA 3-XMU Field Emission Scanning Electron Microscope (FESEM) 

for all coated specimens. The instrument of FESEM located in Iran. For 

FESEM, all specimens were coated with 0.1µm dead Layer, then 20µm layer 

thick of gold paint was used in order to get best specimen image. 

3.6.4 Contact Angle 

Contact angle device (optical contact angle & intention interface 

meter) was used to measure wettability (Powreach, ST200KS, China). The 

aim of this experiment is to understand the wettability angle of ringer and 

0.9% NaCl on the AZ31 specimen with and without coating. 

3.7 Corrosion Tests 

All AZ31 magnesium specimens were tested in both of ringer and 

0.9% NaCl solutions as electrolyte before and after coating. The pH of the 
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electrolytic solutions ringer and 0.9% NaCl are 5.7 and 5.5 respectively at 

37 Cº. Each 100 ml of body fluid ringer includes: sodium chloride 0.860 g, 

potassium chloride 0.03 g and calcium chloride 2H2O 0.33g. 

3.7.1 Electrochemical tests 

1- Open Circuit Potential (O.C.P)  

The open circuit potential (O.C.P.) (also known as the equilibrium 

potential or open circuit voltage (O.C.V), during it, free corrosion potential 

(Ecorr) was measured. To calculate the Ecorr of coated and uncoated AZ31 Mg 

alloy, the open - circuit potential of all specimens was recorded for 5hours 

immersion in the electrolyte.  

It is simply a valuable technique that determines the potential 

difference between the working and reference electrodes, where both 

electrodes immersed in 200 ml electrolyte as shown in Fig. (3-5). Since the 

Mg specimens represent as working electrode (WE) while the silver-silver 

chloride (Ag/AgCl) act as reference electrode (RE). A voltmeter was used to 

connect the specimen (WE) and the reference electrode (Ag/AgCl). The 

voltage was measured gradually from the most negative potential of E corr, 

until the approximately steady state. 

The O.C.P (voltage versus time) was recorded every 5 minutes for the 

specimen in the corrosion solution. The first record was taken immediately 

after immersion then the voltage was monitored for the entire period of test 

at an interval of five minutes. All the experiments conducted at 37±1 oC and 

open to the air using magnetic stirrer. 
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Fig (3-5): A schematic drawing describes the experimental situation. 

2- Potentiodynamic Polarization 

The corrosion behavior of coated and uncoated AZ31 magnesium 

alloy specimens were observed. Tafel extrapolation method has been 

employed in measuring the corrosion rate. There were three electrodes in in 

this cell: the working electrode represented the specimen, whereas the 

counter and reference electrodes represented the platinum and Ag/AgCl 

electrodes, respectively. All electrodes were linked to each other and placed 

in the electrolyte. The thermometer was used to keep the temperature of 

solution fixed at 37 ºC ±1, the temperature of the solution obtained by 

electrolyte heated by a magnetic stirrer till reaching 37 ºC. The voltage of 

every specimen read in open circuit at the beginning of specimen test. 

 The potentiostatic instrument (type DY2300) was used that illustrated 

in Fig. (3-6). It located in Metallurgical Department-College of Materials 

Engineering-University of Babylon. 
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Fig. (3-6): DY2300 potentiodynamic polarization. 

 The value of corrosion rate (mm/year) can be determined from the data of 

this test according to [ASTM G102] as follows [168,169]:  

𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝐾 ∗ 𝑖𝑐𝑜𝑟𝑟 ∗
𝐸𝑊

𝐷
 … … … Eq. (3-1) 

Where:  

K =  3.27 ∗  10−3 mm. g/µA. cm. year 

EW = Equivalent Weight 

D =  material density (g/cm3) 

icorr  =  corrosion current density (µA/cm2) 

𝑖𝑐𝑜𝑟𝑟 =
𝐼𝑐𝑜𝑟𝑟

𝐴
 … … … Eq. (3-2) 

Where:  

Icorr= current of corrosion (µA) 
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A= the exposed surface area (cm2) 

The polarization resistance (Rp) was calculated from the Stern-Geary 

[170,171].  

𝑅𝑝 =
𝛽𝑎𝛽𝑐

2.3𝑖𝑐𝑜𝑟𝑟(𝛽𝑎 + 𝛽𝑐)
 

 Where: 

 𝛽𝑎 is the anodic Tafel slope,  

𝛽𝑐 is the cathodic Tafel slope, and  

𝑖𝑐𝑜𝑟𝑟 is the corrosion current density from the potentiodynamic polarization 

curve. 

The percent efficiency values (E%) in coatings were estimated using 

below equation [172,173]. 

 

Equivalent Weight Calculation 

      Only elements above one mass percent are included in the computation 

of equivalent weight (EW) for alloys, according to normal ASTM standard 

for calculating corrosion rates and related information from electrochemical 

experiments. As a result, in the instance of AZ31Mg alloy, magnesium (Mg), 

aluminum (Al) and zinc (Zn) are the only elements which really depend 

(show Table 3-2). As a result, equivalent weight is determined using the 

relationship:  

𝐸𝑊 =
1

∑
𝑀𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛∗𝑉𝑎𝑙𝑒𝑛𝑐𝑒 

𝐴𝑡𝑜𝑚𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡
 
   … … … Eq. (3-3) 

      Where; mass fraction of (Mg), (Al) and (Zn) % are 95.814, 3.121 and 

1.02 respectively (see Table 3-1). Valence value is +2 for both elements and 
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+3 for Al, atomic weight for (Mg), (Al) and (Zn) are 24.31, 26.98 and 65.38 

respectively, and substituting these values give 12.11. 

3.7.2 Non-Electrochemical tests 

1- pH-Measurement 

Specimens were immersed in ringer solution and 0.9%NaCl as 

electrolyte mediums at 37°C ± 1 for 45 days to obtain the pH measurements, 

with the surface area equal to 1.227 cm2. The pH of the immersion solutions 

was measured with a pH meter (type Hannaii). The specimen is suspended in 

the solution without touching any surface. The solutions' pH was considered 

as an indicate to corrosion, since, it changes with immersion time. 

The specimens of the AZ31 Mg alloy are putted in ringer solution and 

0.9%NaCl at 37 ºC ±1, The temperature has been controlled by using an 

incubator as shown in the Fig. (3-7), and then removed after a sensible time 

interval, later the pH of all solutions was read. 

 

Fig. (3-7): Simple immersion test. 
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2-Hydrogen Evolution 

The specimens are suspended in the solutions without touching any 

surface. The solutions temperature saves at 37 ºC ±1 by using water bath. 

The hydrogen evolution rate measurements in this investigation were carried 

out using a basic set-up, is depicted schematically in Fig. (3-8). It is simple 

to setup and use; this instrument is suitable for hydrogen evolution 

collecting.  

 

Fig.(3-8): Schematically illustrated the setup for measuring the hydrogen evolution. 

The AZ31 magnesium specimen (with or without coating) was put in 

a beaker containing electrolyte (ringer or 0.9%NaCl) solution. A specimen 

was put under the funnel, ensuring that all hydrogen from the specimen 

surface. A burette then placed over the funnel and firstly filled with the 

electrolytic solution, the hydrogen produced from the decomposition of 

Ringer or 0.9%NaCl solution 
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magnesium is collected by the funnel and then went to the burette by 

gradually displacing the corrosive solution from the burette. The volume of 

the evolved hydrogen could be simply calculated by reading the position of 

the electrolytic solution level in the burette. The solution is heated to 37 

degrees Celsius, but the burette's external zone is retained at room 

temperature. 

The corrosion rate can be calculated from the hydrogen evolution. The 

hydrogen evolution rate VH in (mL cm−2 d−1) was used to calculate the 

corrosion rate CR in (mm/year) by use the Eq. (3-4) [174]: 

CR =  2.279VH ……… Eq. (3-4) 

The relationship between the measured volume of hydrogen gas (VH, 

mL) and the corrosion current density (iH2, mA/cm2), is determined via a 

combination of Faraday’s and ideal gas laws [175]: 

 
 where A is the surface area (cm2) and t is the time (days) of exposure. 

3.8 Biological Tests 

3.8.1 Antimicrobial Activity (Antibacterial) 

Antimicrobial activity was investigated using agar diffusion method. 

Test plates (diameter 10 cm) were prepared from Mueller-Hinton agar 

(MHA). MHA is a microbiological growth medium used in antibiotic 

susceptibility testing, specifically disk diffusion studies. The test is carried 

out in diagnostic laboratories by inoculating the surface of an agar plate with 

bacteria. 

The bacterial isolates studied included gram-negative bacteria 

(Enterococcus) and gram-positive bacteria (Staphylococcus epidermidis). 

Gram-negative and gram-positive bacteria were taken and circulated to the 
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agar nutrient medium. Two dishes of MHA were used, four coating solutions 

were tested in each dish. A coating solution that formed of only 

Polymethylmethacrylate tested in both dishes in order to comparison. 

A sterile swab was used on a Muller-Hinton agar dishes to achieve an 

inoculum from the bacterial suspension and spread it. Using a sterile tuyere, 

four holes were punched in each cultivation dish with a diameter of (6) mm. 

and 50 μl of coating solution was added to the Muller-Hinton agar plate test 

pipe in the hole. Pre-diffusion time of one hour was allowed, after which the 

MHA plates were incubated at 37 ° C for 24 hrs. The inhibition areas were 

then evaluated in millimeter to detect the antibiotic effect, show Fig. (3-9). 

 

Fig.(3-9): detection the effectiveness of antibiotic. 
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3.8.2 Antibiofilm Formation 

The examination was conducted at the AL-Ameen center / Al-Najaf. 

Biofilm formation assays were performed using the described technique by 

(Christensen et al., 1985) [176] as follows:  

1. Tryptic Soy Broth (TSB) inoculated isolates from fresh agar plates 

containing 1% glucose and incubated at 37 ° C for 24 hours, then diluted 

with fresh TSB at 1:100.  

2. Sterile Individual wells, polystyrene, 96 well-flavored tissue cultivation 

grounds. The wells were filled with 150 μl diluted aliquots and only the broth 

was utilized to test for nonspecific media binding. In a triplicate, every 

isolate was inoculated.  

3. For 24 hours, tissue cultivation plates were inoculated at 37 ° C. The 

portions of every well were gently separated after incubation by tapping the 

grounds. Phosphate buffer saline (PBS pH 7.2) was used to clean the wells 

four times to remove free floating planktonic bacteria.  

4. For half an hour, biofilms produced by adherent sessile organisms were 

fixed in the oven at 37°C. 

5. All wells are mauve glass colored (0.1 percent w/v). Due to thorough 

washing with deionized water, excess stain was rinsed and the plates kept for 

drying.  

6. A blend of 150 μl ethanol/ acetone (80:20, v / v) was adding to dissolve 

bound crystal mauve.  

The optical density (O.D.) at 630 nm was registered and the findings 

were interpreted according Mathur et al., [177]: as show in Table (3-4).  
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Table (3-4): Interpretation of Biofilm Formation 

Biofilm production strongly weakly Non product 

Optical Density ≥ 0.240 0.125-0.25 < 0.125 

 

Fig. (3-10): devices used to evaluate the antibiofilm formation. 
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Chapter Four 

Results and Discussion  

 

4.1 Introduction 

The results of the experiments are presented and discussed in this chapter. 

Including surface micrographs of AZ31 magnesium alloy after and before 

coating. It also includes the description of the effect of the different amount 

addition of bioceramics powder on the properties of the polymer thin film and the 

corrosion resistance of magnesium alloy. They were carried by FESEM and AFM 

for the coated and uncoated specimen. The simple immersion and electrochemical 

tests of coated and uncoated specimen also included. 

4.2 AZ31 Magnesium Alloy Microstructure 

Fig. (4-1) show the microstructure of the AZ31 plate with two 

magnifications. It consists of a structure of α-Mg non-equiaxed grains. 

Considerable mechanical twins (black arrows) are visible due to the deformation 

induced during rolling process. The β-Mg17Al12 Located at grain boundary [178] 

but it not detected neither by SEM nor optical microscope observations. As 

discussed by previous researches because the β-Mg17Al12 phase is not apt to 

precipitate in AZ31 alloy due its lower aluminum content in comparison to AZ91 

alloy [179,180].  
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Fig. (4-1): Optical micrographs of specimen with two magnifications (400&800X) 

4.3 Coating Characterization 

4.3.1 AFM 

To show the surface roughness, morphology, and particle distribution the 

AFM test was done. Can bem note a simple difference in the surface roughness 

of the coated specimens, yet the surface is considered smooth in all cases. Table 

(4-1) show the surface roughness. 

Table (4-1): Coating surface roughness values. 

Specimen code 
Mean roughness 

 (Ra or Sc) in nm 
Specimen code 

Mean roughness 

 (Ra or Sc) in nm 

B 3.87 L 2.8 

C 1.2 M 3.39 

D 6.08 N 3.57 

E 1.81 O 2.45 

F 1.1 P 4.21 

G 3.01 Q 1.69 

H 1.6 R 6.91 

I 1.95 S 3.42 

J 4.38 T 5.69 

K 1.66 U 3.55 

From the table (4-1), we notice that the surface roughness of specimens 

coated with one layer of PMMA, (PMMA/5%TiO2) and (PMMA/HA with 
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different quantities of hydroxyapatite) coatings is higher than the roughness of 

those coated with two layers. In general, we can say that the specimens coating 

with a bilayer coating leads to minimize the surface roughness in all types of 

coatings except M, I, and G specimens. 

The Figs. (4-2) to (4-5) show 2D and 3D pictures from AFM of the PMMA 

and PMMA with different contents of (HA and/or TiO2) composite coating with 

one and two layers, it can be observed that the surface topography have a slightly 

differences between the specimens coating surface. The undulations caused by 

the spun of the specimen during coating are clearly visible on the surface 

topography of the coated specimens. 

Fig. (4-2) observe the 2D and 3D pictures of AFM results for AZ31 

specimens coated with PMMA coating (B one layer and C two layers), Where it 

is clear that the ripples resulting from the spin coating on the surface of the 

specimen coated with one layer are greater than those on the surface of the 

specimen coated with two layers, and the number of ripples is less in specimen B 

than their number in specimen C. In addition, the table (4-1) shows that the 

specimen B is rougher than specimen C, as B roughness is approximately 3.87nm 

while C roughness equal to 1.2nm. 

When looking at the image of specimen F (coated with one layer of 

PMMA/5%HA) in the fig. (4-3), we notice that the most homogeneous and the 

lowest roughness among all the coated specimens, as its roughness value is 1.1 

nm. 

As for the specimen R, its surface is the roughest of all, as its surface 

roughness reaches to 6.91nm, this is confirmed by the image in the fig. (4-5), 

since the sharpness of the ripples resulting from the spin coating becomes clear, 

in addition to the appearance of ceramic particles on the surface. 
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The specimens K, L, and O have a smooth and homogenous coating as 

shown in fig. (4-4) since its roughness equals 1.66, 2.8, and 2.45 nm respectively. 

Also, the specimens J, P, and S were having homogenous coating despite its high 

roughness compared to the other specimens and this is due to the presence of 

divergent ripples. 

B    

  

C    

Fig. (4-2): AFM for PMMA coating (B one layer and C two layers). 
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G   

 

H   

I    

Fig. (4-3): AFM for (PMMA+HA) coating with different amounts of HA ( one layer and  two 

layers). 
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M  

N  

O  

Fig. (4-4): AFM for (PMMA+TiO2 ) coating with different amounts of TiO2 ( 

one layer and  two layers). 
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S  

T  

U  

Fig. (4-5): AFM for (PMMA++HA+TiO2 ) coating with different amounts of 

bioceramic powders  ( one layer and  two layers). 
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4.3.2 FESEM results 

 The micrographs gained from image FESEM was performed. The Figs. (4-

6) to (4-15) show results from FESEM of the PMMA and PMMA with (HA 

and/or TiO2) composite coating for different concentrations and with one and two 

layers, there are little differences in surface topography between the specimens 

observed by 2D pictures of the coating surface. The undulations caused by the 

spun of the specimens during coating are clearly visible on the surface topography 

of the coated specimens this agree with the AFM results. It is clear by looking at 

the FESEM images that the method of coating led to a homogeneous distribution 

of the bioceramic particles, where there are no agglomerations or segregations on 

the coating surfaces, and the ceramic particles appear to be of equal size clearly. 

The second coating layer lead to covered any cracks or pores if it found in the 

first coating layer. 

It is apparent in FESEM images that the surface of the coating is smooth 

and uniform. It can be seen that the PMMA coating completely covers the Mg 

specimens. The good coverage of the coating on the surface of Mg specimens 

resulted in a good thick layer on the surface furthermore. These results are similar 

to results reported in [181,182].  

The surface morphology of the composite coating is shown in Figs. (4-6) 

to (4-15). It can be seen that there are no micro cracks developed on the surface 

of the (PMMA/HA) composite coating. It is clearly appeared from these figers 

that the distribution of HA and TiO2 particles throughout the polymer matrix are 

homogenous, because PMMA polymer totally cover the surface area of HA and 

TiO2 particles. These results are similar to findings reported in [183,184]. 

The surface morphology of the composite coating clearly shows both HA 

and TiO2 particles adhering to the surface and embedded underneath and the 

interface between (HA and TiO2) particles and the polymer matrix show good 
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cohesion. Furthermore, at high magnification (200 KX) of the composite coating, 

it is able to see the spheres joining between HA and TiO2 particles and the 

polymer matrix as shown in FESEM results. These results are excellent matching 

with that reported in [185,186].   

From the Fig. (4-6), we see that the specimen B which coated with one 

layer of single PMMA polymer contains many defects such as microcracks and 

pores resulting from the presence of bubbles in the coating layer, but they will 

disappear when covered with a second layer of single polymer as in the image of 

specimen C. 

Also, the presence of defects such as bubbles in the second layer will not 

be very effective, as the surface of the metal will be covered with the first layer 

of coating, as show in fig. (4-6) C. 

In the Fig. (4-7), we note from the FESEM images of E and D specimens 

(AZ31 coated with monolayer and bilayer PMMA+2.5%HA) that the distribution 

of hydroxyapatite is very homogeneous and the absence of any agglomerations, 

also, we note that the particles on the surface are equal in size and this is due to 

the coating method used [187,188]. In addition, the pores appear in the surface of 

D specimen have irregular shape and they are not interconnected. 
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B   

C   

Fig. (4-6): FESEM for PMMA coating (B one layer and C two layers). 
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D E  

Fig. (4-7): FESEM for (PMMA+2.5HA) coating (D one layer and E two layers). 

Generally, the addition of hydroxyapatite to the polymer prevents the 

presence of microcracks, as we can see in the figs. (4-7) and (4-8), while in the 

image of the specimens H and I in Fig. (4-9), we note the presence of microcracks, 

and this may be due to the increase of hydroxyapatite ratio (7.5%) in the polymer 

than the acceptable percentage. 

Fig. (4-8) show the FESEM of AZ31 coated with monolayer and bilayer 

PMMA+5%HA that symbol with F and G respectively. From the Fig. (4-8), it is 

clear that the distribution of hydroxyapatite particles is seem homogeneous and 

there is no agglomeration was found. This mean that the HA addition with 5% 

ratio to the PMMA polymer will be acceptable. 
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F   

G    

Fig. (4-8): FESEM for (PMMA+5HA) coating (F one layer and G two layers). 

 Fig. (4-9) show the FESEM of AZ31 Mg alloy that coated with monolayer 

and bilayer PMMA+7.5%HA that symbol with H and I respectively. From the 

Fig. (4-9), it is clear that the distribution of hydroxyapatite particles is seem 

homogeneous and simple agglomerations were found due to increase the HA ratio 

in PMMA polymer. Despite of this, the HA addition with 7.5% ratio to the 

PMMA polymer still acceptable. 
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H    

I   

Fig. (4-9): FESEM for (PMMA+7.5HA) coating (H one layer and I two layers). 

 In general, most of the coated specimens are devoid of pores, but the pores 

appeared in a few of specimens on its coated surfaces. From its FESEM images, 

its clearly seems that the pores number is very few and they are of very small size, 

as their diameters are estimated by parts of the micro as shown in figs. (4-6) to 

(4-15). We also note the presence of some microcracks indicated by the blue 

arrows, which may be due to the increase of HA ratio in the polymer. 
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J    

K   

Fig. (4-10): FESEM for (PMMA+2.5TiO2) coating (J one layer and K two layers). 

Figs. (4-10) to (4-12) show the FESEM images of AZ31 magnesium alloy 

that coated with monolayer and bilayer thin film of PMMA/TiO2 composite 

coating with different concentration of TiO2. Fig. (4-10) show the FESEM of 

AZ31 Mg alloy that coated with monolayer and bilayer PMMA+2.5% TiO2 that 

symbol with J and K respectively. From the Fig. (4-10), we notice the presence 

of microcracks clearly in the specimen J, but when it covering with a second layer 
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of the same coating, these cracks disappear completely as shown in Fig. (4-10) k 

specimen. 

L   

M   

Fig. (4-11): FESEM for (PMMA+5TiO2) coating (L one layer and M two layers). 

In the Figs. (4-11) and (4-12), we note from the FESEM images of L, M, 

N and O specimens (AZ31 coated with monolayer and bilayer PMMA+5 and 

7.5% TiO2) that the distribution of titanium dioxide particles is very 

homogeneous and the absence of any defects such as microcracks, porous and 

agglomerations. 
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N    

O    

Fig. (4-12): FESEM for (PMMA+7.5TiO2) coating (N one layer and O two layers). 

 Figs. (4-13) to (4-15) show the FESEM images of AZ31 magnesium alloy 

that coated with monolayer and bilayer thin film of PMMA/HA+TiO2 composite 

coating with different concentration of mixing bioceramics of HA+TiO2. 
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P   

Q   

Fig. (4-13): FESEM for (PMMA+2.5(HA+TiO2)) coating (P one layer and Q two layers). 

From the figs. (4-13), (4-14) and (4-15) we note that the undulations which 

caused by the spun of the specimens during coating are clearly visible on the 

surface topography of the coated specimens. In addition, the particle distribution 

seems homogenous with any defects as microcracks, pores and agglomeration.  
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R   

S   

Fig. (4-14): FESEM for (PMMA+5(HA+TiO2)) coating (R one layer and S two layers). 
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T   

U   

Fig. (4-15): FESEM for (PMMA+7.5(HA+TiO2)) coating (T one layer and U two layers). 

4.3.3 Coating Thickness 

The table (4-2). shows coating thickness results . It is clear that specimen 

C is much thicker than other specimens, since the thickness of it equals to 

158.94µm . Generally, the coating thickness of specimens coated with two layers 

is greater than that of specimens coated with one layerr, except for the specimens 

that coated with PMMA/7.5%TiO2. 
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Table (4-2): Thickness layer coating in different parameters. 

Specimen code Coating thickness in µm Specimen code Coating thickness in µm 

B 141.64 L (av.) 8.65 

C 158.94 M 16.15 

D 55.28 N (av.) 15.62 

E 61.66 O (av.) 17.515 

F 59.03 P (av.) 14.355 

G 68.92 Q (av.) 22.62 

H 74.24 R (av.) 8.405 

I 92.99 S 12.42 

J (av.) 6.815 T 6.24 

K 7.89 U 16.89 

Fig. (4-16) illustrate the FESEM micrographs of the cross - section of Mg 

specimens coated with monolayer and bilayer PMMA polymer with and without 

bioceramics . It is clear from the image that the coating was well bonded with the 

substrate. The thickness of the coating is uniform and the PMMA coating is very 

dense without large pores or micro cracks. 

The cross-sectional FESEM morphological observations of the PMMA / 

HA coating on the Mg specimens with 500X or 1000X magnifications are shown 

in Fig. (4-16). From the figure it could be observed that the coatings formed are 

found to be smooth and uniform without delamination and / or cracks at the 

interface as portrayed in FESEM. The thickness of the composite coating was 

found to be between 6.145 to 92.99 µm. 

The thickness of the single polymer coating is much higher than the 

thickness of all composite polymer coatings, because adding ceramic particles to 

the polymer which leads to a decrease in its viscosity, and it is known that the 

viscosity of the coating solution is one of the factors affecting the coating 

thickness of the specimens coated by the spin coating method. Another cause was 

be possible, which may be due to the fact that the ceramic particles help to 



Chapter Four                               Results and Discussion 

86 
 

displace an additional amount of the polymer during the rapid rotation on which 

the coating process depends [189,190]. 

When looking at the table (4-2), we note that the specimens coated with 

PMMA/HA composite coating and with different concentrations, have a coating 

thickness varies between 55.28 to 92.99 µm. We also note that the thickness of 

the coating increases as the concentration of ceramic particles increases, in 

addition to the increase in thickness when adding another coating layer of the 

same concentration. 
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Fig. (4-16): FESEM cross-section of coated specimens. 

4.3.4 Contact Angle (CA) 

Contact angle measurements, performed with a contact angle device, have 

been employed to determine the wettability of the surface before and after 

coating. If the contact angle value is in the range 0-90° mean that the surface has 

a good wettability and it is defined hydrophilic. Otherwise, for contact angle 

values greater than 90°, the surface is called hydrophobic.  

Table (4-3) shows the contact angles results of different coatings prepared. 

The contact angle of the specimen decreases dramatically after specimens coating 

with increase the surface roughness. The wettability is mainly determined by 

surface roughness. As such, the sharp variation of contact angle at various 

parameters may result from multiple influencing factors including roughness, 

morphology and OH content. For the coatings with smaller pores, roughness and 
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lower content of OH prepared at higher contact angle, solutions cannot wet the 

smaller pores of the coating surface, which forms a solutions/ coating interface.  

In other words, such a morphology and solutions surface tension lead to 

the capture of ambient gas in the interface between the coating surface and 

solution used for the contact angle test.  

Table (4-3) show that the ringer contact angle markedly decreases from 

90.987◦ of the bare Mg surface until reach to 56.391◦ of the modified surface of 

Mg alloy after the coating, and the 0.9%NaCl contact angle decreases from 

88.644◦ of the bare Mg surface until reach to 50.053◦ because the PMMA is 

hydrophilic polymer. The increased hydrophilicity implies that PMMA was 

successfully coating onto the magnesium surface. In general, we notice from the 

table (4-3) that all the values of the contact angle for all specimens in Ringer's 

solution are higher than in 0.9%NaCl solution.   

The Figs. (4-17) to (4-22) show the contact angle of AZ31 magnesium 

alloy without and with PMMA and [PMMA with (HA and/or TiO2)] composite 

coating for different concentrations and with one and two layers in two solutions 

(ringer and 0.9% NaCl). 

The uncoated AZ31 was a hydrophilic surface with CA of 90.987˚ and 

88.644˚ in ringer and 0.9%NaCl solution respectively. After single PMMA 

coating, the CA value was decreased to 67.986˚ and 65.391˚ in ringer and 

0.9%NaCl solution respectively. When adding a second layer of single polymer, 

the contact angle decreased to 66.513 and 62.023 in ringer and 0.9%NaCl solution 

respectively. The possible reasons to explain the reduce of CA on PMMA-AZ31 

surface are that the adhered PMMA is hydrophilic and the sealing of pores and 

cracks is beneficial to the spreading of liquid droplet [191,192]. 

It means that the coating surface is unfavorable to the wetting and diffusing 

of solutions droplet on the surface compared to bare substrate [193]. The CA of 
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the most PMMA/HA coated specimens was smaller than that of PMMA/TiO2 

coated specimens.  

Table (4-3): Contact angle for different coatings in two solutions. 

Specimen code Contact angle in Ringer solution Contact angle in 0.9%NaCl solution 

A 90.987 88.644 

B 67.986 65.391 

C 66.513 62.023 

D 64.325 55.59 

E 69.851 63.818 

F 86.007 85.242 

G 56.391 52.759 

H 66.470 50.053 

I 64.799 60.226 

J 69.393 69.3 

K 72.451 66.941 

L 83.37 67.243 

M 72.55 70.768 

N 86.089 64.944 

O 66.877 62.475 

P 72.445 68.451 

Q 74.607 58.827 

R 70.943 62.242 

S 79.784 72.213 

T 71.062 53.753 

U 59.292 58.121 
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Fig. (4-17): contact angle for AZ31 with and without PMMA &(PMMA+2.5%(HA+TiO2)) 

monolayer and bilayer coatings in ringer solution. 
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Fig. (4-18): contact angle for AZ31 with and without PMMA &(PMMA+5%(HA+TiO2)) 

monolayer and bilayer coatings in ringer solution. 
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Fig. (4-19): contact angle for AZ31 with and without PMMA &(PMMA+7.5%(HA+TiO2)) 

monolayer and bilayer coatings in ringer solution. 
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Fig. (4-20): contact angle for AZ31 with and without PMMA &(PMMA+2.5%(HA+TiO2)) 

monolayer and bilayer coatings in 0.9%NaCl solution. 
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Fig. (4-21): contact angle for AZ31 with and without PMMA &(PMMA+5%(HA+TiO2)) 

monolayer and bilayer coatings in 0.9%NaCl solution. 
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Fig. (4-22): contact angle for AZ31 with and without PMMA &(PMMA+7.5%(HA+TiO2)) 

monolayer and bilayer coatings in 0.9%NaCl solution. 
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4.4 FTIR results 

FT-IR spectrum demonstrates the presence of many chemical functionality 

groups. Fig. (4-23) shows the FTIR spectra of PMMA, HA, PMMA/HA, TiO2 

and PMMA/TiO2.  

It can be noted that the spectrum of the TiO2 particles was detected at 

756.1cm−1 to make sure that this peak is from titanium dioxide particles; the 

PMMA/ TiO2 coating was also examined using the KBr Pellet technique to record 

FTIR spectra in transmission mode. since the PMMA/ TiO2 composite coating 

contain a sharp peak at 756.1cm−1.  

 The spectra obtained were compared to the spectrum of pure TiO2 powder 

recorded under the same conditions. Fig. (4-23) shows the FTIR spectra of the 

pure TiO2 and the PMMA/ TiO2 coating scraped from the glass substrates. The 

band at 3417.86 cm−1 corresponds to the O–H stretching vibration of the hydroxyl 

groups. The O–H-bands may be caused by hydroxyl groups on the surface of TiO2 

and adsorbed water. As can be seen, the commercial TiO2 shows weaker bands 

and thus a smaller content of OH-groups. The bands at 840 cm−1 could be 

attributed to the Ti–O–Ti stretch vibration [194-196]. 

From the test results, we note that the bonding between the polymer and 

bioceramic particles is physical, not chemical. This means that there is no 

chemical reaction between the components of the coating.  

It is believed that the peak at 1386.46 cm-1 was attributed by O-H bending 

which derived from methanol and water. The infrared absorption frequency at 

1620.21 cm-1 were corresponding to C═O stretching [194-196]. Signals relating 

to the carbonyl group (C ═ O) and α-methyl (αCH3) vibrations are often used to 

determine the presence of PMMA [197]. 
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The peak at around 1735.93 cm−1 is due to the stretching vibrations of C ═ 

O for PMMA–TiO2. The new bands at 1442.75 cm−1, 1388.75 cm−1, 1242.16 cm−1 

and 1149.57 cm−1 absorbed for PMMA–TiO2 film may be due to stretching 

vibrations of C ═ O, C (═ O) ─ O and C ─ O ─ C respectively [198]. Several 

overlapping bands observed at 900–500 cm−1 are due to metal oxide (M ─ O) 

vibration [199]. The bands at around 918.12 cm−1 and 756.1 cm−1 for PMMA–

TiO2 film corresponds to Ti ─ O stretching modes [200-202]. 

The peak 1033.85 cm-1 is very strong bands close to peak standard HA in 

the group of phosphate. Depending on standard HA peak, band at 3433.29 to 

3873.06 and 3425.58 to 3857.63 cm-1 for HA and PMMA/HA specimens 

respectively are an indication of the vibrational modes of OH groups. On the other 

hand, bands at 1404.18 for HA specimen and 1442.75 for PMMA/HA specimen 

are attributed to the presence of -CO3
-2 functional group, the carbonate ion comes 

from the reaction of HA specimens with atmospheric carbon dioxide [203,204]. 

In PMMA/HA peaks it can be seen that new peaks at 486.06 cm-1 to 

1442.75 cm-1 were detected. These peaks were corresponded to inorganic 

compound as P-O stretching and O-H stretching with the presence of HA. Since, 

HA revealed the presence of asymmetric phosphate bands P-O in the region 

987.55to1442.75 cm-1 which characterized the structure of apatite also confirmed 

by Ravi Krishna Brundavanam et al. [205]. 
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Fig. (4-23): FTIR results for PMMA, HA, (PMMA+HA), TiO2, and (PMMA+TiO2). 
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4.5 Results of Corrosion Tests 

4.5.1 Open Circuit Potential (OCP) 

It is well known that the corrosion behavior of magnesium is very sensitive 

to the presence of Cl ion thus ringer and 0.9% NaCl solutions have been used, the 

time period goes from zero upto 300 minutes and with interval of 5 minutes were 

potential reported. The bare AZ31 showed a very negative potential of 

approaching to -1600mV in both solutions, indicating its extremely active nature.  

The corrosion resistance of bare Mg alloy was improved by coating. These 

coatings further shifted the corrosion potential to more positive values in 

comparison with uncoated Mg metal. From the results shown in Figs. (4-24) to 

(4-29), it was observed that the Mg metal specimen coated with showed highly 

corrosion resistant by shifting the potential to more noble values, which disclosed 

to the value indicated from Mg specimen.  
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Fig. (4-24): Open Circuit Potential for AZ31 with and without PMMA 

&(PMMA+2.5%(HA+TiO2)) monolayer and bilayer coatings in ringer solution. 
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Fig. (4-25): Open Circuit Potential for AZ31 with and without PMMA 

&(PMMA+5%(HA+TiO2)) monolayer and bilayer coatings in ringer solution. 
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Fig. (4-26): Open Circuit Potential for AZ31 with and without PMMA 

&(PMMA+7.5%(HA+TiO2)) monolayer and bilayer coatings in ringer solution. 
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Fig. (4-27): Open Circuit Potential for AZ31 with and without PMMA 

&(PMMA+2.5%(HA+TiO2)) monolayer and bilayer coatings in 0.9%NaCl solution. 
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Fig. (4-28): Open Circuit Potential for AZ31 with and without PMMA 

&(PMMA+5%(HA+TiO2)) monolayer and bilayer coatings in 0.9%NaCl solution. 
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Fig. (4-29): Open Circuit Potential for AZ31 with and without PMMA 

&(PMMA+7.5%(HA+TiO2)) monolayer and bilayer coatings in 0.9%NaCl solution. 
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4.5.2 Potentiostatic Polarization 

Anticorrosion properties of uncoated along with spin coated substrate were 

verified on the basis of the results of potentiostatic polarization tests. Such test is 

valuable for estimating the electrochemical behavior of the investigated coated 

AZ31 Mg alloy against corrosion environment. The potentiostatic polarization 

tests carried out attained the possibilities of determining the values of corrosion 

parameter for corrosion current density (icorr), corrosion potential (Ecorr), 

polarization resistance (Rp), and corrosion rate (CR) also, the improvement 

percentage after coating (E%). 

Materials which behave in a truly passive manner are usually expected to 

show increase in the corrosion potential, as the specimen exposed to the test 

solution. The passive film restrains the reaction between the electrolyte and 

materials, and any decrease and increase in the potential usually indicate that the 

passive film is break down and repair [206].  In general, most of the metallic 

alloys with coating have more positive value than the potential of uncoated 

specimen. 

potentiostatic polarization test done in two different solutions (ringer and 

0.9%NaCl solution) for all (uncoated and coated) specimens at 37 °C. 

Anticorrosion properties of uncoated and coated substrate were verified on the 

basis of the results of potentiostatic polarization such test is valuable for 

estimating the electrochemical behavior for the uncoated and coated AZ31 alloy 

investigated against corrosion environment. 

potentiostatic polarization tests clarify the possibility of determining the 

values of corrosion parameters for example corrosion current density (Icorr.) 

corrosion potential (Ecorr.) polarization resistance (Rp), and corrosion rate (CR). 

Figs. (4-30) to (4-35) demonstrated the potentiostatic polarization curves of 

uncoated specimen also monolayer and bilayer coated specimens with PMMA 
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and with composite coating that formed from PMMA with various contents of 

HA and/or TiO2 particles in two corrosion solutions, while the table (4-4) showed 

the corrosion parameters and corrosion rate. 

The corrosion current of PMMA coated specimens in ringer solution are 

around 2.09*10-5 µA for B specimen to 4.83*10-5 µA for C specimen compared 

with 1.252 *10-4 µA for A specimen. These results confirm our earlier assumption 

that PMMA coating significantly reduce metal ion release for Mg alloy and 

decrease the corrosion rate of these alloy in biological solution [207]. 

The data listed in table (4-4) of PMMA coated specimens in ringer and 

0.9%NaCl solution. It is clear from polarization curve and the table (4-4) that the 

specimen showed a relatively different corrosion rate compared to specimen in 

ringer solution and this is a scribed to changing the type of biological solution 

[208]. 

However, the specimens appeared a relatively similar behavior to that 

observed in ringer solution such as the coated specimen with PMMA demonstrate 

lower current density which mean a significant reduction in corrosion rate and 

this is an agreement with observation of another researcher [159]. 

Single PMMA coating on the surface of Mg alloy can be used to provide 

an alloy a protective which will inhibit the diffusion of release of Mg ions [164]. 

As a result, the current density and corrosion rate in ringer and 0.9% NaCl 

solutions will decrease as shown in table (4-4).  

From fig (4-30) to (4-35) and it can be observed that there is a significant 

shift toward lower current densities for PMMA/HA and PMMA/TiO2 with 

different percentage of HA and/or TiO2 coated specimens. The corrosion current 

of coated specimens D and U are about 1.181*10-6 µA and 1.878*10-6 µA 

respectively in ringer solution while the current density changed to 2.781 *10-6 

µA and 2.068*10-6 µA in 0.9%NaCl solution. 
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It could be observed that there is a significant shift toward lower current 

densities of the polarization curves for specimens with different coating. The 

corrosion current and calculated corrosion rate are relatively measuring of 

corrosion and illustrate how much material is lost during the corrosion process. 

Hence, the higher current density and calculated corrosion rate cause more 

materials lost [209].  

The corresponding Ecorr and Icorr were extracted by the Tafel fitting method, 

summarized in Table (4-4). It shows that Ecorr value of most coated AZ31 

specimens were more negative than that of the bare AZ31 specimen, indicating 

the presence of micro-galvanic effect [210,211]. More negatively Ecorr implies a 

tendency of corrosion initiation due to thermodynamics, but Icorr value of coated 

AZ31 was clearly lower than that of uncoated AZ31, which indicates an enhanced 

corrosion resistance due to the coating presence [212].  

As single PMMA coating was formed, Ecorr value was more positive, 

shifting up to -1270 and -1181 mV for B and C specimens in ringer solution and 

reached to -1236 and -1303 mV for B and C specimens in 0.9%NaCl solution. 

The value of Icorr for (HA+TiO2)/PMMA composite coating was further reduced 

down to 9.61*10-7, 5.616*10-7 and 5.557*10-7 µA for the specimens P, Q and S 

respectively in ringer solution and reduced to 6.456*10-7 µA for the S specimen 

in 0.9%NaCl, indicating a much lower corrosion rate and the best corrosion 

resistance [210], whereas the value of Icorr for the bare specimens equals to 

1.25*10-4 and 2.22*10-4 µA in ringer and 0.9%NaCl respectively.  

The corresponding Rp values of coating specimens were clearly increased 

more than of the bare AZ31. It indicates that PMMA composite coating 

effectively enhances the corrosion protection to AZ31 substrate, better than that 

of single PMMA coating [213]. 
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Table (4-4): current density (𝑖𝑐𝑜𝑟𝑟), potential (Ecorr) polarization resistance (Rp), corrosion rate (CR) and percent efficiency (E%). 

Ringer 0.9%NaCl 

Spec. 

code 
Icorr  CR Ecorr(mV) bc ba Rp E% Icorr   CR Ecorr Bc ba Rp E% 

A 1.25E-04 3.97E-04 -1377 6.34E+00 9.78E+00 1.34E+04 0.00% 2.22E-04 7.04E-04 -1501 4.00E+00 5.20E+00 4.43E+03 0.00% 

B 2.10E-05 6.64E-05 -1270 2.99E+00 1.20E+01 4.97E+04 73.10% 6.35E-06 2.01E-05 -1236 7.36E+00 3.78E+00 1.71E+05 97.41% 

C 1.53E-05 4.83E-05 -1181 1.77E+00 6.38E+00 3.95E+04 66.21% 9.55E-06 3.02E-05 -1303 1.44E+00 9.80E+00 5.70E+04 92.24% 

D 1.18E-06 3.74E-06 -1435 6.28E+00 5.40E+00 1.07E+06 98.75% 2.78E-06 8.81E-06 -1555 9.04E+00 3.66E+00 4.07E+05 98.91% 

E 4.51E-06 1.43E-05 -1386 7.18E+00 4.15E+00 2.53E+05 94.73% 7.47E-06 2.37E-05 -1164 4.28E+00 8.21E+00 1.64E+05 97.30% 

F 2.64E-06 8.36E-06 -1431 7.49E+00 5.76E+00 5.36E+05 97.51% 2.16E-06 6.85E-06 -1344 7.31E+00 4.07E+00 5.26E+05 99.16% 

G 1.24E-06 3.92E-06 -1374 5.22E+00 4.46E+00 8.45E+05 98.42% 2.05E-06 6.50E-06 -1516 8.51E+00 3.53E+00 5.28E+05 99.16% 

H 2.29E-06 7.25E-06 -1446 9.08E+00 3.40E+00 4.70E+05 97.16% 1.59E-06 5.03E-06 -1453 8.81E+00 3.01E+00 6.15E+05 99.28% 

I 1.17E-06 3.69E-06 -1427 6.44E+00 6.85E+00 1.24E+06 98.92% 1.97E-06 6.25E-06 -1408 8.25E+00 3.82E+00 5.76E+05 99.23% 

J 1.02E-06 3.22E-06 -1413 6.04E+00 1.67E+01 1.90E+06 99.30% 3.84E-06 1.22E-05 -1507 8.94E+00 3.55E+00 2.87E+05 98.46% 

K 2.97E-06 9.39E-06 -1502 9.93E+00 3.23E+00 3.58E+05 96.27% 1.95E-06 6.16E-06 -1466 9.42E+00 3.37E+00 5.55E+05 99.20% 

L 3.70E-06 1.17E-05 -1416 7.39E+00 1.20E+01 5.39E+05 97.52% 3.22E-06 1.02E-05 -1458 9.29E+00 3.52E+00 3.45E+05 98.72% 

M 3.64E-06 1.15E-05 -1466 9.41E+00 3.60E+00 3.11E+05 95.71% 1.04E-06 3.28E-06 -1399 6.90E+00 7.10E+00 1.47E+06 99.70% 

N 3.75E-06 1.19E-05 -1366 4.48E+00 2.32E+01 4.36E+05 96.94% 4.43E-06 1.40E-05 -1141 5.31E+00 8.34E+00 3.18E+05 98.61% 

O 4.41E-06 1.40E-05 -1454 7.81E+00 4.83E+00 2.94E+05 95.45% 4.73E-06 1.50E-05 -1337 7.34E+00 3.92E+00 2.35E+05 98.12% 

P 9.61E-07 3.04E-06 -1479 7.75E+00 3.15E+00 1.01E+06 98.68% 1.55E-06 4.91E-06 -1464 7.65E+00 3.61E+00 6.88E+05 99.36% 

Q 5.62E-07 1.78E-06 -1483 7.40E+00 6.61E+00 2.70E+06 99.51% 1.48E-06 4.68E-06 -1373 6.18E+00 3.68E+00 6.79E+05 99.35% 

R 1.49E-06 4.71E-06 -1473 8.39E+00 3.40E+00 7.08E+05 98.11% 1.07E-06 3.40E-06 -1514 7.39E+00 4.45E+00 1.13E+06 99.61% 

S 5.56E-07 1.76E-06 -1395 7.10E+00 3.68E+00 1.90E+06 99.30% 6.46E-07 2.05E-06 -1485 8.29E+00 3.15E+00 1.54E+06 99.71% 

T 1.71E-06 5.43E-06 -1422 7.67E+00 3.75E+00 6.39E+05 97.91% 2.87E-06 9.08E-06 -1437 8.62E+00 3.55E+00 3.81E+05 98.84% 

U 1.88E-06 5.95E-06 -1490 8.34E+00 3.45E+00 5.65E+05 97.64% 2.07E-06 6.55E-06 -1512 9.71E+00 3.49E+00 5.39E+05 99.18% 
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Fig. (4-30): potentiodynamic polarization for AZ31 with and without PMMA 

&(PMMA+2.5%(HA+TiO2)) monolayer and bilayer coatings in ringer solution. 
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Fig. (4-31): potentiodynamic polarization for AZ31 with and without PMMA 

&(PMMA+5%(HA+TiO2)) monolayer and bilayer coatings in ringer solution. 
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Fig. (4-32): potentiodynamic polarization for AZ31 with and without PMMA 

&(PMMA+7.5%(HA+TiO2)) monolayer and bilayer coatings in ringer solution. 
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Fig. (4-33): potentiodynamic polarization for AZ31 with and without PMMA 

&(PMMA+2.5%(HA+TiO2)) monolayer and bilayer coatings in 0.9%NaCl solution. 
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Fig. (4-34): potentiodynamic polarization for AZ31 with and without PMMA 

&(PMMA+5%(HA+TiO2)) monolayer and bilayer coatings in 0.9%NaCl solution. 
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Fig. (4-35): potentiodynamic polarization for AZ31 with and without PMMA 

&(PMMA+7.5%(HA+TiO2)) monolayer and bilayer coatings in 0.9%NaCl solution. 
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4.5.3 Hydrogen Evolution 

 A relative long-term corrosion behavior of AZ31 was evaluated by 

hydrogen evolution test. Hydrogen collection was performed by placing the entire 

specimen surface (1.227 cm2) into the Ringer’s solution and 0.9%NaCl solution 

under an inverted burette system [214]. The height of the solution level in the 

burette was recorded. Immediately after immersion of the AZ31 specimens in the 

Ringer’s solution and 0.9%NaCl solution, hydrogen gas evolution is observed 

(Equation 4-1), produced by magnesium corrosion [215,216]: 

Mg + 2H2O → Mg(OH)2 + H2        … … … 4-1 

The AZ31 alloy specimens, whether it is bare or coated with one or two 

layers of PMMA alone or PMMA with HA and/or TiO2, were picked out as 

typical specimens and the hydrogen evolution from them in two solutions with a 

period up to 45 days are shown in Figs.  (4-36) to (4-41). As anticipated, the 

uncoated AZ31 alloy presented a fast release of hydrogen, while the coated 

specimen with single PMMA exhibited smaller volume of released hydrogen. 

While the specimens with PMMA composite coating showed better protection for 

the substrate with smaller volume of released hydrogen compared with the bare 

AZ31 and single PMMA coating specimens. As the release of hydrogen is 

resulted from the degradation of magnesium substrate. It can be concluded that 

the AZ31 alloy corroded quickly, especially at the initial immersion stage, and 

decreased with time extended, which may be ascribed to the corrosion products 

formed on its surface. Besides, the corrosion rate of the PMMA coated specimens 

was lower than AZ31 alloy. The magnesium substrate under PMMA composite 

coating was best protected, showing the lowest volume of hydrogen gas. These 

results are consistent with the findings of other researchers [217].  

Generally, at the initial period of immersion, the hydrogen evolution rate 

of Mg alloy AZ31 substrate rises rapidly and then gradually decreases. This is 
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because Mg is first corroded, and then corrosion product film is formed on the 

substrate surface, which can inhibit the corrosion. The hydrogen evolution rates 

of the coated specimens are relatively gentle. After soaking, the hydrogen 

evolution rates of all specimens increased. For the Mg alloy AZ31 substrate, the 

corrosion product is dissolved and thus fresh surface is again exposed to the 

corrosion solutions. As the soaking time increased, the hydrogen evolution rates 

gradually decrease, which implies a new corrosion product film is formed at the 

exposed portion of the substrate. In general, coating always has a lower hydrogen 

evolution rate than that of the substrate, which indicates it can provide a better 

protection for the substrate. 

Figs. (4-36) to (4-41) show the hydrogen evolution in ringer and 0.9%NaCl 

solutions. The volume of hydrogen gas for AZ31 specimens immersed in 

0.9%NaCl and Ringer’s solution for up to 45 days rapidly and markedly increased 

during the first three days, indicating the formation of non-protective corrosion 

layer [175,218]. After that, the volume of hydrogen gas was increased 

continuously with a slow rate. 

Furthermore, the coated specimens showed comparatively smaller volumes 

of released hydrogen, but the degradation rate gradually amplified after 6 days 

for some specimens, because the layer was damaged and hydrogen was produced 

by the degradation of the freed AZ31 substrate. Generally, most of the coated 

specimens were corroded at slightly varying rates. However, the hydrogen 

evolution values remain much lower than that of the uncoated specimens, which 

indicated a high level of protection of the substrates by the coatings and this agree 

with another study [219]. 

In general, with the extension of the immersion time, the corrosion area 

increased, and the corrosion pits deepened. Finally, extensive corrosion occurred 

under coatings. The results proved that the PMMA composite coating had better 
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corrosion resistance than the single PMMA coating, which was in good 

agreement with electrochemical analysis results. 

The total hydrogen evolution along 45 days of the bare AZ31 alloy reached 

2.8 and 3.8 mL in Ringers and 0.9%NaCl solutions, respectively. It is clear that 

the corrosion in 0.9%NaCl solution is more severe than in Ringer's solution. 

In comparison, the accumulated H2 evolution volume of the single PMMA 

coated AZ31 decreased to about 1.48 and 1.52 mL in Ringers and 0.9%NaCl 

solutions, respectively. The accumulated H2 evolution volume of the PMMA 

composite coated AZ31 further decreased, as example S specimen H2 evolution 

decreased to about 0.41 and 0.48 mL in Ringers and 0.9%NaCl solutions. This 

suggests that the composite coatings can protect the AZ31 Mg alloy in ringer and 

0.9%NaCl, showing a better barrier property. Since, the lowest hydrogen 

evolution of coated AZ31 indicates the best corrosion protection [220]. These 

results are consistent with former electrochemical data. 

In general, specimens coated with one or two layers of PMMA polymer 

proved effective in reducing the rate of corrosion in the two solutions, as is 

evident from the figures (4-36) to (4-41). Also, adding hydroxyapatite or titanium 

dioxide particles or adding them together to the PMMA polymer clearly helps to 

reduce the rate of corrosion significantly.  
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Fig. (4-36): hydrogen evolution for AZ31 with and without PMMA 

&(PMMA+2.5%(HA+TiO2)) monolayer and bilayer coatings in Ringers solution. 
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Fig. (4-37): hydrogen evolution for AZ31 with and without PMMA 

&(PMMA+5%(HA+TiO2)) monolayer and bilayer coatings in Ringers solution. 
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Fig. (4-38): hydrogen evolution for AZ31 with and without PMMA 

&(PMMA+7.5%(HA+TiO2)) monolayer and bilayer coatings in Ringers solution. 
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Fig. (4-39): hydrogen evolution for AZ31 with and without PMMA 

&(PMMA+2.5%(HA+TiO2)) monolayer and bilayer coatings in 0.9%NaCl solution. 
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Fig. (4-40): hydrogen evolution for AZ31 with and without PMMA 

&(PMMA+5%(HA+TiO2)) monolayer and bilayer coatings in 0.9%NaCl solution. 
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Fig. (4-41): hydrogen evolution for AZ31 with and without PMMA 

&(PMMA+7.5%(HA+TiO2)) monolayer and bilayer coatings in 0.9%NaCl solution. 
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Table (4-5) shows the corrosion current density (iH2, mA/cm2) determined 

from volume of hydrogen gas (VH, mL) after 45 days of immersion. 

The percentage of chlorine ions (Cl-1) present in the saline solution is much 

higher than the percentage in the ringer solution, therefore, the difference was 

very clear in the values of hydrogen evolution between the two solutions. While 

there was little difference in the polarization results between the two solutions, 

this is due to the fact that the hydrogen evolution measured is by an independent 

chemical (i.e., non-electrochemical), in contrast to the potentiodynamic 

polarization, which is considered electrochemical. 

Table (4-5): corrosion current density (IH2, mA/cm2) determined from volume of hydrogen 

gas (VH, mL) 

Spec. code VH Ringer VH 0.9% NaCl I H2 (Ringer) I H2 (NaCl) 

A 2.8 3.8 4.543E-03 6.166E-03 

B 1.48 1.52 2.401E-03 2.466E-03 

C 1.35 1.41 2.191E-03 2.288E-03 

D 0.79 0.81 1.302E-03 1.335E-03 

E 0.71 0.77 1.161E-03 1.259E-03 

F 0.51 0.63 8.544E-04 1.055E-03 

G 0.48 0.51 7.666E-04 8.146E-04 

H 0.64 0.69 1.038E-03 1.120E-03 

I 0.62 0.63 1.006E-03 1.022E-03 

J 0.63 0.66 1.014E-03 1.062E-03 

K 0.6 0.63 9.736E-04 1.022E-03 

L 0.56 0.57 8.944E-04 9.104E-04 

M 0.51 0.54 8.146E-04 8.625E-04 

N 0.67 0.7 1.062E-03 1.109E-03 

O 0.61 0.61 9.743E-04 9.743E-04 

P 0.7 0.71 1.118E-03 1.134E-03 

Q 0.45 0.51 7.187E-04 8.146E-04 

R 0.61 0.62 9.591E-04 9.748E-04 

S 0.41 0.48 6.653E-04 7.789E-04 

T 0.69 0.71 1.147E-03 1.180E-03 

U 0.6 0.63 9.434E-04 9.906E-04 
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4.5.4 pH-Measurement results 

The pH values were measured at each corrosion medium after 1, 2, 3, 4, 6, 

12, 24 and 45 days of immersion (see Tables 4-6 and 4-7). The tables show the 

pH changes of ringer and 0.9%NaCl solutions with time of immersion in days. It 

revealed that the immersion solutions of all specimens resulted in an increase of 

pH value due to their alkaline degradation products. A general trend was observed 

with an initial increase in the pH value as the degradation began and then draw 

near the saturation after some days. 

Compared with bare AZ31 alloy, all the coatings showed good protection 

for the magnesium substrate, especially at the initial immersion stage. However, 

when the immersion time extended, the protection effectiveness of the coatings 

presented significant difference. During the test period of 45 days, the pH value 

change of both solutions containing coating specimens was comparatively stable 

and much smaller than that of bare AZ31 alloy. 

Because of the high chloride concentration of Ringer’s solution and 

0.9%NaCl, the formed insoluble magnesium hydroxide (Equation 4-1 on the 

AZ31B Mg-alloy surface is transformed to a highly soluble MgCl (Equation 4-2, 

which is a source of released magnesium ions (Equation 4-3 and an increase of 

the local pH [175]: 

… … … 4-2 

… …… 4-3 
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Table (4-6): pH changes of ringer solution with time of immersion 

 

 

 

t 

(day) 
A B C D E F G H I J K L M N O p Q R S T U 

0 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 5.70 

1 9.27 8.54 7.81 7.24 7.64 7.07 7.23 7.80 8.08 7.11 7.26 7.03 7.69 7.34 7.12 8.13 7.01 8.35 6.97 8.19 8.16 

2 9.33 8.60 7.94 7.31 7.77 7.16 7.32 7.97 8.23 7.22 7.36 7.14 7.87 7.48 7.24 8.21 7.10 8.37 7.05 8.39 8.35 

3 9.41 8.67 8.32 7.38 7.90 7.26 7.42 8.13 8.37 7.33 7.47 7.25 8.05 7.62 7.36 8.28 7.18 8.40 7.12 8.59 8.54 

4 9.63 8.71 8.44 7.52 8.05 7.37 7.53 8.32 8.54 7.46 7.59 7.38 8.26 7.78 7.50 8.38 7.28 8.43 7.21 8.62 8.59 

6 9.70 8.79 8.52 7.74 8.20 7.48 7.64 8.51 8.71 7.59 7.71 7.51 8.47 7.94 7.64 8.44 7.38 8.49 7.30 8.68 8.63 

12 9.75 8.83 8.63 7.87 8.36 7.60 7.76 8.72 8.77 7.74 7.84 7.66 8.50 8.11 7.79 8.49 7.49 8.54 7.40 8.73 8.70 

24 9.94 8.90 8.74 7.96 8.4 7.73 7.89 8.78 8.83 7.89 7.98 7.81 8.55 8.30 7.96 8.53 7.61 8.58 7.51 8.77 8.76 

45 10.53 9.25 9.14 8.23 8.46 7.75 7.92 8.81 8.86 7.94 8.00 7.85 8.67 8.35 7.96 8.58 7.63 8.63 7.54 8.81 8.81 
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Table (4-7): pH changes of 0.9%NaCl solution with time of immersion 

 

  

t 

(day) 
A B C D E F G H I J K L M N O p Q R S T U 

0 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50 

1 9.00 8.70 8.53 8.32 8.28 8.45 8.26 8.35 8.43 8.31 8.36 8.34 8.34 8.44 8.26 8.33 8.23 8.39 7.17 8.35 8.25 

2 9.31 8.76 8.62 8.38 8.38 8.53 8.35 8.43 8.50 8.38 8.44 8.42 8.43 8.53 8.34 8.41 8.31 8.43 7.26 8.45 8.33 

3 9.46 8.81 8.71 8.41 8.48 8.57 8.44 8.51 8.58 8.46 8.53 8.51 8.53 8.62 8.42 8.49 8.40 8.48 7.35 8.55 8.42 

4 9.52 8.88 8.82 8.46 8.52 8.61 8.54 8.60 8.66 8.55 8.63 8.60 8.64 8.72 8.51 8.59 8.49 8.52 7.45 8.67 8.52 

6 9.67 8.97 8.93 8.49 8.59 8.66 8.65 8.70 8.75 8.64 8.73 8.70 8.74 8.83 8.60 8.68 8.59 8.57 7.55 8.78 8.61 

12 9.74 9.00 9.06 8.53 8.63 8.70 8.77 8.81 8.85 8.74 8.85 8.81 8.87 8.96 8.71 8.79 8.71 8.61 7.67 8.92 8.73 

24 9.91 9.09 9.18 8.57 8.68 8.75 8.89 8.92 8.94 8.84 8.97 8.92 8.99 9.08 8.81 8.89 8.82 8.64 7.78 9.05 8.84 

45 10.51 9.20 9.19 8.63 8.72 8.79 8.90 8.92 8.95 8.85 8.98 8.92 9.00 9.08 8.82 8.90 8.82 8.68 7.79 9.06 8.85 
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4.6 Antimicrobial  

The influencing of coating on the growth of Enterococcus as a negative 

type and Staphylococcus aureus as a positive type is shown in Table (4-8). The 

antibacterial activity of different coating solutions in the liquid media is observed 

from Fig. (4-42) for different amounts of bioceramic powders and for both 

bacteria types. 

 

 

Fig.(4-42): The antibacterial activity of different coating solutions. 

It is noted in this assay and through the figures and the table above that the 

found of ceramics powder in the solution increasing the inhibition area and for 

both types of bacteria (positive and negative Gram). Coating inhibition of bacteria 

of Gram positive is slightly higher negative comparison with Gram negative as 

show in Fig. (4-42) [213]. 
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Table (4-8): The antibacterial activity of different coating solutions. 

Inhibition diameter (mm) 

 

Bacteria 

PMMA 

(1) 

PMMA+HA 

(2) 

PMMA+TiO2 

(3) 

PMMA+HA+TiO2 

(4) 

Entro2.5 12 10 14 18 

Staph2.5 12 11 13 17 

Entro7.5 14 19 18 17 

Staph7.5 14 18 19 18 

 

4.7 Antibiofilm 

The results obtained in this examination are shown in Table (4-9). It shows 

the non- adherence by the bacteria on the coating surface and the non-formation 

of the Bio-film layer. It is noted that the mean of OD value at 630nm for 

Staphylococcus aureus (G+ve bacteria) + coating is less for Enterococcus (G-ve 

bacteria) + coating slightly. This means that the positive bacteria have less 

adherence and less to the biofilm layer formation with coating than negative 

bacteria. 
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Table (4-9): The antibiofilm formation of different coating solutions. 

 
 1 2 3 4 5 6 7 8 9 10 11 12 

PMMA 

+staph 
0.2825 0 0 0 0 0 0 0 0 0.0252 0.0271 0.3739 

PMMA+HA 

+ staph 
0.2942 0 0 0 0 0 0 0 0 0.0021 0.0152 0.3142 

PMMA+ TiO2 

+staph 
0.2885 0 0 0 0 0 0 0 0 0.0133 0.0791 0.2969 

PMMA+HA+TiO2 

+ staph 
0.3088 0 0 0 0 0 0 0 0 0.0211 0.0562 0.3926 

PMMA 

+Entro 
0.3228 0 0 0 0 0.0291 0.0671 0.0772 0.0871 0.0921 0.1132 0.5532 

PMMA+HA 

+Entro 
0.3697 0 0 0 0 0.0051 0.0081 0.0471 0.8112 0.0831 0.1081 0.5389 

PMMA+ TiO2 

+Entro 
0.3688 0 0 0 0 0.0391 0.0492 0.0621 0.0762 0.0771 0.0791 0.5023 

PMMA+HA+TiO2 

+Entro 
0.3269 0 0 0 0 0.1011 0.118 0.1301  0.1701 0.1751 0.5038 
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Chapter Five  

Conclusions and Suggestions  

5.1 Conclusions  

       Many of significant contributions to the corrosion research produce from 

this study and thus specified the next conclusions:  

1. The surface topography has a slightly differences between the 

specimens coating surface. The undulations caused by the spun of the 

specimen during coating are clearly visible on the surface topography 

of the coated specimens.  

2. The difference in the surface roughness of the coating specimens, yet 

the surface is considered smooth in all cases as show from 2D and 3D 

AFM pictures of the PMMA and PMMA with different contents of 

(HA and/or TiO2) composite coating with one and two layers  

3. From potentiostatic polarization we show that there is a significant shift 

toward lower current densities for PMMA/HA and PMMA/TiO2 with 

different percentage of HA or TiO2 coated specimens. 

4. In general, from hydrogen evolution test can show that the specimens 

coated with one or two layers of PMMA polymer proved effective in 

reducing the rate of corrosion in the two solutions. Also, adding 

hydroxyapatite or titanium dioxide particles or adding them together to 

the PMMA polymer clearly helps to reduce the rate of corrosion 

significantly. In addition, the addition of a second layer of coating 

significantly enhances the corrosion resistance. 

5. From the pH changes of ringer and 0.9%NaCl solutions with time of 

immersion in days. It revealed that the immersion solutions of all 
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specimens resulted in an increase of pH value due to their alkaline 

degradation products. A general trend was observed with an initial 

increase in the pH value as the degradation began and then draw near 

the saturation after some days. 

6. It is noted in the antibacterial assay that the found of bioceramics 

powder in the polymer coating lead to increasing the inhibition area 

and for both types of bacteria (positive and negative Gram).  

 

5.2 Suggestions   

      This research can be developed more in some aspects. Further 

experimental investigations are needed to estimate the following points:  

1- Studying the effects of different corrosion environments such as hanks 

and SPF solutions on the corrosion rate.  

2- Studying the degradation behavior in vivo.  

3- Investigate the degradation for another types of magnesium alloys 

such as X56, X60, X65, and X70 with the same coating in different 

coating techniques.  
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