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ABSTRACT 

 

Magnesium (Mg) alloys are widely used in biomedical applications thanks to their 

combination of exceptional mechanical properties, biocompatibility, and biodegradability. Mg-ZK 

alloy series; for instance, ZK40, ZK60 and ZK61; is an example of the most commonly used Mg 

bio-alloy. Zirconium (Zr) acts as a grain refiner when added to Mg, which manipulates the material 

structure by producing a refined internal structure and enhancing its properties. In addition, when 

Zinc (Zn) is added to a Mg-Zr alloy, strength is improved. Therefore, given the favorable properties 

of ZK alloys in biomedical applications, the current research aimed for the fabrication and the 

evaluation of a new ZK alloy with a new composition; ZK50, as a potential biomaterial for 

biomedical applications. 

 

Three stages were implemented in order to achieve the objective of this study. In the first 

stage, ball milling process was used to synthesize nanostructured Mg-ZK50 alloy from elemental 

powders (Mg, Zr, and Zn). The produced powders (BM) were studied using SEM, XRD and TEM 

to determine the internal structure refinement as well as the phase development due to milling. In 

the second stage, Powder-in-Tube (PIT) rolling process followed by annealing was applied to 

produce consolidated thin sheets from the BM powders. Accordingly, in the third stage, the effect 

of annealing on the internal structure, mechanical properties, corrosion behavior and cytotoxicity 

was evaluated. 

 

The mechanical milling of the elemental powders produced a nanostructured alloyed 

powder after 45 hrs of milling with a crystallite size of 8.83 nm, which is considered the finest 

internal structure for Mg and Mg based alloys to date. Afterwards, nanostructured thin sheets were 

successfully produced using PIT at 300 °C with 67% reduction percent. The modulus of the sheets 

was found matching to that of human bones. It is worthy to note that annealing was found to have 

a detrimental effect on the corrosion behavior of the alloy. However, a hydroxyapatite layer was 

formed which indicated that the produced sheets induced osteoinductivity of the bone. Moreover, 

cytotoxicity of the sheets was not affected by the sheets and all the produced sheets showed an 

acceptable toxicity level within the cells. In conclusion, the produced Mg-ZK50 nanostructured 

alloyed sheets are considered a new potential biomaterial for orthopedic implants that induces 

osteoinductivity and prevent stress shielding. 

 

  



V 

 

Table of Contents 
Table of Contents ......................................................................................................................... V 

List of Figures .............................................................................................................................. IX 

List of Tables ............................................................................................................................ XIII 

List of Abbreviations ............................................................................................................... XIV 

List of Symbols ....................................................................................................................... XVII 

Chapter 1 : Introduction .............................................................................................................. 1 

Chapter 2 : Background ............................................................................................................... 4 

2.1 Classes of Biomedical Devices ........................................................................................ 4 

2.2 Biomaterials and their Classifications .............................................................................. 5 

2.2.1 Classification of Biomaterials ................................................................................... 5 

2.2.2 Classes of Biomaterials ............................................................................................. 8 

2.2.2.1 Polymeric Biomaterials ............................................................................................. 8 

2.2.2.2 Ceramic Biomaterials................................................................................................ 9 

2.2.2.3 Composite Biomaterials ............................................................................................ 9 

2.2.2.4 Metallic Biomaterials ................................................................................................ 9 

Non-degradable Metallic Biomaterials ................................................................................. 10 

a. Stainless Steel (SS)......................................................................................................... 10 

b. Platinum–Iridium (Pt–Ir) Alloys .................................................................................... 10 

c. Tantalum-Based Alloys .................................................................................................. 10 

d. Titanium-Based Alloys .................................................................................................. 10 

e. Ni–Ti Alloy (Nitinol) ..................................................................................................... 10 

f. Co–Cr Alloys.................................................................................................................. 11 

Biodegradable Metallic Biomaterials ................................................................................... 11 

a. Fe-Based Alloys ............................................................................................................. 11 

b. Mg-Based Alloys............................................................................................................ 11 

2.3 Material Requirements for Biomaterials ........................................................................ 12 

2.4 Magnesium Structure and Properties ............................................................................. 17 

2.4.1 Deformation Mechanism ............................................................................................ 18 

2.5 Design of Magnesium-Based Alloys for Biomedical Applications ............................... 21 

2.5.1 Strengthening of Magnesium...................................................................................... 22 

2.5.2 Corrosion of Magnesium Alloys ................................................................................ 26 

2.5.2.1 Corrosion mechanism ................................................................................................. 27 



VI 

 

2.5.2.2 Mg Corrosion in Different Simulated Body Fluids .................................................... 28 

2.5.3 Alloying Elements Selection Criterion ....................................................................... 30 

2.5.4 Alloying Elements ...................................................................................................... 33 

2.5.4.1 Zinc (Zn) ..................................................................................................................... 34 

2.5.4.2 Zirconium (Zr) ............................................................................................................ 34 

2.6 Magnesium Alloy Designation....................................................................................... 35 

2.7 Magnesium Alloying Systems ....................................................................................... 35 

2.8 Mg-Zn-Zr Phase Diagram .............................................................................................. 37 

2.9 Biodegradability Measurement ...................................................................................... 38 

2.9.1 Immersion Test ........................................................................................................... 38 

2.9.2 Hydrogen Evolution Test............................................................................................ 39 

2.9.3 Factors affecting the biodegradability of Mg alloys ................................................... 40 

2.9.3.1 Solution type and composition ................................................................................... 40 

2.9.3.2 Solution volume to sample surface area ratio ............................................................. 41 

2.9.3.3 Test type (static or dynamic) ...................................................................................... 41 

2.9.3.4 Testing conditions (temperature and pressure) ........................................................... 42 

2.9.3.5 Total Immersion Time ................................................................................................ 42 

2.9.3.6 Measurement Time interval ........................................................................................ 42 

2.10 Mechanical Alloying and Milling .................................................................................. 43 

2.10.1 Type of mill ................................................................................................................ 44 

2.10.2 Milling container ........................................................................................................ 45 

2.10.3 Milling speed .............................................................................................................. 45 

2.10.4 Milling time ................................................................................................................ 46 

2.10.5 Grinding medium ........................................................................................................ 46 

2.10.6 BPR weight ratio ........................................................................................................ 46 

2.10.7 Extent of vial filling .................................................................................................... 47 

2.10.8 Milling atmosphere ..................................................................................................... 47 

2.10.9 Process control agent .................................................................................................. 47 

Chapter 3 : Literature Review ................................................................................................... 48 

3.1 Mechanical Alloying and/or Milling of Mg and its alloys ............................................. 48 

3.2 Mechanical Properties of Magnesium Alloys ................................................................ 49 

3.3 Using FEM for prediction of mechanical properties ...................................................... 56 

3.4 Corrosion of Mg alloys .................................................................................................. 56 



VII 

 

3.5 Cytotoxicity of Mg-Zn based alloys .............................................................................. 60 

3.6 Research Motivation, Aim and Objectives .................................................................... 65 

Chapter 4 : Materials and Experimental Procedures ............................................................. 66 

4.1 Materials ......................................................................................................................... 66 

4.2 Mechanical Alloying and Milling .................................................................................. 66 

4.2.1 Handling of powders .................................................................................................. 66 

4.2.2 Mixing of Powders ..................................................................................................... 67 

4.3 Mechanical Alloying and Milling Process ..................................................................... 67 

4.4 Consolidation of Powders .............................................................................................. 68 

4.4.1 Cans filling ................................................................................................................. 68 

4.4.2 Hot Powder-in-Tube Rolling Process ......................................................................... 68 

4.4.3 Screening Experiment: Studying the Rolling Conditions........................................... 68 

4.4.4 Studying the Effect of Annealing Time ...................................................................... 70 

4.5 Characterization of Powder and Solid ............................................................................ 71 

4.5.1 Physical Properties (Density Measurement) ............................................................... 71 

4.5.2 Mechanical Properties (Nano-indentation Testing) .................................................... 71 

4.5.3 Modeling of Nano-indentation Test ........................................................................... 71 

4.5.3.1 Material Modelling ..................................................................................................... 75 

4.5.4 Structural Evolution .................................................................................................... 76 

4.5.4.1 X-Ray Diffraction ....................................................................................................... 76 

4.5.4.2 Scanning Electron Microscope ................................................................................... 77 

4.5.4.3 Transmission Electron Microscope ............................................................................ 77 

4.6 Fourier transforms Infrared Spectroscopy (FTIR) ......................................................... 78 

4.7 Biodegradability Testing ................................................................................................ 78 

4.8 Cytotoxicity Measurement ............................................................................................. 79 

Chapter 5 : Results and Discussion ........................................................................................... 81 

5.1 Stage I: Synthesis of Nanostructured ZK50 alloyed Powders by MA ........................... 81 

5.1.1 Particle size and morphology during milling ............................................................. 81 

5.1.2 XRD Analysis for BM Powders ................................................................................. 85 

5.2 Stage II: Screening Experiments .................................................................................... 91 

5.2.1 Powder Consolidation Via PIT Rolling Process......................................................... 91 

5.2.2 Density measurements ................................................................................................ 92 

5.2.3 Phase Formation During Consolidation ..................................................................... 94 



VIII 

 

5.2.4 Nano-indentation Testing ........................................................................................... 97 

5.3 Stage III: Studying the Effect of the Annealing Time on Different Properties of Mg-ZK50 

Nanostructured Sheets ............................................................................................................... 98 

5.3.1 Production of Consolidated Sheets ............................................................................. 98 

5.3.2 Phase Development Due to Annealing ....................................................................... 99 

5.3.3 Density measurements .............................................................................................. 102 

5.3.4 Nano-indentation Testing ......................................................................................... 102 

5.3.5 Determine Mechanical Properties from FEM .......................................................... 105 

5.3.6 Studying the Corrosion Behavior of the Fabricated Mg-ZK50 Nanostructured Sheets

 ……………………………………………………………………………………...107 

5.3.6.1 Corrosion Rates Study .............................................................................................. 107 

5.3.6.2 Surface Analysis ....................................................................................................... 111 

5.3.7 Evaluating the Cytotoxicity of the Fabricated Mg-ZK50 Nanostructured Sheets .... 119 

Chapter 6 : Conclusion and Recommendations ..................................................................... 125 

Bibliography .............................................................................................................................. 127 

 

  



IX 

 

List of Figures 
Figure 1.1: Percent of biomaterial used in different applications worldwide ................................. 1 

Figure 2.1: Different classes of biomaterials .................................................................................. 5 

Figure 2.2: Major groups of class III implant devices .................................................................... 7 

Figure 2.3: Application of biomaterials within human body. ......................................................... 8 

Figure 2.4:  Various causes for failure of implants that leads to revision surgery ....................... 14 

Figure 2.5: Integration of different scientists for producing an efficient biomaterial .................. 14 

Figure 2.6: Different index planes and direction in pure Mg HCP structure ................................ 20 

Figure 2.7: the effect of temperature on the CRSS for different slip systems in pure Mg ........... 21 

Figure 2.8: a) AMS-1 and AMS-2 stents manufactured by the German company Biotronik, b) the 

first Mg based screw for musculoskeletal applications ................................................................ 22 

Figure 2.9: Atomic diameters of the alloying elements and favorable size factor with regard to Mg

....................................................................................................................................................... 24 

Figure 2.10: The galvanic series ................................................................................................... 26 

Figure 2.11: Schematic illustration of interactions between a corroding Mg alloy surface and 

biological surrounding environment ............................................................................................. 29 

Figure 2.12: A schematic illustration of magnesium corrosion in simulated body fluids ............ 30 

Figure 2.13: Considerations of element selection for developing biodegradable Mg-based alloys 

....................................................................................................................................................... 31 

Figure 2.14: Different Mg based alloys ........................................................................................ 36 

Figure 2.15: Calculated phase diagram for Mg-Zn-Zr system at 25 °C ....................................... 37 

Figure 2.16: Schematic illustration hydrogen evolution test set-up ............................................. 40 

Figure 2.17: Chandler-Loop used for dynamic immersion testing ............................................... 42 

Figure 2.18: A schematic representation for the ball motion inside planetary ball milling machine 

....................................................................................................................................................... 45 

Figure 3.1: The effect of BPR on the crystallite size and lattice strain ........................................ 50 

Figure 3.2: The effect of BPR on the density and micro-hardness of ball milled Mg-Zn alloy ... 50 

Figure 3.3: Stress-Strain diagram for pure Mg at different extrusion temperatures ..................... 51 

Figure 3.4: The effect of grain size on the yield stress for high and low K constant alloys ......... 52 

Figure 3.5: The variation in elongation-to-failure at 573 K (300 °C) as a function of strain rate for 

PM ZK61 and I/M ZK60 .............................................................................................................. 52 

Figure 3.6: Stress-strain curves of as-cast and annealed Mg-2Zn-Zr alloys at different rolling 

reductions ...................................................................................................................................... 53 

Figure 3.7: Elongation versus yield strength for different wrought and as-cast magnesium alloys 

....................................................................................................................................................... 54 

Figure 3.8: The volume of hydrogen evolved of as-rolled and as-cast Mg alloys immersed in SBF 

and Hank’s solution for 500 h: (a) as-cast alloys in SBF; (b) as-cast alloys in Hank’s solution; (c) 

as-rolled alloys in SBF; (d) as-rolled alloys in Hank’s solution ................................................... 58 

Figure 3.9: Yield strength variation with corrosion rate for different wrought and as-cast 

magnesium alloys.......................................................................................................................... 59 

Figure 3.10: Cell viability expressed as a percentage of the viability of cells in the control after 2 

and 4 days of culture in as-cast pure Mg and Mg binary alloys with L-929 fibroblast cells ........ 61 



X 

 

Figure 3.11: Indirect cytotoxicity of MC3T3 cells cultured for 3 days in extract media from pure 

Mg, as-cast ZK40 and T4-treated ZK40 alloys ............................................................................ 61 

Figure 3.12: Indirect cytotoxicity of L929 cells cultured for 1, 2 and 4 days in extract media from 

pure as-cast and as-extruded ZK60 alloy at different extract concentrations ............................... 62 

Figure 4.1: SEM images for the as-received elemental powders at 500 X a) Magnesium, b) Zinc 

and c) Zirconium ........................................................................................................................... 66 

Figure 4.2:  milled powders; a) ignited due to excessive amount of PCA b) agglomerated due to 

insufficient amount of PCA .......................................................................................................... 68 

Figure 4.3: Copper can after filling with powders and well-sealed .............................................. 68 

Figure 4.4: shows the rolling machine and the furnace used in the hot pipe rolling process. ...... 70 

Figure 4.5: The nano-indentation model (indenter and bulk material) ......................................... 74 

Figure 4.6: Typical stress-strain curve for metals described by power law model ....................... 75 

Figure 4.7: Transmission Electron Microscope (TEM); JEOL, JEM-2100F ............................... 78 

Figure 5.1: FE-SEM micrographs for as-mixed elemental powders for 60 min at 96 rpm. Mg 

powders are indicated by yellow circles, Zn in blue circles and Zr in red circles. ....................... 81 

Figure 5.2: Low magnification FE-SEM micrographs for BM powders after 3, 5, 10, 19, 31, 40 

and 45 milling hours and the corresponding histogram for particle size. ..................................... 84 

Figure 5.3: Effect of MT on the average particle size during BM ................................................ 85 

Figure 5.4: XRD patterns for the as-received elemental powders and milled powders at different 

milling time. The α-Mg(Zn,Zr) is marked by the black square while the black circle marked the 

secondary phase (newly formed secondary phase). ...................................................................... 86 

Figure 5.5: EDX for BM powders after 45 hrs of milling. ........................................................... 87 

Figure 5.6: The effect of milling time on the crystallite size and the lattice strain ...................... 90 

Figure 5.7: TEM micrograph at 400KX for nanostructured Mg-ZK50 alloyed powders after 45 hrs 

of milling. ...................................................................................................................................... 90 

Figure 5.8: Images for selected conditions for the initial stage investigations a) CI and b) CVI . 91 

Figure 5.9: Images for a) Condition A (CA) and b) Condition B (CB) ........................................ 92 

Figure 5.10: SEM macrographs at 200 X imaged along the width of the consolidated sheets for: a) 

Condition A (CA) and b) Condition B (CB) ................................................................................. 93 

Figure 5.11 XRD for the consolidated sheets (black) compared to the pre-consolidated MA 

powders (green). Red arrows indicate the newly formed peaks at 2θ = 20° and 23° in the powder 

consolidated sheets. The α-Mg(Zn,Zr) phase is indicated by the black square while the black circle 

indicates the secondary phase (Mg2Zn or MgZn2). The red arrow points out to the new peaks due 

to the PIT rolling process. ............................................................................................................. 94 

Figure 5.12: SEM micrographs for the surface of the consolidated samples at low magnification 

(a, d) medium magnification (b, e) and high magnification (c, f) for CA and CB. Needle-like 

structures are marked by blue arrows and 6 platelet flower like-structures are marked by red circles.

....................................................................................................................................................... 96 

Figure 5.13: The effect of processing conditions on the change in crystallite size and lattice strain

....................................................................................................................................................... 97 

Figure 5.14: Load displacement curve for the processed sheets ................................................... 98 

Figure 5.15: Young’s modulus and Nano-hardness for the processed sheets............................... 99 



XI 

 

Figure 5.16: X-Ray diffraction patterns for the as-consolidated (C0) as well as the annealed sheets 

(C4, C8 and C12) in black compared to Condition B in red. The α-Mg (Zn,Zr) phase is indicated 

by the black square while the black circle indicates the secondary phase (Mg2Zn or MgZn2). . 100 

Figure 5.17: SEM micrographs for the surface of a) C0, b) C4, c) C8, d) C12 .......................... 101 

Figure 5.18:  The effect of annealing time on the crystallite size and the lattice strain for the 

consolidated sheets by powder-in-tube rolling process .............................................................. 102 

Figure 5.19: Effect of the annealing time on the relative density ............................................... 103 

Figure 5.20: Load-displacement curves for the annealed sheets obtained from nano-indentation 

test. .............................................................................................................................................. 104 

Figure 5.21: Young’s modulus and Nano-hardness for the annealed sheets relative to the crystallite 

size .............................................................................................................................................. 105 

Figure 5.22: Uniaxial stress distribution on deformed bulk material ......................................... 106 

Figure 5.23: Load-displacement curves for experimental and simulation for as-consolidated ZK50 

alloy............................................................................................................................................. 106 

Figure 5.24: Stress-strain curve for ZK50 alloy obtained from the simulation of nano-indentation 

test (yield stress = 315 GPa and n=0.4) ...................................................................................... 107 

Figure 5.25: Hydrogen evolution as a function of immersion time for nanostructured Mg-ZK50 

sheets with different annealing time immersed in SBF for 8 days at 37 °C. (The red arrow indicates 

the direction of coarsening of grain size) .................................................................................... 108 

Figure 5.26: Corrosion rates for nanostructured Mg-ZK50 sheets with different annealing time 

calculated from the hydrogen evolution test and mass loss test after immersion in SBF for 8 days 

at 37 °C. ...................................................................................................................................... 109 

Figure 5.27: Surface morphology of the fabricated sheets after immersion in SBF for 9 days at 37 

°C; as-consolidate sheet (a & b), 4-hrs annealed sheet (c & d), 8-hrs annealed sheet (e & f); and 

12-hrs annealed sheet (g & h). .................................................................................................... 113 

Figure 5.28:  XRD peaks for the consolidate sheets after immersion in SBF for 8 days. The black 

squares refer to α-Mg(Zn,Zr), the blue squares refer to HA and the red squares refer to the 

Mg(OH)2. .................................................................................................................................... 113 

Figure 5.29: FTIR spectra for the a) as-consolidate sheets (C0), b) 4-hrs annealed sheets (C4), c) 

8-hrs annealed sheets (C8) and d) 12-hrs annealed sheets (C12) before (black line) and after (red 

line) immersion in SBF for 8 days. ............................................................................................. 115 

Figure 5.30: Overlapped FTIR spectra for the 4 conditions after immersion in SBF for 8 days at 

37 °C. .......................................................................................................................................... 116 

Figure 5.31: EDS spectra and elemental composition for a) as-consolidate sheets (C0), b) 4-hrs 

annealed sheets (C4), c) 8-hrs annealed sheets (C8) and d) 12-hrs annealed sheets (C12) after 

immersion in SBF for 8 days at 37 °C. ....................................................................................... 119 

Figure 5.32: Cell viability of L929 fibroblast cells cultured with Mg-ZK50 nanostructured 

consolidate sheets for a) 1 day; b) 3 days as a function of the sample condition compared to the 

negative control. (* for P<0.05, ** for P<0.001, *** for P<0.005)............................................ 122 

Figure 5.33: Optical morphologies of the negative control (L-929 cells) after a) 1 day and b) 3 

days. ............................................................................................................................................ 122 

Figure 5.34: Optical morphologies of L-929 fibroblast cells that were cultured 50%, 25% and 10% 

concentration extraction medium of nanostructured Mg-ZK50 sheets for 1 day ....................... 123 



XII 

 

Figure 5.35: Optical morphologies of L-929 fibroblast cells that were cultured 50%, 25% and 10% 

concentration extraction medium of nanostructured Mg-ZK50 sheets for 3 days. ..................... 124 

 

  



XIII 

 

List of Tables 
Table 2.1: Advantages and disadvantages of biomaterial classes ................................................. 12 

Table 2.2: Advantage and disadvantages of some metallic biomaterials ..................................... 13 

Table 2.3: Main properties of pure elemental magnesium ........................................................... 19 

Table 2.4: Mechanical properties of different biomaterials compared to cortical bone ............... 23 

Table 2.5: Mechanical properties of pure Mg produced by different techniques compared to 

cortical bone (aextruded at 350 °C, bextruded at 250 °C) ............................................................. 23 

Table 2.6: show the solubility limit of some common alloying elements in magnesium ............. 24 

Table 2.7: Values of GRF for different alloying elements in Mg ................................................. 25 

Table 2.8: Pathophysiology and toxicology of alloying elements used for biodegradable Mg alloys

....................................................................................................................................................... 32 

Table 2.9: Effect of adding alloying elements on the mechanical properties, corrosion rate and 

grain refinement in magnesium alloys .......................................................................................... 34 

Table 2.10: ASTM codes for different alloying elements used in Mg alloys ............................... 35 

Table 2.11: the temper designation set by ASTM and used for Mg alloys .................................. 36 

Table 2.12: Comparison between the performed corrosion tests in this study ............................. 39 

Table 2.13: Ion concentration of different fluids using in measuring the biodegradability of Mg 

alloys ............................................................................................................................................. 41 

Table 3.1: Summary of some literature Mechanical milling of different Mg alloys .................... 48 

Table 3.2: Summary of the mechanical properties of selected Mg based alloys .......................... 54 

Table 3.3: Summary of biodegradability test results of Mg alloys for selected literature ............ 60 

Table 3.4: Summary of cytotoxicity test results for Mg based alloys for selected literature ....... 63 

Table 4.1: Nominal composition of the mixed powders ............................................................... 67 

Table 4.2: Consolidation and annealing conditions of BM high quality powders ....................... 69 

Table 4.3: Consolidation and annealing conditions of BM high quality powders ....................... 70 

Table 4.4: designation of the annealed sheets at 300 °C .............................................................. 71 

Table 5.1: Summary of the reported data of different researchers for the different diffraction 

patterns appeared in the BM ZK50 alloyed powders after 45 hrs (the black column for the newly 

formed phase)................................................................................................................................ 88 

Table 5.2: Summary of the reported phases corresponding to the detected peaks by XRD in CB.

....................................................................................................................................................... 94 

Table 5.3: Summary for the Corrosion rates for nanostructured Mg-ZK50 sheets with different 

annealing time calculated from the hydrogen evolution test and mass loss test after immersion in 

SBF for 8 days at 37 °C. ............................................................................................................. 110 

Table 5.4: Summary of the infrared peaks position and assignment for the studied conditions after 

immersion in SBF for 8 days ...................................................................................................... 116 

  



XIV 

 

List of Abbreviations 
 

 

Abbreviation 

 

Description 

ADA American Dental Association 

Ag Silver 

Al Aluminum 

Ar Argon 

ASTM American Society of Testing and Materials 

AUC American University in Cairo 

Ba Barium 

Be Beryllium 

Bi Bismuth 

BM ball milling 

BMS Bare Metal Stent 

BPR Ball-to-Powder Ratio 

Ca Calcium 

CAD Computer Aided Design 

CAE Computational Fluid Dynamics 

Cd Cadmium 

Ce Cerium 

CEC Cyclic Extrusion and Compression 

CFD Complete Abaqus Environment 

Co Cobalt 

Cr Chromium 

CR Charge Ratio 

CRSS Critical Resolved Shear Stress 

c-SBF Conventional Simulated Body Fluid 

CSM Continuous Stiffness Method 

Cu Cupper 

CVDs Cardiovascular Diseases 

DCPD Dicyclopentadiene 

DES Drug Eluting Stent 

DMEM Dulbecco’s Modified Eagle’s Medium 

EBSS Earle’s balanced Salt Solution 

ECAP Equal Channel Angular Pressing 

ECHC European Commission on Health and Consumers 

EDS Energy Dispersive X-ray Spectroscopy 

E-JUST Egyptian-Japanese University of Science and Technology 

FBS Fetal Bovine Serum 

FDA Food and Drug Association 

Fe Iron 

FE Finite Element 

FEA Finite Element Analysis 

FEM Finite Element Modelling 



XV 

 

Gd Gadolinium 

GRF Growth Restriction Factor 

HA Hydroxyapatite 

HBSS Hank’s Balanced Salt Solution 

HCP Hexagonal Closed Packed 

HEBM High-Energy Ball Mills 

HPT High Pressure Torsion 

In Indium 

INCO International Nickel Company 

Ir Iridium 

ISO International Organization for Standardization 

La Lanthanum 

LAF Laminar Air Flow 

Li Lithium 

MA Mechanical Alloying 

Mg Magnesium 

ML Mass loss 

MM Mechanical Milling 

Mn Manganese 

MRI Magnetic Resonance Imaging 

MTT Methyl tetrazolium 

N/M Not mentioned 

ND Nanodiamond 

Nd Neodymium 

Ni Nickle 

Ni-Ti Nitinol 

Pb Lead 

PBS Phosphate Buffered Saline 

PCA Process Control Agent 

PCI Percutaneous Coronary Intervention 

PCL Poly-caprolactone 

PDS Polydioxanone 

PE Polyethylene 

PGA Poly(glycolic acid) 

PHB Polyhydroxybutyrate 

PHEMA Poly(2-hydroxyethyl-methacrylate) 

PIT Powder-in-Tube 

PLA Poly(L-lactic acid) 

PLGA Poly (lactic-co-glycolic acid) 

PLLA Poly(L-lactic acid) 

PM Powder Metallurgy 

PMMA Polymethylmethacrylate 

PNIPAAMs Poly(Nisopropylacrylamide)s 

POXs Poly(2-Oxazoline)S 

PP Polypropylene 

Pr Praseodymium 



XVI 

 

Pt Platinum 

rBMSC Rabbit Bone Marrow Stromal Cells 

REE Rare Earth Elements 

RMS Root Mean Square 

Ru Ruthenium 

Sb Antimony 

SBF Simulated Body Fluid 

SCC Stress Corrosion Cracking 

SD Standard Deviation 

SEM Scanning Electron Microscope 

Si Silicon 

Sn Tin 

SPD Severe Plastic Deformation 

Sr Strontium 

SS Stainless steel 

Ta Tantalum 

TCP Tri-Calcium Phosphate 

TEM Transmission Electron Microscope 

TGA Therapeutic Goods Administration 

Th Thorium 

Ti Titanium 

Tl  Thallium 

TRP Transient Receptor Potential 

USA United States of America 

UTS Ultimate Tensile Strength 

V Vanadium 

W Tungsten 

XRD X-Ray Diffraction 

Y Yttrium 

YJ-STRC Youssef Jamil Science and Technology Research Center 

YTS Yield Tensile Strength 

Zn Zinc 

Zr Zirconium 

  



XVII 

 

List of Symbols 
 

Symbol Description 

°C Degrees Centigrade 

µl microliter 

µm micrometer 

A° Angstrom 

At% Atomic percent 

C0 As-consolidated 

C12 Consolidated sheet annealed for 12 hours 

C4 Consolidated sheet annealed for 4 hours 

C8 Consolidated sheet annealed for 8 hours 

CA Condition A 

CB Condition B 

gm grams 

GPa giga Pascal 

hrs hours 

K Constant = 0.91 

kV Kilovolt 

ma mass of specimen in air 

mA milliampere 

mf Weight of sample after immersion 

mg milligram 

min minute 

ml mass of sample in auxiliary fluid 

ml milliliter 

mm millimeter 

mo Weight of sample before immersion 

nm nanometer 

rpm Revolution per minute 

SA Surface area 

sec second 

t Crystallite size 

Tm Melting temperature 

Wt% Weight percent 

yr Year 

ε Lattice strain 

θ Bragg’s diffraction angle 

λ Wavelength 

ρl, 
 density of auxiliary fluid 

ρs 
 specimen density 

  



1 
 

Chapter 1 : Introduction 
 

Since the famous lecture by the Nobel laureate Richard Feynman in 1959, nanotechnology 

has proven to be a very powerful tool in designing materials with very interesting properties based 

on the required applications [1]. The secret is the greater surface area to volume ratio associated 

with nanomaterials, which changes their mechanical, chemical, optical and electrical properties. 

Nanomaterials are typically defined as those that have at least one  dimension less than 100 nm, 

while nano-structured materials are those whose internal structure consist of nano-sized grains [2]. 

Nanomaterials can be used in a wide range of applications and in almost every field such as 

construction, petroleum, automotive, and aerospace industries. In addition to these, nanoscience is 

also being applied to produce advanced materials that can be used in different biomedical 

applications such as dental implants [3], orthopedic implants [4] and stents [5]. 

A biomaterial is defined by the American National Institute of Health as “Any matter, 

surface, or construct that interacts with biological systems and can be derived from nature or 

synthesized in the laboratory using metallic components, polymers, ceramics and composite 

materials” [6]. This definition is considered the most widely used for biomaterials, which have 

many applications and can be classified according to the class of materials used, their structure, 

and function. Figure 1.1 shows the percent of biomaterials used in different applications worldwide 

[7]. It can be seen that almost 75% of biomaterials are used in orthopedic implants and stents. 

 

Figure 1.1: Percent of biomaterial used in different applications worldwide 
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Every year, millions of people worldwide suffer from bone fractures caused by accidents 

or diseases. In some cases, external treatments are not sufficient and surgery is performed by 

specialized surgeons in order to replace fractured or damaged bones. Some orthopedic implants 

such as knee, hip or joint replacements are permanent and are required to perform their function 

for  an extended period of time [8]. In other cases, the patient might not require a full replacement 

of the injured part, where bone repair can be achieved using screws or plates. However, traditional 

methods of osteosynthesis or osteotomy usually use permanent metal implants made of stainless 

steel or titanium alloys and these implants are removed after the operation in 1 or 2 years [9]. In 

addition to orthopedic implants, stents are also an important application for biomaterials. A stent 

is a small mesh-like tubular scaffold that is placed inside an artery and then expanded to keep the 

arterial lumen open [10, 11]. All stents are designed for implantation in native coronary arteries 

but some designs are specifically made for special applications such as degenerated saphenous 

vein grafts, coronary ruptures and aneurysms [10]. Nowadays, most endovascular stents are 

permanent. However, after performing their required function, some complications may occur due 

to their presence, such as long-term endothelial dysfunction, permanent physical irritation, and 

chronic inflammatory local reactions. Accordingly, biodegradable stents, which are removed from 

the body after the affected blood vessel is healed, have been found to be an effective solution to 

the various problems associated with permanent stents [11]. 

There is an increased demand for novel biomaterials that rid of the need for secondary 

surgical procedures resulting from implant failure [14, 15]. Thirty percent of patients who undergo 

hip replacement surgery are under 65 years old, while stents typically have lifetimes of about 19 

years. On the other hand, the lifetime of most orthopedic implants is 12 to 15 years and therefore 

most patients require surgery at least one additional time following the original procedure [12]. In 

the United States of America (USA), over 2 million patients diagnosed with cardiovascular 

diseases (CVDs) undergo stent implantation every year [13]. The cost of percutaneous coronary 

intervention (PCI) ranged from $13,000 to $27,000 in 2017.In addition to their high cost, there are 

various risks to patients’ lives associated with PCI procedures. [14]. 

Due to the various complications that can result from using conventional biomaterials, 

nanotechnology can play a significant and important role in eliminating the gap between present 

biomaterials currently in the market and the desired material properties. This is because 
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nanotechnology offers the flexibility needed for altering material properties making them more 

favorable. Accordingly, there is a growing trend worldwide, where nano-biomaterials are being 

extensively investigated as potential candidates for enhancing the quality of life of the patients 

who required implants [15].  

The most commonly used metallic materials in biomedical applications are stainless steel, 

titanium, and cobalt chromium alloys [16]. In addition to those alloys, magnesium (Mg based 

alloys) have also proven to be very promising biomaterial due to their biodegradability, 

exceptional mechanical properties, as well as excellent biocompatibility [17]. Different Mg 

nanostructured alloys are currently under development. This is because they have properties that 

closely match those of the human bone as well as their mechanical properties being suitable for 

stent manufacturing. For that reason, many researchers are investigating the different aspects of 

magnesium alloy systems for better understanding their role as stent materials [18]. 

Accordingly, the current study focuses on the development of a nanostructured 

magnesium-based alloy, namely Mg-ZK50 alloy, which is new to literature. The presented work 

is mainly concerned with the synthesis of a nanostructured Mg-ZK50 alloy by a mechanical 

alloying process. The powder-in-tube (PIT) process followed by annealing is then applied in order 

to produce well-consolidated solid sheets. Different characterization techniques such as scanning 

electron microscope (SEM), x-ray diffraction (XRD) and transmission electron microscope (TEM) 

were employed to measure the change in grain and crystallite size as well as the formation of new 

phases during ball milling as well as the consolidation processes. The annealing process was done 

in order to study the effect of grain size on the mechanical properties, bio-corrosion rate as well as 

cytotoxicity using MTT assay for the produced sheets.  
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Chapter 2 : Background 

In this chapter, the necessary background required for performing this research is 

presented. To study a biomaterial, it was very important to start with defining the different class 

of biomedical devices. Then the classes of biomaterials used are then introduced including 

polymeric, ceramics, composite and metallic biomaterials to whom Mg belongs.  

Mg alloys are very promising biomaterials thanks to their mechanical property, 

biodegradability and compatibility with human body. Therefore, Mg structure, deformation 

mechanism, strengthening mechanisms as well as degradation mechanism in biological 

environments are discussed in details. In addition, the mechanical milling process which was used 

in this study was discussed in details.  

2.1 Classes of Biomedical Devices 

Biomaterials are used in approximately 8000 different types of biomedical devices [19]. 

Due to the large number of these devices, it was very important to classify them into groups in 

order to make it easier for organizations that deal with implant devices. Many governmental 

regulatory authorities such as The Food and Drug Association (FDA), Medical Devices Bureau of 

Health Canada, European Commission on Health and Consumers (ECHC) and the Therapeutic 

Goods Administration (TGA) have their special classifications [20]. 

The FDA classifies bioimplants into 3 classes based on the level of control required to 

assure safety and effectiveness of the implant device [21]. Figure 2.1 shows the main classes of 

medical devices according to the FDA classification. Generally medical devices are either non-

implant (Class I & Class II) or implantable (Class III) devices. According to the definition of 

biomaterials mentioned earlier, they are typically used in class III devices [22]. 

Class I devices do not contribute to supporting or sustaining life of humans such as elastic 

bandages, gloves and surgical instruments. Class II devices include powered wheelchairs, infusion 

pumps, and surgical drapes and need more control than Class I. For the purposes of this work, 

Class III implants are dealt with in this research. Such implants are used to support and sustain 

human life and are sub-classified according to their application. These implants should also 

provide structural and mechanical support, functional support, and may act as localized drug 
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delivery systems. Figure 2.2 shows the major groups of class III implant devices which are 

cardiovascular implants, orthopedic implants and other implant devices. Figure 2.3 shows a 

general overview of the different applications of biomaterials within the human body [21]. 

 

Figure 2.1: Different classes of biomaterials 

2.2 Biomaterials and their Classifications 

2.2.1 Classification of Biomaterials 

Biomaterials are classified according to their applications, structure, microstructure and 

biological activity, and typically fall into 4 main classes of materials, namely polymers, ceramics, 

composites, and metallic materials. Each class of materials as well as the materials within it, are 

usually associated with certain applications. Consequently, new materials are constantly being 

investigated in order to enhance the performance of implants inside the human body. 

Hench [23] classified biomaterials into 3 main generations based on the evolution on the 

requirements and properties of the materials involved. Although he called each group as 

“generation”, these generations should not be interpreted chronologically, but conceptually. 

Therefore, current research is still undergoing for developing materials in the first or second 

generation [24]. 

First generation biomaterials include those which are bio-inert such as metallic materials 

(stainless steel, Co-Cr based alloys, Ti based alloys, Ni-Ti alloy); ceramics (alumina and zirconia); 

and polymers (silicone rubber, polyethylene (PE), acrylic resins, polyurethanes, polypropylene 

(PP) and polymethylmethacrylate (PMMA)). These materials offer the required combination of 
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physical and mechanical properties and to match those of the replaced tissues resulting in a 

minimal toxic response. 

The second generation includes more advanced materials, which have the ability to interact 

with the biological environment in order to improve the tissue/surface bonding and the biological 

response. These also include bio-absorbable materials, which are materials that degrade at the same 

rate at which new tissues are generated. Examples of second generation materials are ceramics 

(bioactive glasses, glass–ceramics and calcium phosphates polymers (polydioxanone (PDS), 

poly(3-caprolactone) (PCL), polyhydroxybutyrate (PHB), polyorthoester, chitosan, poly(2-

hydroxyethyl-methacrylate) (PHEMA), hyaluronic acid and hydrogels) and some metallic 

materials. 

The third generation of biomaterials includes those that are both bioactive and 

biodegradable in addition to possessing the capability of stimulating specific cellular responses at 

the molecular level. Materials with structures made from polymers, ceramics, or metallic foams 

are examples of this generation of materials. 

Recently, a fourth generation has been introduced to the world of biomaterials [25]. These 

are smart biomaterials, which are designed to respond to changes in their surrounding environment. 

This generation of biomaterials includes shape memory alloys such as Nitinol [26]; shape memory 

polymers such as poly(L-lactic acid) (PLLA) and poly(glycolic acid) (PGA) used in manufacturing 

of stents [27]; piezoelectric materials such as HA/BaTiO3 [28], self-healing materials such as 

Dicyclopentadiene (DCPD) monomer [29]; temperature responsive polymers such as 

poly(Nisopropylacrylamide)s (PNIPAAMs) and poly(2-oxazoline)s (POxs) [30]; and 

thermoelectric materials [31]. 
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Figure 2.2: Major groups of class III implant devices 
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Figure 2.3: Application of biomaterials within human body [32]. 

Research conducted on different Ti nanostructured alloys has shown successful  

elimination of the gap between the elastic modulus of conventional micro-structured Ti alloys 

(100-120 GPa) and bone (3-30 GPa) [2]. Similarly, the development of nano-polymer coatings has 

been shown to enhance the degradation rate and control drug release in drug eluting stents (DES). 

Therefore, it is clear that utilizing nanoscience has the potential to revolutionize the field of 

biomaterials which has led to the introduction of a novel term used to describe such materials 

namely “Nano-biomaterials” [33]. 

2.2.2 Classes of Biomaterials 

2.2.2.1 Polymeric Biomaterials 

Polymeric biomaterials have very attractive properties due to their light weight, ductility, 

good biocompatibility, and biodegradability [34]. Biopolymers have many applications and are 

especially useful in dentistry [15]. There are two main classes of polymeric biomaterials; natural 

and synthetic polymers. Examples of natural polymers are polysaccharides [35], chitosan [36], 
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hyaluronic-based derivatives [37], and protein-based materials such as fibrin gel [38] and collagen 

[39]. While Synthetic biopolymers include Poly (lactic acid) (PLA) [40], PLLA [41], Poly (lactic-

co-glycolic acid) (PLGA) [42], Poly-caprolactone (PCL) [43] and PGA [44]. Despite their many 

advantages, the use of polymeric biomaterials is limited to low load-bearing applications and soft 

tissue reconstruction due to their poor mechanical strength relative to other biomaterials [45]. 

2.2.2.2 Ceramic Biomaterials 

Although, ceramic biomaterials have high compressive strengths, high wear-resistance, 

strong, chemically and thermally stable and are generally compatible with the human body, they 

tend to be brittle with low fracture toughness and may fail in service [49, 50]. Ceramics can be 

bioinert such as alumina (Al2O3) and zirconia (ZrO2), bioactive, which bond directly to the bone 

such as bioglass (Na2O-CaO-SiO2-P2O5) and wollastonite [46], or can be biodegradable such tri-

calcium phosphate (TCP, Ca3(PO4)2) [46] and calcite (CaCO3) [47]. They are commonly used as 

coatings on different implants, manufacturing the head of hip joints [48], bone tissue engineering, 

skull reconstruction [49] drug delivery devices [15] and stent manufacturing [18]. 

2.2.2.3 Composite Biomaterials 

Composite materials have the advantage of combining two or more materials or phases in 

order to achieve the necessary properties for a particular application. For instance, a composite 

biomaterial made from hydroxyapatite (HA) or bioactive glass deposited on the surface of Ti 

implants can promote bone attachment [50]. Moreover, a 2-phase HA-polymer mixture  as well as 

HA micro- and  nano-powders  dispersed in polymeric matrices [56, 57] were developed and have 

been shown to  be very similar to bone in terms of mechanical properties. Zn-Nanodiamond (Zn-

ND) composite was also studied by Miao Yu [51] as a potential material for manufacturing of 

stents. 

2.2.2.4 Metallic Biomaterials 

Metallic biomaterials are also used in a wide range of applications and particularly for 

manufacturing of stents and orthopedic implants. Metallic biomaterials can be non-degradable or 

degradable in biological environments. Examples of metallic biomaterial systems are 316L 

stainless steel (316L SS), platinum–iridium (Pt–Ir), tantalum (Ta), nitinol (Ni–Ti), cobalt–

chromium (Co–Cr), titanium (Ti), pure iron (Fe), and magnesium (Mg) alloys. 
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Non-degradable Metallic Biomaterials 

a. Stainless Steel (SS) 

316L SS is considered the most common metal-based material used for manufacturing of 

stents, screws, bone plates and catheters [22, 59, 60]. Its mechanical properties as well as corrosion 

resistance give it a great advantage over other metals [52]. However, it is not compatible with 

magnetic resonance imaging (MRI) and is a poorly visible fluoroscopic material [53]. Moreover, 

it can cause intimal hyperplasia and in-stent restenosis [54]. Besides, the 321 and 321H SS grades 

are promising biomaterials when 10.5% Ni and and 0.08% C are added to them [18]. 

b. Platinum–Iridium (Pt–Ir) Alloys 

Pt-Ir alloys are typically made of 90% Pt and 10% Ir. Bhargava et al. [55] used this alloy 

to manufacture bare metal stents (BMS). The alloy showed excellent visibility under MRI, good 

radiopacity, in addition to reduced inflammatory reactions. Although, the alloy has good corrosion 

resistance, its  mechanical properties are poor compared to other metallic materials [65, 66]. 

c. Tantalum-Based Alloys 

Ta has excellent ductility, toughness, biocompatibility, corrosion resistance, bioactivity, 

cellular adherence, and cellular growth [56]. However, its  applications as a biomaterial are very 

limited due to its poor machinability, and high specific density [57]. 

d. Titanium-Based Alloys 

Generally, Ti and its alloys have low density, high compressive strength, high specific 

strength, good corrosion resistance, moderate elastic modulus, and good biocompatibility. These 

favorable properties make them attractive materials for orthopedic implants and dental applications 

[69-71]. On the other hand, Ti alloys exhibit low tensile strength, which makes them prone to 

tensile failure when expanded beyond their yield strength in balloon expandable stent deployment. 

e. Ni–Ti Alloy (Nitinol) 

This alloy consists roughly of 50% Nickel and 50% Titanium [58]. It has good MRI opacity 

[70, 71]  and exhibits a shape memory effect, which allows producing self-expanding stents under 

the effect of body temperature [59]. The mechanical properties of Nitinol are very suitable for the 
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production of stents [60]. Its poor corrosion resistance can be enhanced through surface 

modification techniques such as plasma-immersion ion implantation [61], nitric acid treatments 

[62], heat treatments [63], electropolishing [63] or Ti nitride coatings [64]. 

f. Co–Cr Alloys 

Co–Cr alloys are used in stent manufacturing [18], dental applications, as well as making 

artificial joints such as knees and hip [65]. These alloys allow for the production of stents with 

high-strength ultra-thin struts due to the resulting excellent radial strength, which is significantly 

enhanced due to the high elastic modulus of Co-Cr alloys [66]. Moreover, stents made of these 

alloys are visible under X-ray and are MRI compatible [79, 80]. On the other hand, the corrosion 

products of some Co-Cr alloys are toxic [65]. 

Biodegradable Metallic Biomaterials 

a. Fe-Based Alloys 

Fe-based alloys have high strength and ductility. They are commonly used for 

manufacturing of stents. Their high ductility helps during the expansion of balloon-expanding 

stents, while their high strength allows for the production of stents with thin struts which allows 

more space for blood to flow [67]. The most commonly used Fe alloys for stent manufacturing are 

Fe–3C [68], Fe–3S [68], Fe–3W [68], Fe–10Mn [69], Fe–10Mn–1Pd [69], Fe–30Mn (forged) [70], 

Fe–30Mn (cast) [70], Fe–30Mn–1C [70], Fe–30Mn–6Si [70], and pure Fe [71]. 

b. Mg-Based Alloys 

Magnesium-based alloys are well known for their biodegradability. In addition, they have 

low density, high damping capacity, good machinability (at high temperature), good elastic 

modulus, and high strength, which match the properties of human bone [72]. The specific strength 

of Mg is high compared to that of other metallic biomaterials. Moreover, the degradation products 

of Mg alloys are biocompatible in contrast to those of biodegradable polymers, which are typically 

acidic and can delay the healing of bones and can induce inflammation [73]. Due to their numerous 

advantages, many research groups are currently investigating Mg-based alloys with varying 

structures obtained via a variety of processing routes in an attempt to develop biomaterials with 

the properties needed for different biomedical applications. Table 2.1 shows a comparison between 
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the different classes of biomaterial while table 2.2 shows a comparison between different metallic 

biomaterials.  

Table 2.1: Advantages and disadvantages of biomaterial classes [74] 

Materials Advantages Disadvantages 

Polymers 

 Resilient 

 Easy to fabricate 

 Biocompatible 

 Ductile 

 Low strength 

 Deforms with time 

 May degrade 

Ceramics 

 Biocompatible 

 Inert 

 High compressing strength 

 Brittle 

 Not resilient 

 Difficult to make 

Composites 

 High strength 

 Tailor-made 

 High wear resistance 

 Chemically stable 

 Thermally stable  

 Biocompatible 

 Low fracture toughness 

 Difficult to make 

 Brittle 

 

2.3 Material Requirements for Biomaterials 

There is a very urgent need for biomaterials  for curing diseases and improving the quality 

of life of patients [75]. Failure to design compliant biomaterials for different applications can lead 

to many complications and the need for secondary surgical procedures. Accordingly, the sound 

design of biomaterials is very important in order to prevent the failure of implants and devices 

during service. Figure 2.4 shows the major complications that may occur as a result of failure of 

the an implant material [12]. Designing effective biomaterials is typically a result of successful 

collaboration between scientists in different fields. Figure 2.5 shows various fields needed for how 

producing a biomaterial. Generally, biomedical engineers determine the required functions needed 

for a specific application. Material scientists then choose candidate materials and carry out the 

required manipulation of the material through different processing and manufacturing methods in 

order to achieve the desired properties. Mechanical engineers then perform the required 

mechanical testing before pathologists conduct the required biological experiments to determine 

the biocompatibility of the developed material [12]. 
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Table 2.2: Advantage and disadvantages of some metallic biomaterials [38, 49, 50, 65, 66, 88]  

Alloy Advantages Disadvantages 

Stainless Steel 

 Available 

 Low cost 

 Moderate toughness 

 Accepted biocompatibility 

 Good machinability 

 High modulus 

 Low corrosion resistance 

 Low wear resistance 

 Corrosion products cause allergy. 

Pt–Ir 

 Visible under MRI 

 Good radiopacity 

 Biocompatible 

 Poor mechanical properties 

Tantalum 

 Excellent ductility and toughness 

 Non-degradable 

 Biocompatible 

 Bioactive 

 High density 

 Poor machinability 

 Poor mechanical properties 

Ti alloys 

 Low density 

 High compression strength 

 Corrosion resistance 

 Biocompatible 

 Moderate elastic modulus 

 Low tensile strength 

 Poor wear resistance 

 Poor bending ductility 

 Expensive 

 

Ni-Ti alloys 

 MRI opacity 

 Biodegradable 

 Shape memory alloy 

 Poor corrosion resistance 

Co-Cr alloys 

 Excellent radial strength 

 High elastic modulus 

 MRI opacity 

 High fatigue and wear resistance 

 Long term biocompatibility 

 Corrosion products are not compatible 

 Expensive 

 Difficulty to machine 

 Stress shielding effect 

Fe alloys 
 High strength 

 High ductility 
 High density 

Mg alloys 

 Low density 

 High damping capacity 

 Good elastic modulus 

 High specific strength 

 Biocompatible 

 Biodegradable 

 Bioresorbable 

 Less stress shielding effect 

 Deformed only at high temperature 

 Hydrogen evolution during degradation 
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Figure 2.4:  Various causes for failure of implants that leads to revision surgery [12] 

 

Figure 2.5: Integration of different scientists for producing an efficient biomaterial 
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To produce commercial bioimplants, there are several important considerations that need 

to be taken into account by scientists and engineers in the final produced alloy before being placed 

in service. The main properties of biomaterials include: 

a. Host response:  

This is defined as the response of the host organism whether local or systemic to the 

material or device implanted inside the host body. 

b. Bio-functionality:  

This is a key requirement for the selected material [76]. The material should satisfy the 

main function it is designed for. The term bio-functionality includes chemical, mechanical and 

physical aspects, examples of bio-functions and their corresponding implants and/or devices are 

[65]: 

 Stress distribution and load transmission (e.g. bone replacement) 

 Articulation to allow movement (e.g. artificial knee joint) 

 Control of fluid and blood flow (e.g. artificial heart) 

 Space filling (e.g. cosmetic surgery) 

 Electrical stimuli (e.g. pacemaker) 

 Light transmission (e.g. implanted lenses) 

 Sound transmission (e.g. cochlear implant) 

c. Biocompatibility 

For any material to be used inside the human body, it should possess specific characteristics 

so as not to stimulate inflammatory or allergenic reactions and should not be toxic. The 

biocompatibility of a material depends on two main factors, namely the material itself as well as 

its degradation products inside the human body. Moreover, materials that are not biocompatible 

can cause blood coagulation (thrombosis) or fibrous tissue encapsulation if the biomaterial is  

implanted in soft tissues [77]. For that reason, special in vitro and in vivo tests should be carried 

out in order to study the effect of the implanted material on the viability of cells.  
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d. Mechanical Properties 

Since different applications require different mechanical properties, they are accordingly a 

main consideration when selecting candidate materials for a specific application. The primary 

mechanical properties to consider are: 

Fatigue strength, which is a measure of a material’s response when subjected to cyclic 

loads. The fatigue strength of a material should be high to avoid any brittle fracture under cyclic 

loading [78]. 

Strength of biomaterials, which is very important especially for orthopedic implants and 

stents. This determines whether or not the material is biomechanically compatible [12]. Materials 

with high strength can be used for thin strut stents [67]. 

Modulus of Elasticity, orthopedic implants should have a modulus that is nearly the same 

as that of bone (approximately 3-30 GPa based on the type of the bone and direction of 

measurement). Materials with higher stiffness don’t transfer the loads to the surrounding bones, 

which causes bone resorption around the implant and the death of bone cells. This effect is called 

stress shielding effect [79]. 

Ductility is very important as it allows the deformation of materials during processing (such 

as machining) as well as in service as in balloon expanding stents. For instance, The American 

Dental Association (ADA) require that biomedical dental implants should have an elongation 

percentage of at least 8% [78]. 

Hardness, materials with high hardness prevent wearing of the implant while in service. 

This property is very important for some orthopedic implants such as knee replacements, which 

need significant wear resistance [78]. Wearing of an implant has two main complications; first  the 

implant loses its function, and second the resulting  debris can cause a severe inflammatory 

response [65]. 

e. Surface roughness: 

In some applications, the surface roughness of the material has a significant effect on the 

bio-response of the host organism. In some orthopedic applications, increasing the surface area of 

the implant enhances the attachment of bone cells to its surface. Wennerberg et al. [80] classified 

material surfaces into three classes; minimally rough (0.5-1 µm), intermediately rough surface (1-
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2 µm), rough surface (2-3 µm) [80]. Moreover, the surface area affects the quality of coatings in 

drug eluting stents (DES) as well as the mechanism and rate of degradation of biodegradable 

materials. Therefore controlling the surface roughness can affect the degradation mechanism as 

well as the efficiency of implants [80]. 

f. Biodegradability 

In some applications, biomaterials are required to degrade in service. The term 

biodegradable means the breakdown of a material when it is placed in a biological environment. 

The degradation products should be non-toxic and should not cause any severe problem with the 

human body. Moreover, the implant should not lose its mechanical integrity during its degradation 

in order to avoid any complications. For example, if the biodegradable stent loses its strength 

during its degradation the stent could collapse inside the treated artery, causing a blockage of the 

blood flow path. One of the most effective biodegradable metallic biomaterials are Mg-based 

alloys. 

2.4 Magnesium Structure and Properties 

The current research work focuses on Mg-alloy for biomedical applications (especially for 

stents and orthopedic implants which require biodegradable biomaterials). Therefore, this section 

discusses in details the structure and properties of Mg and its alloys.  

Magnesium (Mg) was first discovered in England by Joseph Black in 1729 and named after 

the ancient Greek district of Magnesia in Thessaly [81]. It is the eighth most abundant element, 

comprising 2.7% of the earth’s crust and has a silvery-white color [82]. It is not found in its 

elemental nature due to its high reactivity. Moreover, pure magnesium powders are flammable and 

burn with a white bright flame at room temperature [83]. However, Magnesium is an important 

element for the human metabolism. It is the fourth most abundant cation present in the human 

body and present mainly in human bone and muscles by 53% and 27% respectively [84] as well 

as in blood plasma, body fluids, and other tissues [85]. The daily allowance of magnesium for 

adults is about 0.7 gm [86]. 

Pure Mg has a density of 1.74 g/cm3, which makes it lighter than other metals in service 

such as Aluminum (2.7 g/cm3), Steel (7.85 g/cm3), Copper (8.98 g/cm3) and titanium (4.5 g/cm3) 

[87]. Table 2.3 lists the main properties of elemental magnesium. Pure magnesium has a hexagonal 
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closed packed (HCP) crystal structure with lattice parameters a = 0.32092 nm and c = 0.52105 nm 

[7]. The c/a ratio for magnesium is 1.6236, which is very close to the ideal value for close packed 

structure; 1.633. This shows that magnesium has a nearly perfect HCP structure with an atomic 

diameter of 0.32 nm [88]. 

2.4.1 Deformation Mechanism 

The most common mechanism of plastic deformation for metals is by sliding of crystal 

blocks over one another. This sliding takes place on specific crystallographic planes and directions, 

which are the planes with highest atomic density and directions in the planes which most closed 

packed [82]. The combination of slip planes and slip directions is referred to as a slip system. In 

polycrystalline materials, for grains to deform without cracking, Mises [89] suggested that at least 

five independent slip systems are needed. 

For HCP lattice structure such as Mg, Zn and Zr; which are used in this study, the 

availability of different slip systems is very limited due to the low symmetry of the HCP crystal 

structure [90]. The basal plane (0001) is the plane with greatest atomic density in HCP crystal 

with the most closed packed direction family 〈112̅0〉; called 〈a〉. Therefore, the basal system 

{0001} 〈112̅0〉 is a slip system. For each unit HCP cell, there is only one basal plane and 3 

directions. However, the basal slip system offers only two independent slip systems. Figure 2.6 

shows the different slip systems present in the HCP crystal structure [94, 95, 103]. The Figure 

shows other slip systems such as the prismatic slip system {102̅0} 〈112̅0〉 and the pyramidal slip 

system {101̅1} 〈112̅0〉. 

Twining is a second deformation mechanism in metals; especially for those who are not 

easily deformed such as Mg [82]. It place a new slip system in a favorable orientation with respect 

to the stress axis in order to allow additional slipping to occur [91]. In HCP, twinging assists in the 

activation of both pyramidal and prismatic slip system causing the formation of the plane shown 

in Figure 2.6. Therefore, at room temperature the deformation of Mg is limited to the basal and 

twining systems. However, if twining dominated the deformation mechanism, brittle failure will 

occur [92]. 
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Table 2.3: Main properties of pure elemental magnesium [94, 102]  

Crystallography Properties 

Crystal structure HCP 

Atomic volume 13.97 cm3/mol 

Atomic number 12 

Atomic weight 24.32 

Burger’s vector 0.321 nm 

Physical Properties 

Color Silver-white 

Specific gravity 1.74 

Density at 20 °C 1740 Kg/m3 

Volume change during solidification 4.2% 

Volume change during cooling 5% 

Mechanical Properties 

Young’s modulus 45 GPa 

Shear modulus 17.2 

Ultimate tensile strength 80-180 MPa 

Fracture elongation 1-12 % 

Hardness 30-47 HB 

Poisson’s ratio 0.35 

Viscosity at 650 °C 1.23 MPa.s 

Thermal Properties 

Melting point 650 °C 

Boiling point 1103 

Specific heat at 20 °C 1.03 J/g °C 

Thermal conductivity 159 W/kg °C 

Coefficient of linear of expansion (20-100 °C) 26.2 x 10–6  °C –1 

Latent heat of fusion 371.8 J/g 

Latent heat of vaporization 4760 J/g 

Heat of combustion 25.1 MJ/Kg 



20 

 

 

Figure 2.6: Different index planes and direction in pure Mg HCP structure [91] 

The effect of temperature on the critical resolved shear stress (CRSS) for the slip planes in 

Mg is shown in Figure 2.7. The CRSS is a threshold value above which slipping can occur on a 

slip plane. From Figure 2.7, it can be noticed that stresses required to activated the prismatic and 

pyramidal slip systems are 100-fold greater than that of the basal slip system at room temperature. 

This explains the poor deformability of Mg at room temperature [91]. However, Agnew [93] 

reported the deformation of Mg at room temperature by twining. On the other hand, the CRSS for 

the prismatic and pyramidal decreased by increasing the temperature. This decrease is very 

significant up to 200 °C.  Therefore, the formability of Mg is commonly carried out above that 

temperature to activate more slip planes and avoids brittle failure. However, Alok et al. [94] 



21 

 

observed the formation of cracks when Mg is wrought at 200°C and explained this by the 

insufficiency of this temperature for activating more slip planes needed for crack-free deformation. 

For that reason, it is suggested that Mg be processed  at temperatures higher than 225 °C [81].  

  

 
Figure 2.7: the effect of temperature on the CRSS for different slip systems in pure Mg [91] 

2.5 Design of Magnesium-Based Alloys for Biomedical Applications 

Magnesium and its alloys exhibit an exceptional combination of mechanical, chemical and 

biological properties compared to those of other biomaterials. This combination of properties is 

very attractive for the development of different implant materials. Figure 2.8a shows the 

absorbable metal stent AMS-1 and AMS-2 stent produced by the German company Biotronik. The 

AMS-1 alloy was improved in terms of mechanical properties as well as changing the strut design, 

which leads to the manufacturing of AMS-2 with thinner strut and slower degradation rate [107]. 

Figure 2.8b, the first magnesium based interference screw for musculoskeletal applications is 

shown [107].  
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Figure 2.8: a) AMS-1 and AMS-2 stents manufactured by the German company Biotronik, b) the first Mg based 

screw for musculoskeletal applications [95] 

Although, pure as-cast magnesium has relatively low strength and exhibits a very fast 

degradation rate [96], the strength of magnesium can be improved by adding alloying elements, 

which strengthen the alloy by solid solution strengthening, precipitation hardening, or grain 

refinement [88, 109][85], [96]. In addition, alloying elements improve degradation properties of 

the developed alloy, which results in sustaining the implant’s mechanical integrity during its 

lifetime. In all cases, the alloying elements selected should maintain the overall biocompatibility 

of the alloy system such that it can be placed inside the human body without complications. 

Accordingly, designing magnesium alloys should take into account the desired mechanical 

properties, degradation rate and the alloy biocompatibility. 

The mechanical properties of magnesium and its alloys are very close to human bone, 

which can prevent stress shielding [86]. Table 2.4 shows a comparison between the mechanical 

properties of different biomaterials used in stents and orthopedic implants. It can be noticed that 

Mg has high specific strength with its density similar to that of the cortical; in addition to having 

its tensile strength falling within the range of the cortical bone. Table 2.5 compares the mechanical 

properties of pure Mg manufactured with different processing routes. It can be seen that by 

changing the processing route, the mechanical properties of pure Mg can be tailored in order to fit 

different applications. 

2.5.1 Strengthening of Magnesium 

Strengthening in Mg alloys can be achieved by solid solution strengthening, grain boundary 

strengthening, or particle dispersion strengthening. the first two mechanisms are the most efficient 

mechanisms for strengthening Mg during alloying, while particle dispersion strengthening is only 

achieved after heat treatment of the alloy [82]. 

 

b a 
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Table 2.4: Mechanical properties of different biomaterials compared to cortical bone [22, 98, 110]  

Material 
Density 

(g/cm3) 

Young’s 

modules 

(GPa) 

Yield strength 

(MPa) 

Compression 

strength 

(MPa) 

Tensile 

Strength (MPa) 

Cortical bone 1.8-2.0 3-30 
 

100-230 164-240 

Ti6Al4V (casted) 4.43 114 760-880 
 

895-930 

Ti6Al4V (wrought) 4.43 114 827-1103 896-1172 860-965 

Stainless steel 316 L 8.0 193 170-310 480-620 540-1000 

Co-Cr-Mo alloy 8.3 240 500-1500 
 

900-1540 

Tatalum (casted) 16.7 186-191 140 
 

205 

Tatalum (wrought) 16.7 186-191 345 
 

480 

HA 3.05-3.15 70-120 NA 40-200 100-900 

DL-PLA 1.26 
 

15-75 
 

21-60 

Pure Mg (casted) 1.74 41 21 40 87 

Pure Mg (wrought) 1.74 41 100 100-140 180 

 

Table 2.5: Mechanical properties of pure Mg produced by different techniques compared to cortical bone (aextruded 

at 350 °C, bextruded at 250 °C) [97] 

Material 
Hardness 

(HB) 

Yield strength 

(MPa) 

Compression 

strength 

(MPa) 

Tensile Strength 

(MPa) 

Cortical bone 7-30 N/A 100-230 164-240 

Annealed Sheet 40-41 90-105 69-83 160-195 

Rolled Sheets 45-45 115-140 105-115 180-220 

Sand Cast 30 21 21 90 

Extruded 35 69-105 34-55 165-205 

PM-Extruded 
 

132±7b 92±12a 193±2b 

 

To achieve solid solution strengthening, the alloying elements being added to Mg should 

have a high temperature-dependent solubility in the Mg matrix. Generally, the atomic size of the 

alloying element is the key factor determining the solubility of metals within one another. The 

HCP structure of magnesium with c/a = 1.6236 and its atomic diameter of 0.320 nm allows for the 

formation of solid solutions using a wide range of elements. Figure 2.9 shows the atomic size of a 

number of alloying elements [96]. The elements with atomic sizes falling between the dashed lines 

as shown on Figure 2.9 are favorable for the formation of extensive solid solutions with magnesium 

provided that other factors such as crystal structure and valency does not differ much.  These 

elements have atomic sizes which are ±15% that of magnesium [98]. It can be seen that Zn and Zr 

have atomic sizes of 0.276 nm and 0.32 nm respectively, which makes them suitable for the solid 

solution strengthening of Mg alloys. Table 2.6 shows the solubility limit of some common alloying 

elements in magnesium. 
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Figure 2.9: Atomic diameters of the alloying elements and favorable size factor with regard to Mg [96] 

 

Table 2.6: show the solubility limit of some common alloying elements in magnesium [99] 

Alloying 

Element 

Max solubility  

%wt. %at. 

Lithium 5.5 17.0 

Aluminum 12.7 11.8 

Yttrium 12.5 3.75 

Zinc 6.2 2.4 

Calcium 1.35 0.82 

Zirconium 3.8 1.0 

Manganese 2.2 1.0 

Lead 41.9 7.72 

 

 

On the other hand, for grain boundary strengthening, the effect of solute addition on the 

grain size should be first understood. “Growth Restriction Factor” (GRF) term is very important 

to be defined first. GRF is a measure of the segregating power of an alloying element during the 

solidification process of an alloy. The alloying element generates a constitutional undercooling in 

a diffusion layer ahead of the solid/liquid interface, which restricts the growth of crystals as the 

diffusion of the solute happens slowly [100]. The GRF can be calculated using the following 

equation: 

𝐺𝑅𝐹 = 𝑚(𝑘 − 1)                      (2.1) 

where m is the slope of the liquidus line and k is the distribution coefficient. This equation applies 

only when the alloying elements are present in small concentrations. Table 2.7 shows the GRF 



25 

 

values for different solute elements reported in [100]. The elements are arranged in descending 

order of GRF values. Although, Zn has a moderate value, its effect is greater when added to Mg 

with other alloying elements compared to that when it is added separately [101]. 

Table 2.7: Values of GRF for different alloying elements in Mg 

Element m k GRF System 

Fe -55.56 0.054 52.56 Eutectic 

Zr 6.9 6.55 38.29 Peritectic 

Ca -12.67 0.06 11.94 Eutectic 

Si -9.25 ≈0.00 9.24 Eutectic 

Ni -6.13 ≈0.00 6.13 Eutectic 

Zn -6.04 0.12 5.31 Eutectic 

Cu -5.37 0.02 5.28 Eutectic 

Ge -4.41 ≈0.00 4.41 Eutectic 

Al -6.87 0.37 4.32 Eutectic 

Sr -3.53 0.006 3.51 Eutectic 

Ce -2.86 0.04 2.74 Eutectic 

Sc 4.02 1.65 2.61 Peritectic 

Yb -3.07 0.17 2.53 Eutectic 

Y -3.4 0.5 1.7 Eutectic 

Sn -2.41 0.39 1.47 Eutectic 

Pb -2.75 0.62 1.03 Eutectic 

Sb -0.53 ≈0.00 0.53 Eutectic 

Mn 1.49 1.1 0.15 Peritectic 

 

Grain refinement is a very effective method for increasing the mechanical strength of Mg-

based alloys and can enhance their corrosion resistance. The grain size strengthening effect is 

described by the well-known Hall–Petch equation [96]: 

𝜎 = 𝜎𝑜 + 𝑘√𝑑               (2.2) 

 

where σ is the yield strength, σo is the material constant, d is the average grain diameter, and k is 

the strengthening coefficient (slope of the curve). 

For magnesium, the strengthening coefficient is almost five times higher than that of most 

metals; for instance, magnesium has k = 280–320 MPa.µm1/2 while Al has k = 68 Mpa.µm1/2 [102]. 

This reveals that the strengthening of Mg-based alloys by strain hardening for grain refinement is 

a very effective approach.  Plastic deformation and severe plastic deformation (SPD) methods on 

bulk metals and alloys are very effective means of refining the grain size and developing high 

dislocation densities in the alloy’s microstructure. For powders, one of the well-known techniques 
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for the grain refinement of particles to the nanoscale level is high energy ball milling, which is the 

technique used in this work. 

2.5.2 Corrosion of Magnesium Alloys 

Magnesium is well known for its low corrosion resistance. It has standard electrode 

potential of -2.372 V when placed with standard hydrogen electrode. Figure 2.11 shows the 

arrangement of metals in the galvanic series [103]. The alloys close to the bottom are cathodic and 

inert, whereas those at the top are most anodic and extremely reactive. When magnesium is 

exposed to air, a very thin gray layer of magnesium oxide (MgO2) is formed on its surface due to 

passivation of the surface [104]. This oxide layer acts as the barrier between the metal and the 

atmosphere, hence preventing any further chemical reaction between the surface and its 

surrounding environment. 

 

Figure 2.10: The galvanic series [103] 

Magnesium alloys undergo three main types of corrosion, which are galvanic corrosion, 

pitting corrosion, and stress corrosion cracking. Galvanic corrosion occurs due to the presence of 

another metal in contact with magnesium or even different phases inside the same alloy. Impurities 

also play a role in galvanic corrosion and that is why certain elements can be added to react with 

these impurities such that intermetallic compounds are formed, and which slow down the corrosion 

rate [105]. Pitting corrosion is the preferential attack of the alloy causing the formation of pits in 

it. Although pure magnesium is not prone to stress corrosion cracking (SCC), the addition of zinc 
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and aluminum as alloying elements increases the susceptibility for the developed alloy to SCC 

[106]. SCC is well known to occur in Al- containing Mg alloys, while Zr-containing Mg alloys do 

not undergo SCC [111, 116]. 

The selection of appropriate alloying elements for developing Mg-based biomaterials 

should also ensure the overall biocompatibility of the implant material with the human body. 

Therefore, studying the different alloying elements and their effect on the alloy system is very 

important from the aspect of its mechanical properties as well as the biodegradability and 

biocompatibility aspects. Although, many studies have been performed on some magnesium alloys 

showing very good biocompatibility, understanding the corrosion mechanism and the 

strengthening of Mg is very important in choosing the alloying elements. 

2.5.2.1 Corrosion mechanism 

When magnesium alloys are placed in aqueous solution, the oxidation reduction reactions 

that take place are affected by the alloying elements that have been added to magnesium. The 

overall corrosion reaction of magnesium in water yields magnesium-hydroxide (MgH2) and 

hydrogen gas (H2) is evolved. The following net reaction (2.4) from half-cell reactions are given 

below: 

Mg(s) + H2O(aq) → MgH2(s) + H2(g)                         (2.3) 

The corrosion of magnesium in an aqueous environment can be described as follows: 

Anodic reaction/ Dissolution: Mg → Mg2+ + 2e–                (2.4) 

Cathodic reaction:   2H2O + 2e- → 2OH- + H2          (2.5) 

Hydrolysis:    Mg2+ + H2O → MgOH+ + H+         (2.6) 

Product formation:   Mg2+ + 2OH– → Mg(OH)2          (2.7) 

 

When adding Zinc as an alloying element to magnesium, the problem of hydrogen 

evolution becomes more severe. This is because Zinc has the ability to displace hydrogen ions 

from the solution [107]. When zinc is used as in Mg-Zn systems, the following reactions take place 

[11] 

Zn(s) + 2H2O(aq) →  Zn(OH)2(s) + H2(g)                (2.8) 
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Zn(s) →  Zn2+
(aq) + 2e–              (2.9) 

The magnesium metal can also be removed by zinc ions from the solution: 

Mg(s) + Zn2+
(aq) →  Zn(s) + Mg2+

(aq)                  (2.10) 

 

2.5.2.2 Mg Corrosion in Different Simulated Body Fluids 

Degradability of magnesium alloys is significantly increased when placed in solutions such 

as blood plasma and body fluids [104] due to  the complex corrosion reactions that take place. 

These types of reactions occur because of the presence of a variety of inorganic components as 

well as organic components in the media. Inorganic components include the presence of Na+, Cl-, 

Ca2+, PO4
3- and, HCO3- [108], while organic components include proteins, cells, and bacteria 

[109]. These complex corrosion processes in addition to the effect of cells, proteins, bacteria and 

different blood ions is shown in Figure 2.12 and can be summarized as following: 

1. Mg corrosion leads to release of Mg2+, H2 gas generation. 

2. OH– ions produced by the cathodic reaction associate with Mg dissolution is detrimental 

to cells. 

3. The increase in pH promotes precipitation of hydroxyapatite (Ca-P) layer on the alloy 

surface. 

4. The increased alkalinity can kill bacteria. 

5. Carbonates are incorporated in the growing of surface layers. 

6. Chloride ions attack the alloy surface, and MgCl2 is formed. 

7. Proteins and cells adhere to the surface of Mg. 

8. Proteins in solution can form complex Mg2+ cations. 

The presence of chloride (Cl-) ions promotes corrosion while phosphate (PO4
3-) and 

carbonate (HCO3-) help the formation of a partially protective layer made of the corrosion products 

[109]. In the presence of chloride ions (Cl-) the Mg(OH)2 layer is broken down by a dissolution 

precipitation mechanism [110]. Due to the small size of chloride ions, they displace water 

molecules in the interface between the magnesium alloy surface and the surrounding environment. 

Consequently, soluble MgCl2 is formed by transforming Mg(OH)2 as a result of combination of 

Mg2+ and Cl– ions [111]. Therefore, the constant exposure to a high-chloride environment will 
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promote an increase in the degradation rate of magnesium-based alloys, which will lead to the 

production of more hydrogen gas. The governing equations for this process are as following [7]: 

Mg(OH) + 2Cl− → MgCl2 + 2OH2–                           (2.11) 

MgCl2 + H2O → Mg(OH) + 2HCl            (2.12) 

 

 

Figure 2.11: Schematic illustration of interactions between a corroding Mg alloy surface and biological surrounding 

environment [109] 

The body temperature also plays an important role in the alloys’ corrosion process. At 37 

°C, the corrosion reactions are more accelerated compared to room temperature reactions, while 

on the other hand, the formation of different types of Ca-P layer is enhanced which promotes bone 

regeneration [109]. 

The corrosion mechanism of magnesium alloys is illustrated in Figure 2.13, which shows 

the dissolution of magnesium into ions by the anodic reaction. The cathodic reaction produces H2 

gas and leads to a subsequent increase in pH, while hydrolysis reduces the pH value. The 

intermetallic particles formed during this reaction act as cathodic sites and consume the electrons 

produced by the anodic reaction. Cl– ions in the solution attack the Mg(OH)2 layer and dissolve it 

forming MgCl2 [127]. 
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Figure 2.12: A schematic illustration of magnesium corrosion in simulated body fluids [112] 

When the evolution of H2 occurs at a high rate, hydrogen pockets may be formed causing 

problems. This is a significant issue when magnesium implants are used in orthopedic applications, 

where vascularization and transport is minimal. On the other hand, for cardiovascular stents, 

hydrogen gas can be transported through blood making hydrogen evolution a less severe issue  

compared to when it occurs in orthopedic applications [113]. Song stated that a 2.25 mL/cm2/day 

hydrogen release rate can be tolerated by the human body and does not cause serious problems 

[114]. 

2.5.3 Alloying Elements Selection Criterion 

Pure Mg does not possess adequate mechanical and corrosion properties needed for 

different implant applications. Therefore, different alloying elements are typically added to 

magnesium to form an alloy with the necessary properties depending on the application [115].  The 

selection of alloying elements should be carefully considered while designing magnesium-based 

alloys for biomedical application.  In order to successfully select the proper alloying elements from 

the wide range of options in the periodic table, a logical sequence should be followed to ensure the 

desired properties are those obtained. Figure 2.14 shows the important considerations during the 

selection process for designing magnesium-based alloys for biomedical applications.  
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Figure 2.13: Considerations of element selection for developing biodegradable Mg-based alloys [96] 

First, the toxicity of the elements should be considered. Since the alloy will be used within 

biological systems, the alloying elements should meet the minimal accepted toxicity effects on the 

host. For biodegradable alloys, the degradation products will either be excreted via the kidneys or 

absorbed by the tissues [96]. Therefore, it is very important to classify the elements according to 

their toxicity. The physiological effect of each element on the human should be well considered in 

order to select elements with minimal effect on human health. Table 2.8 shows the 

pathophysiological effect as well as the toxicity of the most commonly alloying elements used in 

magnesium-based alloy systems. Generally, elements are classified into four groups: 

a. well-known toxic elements: Be, Ba, Pb, Cd, Th;  

b. Elements that are likely to cause severe hepatotoxicity or other allergic problems to the 

human: Al, V, Cr, Co, Ni, Cu, La, Ce, Pr;  

c. Nutrient elements found in the human body: Ca, Mn, Zn, Sn, Si; and  

d. Nutrient elements found in plants and animals: Al, Bi, Li, Ag, Sr, Zr. 

Second, alloying elements for improving the mechanical properties are considered. Those 

alloying elements are also classified into four groups based on their influence on the strength and 

ductility of the alloy produced. However, both composition and processing routes also affects the 

final alloy properties. Those four groups are [96]: 
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Table 2.8: Pathophysiology and toxicology of alloying elements used for biodegradable Mg alloys [20, 49, 130]  

Element 

Normal amount 

present in 

human body 

Pathophysiology Toxicology 

Mg 25  Normal blood serum level 0.73–1.06 

mmol/L 

 Influences growth factor effectiveness 

 Co-regulator of energy metabolism, 

cell proliferation, protein synthesis, 

onset of DNA synthesis 

 Regulator of more than 350 proteins. 

 Stabilizer of DNA and RNA 

 Co-regulator and activator of integrins 

(cell migration)  

 Long-term influence on cellular 

reactions 

 Cellular up-take via transient 

receptor potential (TRP) ion 

channels 

 Disorder in magnesium homeostasis 

leads to nausea, renal failure, 

impaired breathing 

Ca 1100  Normal serum level 0.919–0.993 

mg/L 

 Most abundant mineral in human 

body 

 Mainly stored in teeth and bone. 

 Is tightly regulated by homeostasis of 

skeletal, renal and intestinal 

mechanism 

 Dysregulation of calcium levels in 

the body leads to kidney stones, 

Hypoparathyrodism, cardiac unrest 

Al <300 g  Normal blood serum level 2.1–4.8 

lg/L 

 Established alloying element in 

titanium implants 

 Excess amounts leads to 

neurotoxicity, Alzheimer's 

 Accumulation inside the bone leads 

to decreases osteoclast viability 

Zn 2 mg  Normal blood serum level 12.4–17.4 

lmol/L 

 Trace element 

 Essential for the immune system 

 Excessive amounts leads neurotoxic, 

cramps and diarrhea  

 Co-factor for specific enzymes in 

bone and cartilage 

Mn 12 mg  Normal blood serum level <0.8 lg/L. 

 Essential trace element 

 Has an important role in metabolic 

cycle. 

 Scavenger of free radicals in the 

manganese superoxide dismutase. 

 Influences the function of the 

immune system, bone growth, blood 

clotting, cellular energy regulation 

and neurotransmitter synthesis 

 Neurotoxic in higher concentration 

Li -  Normal blood serum level 2–4 ng/g 

 Compound of drugs for treatment of 

psychiatric disorders 

 

 Overdosage causes nephrological or 

lung dysfunctions 

 Possible teratogenic effects 

Cu -  Normal blood serum level 74–131 

lmol/L 

 Involved in respiratory chain and 

enzyme co-factors 

 Causes hypotension, jaundice, 

melena etc 

Zr <250 mg  Low systemic toxicity  Deposited on bone and cationic form 

cause deposition on bone 
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a. Impurities: Fe, Ni, Cu, Co;  

b. Elements that can only improve the ductility with a minimal effect on Mg strength: 

arranged ascendingly Cd, Tl, Li; 

c. Elements that decrease the ductility while increase the strength of magnesium arranged in 

an ascending order; Sn, Pb, Bi, Sb; 

d. Elements that can improve the strength and ductility simultaneously: Al, Ag, Ca, Ce, Cu, 

Ni, Th, Zn. 

i. These elements are arranged ascendingly for strengthening effect as follows: Al, Zn, Ca, 

Ag, Ce, Ni, Cu, Th;  

ii. They can also be arranged ascendingly for ductility as following: Th, Zn, Ag, Ce, Ca, 

Al, Ni, Cu. 

Third, the effect of the alloying element on the corrosion resistance of the alloy should be 

considered. Typically, Mg alloys are more corrosion resistant than pure Mg. Accordingly, some 

other related factors should be considered in order to enhance corrosion resistance such as the 

impurity level, the ability of the alloy to form a passive l 

ayer, and the formed secondary phases [116]. For instance, low purity magnesium alloys 

exhibit higher corrosion rates than their high purity counterparts even when alloyed with elements 

that typically decrease the corrosion resistance. 

The micro-galvanic effect plays an important role in controlling the corrosion rate. If the 

alloying elements itself has a standard hydrogen potential that is close to that of magnesium, the 

difference in the potentials is reduced, and hence the corrosion rate is reduced. Examples of those 

elements include  yttrium (Y), neodymium (Nd) and cerium (Ce) [96]. On the other hand, other 

elements can be added to magnesium and form intermetallic phases which have electrochemical 

potentials close to that of magnesium. Adding elements in amounts under the solubility limit will 

not prevent the formation of precipitates, which can form micro-galvanic cell and increase the 

corrosion rate. 

2.5.4 Alloying Elements 

Many alloying elements have been investigated in literature. Discussion of the effect of 

different alloying elements with Mg has been explained in details in [117]. Table 2.9 shows the 
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effect of adding different alloying elements to magnesium with respect to mechanical properties 

and corrosion behavior. However, focus will be made on Zn and Zr alloying elements as they have 

been selected to be the focus of the current work. 

Table 2.9: Effect of adding alloying elements on the mechanical properties, corrosion rate and grain refinement in 

magnesium alloys [118] 

 

 

2.5.4.1 Zinc (Zn) 

85% of the Zinc content in human body can be found inside the muscles and bones [85]. 

Zn  is an essential mineral for plants, animals and humans and is essential for the formation of 

hundreds of  biological enzymes [85]. Therefore, it is non-toxic to the human body if taken in its 

recommended dose. The maximum solubility of zinc in magnesium is 6.2% by weight [99]. When 

zinc is added to magnesium, it improves its corrosion resistance as a result of the effect of 

magnesium impurities such as iron, copper and nickel due to the formation of intermetallic 

compounds [16]. Moreover, it reduces the evolution of hydrogen gas during biodegradation as 

previously discussed. The corrosion products of zinc are absorbable and can be used for biological 

functions within cells [85]. 

2.5.4.2 Zirconium (Zr) 

Zirconium has no known biological role inside the human body [11]. It is commonly used 

as a secondary alloying element in magnesium alloys. It has maximum solubility of 3.8% by 

weight in Mg [99]. Moreover, it is considered to be an excellent grain refiner especially when used 

in magnesium alloys containing zinc, thorium, or rare earth elements [119]. On the other hand, 

adding zirconium to magnesium alloys containing aluminum or manganese causes the formation 
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of stable compounds, which hinders grain refinement. Furthermore, the addition of Zr to Mg 

improves its corrosion resistance due to the formation of insoluble precipitates with the alloy 

impurities. It also stabilizes the Mg solid solution phase, which renders it less soluble in aqueous 

solutions; in other words, it reduces its corrosion rate [120]. 

2.6 Magnesium Alloy Designation 

The American Society of Testing and Materials (ASTM) set a standard designation system 

for Mg alloys. Each alloy is usually marked with two letters refereeing to the main alloying 

elements. Those two letters are followed by two numbers indicating the nominal composition of 

the major alloying elements in the alloy. All the compositions are indicated in weight percent. 

Table 2.10 shows the ASTM codes for magnesium alloying elements. For example, a magnesium 

alloy with 6% zinc and 1% zirconium is designated as ZK61.  

Table 2.10: ASTM codes for different alloying elements used in Mg alloys [99] 

Abbreviation Element Abbreviation Element 

A Aluminum N Nickel 

B Bismuth P Lead 

C Copper Q Silver 

D Cadmium R Chromium 

E Rare Earth elements S Silicon 

F Iron T Tim 

H Thorium W Yttrium 

K Zirconium Y Antimony 

L Lithium Z Zinc 

M Manganese   

 

The stage of development of the alloy is represented by a suffix letter A, B, C, and D 

represents a high purity alloy, E represents a high corrosion resistance alloy while X represents an 

alloy under experimental investigation [97]. For instance, the ZK61D alloy is an alloy in its fourth 

development stage. A final letter can be used to indicate the tempers and is identical to the one 

used for Al alloys. Table 2.11 shows the temper designation set by ASTM and used for Mg alloys 

[99]. 

2.7 Magnesium Alloying Systems 

Many Mg alloying systems have been investigated in the literature. Figure 2.15 shows a 

summary for the different alloys that have been studied till 2017 [109]. It can be noticed that many 

alloying elements are used with magnesium in order to design magnesium alloys for different  
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application. Although, the discussion of these alloying systems are beyond the scope of this work, 

the different aspects involved in the development of Mg-Zn-Zr alloy will be discussed in Chapter 

3 - Literature Review. 

Table 2.11: the temper designation set by ASTM and used for Mg alloys [99] 

Code Description 

F As fabricated. 

O Annealed, recrystallized (Wrought products only). 

H Strain-hardened. 

H1 Strained only  

H2 Strain-hardened and then partially annealed.  

H3 Strain-hardened and then stabilized 

T Thermally treated to produce stable tempers other than F, O, or H. 

T2 Annealed (Cast products only) 

T3 Solution heat-treated and cold-worked 

T4 Solution heat-treated 

T5 Artificially aged only 

T6 Solution heat-treated and artificially aged 

T7 Solution heat-treated and stabilized 

T8 Solution heat-treated, cold-worked and artificially aged 

T9 Solution heat-treated, artificially aged, and cold-worked 

T10 Artificially aged and cold-worked 

W Solution heat-treated (unstable temper). 

 

 

Figure 2.14: Different Mg based alloys [136] 
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2.8 Mg-Zn-Zr Phase Diagram 

For binary systems Mg-Zn and Mg-Zr, the maximum solubility of Zn in Mg is 6.2 wt. % 

(2.4 at. %) at 340 °C and decreases substantially with temperature to reach 1.1 wt. % (0.5 at. %) 

at room temperature. Liang et al. [121], Wasiur-Rahman and Medraj [122], and Ghosh et al. [123] 

performed phase diagram calculations using computational thermodynamics on Mg-Zn system. 

On the other hand, the maximum solubility of Zr in Mg at 654 °C is 0.6 wt.%. At the peritectic 

temperature (653.6 °C) it increases to reach 3.8 wt.%, then drops again to 0.3 wt. % at 300 °C to 

room temperature. However, the addition of Zn have been reported to increase the solubility of Zr 

[124], making advantage of the benefits of both elements in the alloy. 

Figure 2.15, shows the ternary system of Mg-Zn-Zr, alloys, for which the Mg-rich corner 

of the diagram was investigated in literature [125]. such alloys contain  Zr- up to 2 wt% and  Zn- 

up to 10 wt.%. On the addition of 5 wt.% Zn and 0.5 wt.% substitutional solid solution of (α-Mg) 

in addition to MgZn and Zn2Zr phases are formed. The Zn2Zr phase is an intermetallic compound 

and it contributes to the dispersion strengthening and stable over aging [126]. 

 

Figure 2.15: Calculated phase diagram for Mg-Zn-Zr system at 25 °C [125] 
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2.9 Biodegradability Measurement 

In biodegradability test, the rate of degradation of a material in a specific biological 

environment can be measured. This test can be performed within an animal body (in-vivo) or in a 

simulating environment (in-vitro), which tends to have numerous limitations. In some countries, 

there are many restrictions on conducting in-vivo tests. Moreover, these tests are expensive due to 

the number of multiples required and the possible need for repeating some failed test. Also, in 

some cases the analysis and experiments might involve  killing the animal, which is not favorable 

[127]. Time is another concern, in-vivo testing requires much greater time compared to that needed 

for in-vitro testing. In some biomedical applications, the choice of the animals used is of big 

concern. For instance, no current animal species is suitable for cartilage repair testing [128]. 

Furthermore, for orthopedic implants choosing animal species with bones and tissues similar to 

those of humans is important for obtaining reliable results pertaining to the effects of the  

biomaterial used [72]. 

In-vitro testing is a rapid, economic and easy to use testing method. It is considered as a 

preliminary means for studying any new alloying systems for use as biomaterials. Typically, the 

material is placed inside a simulated environment of the biological system. The material then reacts 

with the surrounding environment and corrodes, after which the corrosion rate is calculated. The 

most commonly used in-vitro tests are electrochemical testing such as potentiodynamic 

polarization and electrochemical impedance spectroscopy; and physical tests such as immersion 

test and hydrogen evolution tests. In the electrochemical tests, the sample is put into the electrolyte 

where it is considered a part of an electrochemical cell, current and voltage are measured and 

analyzed. In this work, only the physical tests will be performed and discussed here in details. 

Table 2.12 shows a comparison between the performed test (mass loss test and hydrogen evolution 

test).  

2.9.1 Immersion Test 

Immersion test is done by placing a specimen into a fluid which simulates the human body 

fluid. The specimen is then corroded according to the concepts presented in section 2.5.2. 

Consequently, the mass of the specimen is expected to decrease with time and the weight of the 

specimen is then measured either at the end of the test or periodically after fixed intervals of time 

(typically 1 day). Although many researchers use the same sample after each time interval to 
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measure the mass loss after cleaning, this is not recommended due to the changes that can occur 

to the surface of the sample following the cleaning procedure. This is different from what happens 

when the implant is placed inside the body as there will be many physical reactions on the surface 

of implants as well as corrosion products [129]. Therefore it is recommended to measure the mass 

of the sample just before and after the intended testing time once for each sample. The corrosion 

rate is measured using the following equation: 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =  
𝐾𝑊

𝐴𝑇𝐷
           (2.13) 

 

where the constant K is based on the corrosion rate unit (8760), W is the weight loss in grams, A 

is the sample area exposed to solution cm2, T is the exposure time in hours, and D is the density of 

the material in gm/cm3. 

 

Table 2.12: Comparison between the performed corrosion tests in this study [72] 

Method Advantages Disadvantages 

Mass Loss Test 

• Low in cost 

• Simple to set up and perform 

• Easy to control environment. 

• Provides accurate, clearly defined data 

• Provides no information on corrosion 

mechanisms 

• Many samples needed for accuracy 

• No information can be obtained on time-

dependent corrosion behavior. 

• Multiple solution changes may be needed 

Hydrogen 

Evolution Test 

• Low in cost 

• Real-time measurements 

• Allows calculation of degree of alkalization  

• Results are not affected by corrosion 

products 

• H2 can be a problem in vivo, so its 

measurement is crucial 

• Few information on corrosion mechanism 

• Multiple samples are needed for accuracy 

• Many considerations during set-up/running of 

test which can greatly impact results and may 

cause irreproducibility between tests. 

 

 

2.9.2 Hydrogen Evolution Test 

Due to the fact that corrosion of Mg causes the evolution of hydrogen gas. Therefore, this 

test is not a common test for all biodegradable metals, but only for metals which produce hydrogen 

gas during their corrosion. In this test, the specimen is placed in a solution and hydrogen gas is 

collected by an inverted burette as shown in Figure 2.16. The collected hydrogen is measured on 

a regular basis throughout the total test duration. 



40 

 

 

Figure 2.16: Schematic illustration hydrogen evolution test set-up [130] 

Based on equation 2.13, when 1 mole of magnesium is dissolved, 1 mole of hydrogen gas 

is formed. Therefore, the corrosion rate can be calculated at each time interval or for the whole 

testing duration based on the mass loss equation considering that 1 mL H2 = 0.001083 gm Mg 

[131]. 

2.9.3 Factors affecting the biodegradability of Mg alloys 

a) Solution type and composition 

b) Solution volume to sample surface area ratio 

c) Test type (static or dynamic) 

d) Testing conditions (temperature and exposure) 

e) Time interval for measuring the sample mass loss 

f) Total testing time 

 

2.9.3.1 Solution type and composition 

There are mainly 5 types of solution [129]: 

i. 0.6% (by mass) NaCl 

ii. Hank’s solution 

iii. Simulated Body Fluid (SBF) 

iv. Phosphate buffered saline (PBS) 

v. Dulbecco's Modified Eagle's medium (DMEM) 
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Since cardiac stents are placed in a blood stream, using a solution with ions similar to those 

present in the blood plasma is very important. The most relevant solution to blood is the simulated 

body fluid. It was initially prepared by Kokubo, conventional SBF (c-SBF) [132]. In 2004, A. 

Oyane et al, prepared other versions of SBF which are more representative to blood plasma 

concentration [133]. Table 2.13 shows a comparison between the ion concentrations of blood 

plasma, Hank’s solution, SBF, Earle’s balanced salt solution (EBSS); Hank’s balanced salt 

solution (HBSS), and Ringer’s Solution. 

Table 2.13: Ion concentration of different fluids using in measuring the biodegradability of Mg alloys 

Ions Blood 
Hank’s 

Solution 
SBF EBSS HBSS 

Ringer’s 

Solution 

Ref [134] [135] [136] [137] [135] [138] 

Na+ 142.0 120.89 142.0 143.6 138.0 130 

K+ 5.0 5.37 5.0 5.37 6.14 4 

Ca2+ 2.5 1.8 2.5 1.8 1.26 1.4 

Mg2+ 1.5 0.87 1.5 0.81 0.81 - 

Cl- 103.0 125.21 147.8 125.3 144.8 109 

CO3
- 27.0 2.62 4.2 26.2 4.2 - 

SO4
2- 0.5 0.87 0.5 1.0 0.78 - 

PO4
3- 1.0 1.14 1.0 0.81 0.81 - 

pH 7.4  7.4 6.7-6.9 6.7-6.9 6.5 

2.9.3.2 Solution volume to sample surface area ratio 

According to ASTM G31-72 standard, the ratio of the surface area to volume ratio has a 

minimum of 0.4 mL/mm2 [139]. The duration of the experiment should be considered when 

choosing this ratio in order to prevent the saturation of the solution with the dissolved ions during 

the test.  

2.9.3.3 Test type (static or dynamic) 

Immersion test can be either static or dynamic. In a static test, the sample is placed inside 

a static solution, while in dynamic testing samples are placed in flowing solutions [170]. The 

flowing solution is used in order to mimic blood circulation. Figure 2.17 shows the Chandler-Loop 

used for dynamic immersion testing. 
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Figure 2.17: Chandler-Loop used for dynamic immersion testing [140] 

2.9.3.4 Testing conditions (temperature and pressure) 

Testing temperature depends mainly on the application. However, as the scope of 

biomaterials their use inside the human body, the testing temperature should match its temperature. 

Accordingly, the temperature of the solution should be adjusted to 37 ±1 ⁰C. according to ASTM 

G31-72 standard and at atmospheric pressure [139]. 

2.9.3.5 Total Immersion Time 

According to ISO 10993-15, the immersion time interval should be 7±0.1 days [141],while  

ASTM G31-72states that most tests should last for a duration of 2 to 7 days [139]. However, some 

researchers have performed immersion tests for as long as 147 days (21 weeks) [142]. It can be 

seen that there is no solid criteria for the selection of the total testing time. However, it is 

recommended to reach a steady state in the corrosion rate before finishing the test. 

2.9.3.6 Measurement Time interval 

The measurement time interval is that during the required data is recorded. For example, 

for measuring the mass loss of a sample during an immersion test, the specimen should be taken 

out of the solution, cleaned, and dried well before its weight is recorded. Although this practice is 

followed by some researchers, it is not recommended due to removing the ions on the surface of 

the specimen after cleaning [139]. On the other hand, in hydrogen evolution test, smaller time 

intervals are recommended to monitor the change in the hydrogen evolution with time, hence the 

change in corrosion rate. 
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2.10 Mechanical Alloying and Milling 

In the mechanical alloying and milling process, powders are placed with balls inside a ball 

milling machine and allowed to be milled in order to produce alloyed powders, composites or fine-

structured powders. There are two different terms that are commonly used for describing the 

processing of powder particles in high-energy ball mills (HEBM); mechanical alloying (MA) and 

mechanical milling (MM).  

MA was first introduced by John Benjamin [143] and his colleagues at the Paul D. Merica 

Research Laboratory of the International Nickel Company (INCO) around 1966. It is a solid-state 

powder processing method that involves repetitive welding, fracturing and re-welding of powders 

in a HEBM. During MA process, elemental or pre-alloyed powders are milled together to produce 

a solid solution, intermetallic or amorphous phase. In addition, material transfer is achieved in 

order to produce a homogeneous alloy. While MM is the process of milling powders with uniform 

composition such as elemental powders or pre-alloyed powders for grain size refinement. It 

required typically half the time required for MA in order to obtain the same final size [144]. In 

addition, nowadays, MA is widely used in order to synthesize nanostructured materials in the solid 

state [159, 160]. 

The MM/MA process is conducted by placing specific amount of powders with balls in a 

milling container (also called jar or vial). The balls can be of the same size or different in size and 

the ratio between the weight of the balls and the powders is specified as ball-to-powder ratio 

(BPR). Process control agent (PCA) maybe also added to the jars in order to minimize the 

excessive cold welding of the particles with each other or the surrounding media [161, 162]. The 

whole milling process is always takes place in an inert atmosphere [145]. 

During the MA process, milled powders are subjected to successive cold welding forming 

laminates then those laminate are subjected to more collision causing their fracture into finer ones. 

This process is continued till the thickness of the lamellae is decreased and this structure 

disappeared [145]. The collision of the particles with the balls and the jars leads to high strain rate 

plastic deformation which causes high density of dislocations. The dislocation density increases 

until the grains are heavily strained and the breaking of the grains to sub-grains occurs with low 

angle grain boundaries. The sub-grains reaches the nanometer scale by more plastic deformation 

resulted from the milling process [146]. On the other hand, partial recovery is expected during the 

milling process especially for low melting temperature metals which causes an increase in the 
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grain size. The recovery rate depends on the product of the mobility and the driving force such as 

kinetic and thermodynamic effects [147]. The reduction in the grain size due to the plastic 

deformation increases the driving force for recovery, hence increasing the recovery rate. Therefore, 

the final obtained grain size is a result of the two opposing effects; plastic deformation and the 

recovery rate [147]. 

Although the mechanical alloying process seems to be simple, a huge number of variables 

should be optimized in order to obtain the desired final product of powders. These factors are 

summarized from references [161, 162] and includes: 

1. Type of mill 

2. Milling container 

3. Milling speed 

4. Milling time 

5. Grinding medium 

6. BPR weight ratio 

7. Extent of filling the vial 

8. Milling atmosphere 

9. Process control agent 

 

2.10.1 Type of mill 

SPEX shaker mills, attritor mills, planetary ball mills and commercial mills are different 

types of mills used in MA process. These mills differ in their powders capacity, speed, acceptable 

contamination limit and temperature control. In this study, planetary ball milling machine was 

used for MA/MM processes. This mill can be loaded with few hundred grams of powders in the 

same time. The movement of vials is planet-like movement where the vials are supported on a 

rotating support disk and both the supporting disk and the vials are rotate around their own axes in 

different direction. This rotational motion causes the development of centrifugal force which 

causes the grinding of the powders. Figure 2.18 shows a schematic representation for the motion 

of balls and jars during the grinding process in planetary ball milling machine. 

 



45 

 

 

Figure 2.18: A schematic representation for the ball motion inside planetary ball milling machine [148] 

2.10.2 Milling container 

The material of the milling container as well as its internal design affect the final product. 

For example, if the milled powders are harder than the milling container’s material, then erosion 

of the vials will take place and contamination will occurs. If the material of the container is 

different from the powders, contamination may of the milled powders with the eroded material 

will occur while if the material is the same, the chemical composition of the powders will change. 

The most common type of milling containers are tool steel, hardened steel, hardened chromium 

steel, stainless steel, WC-Co and WC-lined steel [149]. Other materials are used for the containers 

in order to mill powders of same materials such as copper [150], titanium [151], sintered corundum 

[152]. The internal design of the vial is as important as its material. It should guarantee that all 

powders in the vial are taking place in the collision process and there is no dead zones. 

2.10.3 Milling speed 

The milling speed is related directly to the amount of kinetic energy supplied to the 

powders by the following relation: 

𝐸 = 𝑚𝑣2             (2.14) 

Where m is the mass and c is the relative velocity of the grinding medium. Therefore, 

increasing the milling speed increases the kinetic energy. Although this increase in kinetic energy 

is favorable especially for MA due to the raise in temperature which may be advantageous in 

promoting the homogenization of the alloyed powders. However, milling speed is limited by a 

maximum speed where the high velocity may cause excessive wear in the balls and vial. In 
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addition; high speed may cause pinning of the balls to the walls of the jars without exerting ant 

forces on the powders. 

2.10.4 Milling time 

There are two different terminology that are used for the milling time; the effective milling 

time and the total milling time. In some cases, discontinuous milling is required, i.e: milling is 

occurred over time intervals separated by intervals of no rotation. The effective milling time is the 

net time where the mill is rotating while the total time is the effective milling time in addition to 

the no-rotation time. 

The selection of the milling time should ensure achieving a steady state between the 

fracturing and cold welding of particles to ensure alloying. It depends on the temperature rise in 

the jars, BPR, milling speed and the final product required. The milling time is inversely 

proportional to the BPR; higher milling time required for lower BPR. In addition, HEBM machines 

require shorter time to achieve same product than low energy ball milling machines. Besides, 

longer milling time may increase the contamination of the powders. 

2.10.5 Grinding medium 

Grinding medium or milling balls can be made from different materials. The most common 

materials used are hardened steel, tool steel, hardened chromium steel, tempered steel, stainless 

steel, WC-Co, and bearing steel. It is very favorable that the grinding medium and the grinding 

container to be made from the same material [148]. The density of the grinding medium should be 

high enough in order to allow the balls to produce higher impact force on the powders and supply 

them with efficient kinetic energy. For example, WC produces higher kinetic energy than steel due 

to its higher density. Moreover, the size of the balls affect the final product. It was reported that  

that smaller balls produces finer grain size [153]. 

2.10.6 BPR weight ratio 

BPR is also known as the charge ratio (CR) and considered an important variable in the 

milling process. Many investigations were done on different BPR starting from 1:1 [154] to 1000:1 

[155], however, high BPR values are not common. The most commonly used ratios are in the range 

from 4:1 to 30:1. Typically, the higher the BPR, the shorter the time required to produce any 
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required output as well as rapid the grain refinement due to the increase in the energy supplied to 

the powders. However, increasing the BPR reduces the powder yield. 

2.10.7 Extent of vial filling 

Vial filling is the portion of the vial filled with both powders and balls. High vial filling 

will not allow enough space the balls and powders to move freely during milling. On the other 

hand, low vial filling percentage will not allow high production rate of powders. Therefore 

optimization between the required production rate and the impact force needed in terms of the vial 

filling percentage should be performed. Generally, it is recommended not to load the vials with 

more than 50% of its capacity. 

2.10.8 Milling atmosphere 

Typically, the process of loading and unloading of powders are carried out in a glove box 

flushed with inert gas. Moreover, the milling process itself is conducted in an inter atmosphere 

such as argon or helium gases in order to eliminate or prevent contamination and/or oxidation of 

the milled powders. 

2.10.9 Process control agent 

The process control agent (PCA) is also known as lubricant or surfactant. It is used with 

the milled powder to reduce the effect of excessive cold working. The most commonly used PCAs 

are organic compounds which act as surface-active agents. They are absorbed on the surface of the 

powder particles to minimize the cold welding and inhibit agglomeration of powder as well as the 

sticking of powders to the jar walls and balls. 

The amount of PCA used is normally 1-5 wt% of the total powder weight. The most 

commonly used PCA is methanol, ethanol and steric acid. PCAs are low melting compounds that 

evaporates during milling due to the increase in temperature. Besides, the decomposition of the 

PCA may incorporate in the particles in the form of inclusions resulting in the formation of 

carbides and oxides. 
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Chapter 3 : Literature Review 

3.1 Mechanical Alloying and/or Milling of Mg and its alloys 

Ball milling for elemental magnesium powders, magnesium alloys and composites was 

studied by many research groups; however, to date, Mg-Zn alloy systems was studied by few 

research groups. The objective of those studies were to investigate the influence of ball milling 

process on mechanical alloying [162] and grain refinement [146] as well as for the production of 

Mg based composites [156]. The produced powders were further studied after consolidation for 

their potential use as biomaterials [157] or hydrogen storage materials [158]. A review of the 

different studies carried out using ball milling (BM) process for Mg and Mg-Zn alloys as a 

processing technique.  

For Mg-Zn-Zr alloys, no studies were reported for the preparation of this alloy system 

using BM process. Table 3.1 shows a summary of selected literature discussing the mechanical 

milling and mechanical alloying of different Mg alloys. Three research groups investigated 

mechanical milling of pure elemental magnesium powders. Hwang et al., [146] was the first to 

perform BM for pure Mg powders. They evaluated the microstructural evolution during BM of 

magnesium powder in 2001. Mg powders with average particle size of 44 µm were milled for 12 

hrs in Ar atmosphere using a rotationally-modified SPEX 800 high energy BM machine. After 10 

hrs of milling the crystallite size was determined by XRD to be 42 nm. 

Table 3.1: Summary of some literature Mechanical milling of different Mg alloys 

Alloy Objective 
Milling 

speed 
BPR PCA 

Total 

milling time 

Final 

grain size 
Year Ref 

Mg Refinement  10:1 No 12 42 nm 2001 [146] 

Mg Refinement N/M N/M N/M 40 31 nm 20 [157] 

Mg Refinement  5:1 No 60 hrs 80 nm 2014 [159] 

Mg+5%Zn Alloying 350 11:1 Methanol 30 20 nm 2006 [160] 

Mg+10%Zn Alloying 350 11:1 Methanol 60  2006 [160] 

Mg-5Al Alloying 250 20:1 stearic acid 30 30 nm 2005 [161] 

Mg-3Al-Zn Refinement 360 40:1 N/M 20 40 nm 2011 [162] 

Mg-3Al-Zn Alloying 360 40:1 N/M 20 43 2011 [162] 

Mg-7.4%Al Alloying 150 13:1 N/M 103 30 nm 2013 [163] 

Mg-10%Al Alloying  30:1 N/M 8 30 nm 2014 [164] 

Pure Mg Refinement N/A 10:1 N/M 25 65 nm 2018 [165] 
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Three years later, another research group utilized mechanical milling process to investigate 

its effect on the corrosion behavior of pure magnesium. In this study Grosjean et al. [157] placed 

magnesium powders with particle size 44 µm with steel balls at BPR equals to 5:1 in high energy 

BM machine for 40 hrs. SEM images revealed particle refinement to 20 µm after 40 hrs, while 

XRD showed the reduction of crystallite size from 100-to-31 nm after 40 hrs. The latest study was 

done by Ka Ram Kim et al. [159] to study the improvement of mechanical and degradation 

properties of pure magnesium by producing ultra-fine microstructure powders using high energy 

BM. After 20 hrs of milling the grain size was reduced to 80 nm and then coarsened. 

For Mg-Zn systems, Lazcano et al., [160] studied the mechanical alloying of Mg-Zn alloy. 

Elemental Mg and Zn powders were milled in steel jars with BPR 11:1 at 350 rpm under Ar 

atmosphere. Methanol was added as a process control agent (PCA). XRD peaks showed that after 

60 hrs of milling Zn peaks disappeared revealing complete alloying of the milled powders. 

Moreover, SEM images showed the agglomeration of 1-10 µm granular particles to form coarser 

particles after 30 hr of milling. On the other hand, TEM images showed nanostructured powders 

with average crystallite size of 20 nm after 30 hrs. Zuhailawati et al., [166] studied the effect of 

BPR on the Mg-Zn binary systems. 5 wt.% of elemental Zn powders were added to Mg powders 

and milled in a high energy BM machine for 5 hrs at 200 rpm. N-heptane was added to the mixture 

as PCA. Their study revealed that at BPR equals to 15:1, XRD revealed that the finest crystallite 

size was produced at this BPR (50 nm) (Figure 3.1). Also the maximum consolidated density was 

at the same BPR revealing lowest pore spaces and better compaction (Figure 3.2) this may be 

explained by the better particle size distribution was obtained. This study showed that BPR of 15:1 

can retain the nanocrystalline structure of Mg-Zn alloy and considered the optimum BPR to be 

used with this Mg-Zn alloy system. 

3.2 Mechanical Properties of Magnesium Alloys 

As discussed in section 2.5.1, Mg is known to have very similar mechanical properties to 

bone and as well as superior physical and mechanical properties over other biomaterials. This 

allows Mg to be an excellent candidate for orthopedic implants and stents. In the coming few 

paragraphs the effect of Zn and Zr additions to Mg on the mechanical properties of Mg based 

alloys will be discussed. 
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Figure 3.1: The effect of BPR on the crystallite size and lattice strain [166] 

 

Figure 3.2: The effect of BPR on the density and micro-hardness of ball milled Mg-Zn alloy [166] 

Many researches were done in order to improve the mechanical properties of pure Mg. 

Somekawa et al. [167] studied the effect of grain refinement by extrusion process on the 

mechanical behavior of pure Mg. Figure 3.3 shows stress-strain diagram for extruded Mg at room 

temperature. Samples were extruded at different temperatures producing different grain sizes. 

Besides, both Zn and Zr were widely used as alloying element in Mg alloys. They were used for 

improving the mechanical strength for cast and wrought alloys [168]. A number of researchers 

studied the effect of different secondary alloying elements on the grain size and the processing 

technique of Mg-Zn systems. 
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Figure 3.3: Stress-Strain diagram for pure Mg at different extrusion temperatures [161] 

Since Zr has a high growth restriction factor (GRF = 38.29) and crystal structure similar to 

Mg, it is considered as the most effective grain refiner in Mg [169]. On the other hand, Zn has a 

relatively low GRF (GRF = 5.31) but when added to a Mg that is alloyed with small Zr content, 

this combination has a greater effect than individual addition of Zn to pure Mg [169]. Moreover, 

the addition of Zn increases the yield and ultimate tensile strength due to the good solid solution 

and precipitation strengthening effect [117]. 

As stated before in section 2.6.1, grain refinement of Mg based alloys influences the 

strength of the produced alloy. By applying Hall-Patch in equation 2.2 for both Mg and Al alloys, 

the effect of the grain size reduction is more pronounced in case of Mg AZ91 alloy due to the 

higher value of the constant K. Figure 3.4 shows the effect of grain size on the yield strength for 

AZ91 alloys with K equals to 210 and 63 for Mg and AA5083 (H321) alloys, respectively. It can 

be noticed that higher k-value produces higher and more pronounced increase in the yield stress 

by reducing the grain size [170]. 

Different wrought Mg-Zn-Zr alloys was developed for wide range of applications. 

Extrusion and forging ZK60 (Mg-6Zn-0.6Zr) alloy was developed and used for ambient 

temperature applications. Sheet alloys developed were the commercial ZK60 (Mg-6Zn-0.3Zr), 

ZK31 (Mg-3Zn-0.6Zr) [132, 186]. Extrusion as well as powder metallurgy processing methods are 

widely used for grain refinement of these alloys [170]. 
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Figure 3.4: The effect of grain size on the yield stress for high and low K constant alloys [164] 

ZK61 alloy exhibits higher strength when prepared by PM methods followed by extruded 

ZK60 ingots and then comes the as-cast ZK60 alloy (Ref: [169], Table 3.2). Besides, the ductility 

is also enhanced as a result of the grain refinement attained by each processing method. Grain size 

also affects the intergranular fractures that occurs in Mg alloys due to the increase in the critical 

stress for crack propagation at grain boundaries with decreasing the grain size [171]. A change in 

elongation-to-failure by changing the strain rate at 300 °C for PM ZK61 (grain size 1.4 µm) and a 

ZK60 (grain size 2.4 µm) alloys is shown in Figure 3.5 [170]. Although, PM alloy has lower 

elongation than cast alloys (432% for PM alloy versus 730% for casted alloy), it still exhibits 

superplastic behavior at strain rates higher than that for cast alloy. This can be explained by the 

formation of an oxide layer on the surface of the powders, which cause cavitation during 

superplastic deformation [172]. 

 

Figure 3.5: The variation in elongation-to-failure at 573 K (300 °C) as a function of strain rate for PM ZK61 and I/M 

ZK60 [170] 
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Li et al., [173] studied as-cast and extruded Mg-2Zn-Zr at different reduction percent (25%, 

50%, 75%) at 400 °C. It was found that higher rolling reduction percent produces finer grain size. 

The grain size was measured for the as-cast, mill-annealed (casting, rolling then annealing) 

samples at 25%, 50%, 75% to be 54, 36, 8.3 and 7.8 µm respectively. The stress-strain curves are 

shown in Figure 3.6. The reduction in the ultimate tensile strength from 50% to 75% rolling 

reduction percent was due to the balanced effect between the grain size refinement and the effect 

of the formed MgZn phase. 

 

Figure 3.6: Stress-strain curves of as-cast and annealed Mg-2Zn-Zr alloys at different rolling reductions [173] 

Many studies for the mechanical properties of different Mg based alloys were carried out 

by different research groups. Figure 3.7 shows the elongation-to-failure versus the yield strength 

for different wrought and cast Mg alloys. Wrought magnesium alloys processed by rolling and hot 

extrusion showed improved tensile strength and elongation-to-failure over as-cast alloys. Other 

thermomechanical processing methods had also proven its efficiency in obtaining high ductility 

Mg alloys by reducing grain size to micro or nanoscale. Those methods include SPD techniques, 

such as the equal channel angular pressing (ECAP), high pressure torsion (HPT), or cyclic 

extrusion and compression (CEC) [117]. Table 3.2 shows a summary of the mechanical properties 

of selected Mg alloys. 
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Figure 3.7: Elongation versus yield strength for different wrought and as-cast magnesium alloys [117] 

Table 3.2: Summary of the mechanical properties of selected Mg based alloys 

Alloy Temper Hardness 
Young’s 

Modulus 

UTS 

(MPa) 

YTS 

(MPa) 

Elongation 

(%) 
Ref 

ZK60 As-cast (F)   275 196 5 [170] 

ZK60 As-cast (T5)   314 265 4 [170] 

ZK60 Extruded   376 371 18 [170] 

ZK61 PM   400 383 7 [170] 

Mg-2Zn-Zr As-cast   202 68 26.9 [173] 

Mg-2Zn-Zr Rolled (25%)   239 153 19.7 [173] 

Mg-2Zn-Zr Rolled (50%)   258 185 26.4 [173] 

Mg-2Zn-Zr Rolled (75%)   247 174 22.8 [173] 

Mg-2Zn-10Y-

5Gd-0.5Zr 
   273 248 0.6 

[174] 
Mg-2Zn-5Y-

15Gd-0.5Zr 
   305 236 0.9 

Mg-2Zn-5Y-

5Gd-0.5Zr 
   251 126 12 

Mg Extruded   155 106 9.1 
[175] 

Mg-0.2Ce Extruded   170 68.6 31 

AZ9E Cast  45  240 3 [95] 

Mg10Gd Cast  44  131 2.5 [95] 

RS66 Extruded  45  400 23.5 [95] 

ZK60A Extruded   338 
248-

262 
14 [88] 

ZK60A T5+Extruded   
352-

259 

290-

303 
11-14 [88] 
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ZK60A 
T5 (150 °C/24 hr air 

quenched) 
  345 281 2.8 [88] 

ZK60A 
T5 (200 °C/16 hr 

furnace cooled) 
  289 244 5.2 [88] 

ZK60A 
T5 (400 °C/8 hr furnace 

cooled) 
  248 191 14.6 [88] 

ZK60A 
T5 (350 °C/24 hr 

furnace cooled) 
  295 247 14.4 [88] 

ZK60A 
T5 (360 °C/24 hr 

furnace cooled) 
  294 258 13.8 [88] 

ZK60A 
T5 (350 °C/16 hr 

furnace cooled) 
  300 248 14 [88] 

ZK60A 
T5 (350 °C/16 hr 

furnace cooled) 
  301 243 12.6 [88] 

WE43 Extruded (400°C)   331 300 17.5 [176] 

WE43 
Extruded (400°C)+ 

200°C/16 hrs 
  342 325 12.2 [176] 

WE54 Extruded (425°C)   319 274 18.9 [176] 

WE54 
Extruded (425°C)+ 

200°C/16 hrs 
  333 299 13.8 [176] 

WE54 
Extruded (425°C)+ 

200°C/8 hrs 
  299 247 21.3 [176] 

Mg–4.0Zn–

0.2Ca 
As-cast   185 60 11-14 [177] 

Mg–4.0Zn–

0.2Ca 
Extruded   297 240 18.5-24 [177] 

        

AZ31B As-extruded 49  260 200 15 [97] 

AZ61A As-extruded 60  310 230 16 [97] 

AZ80A As-extruded   340 250 11 [97] 

AZ80A Extruded+T5 82  380 275 7 [97] 

HM31A As-extruded   290 230 10 [97] 

M1A As-extruded 44  255 180 12 [97] 

ZC71 As-extruded 70-80  360 340 5 [97] 

ZK21A As-extruded   260 195 4 [97] 

ZK40A Extruded+T5   275 255 4 [97] 

ZK60A As-extruded   340 250 14 [97] 

ZK60A Extruded+T5 88  365 305 11 [97] 

AZ31B As-forged   260 195 9 [97] 

AZ61A As-forged   195 180 12 [97] 

AZ80A As-forged   315 215 8 [97] 

AZ80A Forged+T5   345 235 6 [97] 

AZ80A Forged+T6   345 250 5 [97] 

ZK60A Forged+T5   305 205 16 [97] 

ZK60A Forged+T6   325 270 11 [97] 

AM1A Rolled 48  240 180 7 [171] 

ZM21 Forged   200 124 9 [171] 

AZ31 Extruded 49  250 180 15 [171] 

AZ61 Forged 55  300 220 12 [171] 

AZ80 Forged   330 230 12 [171] 

ZK21 Rolled   260 195 4 [171] 
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ZK40 Extruded   275 250 4 [171] 

ZK60 Extruded 80  340 260 11 [171] 

WE43 Extruded   270 195 15 [171] 

WE54 Extruded 85  315 215 10 [171] 

3.3 Using FEM for prediction of mechanical properties 

Many researchers used Finite element methods (FEM) methods for simulating the nano-

indentation test. The objectives of this simulation was to predict the mechanical properties of the 

prepared alloys. Stauss et al [178] used FEM to determine the true stress-strain curves and found 

that the estimated values were 30% higher than the experimental data obtained from the tensile 

test. Sandip et al [179] obtained the stress strain curve for different materials by modeling the 

nano-indentation test for spherical and berkovich tips. Clausner and Richter [180] determined the 

yield stress for different materials from the simulation. Although most of the studies performed 

their simulations on both the loading and unloading steps, Siva Naga performed his study on the 

loading step only and he determined the mechanical properties for layered material to determine 

the yield stress [181]. 

3.4 Corrosion of Mg alloys 

Many studies were conducted on magnesium and its alloys in order to determine the effect 

of different testing conditions and alloy processing condition on the corrosion rate of magnesium 

and its alloys. In addition to the major effect of the alloying elements, it was found that the 

processing routes, heat treatment, grain size, testing media and type affect the corrosion rate. The 

most commonly used tests are mass loss test, hydrogen evolution test and electrochemical tests. A 

comparison between the different tests is shown in section 2.9. Table 3.3 shows a summary of 

selected literature that compares the corrosion rate of different Mg based alloys (at the end of this 

section). 

Kim et al. [159] studied the effect of the grain size on the corrosion rate. Mg powders were 

milled over different durations then consolidated by spark plasma sintering process. Samples were 

then immersed in 0.8% NaCl where corrosion current density was measured. After 2 hrs of milling 

the corrosion rate was 3 times lower than the corrosion rate for the original powders. This was 

explained by the microstructural characteristics of the milled samples. Although milled powders 
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can easily form Mg(OH)2 protective layer due to higher activity of smaller grains and the 

crystalline defects, the porous and unstable or metastable characteristics of the formed layer causes 

the absence of the passivation ability. Moreover, the evolved hydrogen gas breaks down the 

formed protective layer, leaving behind bare Mg matrix, which has a large number of energetic 

crystalline defects where Cl- ions and the water can find its way to the Mg matrix. On the other 

hand, Grosjean et al., [157] study revealed an opposite effect. Powders were milled for 0.5, 3, 10 

and 40 hrs and then cold pressed. Samples were placed in 1M KOH for measuring the corrosion 

rate using the electrochemical testing method. Measurements showed that the corrosion resistance 

was improved by the grain size refinement due to the formation of more stable Mg(OH)2 protective 

layer with decreasing the grain size. Those results were supported by the work done on other 

nanocrystalline materials prepared by BM such as Ni [182], Ru [183] and Fe [184], which showed 

an improved corrosion resistance compared with a microcrystalline structures. It was agreed that 

the presence of uniformly distributed defects mainly on the grain boundaries caused distribution 

of Cl- ions on the surface of the alloy, while prevented the localized chloride enrichment and 

acidification of the media [185]. Besides, the nanocrsytalline surface caused rapid formation of a 

protective layer on the surface of the metal due to the effect of grain boundaries and dislocations 

at nanoscale [186]. 

Xuenan et al. [187] studied the effect of the different alloying elements as well the hot 

rolling for Mg binary alloy. Each of Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr were added by 1 wt% to 

produce 9 binary Mg-1x alloys. The alloys were formed by casting then hot rolled at 400 °C. 

Samples were immersed in SBF and Hank’s solution for 500 hrs (almost 21 days). It was observed 

that all samples in SBF exhibited higher corrosion rates than in Hank’s solution. This was 

explained by the presence of the buffer in SBF. In addition, the corrosion rate for wrought alloys 

were measured to be less than as-cast ones. It was also noted that Mg-1Zn exhibited very low 

corrosion rate for both as-cast and wrought alloys. Figure 3.8 shows the results obtained in this 

study for rolled as well as cast alloys in both SBF and Hank’s solution.  

The effect of different Zn content on the corrosion properties for as-cast Mg-Zn binary 

alloy was studied by Lotfabadi et al. [188]. Zn was added to Mg by 0.5, 1.5, 3, 6 and 9 wt.%. 

Samples were then immersed in 200 ml SBF for 6 days. It was observed that the grain size was 

reduced by increasing the Zn content. In addition, the corrosion resistance was enhanced up to 3% 
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Zn content due to the presence of MgZn phase, while higher Zn content alloys, the presence of 

eutectic phase (Mg+Mg51Zn20) promoted the galvanic corrosion between the cathode (α-Mg) and 

the anode (eutectic phase). 

 Another study by Bakhsheshi et al [189] investigated the effect of annealing time on 

corrosion rates on both Mg-3Zn and Mg-6Zn immersed in SBF for 168 hrs. The alloy was prepared 

by casting then annealed at 340 °C for 6, 12 and 18 hrs. Results showed that the corrosion rate for 

both alloys decreased with increasing the annealing time (table 3.3). This was explained by the 

dissolution of the Mg51Zn20 secondary phase in the α-Mg matrix and Mg12Zn13 reducing the 

galvanic corrosion. Besides, after 12 hrs, this dissolution was minimal causing minimal change in 

the corrosion rate. 

 

Figure 3.8: The volume of hydrogen evolved of as-rolled and as-cast Mg alloys immersed in SBF and Hank’s 

solution for 500 h: (a) as-cast alloys in SBF; (b) as-cast alloys in Hank’s solution; (c) as-rolled alloys in SBF; (d) as-

rolled alloys in Hank’s solution [187] 
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Gu et al. [190] studied the effect of extrusion on the corrosion rate. As-cast ZK60 alloy and 

as-extruded (at 370 °C) ZK60 alloy samples were immersed in Hank’s solution for 20 days. Results 

showed that the extruded alloy exhibit better corrosion resistance than the as-cast alloy. This was 

interpreted by the effect of the forming process in reducing the grain size. 

Huan et al. [142] studied as-cast ZK60, ZK30 and WE-43 alloys in Hank’s solution. The 

immersion test used to determine the hydrogen evolution as well as the mass loss after 21 weeks 

(147 days). ZK60 alloys was fully degraded after 12 weeks only while ZK30 and WE-43 alloy 

exhibit very low corrosion rate. SEM images showed that the degradation mode for ZK30 alloy 

was by corrosion pitting throughout the entire sample while for the other 2 alloys, the selective 

attack of the solution on the surface of the sample lead to having porous matrix. However, the rate 

of attack on WE-43 alloy was much slower than the ZK60 alloy. 

Thermomechanical processing methods also affects the corrosion behavior of magnesium 

alloys. Figure 3.9 shows a the variation of the yield strength and the corrosion rate for different as-

cast and wrought magnesium based alloys in Hank’s solution.  It can be noticed that the wrought 

Mg alloys have lower degradation rate and higher yield strength.  On the other hand, as-cast Mg 

alloys have wide range of corrosion rate but lower yield strength [133].  

 

Figure 3.9: Yield strength variation with corrosion rate for different wrought and as-cast magnesium alloys [117] 
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Table 3.3: Summary of biodegradability test results of Mg alloys for selected literature 

Alloy Temper 
Grain 

size, µm 

Immersion 

Fluid 
Test type 

Corrosion rate, 

mm/yr 
Ref 

Mg-0.5Zn 

Casting 

185.5 

SBF Immersion Test 

5.19 

[188] 

Mg-1.5Zn  2.91 

Mg-3Zn 135.5 1.84 

Mg-6Zn  7.23 

Mg-9Zn 72 11.78 

Mg-3Zn 

Casting + T4- 

(6,12 and 18 

hrs) 

 

SBF Immersion Test 

1.95 

[189] 

Mg-3Zn  1.92 

Mg-3Zn  1.87 

Mg-3Zn  1.82 

Mg-6Zn  3.48 

Mg-6Zn  1.42 

Mg-6Zn  1.38 

Mg-6Zn  
1.36 

 

MgZn 

Casting + 

Annealing 

@350 °C 

 

PBS 

Electrochemical 

test 

23 [191] 

MgZnCa  51 

[191] 

MgZnCaGd  44 

MgZn  

PBS+ cysteine 

64 

MgZnCa  38 

MgZnCaGd  164 

MgZn  

PBS+ tryptophan 

130 

MgZnCa  28 

MgZnCaGd  156 

Mg-4Zn-0.2Ca As cast  
SBF Mass Loss 

2.05 
[177] 

Mg-4Zn-0.2Ca Extruded  1.98 

Mg–0.5Ca–1Zn   

SBF Mass Loss 

1.23 

[192] Mg–0.5Ca–3Zn   1.8 

Mg–0.5Ca–9Zn   9.13 

 

3.5 Cytotoxicity of Mg-Zn based alloys 

Xuenan et al. [187] studied the cytotoxicity for magnesium alloys with different alloying 

elements using L-929 fibroblast cells. Indirect MTT assay was done at 100% extract concentration. 

The media volume to sample surface area used was 1.25 ml/cm2. Mg-Zn binary alloy showed the 

highest cell viability after 2 and 4 incubation days. Figure 3.10 shows the cell viability for each of 

the binary magnesium alloys tested. 
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Figure 3.10: Cell viability expressed as a percentage of the viability of cells in the control after 2 and 4 days of 

culture in as-cast pure Mg and Mg binary alloys with L-929 fibroblast cells [204] 

 

Huan et al. [142] studied the cytotoxicity of as-cast ZK60, ZK30 and WE-43 alloys with 

rabbit bone marrow stromal cells (rBMSC). Indirect MTT assay with 100% extract prepared by 

1.25 ml/cm2 medium volume to sample surface area. Results after 1 and 7 days of incubation of 

cells with extract showed higher cell viability after 7 days due to cell proliferation. 

Hong et al [193] studied used osteoblastic cell line MC3T3-E1 to compare the cell viability 

for pure magnesium, ZK40 as-cast, ZK40 (T4 treated) and AZ31 alloys. Indirect MTT assay was 

done using an extract concentration of 100%, 50%, 25%, 10%. After 3 days the absorbance of the 

cells was measured at 635 nm using spectrophotometer. Results showed that cell viability was the 

almost zero for 100% extract concentration and increased with decreasing the extract concentration 

(Figure 3.11). 

 

Figure 3.11: Indirect cytotoxicity of MC3T3 cells cultured for 3 days in extract media from pure Mg, as-cast ZK40 

and T4-treated ZK40 alloys [183] 
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Gu et al. [190] used Murin Fribroblast cells (L-929) to study the cytotoxicity for as-cast 

ZK60 alloy and as-extruded (at 370 °C) ZK60 alloy samples. Indirect MTT assay was done using 

an extract concentration of 100%, 50%, 10%. After 1, 2 and 4 days the absorbance of the cells was 

measured at 410 nm using spectrophotometer. The measured samples showed significant toxicity 

at 100% extract concentration. However, the toxicity of the 25% and 10% concentrations showed 

to be more than 70% which is considered within an acceptable toxicity level according to ISO 

10993-5 [141];(Figure 3.12). 

 

Figure 3.12: Indirect cytotoxicity of L929 cells cultured for 1, 2 and 4 days in extract media from pure as-cast and 

as-extruded ZK60 alloy at different extract concentrations [179] 

Recently, doubts were raised about the testing conditions provided by ISO 10993-12 

standards titled “Biological evaluation of medical devices”. As per ISO 10993-12 “Sample 

preparation should be appropriate for both the biological evaluation methods and the materials 

being evaluated”. For biodegradable medical devices, especially Mg based alloys, the stated testing 

parameters do not apply in all cases due to the different degradation rate of each alloy, therefore, 

the ions of Mg and its alloying elements contribute in changing the test results. 

Fischer et al [194], recommended using 10 times more extraction medium than the ratio 

mentioned in the ISO 10993-12 in order to mimic the in-vivo test while using Mg alloys. His 

recommendations were based on the work done using human osteosarcoma cell line MG63 with 

MTT assay. The materials used for this study were cast pure Mg, Mg-0.6Ca and Mg-1Ca alloys. 

Another study done by Scheideler et al [195] developed a modified in-vitro cytotoxicity 

test by simulating the in-vivo testing conditions by using fatal bovine serum (FBS) as an extraction 
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medium instead of the cell culture medium recommended by ISO 109933-12. This modifications 

allowed better prediction for in-vivo testing. In this study different Mg binary and ternary alloys 

were used.  

Later on, Liu et al. [91] investigated the effect of extraction time, extract volume to surface 

area ratio and medium composition on the cytotoxicity of Mg alloys in order to mimic the in vivo 

testing results. In this study as-cast Pure Mg, as-extruded Mg-2Zn-0.5Y-0.5Nd alloy and as-

extruded Mg-3Sn-0.5Mn extracts were used with different cell lines including L929 cell line were 

used. This study reveals the importance of choosing an appropriate cell line according to the 

application of the implant. Besides, the study shows the main factors affecting mimic in-vivo test 

in lab. Those factors includes metal ion concentration, pH, H2 gas level, type of cells, extraction 

medium and incubation time for cells with media.  

Although the efforts done by some research groups in order to reestablish new standards 

for measuring the cytotoxicity of biodegradable metals such as Mg based alloys, in the current 

research ISO 109933-12 standard was followed in order to be able to compare the measured data 

with the literature. Table 3.4 provides a summary of cytotoxicity tests for Mg based alloy for 

selected literature. 

 

Table 3.4: Summary of cytotoxicity test results for Mg based alloys for selected literature 

Alloy Cells Assay Type 
Incubation 

Time 

Extractions 

% 
Viability Year Ref 

Mg-1%Zn 
L929 

Fibroblast 
MTT Indirect 

2 100% >100% 

2009 [187] 
4 100% >100% 

Mg-1%Al 
2 100% >100% 

4 100% >100% 

as-cast ZK40 

MC3T3 MTT Indirect 3 

100% 8098% 

2013 [193] 

50% 78% 

25% 80% 

10% 100% 

T4-treated 

ZK40 

100% 15% 

50% 50% 

25% 90% 

10% 100% 

as-cast ZK60 L929 MTT Indirect 

1 

100% 50% 

2011 [190] 

50% 75% 

10% 80% 

2 

100% 80% 

50% 55% 

10% 65% 

4 100% 52% 
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50% 78% 

10% 82% 

as-extruded 

ZK60 

1 

100% 65% 

50% 78% 

10% 87% 

2 

100% 63% 

50% 75% 

10% 90% 

4 

100% 65% 

50% 77% 

10% 90% 

Mg-1Ca L929 MTT Indirect 

2 

100% 180% 

2008 [111] 

50% 120% 

10% 100% 

4 

100% 160% 

50% 120% 

10% 100% 

Mg-4Zn-

0.2Ca (As 

cast) 
L929 MTT Indirect 

1 100% 90% 2012 [177] 

2 100% 95% 2012 [177] 

4 100% 95% 2012 [177] 

Mg-4Zn-

0.2Ca 

(Extruded) 

1 100% 87% 2012 [177] 

2 100% 100% 2012 [177] 

4 100% 100% 2012 [177] 
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3.6 Research Motivation, Aim and Objectives 

From the discussion in the previous sections, it was noticed that different research groups 

investigated ZK alloy series with different compositions including ZK21, ZK30, ZK40, ZK60 and 

ZK61. Those alloys were investigated for different applications including biomedical application.  

However, ZK50 alloy was not studied yet in any literature, no paper mentioned any drawbacks in 

the manufacturing of this alloy by any method. Moreover, the ZK series alloys were not prepared 

by BM technique before. Therefore, it was very important to investigate the mechanical properties, 

bio-corrosion properties as well as the cytotoxicity of this composition.  

 

The aim of this Study: 

“Introduce a novel mechanically alloyed nanostructured Mg-ZK50 alloy for its potential 

application as a biomaterial” 

 

The following objectives were set to achieve this aim: 

1- Production of nanostructured alloyed powders from elemental Mg, Zn and Zr powders 

using MA process. 

2- Consolidation of the mechanically alloyed powders using PIT rolling process to form intact 

sheets. 

3- Study the effect of annealing time on the internal structure and the properties of the 

produced sheets 

4- Study the mechanical properties of the produced sheets. 

5- Study the degradation rate of the produced sheets in vitro using SBF and evaluate the 

surface of the manufactured sheets. 

6- Study the cytotoxicity of the produced sheets with L929 fibroblast cells. 
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Chapter 4 : Materials and Experimental Procedures 

4.1 Materials 

In order to prepare Mg-5%Zn-0.5%Zr which is designated as ZK50 alloy according to 

ASTM standard, , atomized elemental Magnesium, Zinc and Zirconium powders were used in their 

elemental form to prepare the required alloy for the current investigation. Magnesium powders 

were purchased from Sigma Aldrich with purity >99.5% while Zn powders were purchased from 

Alfa Aesar with purity >99.9% and Zirconium (Zr) powder were purchased from SE-JONG 

Materials with purity >99%. 

Low magnification SEM images for the as-received elemental powders are shown in Figure 

4.1. The Mg particles have a flake like morphology with an average particle size of 44 µm, 

purchased (Fig 4.1a). Elemental Zn, are ellipsoidal and pancake-shaped particles about 210 µm in 

length and 50 µm in width as shown in Figure 4.1b and has average particle size of 130 µm.  Zr 

was received in the form of almost equiaxed particles with average particle size 44 µm (Fig 4.1c).   

 

Figure 4.1: SEM images for the as-received elemental powders at 500 X a) Magnesium, b) Zinc and c) Zirconium 

4.2 Mechanical Alloying and Milling 

4.2.1 Handling of powders 

All the handling processes for powders were conducted in an inert atmosphere (Argon). 

Handling process includes weighing the powders, filling or emptying the ball milling jars as well as 

filling the Cu cans for consolidation (more details in Section 4.4.1). This prevented the oxidation of 

the milled powders as well as prevented the inclusion of oxygen gas in the milling process, hence 

ignition of powders while milling was avoided. For this purpose, LABCONCO glove box model 50601 

filled with argon gas was used.  

. 
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4.2.2 Mixing of Powders   

20 gms of elemental Mg, Zn and Zr powders were mixed in Glen Mills TURBULA T2F mixer 

at 96 rpm for 60 min. Mixing of powders ensured the homogeneity of the dispersion of the alloying 

elements powder with the magnesium powders. Table 4.1 shows the atomic and weight percent of the 

alloying elements in the prepared mixture. 

Table 4.1: Nominal composition of the mixed powders 

 Mg Zn Zr 

Weight % Balanced 5 0.5 

Atomic % Balanced 1.93 0.14 

 

4.3 Mechanical Alloying and Milling Process 

High energy planetary ball milling machine; Retsech PM400, was used for the mechanical 

alloying and milling process of the premixed powders to produce nanostructured alloyed powders. 

Powders were placed in 125 ml stainless steel jar with stainless steel balls and well secured using 

stainless steel jar clamps in order to prevent air from going inside the jars, while transferring the 

jars from the glove box to the ball milling machine. Two jars were used, each contained 10 grams 

of premixed powders. Stainless steel balls 3 mm in average diameter were used at BPR of 15:1. 

The milling speed was selected to be 350 rpm. Discontinuous milling process was used in order to 

minimize the heat build-up inside the jars. Intermittent breaks of 15 minutes were allowed every 

15 minutes of milling to allow the jars to cool down. The total effective milling time was 45 hrs. 

In this study, high grade ethanol was used as PCA during the milling process. Several trials 

were carried out using different weight percentages of PCA to find the appropriate volume of PCA 

necessary during the milling process. It was found that adding excessive amount of PCA caused 

overheating of the jars to a point where milled powders can ignite even after aggressive cooling 

for a long time. On the other hand, insufficient amount of PCA causes agglomeration and 

consolidation of the milled powders on the jar wall; Figure 4.2. Therefore, 2% by weight of high 

purity ethanol was added in order to produce a final nanostructured alloyed powders. 
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Figure 4.2:  milled powders; a) ignited due to excessive amount of PCA b) agglomerated due to insufficient amount 

of PCA 

4.4 Consolidation of Powders 

4.4.1 Cans filling 

Pure copper cans of 6 mm inner diameter were cut with length 60 mm. The cans were then 

closed at one of the ends using special locking tools and bench vise. In the glove box, under Ar 

atmosphere, the cans were filled with the BM powders and manually compacted in order to remove 

any Ar gas that might have been entrapped between the powder particles. The other end of the 

cupper cans were tightly closed inside the glove box. Figure 4.3 shows the Cu can filled with 

powders and tightly closed from both ends. 

 

Figure 4.3: Copper can after filling with powders and well-sealed 

4.4.2 Hot Powder-in-Tube Rolling Process 

4.4.3 Screening Experiment: Studying the Rolling Conditions 

The closed cans were hot rolled to consolidate the powders producing thin sheets of Mg-

ZK50 alloy. Many trials were performed at different rolling percentages to produce well 

consolidated thin sheets. This process was conducted at 300 oC and 350 oC. These temperatures 
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were selected to be high enough for the activation of more slip planes meanwhile limit any 

diffusion that may occur during the rolling process. 

At the initial stage of the screening experiment, BM powders with lower grade with the 

same composition were used. This was done due to the limitation of purchasing high quality Mg 

powders in sufficient amounts for the whole study. Therefore, various rolling reduction percent 

with different reheating intervals were applied. These experiments showed that the most 

appropriate reduction percent were 67% and 72% at 300 oC. Table 4.2 provides a summary of the 

processing conditions as well as the visual observation after opening the Cu cans. More details 

about these observations are discussed in the next chapter in section 5.2.1. 

Table 4.2: Consolidation and annealing conditions of BM high quality powders  

Condition 

No. 

Processing 

Temperature (°C) 

Total % 

reduction 

Number 

of passes 
Observation 

CI 

300 

61 10 Partially consolidated 

CII 67 11 Consolidated 

CIII 72 12 Cracked 

CIV 

350 

61 10 Partially consolidated 

CV 67 11 Stuck to the Cu can 

CVI 72 12 Stuck to the Cu can 

 

The two conditions CII and CIII were repeated using the high quality powders and referred 

as Condition A (CA) and Condition B (CB) respectively. The processing conditions for the 

powder-in-tube process using the high quality powders are shown in Table 4.3. Post consolidation, 

the produced sheets were annealed for different time intervals at 300 oC. The sheets were annealed 

for 30 min and 60 min for condition A (CA) and B condition (CB) respectively for relieving stress 

formed during the BM process. For cooling, CA was left in the air while CB was left in the furnace. 

The higher annealing time and slower cooling rate was selected since the 72% reduction in the low 

quality powders formed sheets with cracked parts. Therefore the longer annealing time was 

selected to allow more diffusion between the particles to reduce the formation of cracks. Different 

investigations were then performed which are discussed in the next sections. For more details about 
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the powder-in-tube rolling process refer to the author’s publication1. Figure 4.4 shows the rolled 

machine used in the powder-in-tube rolling process. 

Table 4.3: Consolidation and annealing conditions of BM high quality powders  

Condition 

No. 

Total % 

reduction 

Number of 

passes 

Sheet mean 

thickness (µm) 

Process Annealing 

Temp/time 

A 67 11 825 300 °C/30 min 

B 72 12 700 300 °C/60 min 

 

 

Figure 4.4: shows the rolling machine and the furnace used in the hot pipe rolling process. 

4.4.4 Studying the Effect of Annealing Time 

The rolling conditions of CA was selected for studying the effect of annealing on the 

produced sheets’ properties including the mechanical properties, corrosion rates and cytotoxicity. 

Thin sheets of Mg-ZK50 nanostructured alloyed powders were produced at 67% rolling reduction 

percent at 300 °C. The produced sheets were then annealed for 4, 8 and 12 hrs and designated as 

C4, C8 and C12, respectively. The annealed sheets were compared to as-consolidated sheet 

(donated as C0). Table 4.4 shows the different annealing durations and the sample designation, 

used throughout the results and discussion. 

                                                           
1 Parts of this Chapter were taken from authors’ publication, “Morcos P., ElKhodary K.I., Salem H.G. (2017) 

Mechanically Alloyed Magnesium Based Nanostructured Alloy Powders for Biomedical Applications. In: Solanki 

K., Orlov D., Singh A., Neelameggham N. (eds) Magnesium Technology 2017. The Minerals, Metals & Materials 

Series. Springer, Cham 
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Table 4.4: designation of the annealed sheets at 300 °C 

Sample Annealing time, hrs 

C0 0 (as-rolled) 

C4 4 

C8 8 

C12 12 

 

4.5 Characterization of Powder and Solid 

4.5.1 Physical Properties (Density Measurement) 

Degree of consolidation was evaluated using density measurement for the processed sheets. 

Specimens with 10 mm long and 5 mm wide were cut from the consolidated sheets. The 

specimen’s density was measured using Mettler Toledo XS 205 digital densitometer that employs 

the Archimedes principal for density measurement. In this method, the specimen was weighted in 

air then in an auxiliary fluid. The fluid used was Xylene whose density is 0.862 gm/cm3. The 

density measurement for all samples was carried out at room temperature.  

The specimen’s density was calculated using the following equation: 

𝜌𝑠 =
𝑚𝑎𝜌𝑙

𝑚𝑎−𝑚𝑙
                     (4.1) 

Where ρs is the specimen density, ρl is the density of auxiliary liquid in which the specimens were 

immersed in, ma is the mass of specimen in air, ml is the mass of sample in auxiliary liquid. 

4.5.2 Mechanical Properties (Nano-indentation Testing) 

The nano-indentation test was conducted at AUC using MTS nanoindenter machine. 

Berckovich diamond tip with head radius 20 nm was used. The test was conducted on the cross 

section of the consolidated sheets using basic continuous stiffness method (CSM). In order to 

calibrate the tip method a fuse silica specimen was polished and then measured using Oliver and 

Phar standard method. Each indentation was set to 2000 nm depth at a loading rate 10 nm/sec. at 

least 5 indentations per sample were measured in a line array with at least 150 µm spacing. 

4.5.3 Modeling of Nano-indentation Test 

 FEM is used to study the deformation of the BM nanostructured ZK50 alloyed sheets under 

Berkovich tip during nano-indentation test. The main purpose of the model is to determine the 

mechanical properties of the as-consolidated sheets. For this purpose, FEA software package; 
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Abaqus Student Edition 2017 was used. In this section, a brief description of the software as well 

as the analysis procedures are presented. 

Abaqus is a complete package of very powerful programs for engineering simulation. It is 

based on FEM. Abaqus has the ability to provide solutions for wide range of problems with varying 

complexity. There are three main analysis modules in Abaqus; Abaqus/Standard, Abaqus/Explicit, 

and Abaqus/CFD (computational fluid dynamics). Abaqus/Standard used for general analysis 

including linear and non-linear problems. It is capable of solving a system of equations implicitly 

at each solution “increment”. On the other hand, Abaqus/Explicit is an analysis module used for 

special purposes where dynamic finite element formulation is needed. It is used for problems 

which are dynamic in nature such as the forming process. Abaqus/CFD module is used with 

problems includes incompressible flow of fluids. In addition, Abaqus/CAE (complete Abaqus 

environment) which includes tools for building Abaqus model, submitting jobs and viewing the 

simulation results [196]. 

In this work, the modeling of nano-indentation test is assumed to be quasi-static problem; 

i.e: the effect of time was not considered [181]. Therefore, Abaqus/Standard module will be used 

for the analysis. In addition, the Abaqus/CAE was used during the preprocessing, simulation and 

post processing stages. Abaqus/CAE will be used while creating the parts of the assembly, defining 

the solution step, interaction between the tip and the specimen, defining the different load and 

boundary conditions, meshing the parts and finally generating the job which was solved with 

Abaqus/Standard. Abaqus/Viewer; which is a subset of Abaqus/CAE was used in the post 

processing of results in order to view the computed outputs in the visualization module. 

The nano-indentation problem is considered a non-linear problem [197]. The non-linearity 

appears in the material behavior as well as geometric non-linearity. The large deformation 

occurred in the specimen around the indenter tip causes a geometric non-linearity since the 

displacement of the tip changes the response of the specimen. In addition, the non-linear relation 

between stress and strain beyond the yield strength of the materials is a form of material non-

linearity  [181]. 

For the construction of the nano-indentation model, a 2D axisymmetric model was 

employed for finite element simulation. 2D simulations require less computational time and was 

more convenient. Moreover, Lichinchi et al. [15] showed that finite element simulations for 2D 
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axisymmetric and 3D models yield results with slight different for nano-indentation problems 

using Berkovich indenter. 

The small scale of indentation displacement process causes a negligible effect of the 

friction between the indenter and the surface of the bulk material. Therefore, the contact between 

the tip and the top surface of the bulk material was assumed to be frictionless (µ=0). Besides, the 

as-consolidated condition (C0) was only considered in the modeling to determine the mechanical 

properties after the PIT rolling process. However, the effect of the annealing time on the 

mechanical properties will be studied in the future. 

Two parts were created using Abaqus/CAE; the indenter and the bulk material. Berkovich 

indenter was modeled using 2D analytical rigid wire with angle of 65.3° (according to the 

manufacturer; Micro Star Technologies) and 7000 nm slant height. The bulk material was set to 

be a square deformable shell with side length of 10,000 nm. 

The bulk material was modeled using isotropic elastic-plastic material properties. In the 

elastic behavior of material was defined by young’s modulus and poison’s ratio. The value of the 

young’s modulus was obtained from the experimental data to be 40.7 GPa while the poison’s ratio 

which is an input in the experimental test was 0.35. On the other hand, the plastic behavior of the 

material was defined using two stress strain points in the elastic region of the curve. The first point 

is the stress at zero plastic strain (yield stress) and another point of stress and strain. These three 

values were tuned by running numerous simulation runs and comparing the obtained results with 

the experimental data. Moreover, for the rate dependent parameters, the multiplier was set to one 

while different exponent values were used. More details about the material model are presented in 

the next section. 

After defining the material behavior, the bulk material was meshed using 455 elements. 

All elements were four-node bilinear axisymmetric quadrilateral reduced integration type 

(CXA4R). Figure 4.5 shows the assembly with the bulk material mesh. The applied boundary 

conditions were along the vertical (centerline) and horizontal axes (bottom of the bulk material). 

All the nodes were set to have displacement only in the y-direction and no displacement in any 

other direction. The loading behavior of the nanoindentation test was simulated. The indenter tip 

was driven into the specimen surface in the (–ve) y-direction to a depth of 2000 nm. The interaction 

between the bulk material and the indenter was defined as a surface to surface contact. The indenter 

was chosen as the master surface while the test specimen was chosen as the slave surface. 
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Figure 4.5: The nano-indentation model (indenter and bulk material) 

After constructing the model, the required outputs are defined in order to be calculated 

when submitting the job. The Von Mises stresses and the uniaxial stress component as well as the 

displacement in the y-directions are required in order to plot the load-displacement curve which 

will be compared with the experimental data. The root mean square (RMS) was calculated and the 

final selected parameters were based on the least RMS. 

After submitting the job, the Von Mises stress values are obtained and converted into load 

by knowing the projected area of the tip at each time step. The Mises equation is expressed by the 

following equation [198]: 

𝜎𝑚𝑖𝑠𝑒𝑠 = √
(𝜎1−𝜎2)2+(𝜎2−𝜎3)2+(𝜎3−𝜎1)2

2
            (4.2) 

where σ1, σ2, σ3 are the three principles stress beyond which the material deform plastically. 

The projected area of the Berkovich tip is given by the following equation [199]: 

𝐴𝑝𝑟𝑜𝑗 = 3√3ℎ2 𝑡𝑎𝑛2 𝜃                         

(4.3) 

where h is the indentation depth and θ is the face angle of indenter which is equal to 65.3° 

for Berkovich indenter. Therefore, equation 4.3 can be reduced to 24.56h2. 
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4.5.3.1 Material Modelling 

Figure 4.6 shows a typical stress-strain curve consists of two regions; elastic and plastic 

material responses. At low strain; metallic materials follow Hooke’s law with a linear relation 

between the stress and strain. After the material yields, the relation between the stress and strain 

became non-linear. These behaviors are described by The Power Law. 

 

Figure 4.6: Typical stress-strain curve for metals described by power law model [200] 

The power law hardening model is widely accepted to represent the stress strain (σ-ε) curve 

of a stress free material. The following expressing is used to mathematically describe the power 

law model: 

𝜎 = {
𝐸𝜀 𝑓𝑜𝑟 𝜀 ≤

𝜎𝑦

𝐸

𝐾𝜀𝑛𝑓𝑜𝑟 𝜀 ≥
𝜎𝑦

𝐸

                (4.4) 

 

where E is the elastic modulus, σy is the yield stress, n is the work hardening exponent, K 

is the work hardening rate 𝜎𝑦(
𝐸

𝜎𝑦
)𝑛. In equation 3, when n is equal to zero, the material behaves as 

a perfect elastic-plastic material. Therefore, four independent parameters should be defined; (E, 

σy, n and ν). 
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4.5.4 Structural Evolution 

4.5.4.1 X-Ray Diffraction 

The X-ray Diffractometery (XRD) is an analytical method used in this study to: 

a) Determine the alloying time of the elemental powders using mechanical milling process. 

b) Calculate the crystallite size and lattice strain variation as a function of milling time. 

c) Determine the phases present as a result of mechanical alloying as well as consolidation 

and/or annealing. 

d) Track the increase of the crystallite size as well as the decrease in lattice strain due to the 

annealing process. 

Sufficient powders at chosen milling times were taken in closed containers under argon 

gas to avoid powder oxidation for measurements. Samples were examined using Philips XPERT 

Powder Diffractometer with at 40 kV and 30 mA with the following scan parameters: (Cu K-Alpha 

wavelength = 1.54056 A°, step size = 0.03o, angle range = 3 o – 80o, time per step = 2 sec). The 

crystallite size was calculated from diffraction peaks by using Scherrer equation. 

𝑡 =
𝑘𝜆

𝛣𝑠𝑖𝑛 (𝜃)
                (4.5) 

Where t is the crystallite size, K is a constant dependent on the crystallite shape (K = 0.91), 

λ is the x-ray wavelength (λ = 1.54 A°), B is the full width of the peak at half the maximum height, 

and θ is Bragg’s diffraction angle. While the lattice strain was calculated from Williamson-Hall 

method using the following equation [201]: 

𝛣 𝑐𝑜𝑠(𝜃) =
𝑘𝜆

𝑡
+ 4(𝜀)𝑠𝑖𝑛 (𝜃)                        (4.6) 

Where ε is the lattice strain. By plotting point for each peak with Bcos(θ) on the y-axis and 

4sin(θ) on the x-axis, the lattice strain can be determined from the slope of the trend line of the 

plotted point. 

For the solid sheets, a sample of 5 mm in length and 5 mm in width was selected. The 

diffraction pattern for the solid samples was performed on the CA and CB samples as well as the 

annealed samples. Furthermore, XRD was performed on samples immersed in SBF in order to 

study the newly formed layers on the surface of the specimen as a result of immersion in SBF. 
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4.5.4.2 Scanning Electron Microscope 

SEM micrographs were taken for the elemental powders, mechanically alloyed ZK50 and 

consolidated sheets using Zeiss High resolution Field Emission SEM, equipped with EDX detector 

at the YJ-STRC, AUC. SEM imaging was also employed to evaluate the influence of milling time 

on the milled powders’ morphology (shape and size distribution) development as a function of 

milling time. The particle size was measured using ImageJ software. 

For the solid samples, SEM micrographs were used to investigate presence of any surface 

structures on CA and CB sheets in the screening phase. Moreover, the surface of the solid specimen 

after immersion in the SBF was investigated. EDX was also employed to investigate the formation 

of apatite layer post immersing the samples in SBF and calculated the Ca/P ratio. 

4.5.4.3 Transmission Electron Microscope 

TEM micrographs for a 45-hrs milled powders were taken. JEOL, JEM-2100F TEM at E-

JUST with accelerated voltage 200 KV was used (Figure 4.7). Small amount of powder was 

suspended in distilled water and sonicated for 5–10 min at room temperature. Then, 9 µl of the 

suspended sample was placed on a holey carbon grid and allowed to settle for 5 min. The grid was 

air-dried prior to TEM imaging. Different magnification were taken in order to emphasize the size 

of the produced nanostructured powders. 
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Figure 4.7: Transmission Electron Microscope (TEM); JEOL, JEM-2100F 

4.6 Fourier transforms Infrared Spectroscopy (FTIR) 

After immersion of the sheets in SBF, FTIR was used to detect the functional groups 

formed on the surface of the specimens. Thermo-scientific Nicolet 380 Fourier Transform Infrared 

spectrophotometer, using the KBr pellet method was used for this purpose. KBr pellets were 

prepared by grinding the sample and mixing KBr. The mixture was then compressed using a 

hydraulic pressure press at a pressure of 1400 KPa then placed inside the IR cell where the 

spectrum was recorded. The FTIR spectra obtained presented a plot of wave number (4000-500 

cm-1) against % transmittance. 

4.7 Biodegradability Testing 

Immersion tests were performed for the analysis of the biodegradability of the prepared 

samples. Two replicates of each condition was immersed in a separate beaker filled with SBF 

prepared in the lab using Kokubo’s protocol [132]. A funnel above the samples with an inverted 

burette were used in order to collect the evolved hydrogen gas from the chemical reaction between 

the sample and the immersion solution. The selection of the Kokubo’s SBF was based on the 

similarity in the ion concentration between the blood plasma and the prepared solution in the lab. 
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Prior to immersion, the samples were washed by distilled water and ethanol for 30 min and 

left to dry in the laminar air flow (LAF) to prevent contamination. Original sample weight and 

surface area were measured before immersion. Each specimen was immersed in SBF with surface 

area to volume ratio of 130 ml/cm3. The total setup was placed in a water bath at 37 °C. The volume 

of hydrogen evolution was recorded at different time intervals for further analysis. After 8 days 

(192 hrs) the sample was washed again many time with ethanol and left to dry. The dried weight 

was measures and the mass loss was measures using the following equation: 

𝑀𝐿 =
𝑚𝑜−𝑚𝑓

𝑆𝐴
                (4.7) 

Corrosion rate for the samples was calculated based on the sample’s mass loss and the 

quantity of evolved hydrogen. The results were compared in both cases. The corrosion rate in 

(mm/year) was calculated using equation 2.13 presented in section 2.9.1. Furthermore, the surface 

of the immersed specimen was investigated using SEM, XRD and FTIR. 

4.8 Cytotoxicity Measurement 

Mg-ZK50 alloy sheets were cut into pieces of 10 mm length and 0.8 mm width. Samples 

were sterilized by 70% ethanol for 30 min and were air dried. For the preparation of conditioned 

media, the specimens were incubated in Dulbecco’s Modified Eagle’s Medium (DMEM) at 37 °C 

for 72 hours. The sample weight-to-extraction-medium ratio was 1.25 ml/cm2. This starting 

extraction ratio was designated as 100% extract. The less concentrated extracts were prepared by 

diluting the 100% extract into 50%, 25% and 10% extract solutions using DMEM media. To 

prepare the extraction culture medium, the supernatant fluid was withdrawn and centrifuged to 

remove the corrosion debris at 500 rpm. The conditioned media was sterile filtered through 0.2 

µm syringe filters before being added to the cells. 

The cytotoxicity of the metal extracts was evaluated against L929 mouse fibroblast cell 

line using Methyl tetrazolium (MTT) assay. L929 cells were cultured in DMEM, 10% FBS, 5% 

penicillin/streptomycin mixture at 37 °C in a humidified atmosphere with 5% CO2. The cells were 

seeded in 96-well cell culture plates at 5,000 cells/100 µl media in each well and were allowed to 

adhere for 1 day. After 1 day of incubation, the DMEM medium was replaced with 100 µl of the 

conditioned medium with the varying concentrations and incubated for 1 day and 3 days. A culture 

medium unconditioned with metal extract served as the negative control. After incubation, the cell 

morphology was observed by inverted optical microscopy (Olympus IX70, USA). 
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After the incubation periods of 1 day and 3 days, the conditioned media was replaced by 

120 µl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dissolved in 

DMEM media. The solution was then sterile filtered using 0.2 µm syringe filters. The final 

concentration of the used MTT solution was 5 mg/ml. The samples were incubated with MTT 

solution for 3 h at 37 °C. This was followed by the removal of the MTT and the addition of 100 µl 

DMSO (Sigma Aldrich, USA) as a solubilizing reagent. The absorbance of the samples was 

measured using SPECTRO star nano microplate reader (BMG LABTECH) at wavelength of 595 

nm. The Cytotoxicity was calculated as the percentage of control cell viability. 

The data from the MTT cell viability assay was analyzed using Graph pad prism 8.0 

software. Data were presented as the mean value with ± standard deviation (SD) from two 

independent experiments. Moreover, the P-values for statistical significance were computed using 

Dunnett’s comparisons test. A p-value < 0.05 was considered significant (* for P<0.05, ** for 

P<0.001, *** for P<0.005). 
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Chapter 5 : Results and Discussion 

5.1 Stage I: Synthesis of Nanostructured ZK50 alloyed Powders by MA 

Synthesis of Mg-ZK50 nanostructured alloyed powders requires a series of intricate 

investigations to be performed during the alloying process. The alloying process was achieved by 

BM, therefore, powder samples were taken during the milling process at different time intervals 

in order to study the effect of milling on the refinement of the crystallite size and particle size of 

the milled powders. Further analysis evaluated the process to determine critical information 

concerning new phase formation, complete alloying time, particle and internal structure 

refinement, change in lattice strain, particle morphology as a function of MT. Consequently, 

characterization of the milled powders was carried out using SEM, XRD and TEM. The results 

obtained were discussed based on the available literature in Mg or Mg-Zn BM alloys. 

5.1.1 Particle size and morphology during milling 

The low energy associated with the mixing process produced a uniform distribution of the 

alloying elements among the polycrystalline magnesium particles as shown in Figure 5.1. This 

facilitated the synthesis of a homogenous alloy during the milling process which would ensure 

uniform properties after the processing and consolidation of milled powders. 

 

Figure 5.1: FE-SEM micrographs for as-mixed elemental powders for 60 min at 96 rpm. Mg powders are indicated 

by yellow circles, Zn in blue circles and Zr in red circles. 
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Low magnification FE-SEM micrographs for the mechanically milled powders at 3, 5, 10, 

19, 31, 40 and 45 hrs are shown in Figure 5.2. Generally, increasing the milling time increases the 

strain hardening leading to fragmentation and the formation of finer particles. Figures 5.1.c 

illustrates the BM powders after 10 hrs processing. The micrograph demonstrated that the 

elemental powder morphology of Mg, Zn and Zn disappeared and a rather homogeneous-nearly-

spherical particle formed as a result of cold welding pf particles. Moreover, Figure 5.2.b depicted 

the dominance of cold welding post 5 hrs of milling. Additionally, milling of the powders with 2% 

by weight of high purity ethanol prevented cold welding and limited the coarsening effect. 

Although, the refined powders started to agglomerate after 19 hrs of milling causing the formation 

of course clusters of fine particles, while no agglomeration on the walls of the jars were noticed. 

The clustering of particles was due to the increased surface area, which was associated with the 

refinement of the particles to the nanoscale level as shown in Figure 5.2.g (45hrs of milling).  
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Figure 5.2: Low magnification FE-SEM micrographs for BM powders after 3, 5, 10, 19, 31, 40 and 45 milling hours 

and the corresponding histogram for particle size. 

Low and high magnification FE-SEM micrographs were used for tracking the particle size 

refinement as a function of the milling time. The average particle size was measured based on 

multiple micrographs taken from several images for each milling interval. At least 50 

measurements were recorded at each MT interval to determine the average particle size. 

Histograms representing the measurements at each milling time are presented in front of the SEM 

micrographs. The particle size showed a unimodal particle size distribution over the milling 

durations. However, after 5 hrs, the graph is shifted to the left indicating that finer particles were 

produced. 

The average particle size data was plotted versus the milling time in Figure 5.3. The 

measurements indicated a significant reduction in the particle size as a result of increasing the 

milling time. During the first 19 hrs of milling, significant particle refinement occurred. The 

particle size decreased from 7 µm after 3 hrs of milling to 1.3 µm after 19 hrs. This corresponds 

to 81% reduction in the particle size. Further milling led to a gradual reduction of the particle size 

reaching about 600 nm in average particle size. 

Since elemental Mg (the matrix) and Zr powders [202] are ductile while Zn [203] powders 

are brittle, the employed MA process considered a brittle-ductile system [148]. Benjamin et al. 

[204] explained the MA process of the brittle-ductile systems. At the initial stage of milling, the 

ductile Mg powders were flattened due to the collision of the powders between the balls while the 

brittle Zn powders are fragmented and trapped in the ductile particles (Figure 5.2.a). In addition, 

the Zn particles started to occlude on the Mg particles (Figure 5.2.b). As milling is proceeded, the 

ductile Mg powders were work hardened and the lamellae structure formed is refined. This 

refinement took place in a significant way up to 19 hrs when the composition of the individual 
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particles are expected to be more homogenous. At this stage, alloying started to occur between the 

Mg, Zr and Zn particles and chemical homogeneity was achieved (Figure 5.2.d) [166, 214]. At the 

latter stage of milling, the slight decrease in particle size occurred since the particle size approaches 

due to the increase in the required stresses to break the grains [146]. 

 

 

Figure 5.3: Effect of MT on the average particle size during BM 

The aforementioned findings suggest the effectiveness of the employed BM procedure for 

the refinement of the milled powders in a relatively short period compared to the available 

literature in Mg and Mg containing Zn alloys [159, 172, 174, 175, 177, 180]. Moreover, the 

selection of the milling parameters as well as the type and volume of the PCA used balances the 

detrimental effect of cold welding (strain softening) with the particle fragmentation and 

refinements (strain hardening) of the particles. Therefore, fine nanopowders were produced which 

were clustered. However, no bulk agglomerations on the walls of the milling jars or ignition of 

powders due to excessive heat which was produced during milling. The results obtained by 

Lazcano et al. [160] demonstrated that milling of Mg and Zn elemental powders produced particle 

size in the order of 1-10 µm after 30 hrs compared to  the 1 µm average particle size produced  

after 31 hrs in this study. 

5.1.2 XRD Analysis for BM Powders 

In order to determine the complete alloying time needed to fabricate the designed alloy, 

XRD analysis was performed on both elemental and BM powders to characterize the formation of 
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new phases as a result of the milling time, which facilitates the determination of the alloy start 

formation and completion [150]. Moreover, analysis was carried out using XRD to calculate the 

crystallite size and the lattice strain energy at each milling time interval [201]. The crystallite size 

and the lattice strain were plotted to track the refinement of the crystal structure as function of 

milling time (3, 5, 10, 19, 33, 38, 43 and 45 hrs); (Figure. 5.4). The Bragg reflections for the as-

received elemental powders and the milled powders were plotted as function of 2θ in Figure 5.4. 

The diffraction patterns in of the milled powders’ peaks shows no evidence of the formation of 

any  Mg, Zn or Zr oxides or hydroxides or contamination of the powders from the milling jars or 

balls (no evidence of Fe peaks). This was confirmed the interpretation of the XRD peaks as well 

as from the EDS spectrum shown in Figure 5.5 which reveals the presence of Mg, Zn and Zr 

elements only and no oxygen, carbon or iron was recorded. 

 

Figure 5.4: XRD patterns for the as-received elemental powders and milled powders at different milling time. The α-

Mg(Zn,Zr) is marked by the black square while the black circle marked the secondary phase (newly formed 

secondary phase). 

Elemental Mg; which is the main constituent of this alloy (94.5% by wt), has diffraction 

patterns at 2θ = 32°, 34°, 37°, 47°, 57°, 68.5° and 70° [205]. The crystallographic planes for Mg 

[205], Zn [206] and Zr [207] are shown in Figure 5.4. Most of the Mg peaks are still present after 

mechanical milling and alloying. In addition, a new peak started to be formed after 5 hrs of milling 

at 2θ = 43°. However, shifting of peaks are noticed due to the distortion of the crystal lattice 

induced by the milling process. 
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Element Wt% At% 

        

Mg K 90.16 96.51 

Zn K 6.08 2.42 

Zr L 3.76 1.07 

 

 

Figure 5.5: EDX for BM powders after 45 hrs of milling. 

Figure 5.4 depicts the disappearance of the mentioned peaks simultaneously with the 

appearance of newly formed compound phases formed of the different elements. The black arrows 

in figure 5.5 indicates the peaks of Mg, Zn and Zr which disappeared during the milling process. 

For instance, the peaks at 2θ = 47° and 57° which appeared in both Mg and Zr gradually 

disappeared and were not observed after 43 hrs of milling. Similarly, the Zn peaks at 2θ = 39°, 

43°, 54°, 71.5° and 75° were not detected after the first milling time (3 hrs). On the other hand, a 

peak at 2θ= 42.5° was appeared after 5 hrs of milling and its intensity increased as a function of 

increasing milling time. 

As aforementioned, post 43 hrs of milling, all Zn peaks with positions different from the 

Mg peaks was disappeared. This suggested that complete alloying was achieved between 43 and 

45 hrs. Therefore, all BM runs were carried out for 45 hrs. These results are in good agreement 

with findings made by Palacios-Lazcano et al. [160]; which is the only research group who 

prepared Mg-Zn alloy using ball milling from elemental Mg and Zn powders, suggested that 

complete alloying of Mg-5%Zn after 60 hrs using lower BPR (lower input energy). 

The peaks shown in the XRD pattern after 45 hrs represents the different phases formed in 

the alloy. As no XRD patterns were reported for the same alloy composition, binary and ternary 

Mg-Zn-Zr alloys were used for the interpretation of the formed phases after milling and complete 

alloying of the elemental powders. Palacios-Lazcano et al. [160] found that after 60 hrs of milling 

of Mg with 5%Zn, complete dissolution of Zn into Mg matrix forming substitutional solid solution  

α-Mg phase, which were depicted by the peaks displayed at 32°, 34°, 37°,63°, 69° and 70°  angle. 

Moreover, D. Hong et al [193] observed that in as-cast and T4-treated ZK40 samples only α-Mg 

peaks were depicted. This α-Mg(Zn,Zr) is a solid solution single phase and was confirmed by 
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microstructure analysis. Additionally, Z. H. Yu et al [208] observed α-Mg peaks (see table 5.1). 

Kubasek and Vojtech [209] observed α-Mg peaks at 2θ = 32°, 34°, 37°, 69° and 70° in Mg-3Zn as 

cast alloy. W.J. Kim et al [210], suggest that the peak at 2θ = 43° is MgZn2 in ZK60 alloy while 

the peaks at at 2θ = 34°, 37°, 49°, 59°, 69°, 70° and 74°  are α-Mg. Emee Marina Salleh et al, [211] 

suggest the formation of MgZn phase in Mg-10%Zn as white precipitates which was not observed 

in Mg-3%Zn due to the complete dissolution of Zn atoms in the Mg atoms forming α-Mg phase. 

Bakhsheshi-Rad et al. [189] reported the presence of α-Mg and Mg12Zn13 phases in as-cast Mg-

3%Zn, while the as-cast Mg-6%Zn have α-Mg, Mg51Zn20 and Mg12Zn13 phases. Table 5.1 

summaries the reported phases by different researchers for the observed peaks for the BM ZK50 

alloyed powders after 45 hrs. In addition, the phase diagram for Mg-Zn-Zr system shown in figure 

2.16 reveals the presence of a secondary phase MgZn and the intermetallic phase Zn2Zr. 

  

Table 5.1: Summary of the reported data of different researchers for the different diffraction patterns appeared in the 

BM ZK50 alloyed powders after 45 hrs (the black column for the newly formed phase) 

Ref Alloy 2θ 

32° 34° 37° 43° 63° 69° 70° 

[142] ZK30 α-Mg α-Mg α-Mg  α-Mg α-Mg α-Mg 

[193] ZK40 α-Mg α-Mg α-Mg  α-Mg α-Mg α-Mg 

[208] ZK60 α-Mg α-Mg α-Mg   α-Mg α-Mg 

[210] ZK60 α-Mg α-Mg α-Mg MgZn2 α-Mg α-Mg α-Mg 

[212] ZK60 α-Mg α-Mg α-Mg  α-Mg MgZn2 α-Mg 

[190] ZK60 α-Mg α-Mg α-Mg  α-Mg α-Mg α-Mg 

[188] Mg-3%Zn α-Mg α-Mg α-Mg  α-Mg α-Mg α-Mg 

[189] Mg-3%Zn α-Mg α-Mg α-Mg  α-Mg α-Mg α-Mg 

[211] Mg-3%Zn α-Mg α-Mg α-Mg  α-Mg α-Mg α-Mg 

[209] Mg-3%Zn α-Mg or 

MgZn 

α-Mg or 

MgZn 

α-Mg  MgZn α-Mg α-Mg 

[166] Mg-5%Zn α-Mg α-Mg α-Mg α-Mg α-Mg α-Mg α-Mg 

[160] Mg-5%Zn   α-Mg α-Mg  α-Mg  

[188] Mg-6%Zn α-Mg α-Mg α-Mg  α-Mg α-Mg α-Mg 

[189] Mg-6%Zn α-Mg α-Mg α-Mg  α-Mg α-Mg α-Mg 

[213] Mg-6%Zn α-Mg α-Mg α-Mg MgZn α-Mg α-Mg α-Mg 

[211] Mg-10%Zn α-Mg α-Mg α-Mg MgZn α-Mg α-Mg MgZn 

[158] Mg-10%Zn α-Mg α-Mg α-Mg MgZn2 α-Mg α-Mg α-Mg 

[214] Mg-50%Zn α-Mg α-Mg α-Mg MgZn α-Mg α-Mg α-Mg 

 

By reviewing Table 5.1, it can be noted that most of the researchers were consistent in their 

findings , where most of them observed peaks at 2θ = 32°, 34°, 37°, 63°, 69° and 70° represented 

a solid solution single phase of Mg with Zn and Zr; α-Mg(Zn, Zr) [193]. Moreover, the reflection 

at 2θ = 43° is suggested to be either α-Mg(Zn, Zr), MgZn2 or MgZn phases. The microstructure of 

different Mg-Zn or Mg-ZK alloy systems was investigated by many researchers and found that 
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MgZn2 and MgZn are precipitate on the grain boundaries [189]. It is also important to note that 

Young-Ha kim et al [215] and M.-H. Grosjean et al. [157] reported the presence of MgO peaks at 

2θ = 43° and 63°; however, the EDS spectrum in Figure 5.5 for the BM Mg-ZK50 alloyed powders 

are free of oxygen. This concludes the formation of α-Mg(Zn, Zr) + a secondary phase which is 

suggested from Table 5.1 to be either MgZn2 or MgZn phases.  

The broadening of the peaks indicated the refinement of the internal structure (probably 

below 100 nm) and the development of lattice strain especially in the highly deformed powders 

after longer milling times. This is manifested in the XRD measured crystallite size and lattice strain 

variation as a function of milling time in Figure 5.6. 

Figure 5.6 shows the results obtained for the crystallite size and lattice strain calculation. 

Significant reduction in the crystallite size was achieved, which decreased from 52 to 22 nm over 

the first 10 hrs of milling and was followed by a gradual refinement of the internal structure down 

to 8.83 nm after 45 hrs. This reduction in the crystallite size was accompanied by an increase in 

the lattice strain associated with the presence of lattice distortions at the grain boundaries and the 

increase in the dislocation density associated with the extended milling. At the initial milling stage, 

the internal strain of the particles increases due to increasing the dislocation density till it reaches 

a point where the grains are heavily strained and broke up into subgrains with low angle 

boundaries. Those grains exhibit more deformation and disintegration due to collision of balls with 

the powders during milling. This caused more refinement of the grains till they reach the nanometer 

size [146].   The maximum strain measured after 45 hrs of milling was high ~ 1.2%, which explains 

the slow recovery of magnesium after milling and the attainment of a very fine crystallite size 

[157]. 

Findings of the current study related to the crystallite size refinement is comparable with 

the literature. For instance, Hwang et al. [146] produced nanostructured Mg powders with an 

average crystallite size of 42 nm after 27 hrs of milling. Moreover, Grosjean et al., [157] prepared 

Mg powders using BM with crystallite size of 34 nm after 40 hrs of milling.  Lazcano et al, [160]  

reported the smallest crystallite size to date by the preparation of Mg-Zn alloy using BM, with 

crystallite size of 20 nm after 60 hrs of milling. On the other hand, the lattice strain measurements 

in Figure 5.6, reflected an increasing trend with milling time, which has been similarly observed 

by Anil Kumar et al. in their work on Mg-7.4%Al alloy [163]. 
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Figure 5.6: The effect of milling time on the crystallite size and the lattice strain 

It is worth noting that the employed milling parameters produced crystallite size which is 

considered the smallest ever reported for Mg or Mg alloy systems. The produced powders have 

crystallite size less than half the finest reported powders produced by Lazcano et al, [160] and 

produced in less milling time. Therefore, TEM micrographs were taken to provide additional 

evidence for the crystallite size measured by XRD. Figure 5.7 shows TEM image at 400KX for 

nanostructured Mg-ZK50 alloyed powders after 45 hrs. The Figure shows that the average grain 

size was measured to be 8.7 nm which matches with the calculated data from the XRD shown in 

Figure 5.6. 

 

Figure 5.7: TEM micrograph at 400KX for nanostructured Mg-ZK50 alloyed powders after 45 hrs of milling. 
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5.2 Stage II: Screening Experiments 

5.2.1 Powder Consolidation Via PIT Rolling Process 

After mixing and mechanically alloying/milling the elemental powders, Mg-ZK50 

nanostructured alloyed powders were consolidated via powder-in-tube rolling process. In the 

initial phase of this stage, different reduction percent at different reheating temperatures and 

annealing temperatures; 300 °C (0.46Tm) and 350 °C (0.54Tm) were used [101].  These 

temperatures were initially selected in order to allow for the diffusion of particles for better 

consolidation mean while not to allow the Cu atoms from the can to diffuse into the powders. 

Following the powder-in-tube rolling process. 

Figure 5.8 shows images for some of the selected conditions presented in Table 4.2 in 

section 4.4.3. For CI, the powders were found to be partially consolidated and small pieces were 

obtained after opening the cans revealing that 61% reduction percent is not enough to form a 

consolidated sheet. On the other hand, the Cu cans rolled at both at 350 °C with rolling percent 

67% (CV) and 72% (CVI) were found to be stuck to one side of the Cu can after opening. This 

shows that this temperature was high enough to cause the diffusion of Cu atoms to the surface of 

the consolidated sheets. At 300 °C, the rolled powders at 67% (CII) was found visually to be in a 

good consolidation form, while the 72% (CIII) rolled sheets showed few cracks across the width 

of the sheets. This shows that the 67% is the optimum since beyond this reduction percent, the 

sheet was cracked and below it, the sheets were not well consolidated. 

 

 

 

Figure 5.8: Images for selected conditions for the initial stage investigations a) CI and b) CVI 

Based on the initial investigation, two rolling conditions were selected to be fabricated 

using the high quality powders; CII and CIII. These conditions were then annealed for 30 min then 
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air cooled and 60 min then left in the furnace for cooling; Table 4.3 in section 4.4.3 showed details 

about the rolling and annealing parameters.  Accordingly, different investigations were performed 

on the fabricated sheets, including visual inspection, studying the phase development due to 

consolidation as well as measuring the nano-hardness. After rolling and annealing, the Cu cans 

were cut from the 4 edges and the sheets were obtained. Figure 5.9 shows images for the 

consolidated sheets produced by PIT rolling process with percent reduction of 67% and 72% for 

condition A (CA) and condition B (CB), respectively. As shown in figure 5.10, the length of the 

produced sheets was measured to be 5 cm and 6 cm while the thickness of 825 µm and 700 µm 

was measured using SEM for CA and CB, respectively. It was observed that the higher percentage 

of reduction in CB produced cracked sheets parallel to the rolling direction, while CA produced 

fully intact consolidated crack free sheets Accordingly, CA was selected for proceeding with the 

next step. 

 

 

Figure 5.9: Images for a) Condition A (CA) and b) Condition B (CB) 

5.2.2 Density measurements 

The theoretical density of the alloy was calculated using the rule of mixture based on the 

chemical composition of the alloy. The density of elemental Mg, Zn and Zr are 1.738, 7.14 and 

6.49 gm/cm3, respectively. The calculated theoretical density for the Mg-5%Zn-0.5%Zr processed 

alloy is 1.8132 gm/cm3. The relative density of the prepared sheets is 128% and 125% for 

conditions A and B, respectively, which violated the expectations. It is well known that the relative 

density should be ≤ 100% for most alloy parts. 
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Figure 5.10: SEM macrographs at 200 X imaged along the width of the consolidated sheets for: a) Condition A (CA) 

and b) Condition B (CB) 

However, based on literature, hot compacted Mg-10%Ti alloy prepared by ECAP showed 

a relative density of 113% as measured by Cakmak et.al.,  [216]. In addition, Zuhailawati et. al., 

measured the relative density for Mg-5%Zn [166] and Mg-10%Zn [211] to be 103% and 96% 

which means that 5%Zn concentration yields a measured density higher than the theoretical 

density. Another research on the Mg-Alumina hot compacted powders processed by MA by 

Kawamori and Machida [217] showed a 108% relative density which was explained by the 

formation of MgO layer. The measured density is higher than the theoretical density, has been 

attributed to the complex contribution of the following: 

1- Magnesium is well known to be one of the most active elements, therefore it can easily 

form oxide layer on the surface of the sample. Moreover, the nanostructured grains tends 

to increase the affinity of the alloy for the interaction with oxygen from the atmosphere. 

2- The relatively high density of MgO (3.58 gm/cm3), ZnO (5.61 gm/ cm3) and ZrO (5.68 gm/ 

cm3) compared with the theoretical density of the alloy (1.8132 gm/ cm3). 

3- The reported interaction of the Mg with Zn atoms which causes the contraction in the 

volume of the alloy at room temperature hence increases its density [98]. 

4- Error in the measurements may occur due to the very light weight of the samples which 

may be out of the range of the available densitometer in the lab (although it is not 

mentioned the minimum weight that can be measured by the devise, there is a possibilities 

that very light samples may causes error in the readings). 

 

 



94 

 

5.2.3 Phase Formation During Consolidation 

In order to determine phase development during consolidation, XRD analysis was 

performed on both conditions (CA and CB) and was compared with the pre-consolidated alloyed 

powders. Figure 5.11 shows the XRD patterns for CA and CB in black compared to the 

mechanically alloyed powders prior to consolidation in green. 

 

Figure 5.11 XRD for the consolidated sheets (black) compared to the pre-consolidated MA powders (green). Red 

arrows indicate the newly formed peaks at 2θ = 20° and 23° in the powder consolidated sheets. The α-Mg(Zn,Zr) 

phase is indicated by the black square while the black circle indicates the secondary phase (Mg2Zn or MgZn2). The 

red arrow points out to the new peaks due to the PIT rolling process. 

XRD peaks for CA are similar to the BM powders. This indicated consolidation via hot 

pipe rolling at 300o had retained the same formed phases produced by MA. On the other hand, for 

CB, two additional peaks appeared at 2θ = 20° and 23° and the peak at 2θ = 70° disappeared. A 

summary of the suggestions reported by different research groups in the literature is presented in 

Table 5.2. It can be noticed that the longer annealing time and the slower cooling rate causes the 

decomposition and the precipitation of MgZn or MgZn2 phases which is in a good agreement with 

the observations of Bakhsheshi-Rad et al. [189]. 

Table 5.2: Summary of the reported phases corresponding to the detected peaks by XRD in CB.  

Ref Alloy 
Peak position (2θ) 

20° 23° 

[210] ZK60  MgZn or MgZn2 

[212] ZK60  MgZn2 

[190] ZK60 Mg2Zn  

[214] Mg-50%Zn MgZn MgZn 

 

Figure 5.12 displays the SEM micrographs at low, medium and high magnification for the 

surface of the consolidated thin sheets. By examining the surfaces of Conditions A and B, different 

structures were observed, where a dimple-like structure, needle-like structure marked by the blue 

arrows and six-petalled flower like-structures marked by the red circles. These dimples have an 



95 

 

average diameter 183 and 203 nm for CA and CB, respectively. The smaller size of the dimples in 

CA provides an additional reason why it does not appear in the low and medium magnification of 

the SEM images in (figure 5.12.a and figure 5.12.b). The needle-like structure and the six-petalled 

flower like-structures were only observed in CB consolidated sheets. The needle-like structure was 

more obvious at higher magnifications (figures 5.12.e and 5.12.f) which had an average thickness 

of 580 nm. It is also suggested that the needle structure might have been formed due to 

contaminations from the high reactivity of the Mg-alloy, therefore further investigations are 

required. The 6 platelet flower like-structure was explained by Emely [102] as being formed a 

result of the presence of low Zr content (0.4-0.5%). On the other hand, Although the dimple like 

structure is extended over the surface of the sample, it cannot be interpreted as the α-Mg(Zn,Zr) 

matrix since it was not reported in the literature for any Mg alloy processed by any method. In 

addition, the presence of micro-cracks in CB was observed in Figures 5.12.e and 5.12.f. This can 

be explained to be resulted from the higher rolling reduction percent. 

The crystallite size and the lattice strain of the consolidated solid sheets were calculated 

using Sherrer Equation. The average size of the crystallites of CA and CB sheets was 8.5 and 49.5 

nm, respectively. While the lattice strain energy was calculated to be 0.62% and 0.23% for CA 

and CB respectively. Figure 5.13 shows the calculated crystallite size and lattice strain for both 

conditions compared to MA powders. 

It can be noticed that the employed consolidation process resulted in coarsening of the 

internal structure of the MA alloy powders by almost 2.12x and 5.7x for CA and CB, respectively. 

Structural coarsening and lattice strain softening is an expected consequence of multiple heating 

intervals to 300 °C associate with hot pipe rolling.  CB resulted in 570% increase in crystallite size 

compared to 212% for CA, which was associated with 195% and 525% decrease in lattice strain, 

respectively. The structural coarsening associated with CB processing is attributed to the longer 

annealing time (60 min at 300 °C) followed by furnace cooling (slow cooling rate) compared to 

30 min at 300 °C followed by air cooling (high cooling rate) for CA. 
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Condition A Condition B 

 

 

 

 

 

 

Figure 5.12: SEM micrographs for the surface of the consolidated samples at low magnification (a, d) medium 

magnification (b, e) and high magnification (c, f) for CA and CB. Needle-like structures are marked by blue arrows 

and 6 platelet flower like-structures are marked by red circles. 
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Figure 5.13: The effect of processing conditions on the change in crystallite size and lattice strain 

5.2.4 Nano-indentation Testing 

 

Based on XRD analysis, CA sample exhibited a finer average crystallite size and a higher 

lattice strain compared to CB. Nanohardness testing was used to characterize the mechanical 

properties of the consolidated thin sheets. Figure 5.14 shows the load-displacement curves for a 

representative point for each processing condition. The displayed curves reveal that CA has a 

higher load bearing capacity compared to CB consolidated sheets, which can be attributed to the 

effect of the annealing and coarsening of the structure (49.5 nm for CB versus 18.5 nm for CA). 

These results were in good agreement with the measured data from the nano-indentation test. 

Figure 5.15 shows the hardness and the young’s modulus of both samples. The average bulk 

modulus from the 5 indentations recorded was 68 and 53.2 GPa for CA and CB, respectively,  

while the average nano-hardness was measured to be 3 and 2.1 GPa for CA and CB, respectively. 
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Figure 5.14: Load displacement curve for the processed sheets 

 

5.3 Stage III: Studying the Effect of the Annealing Time on Different Properties of Mg-

ZK50 Nanostructured Sheets 

From the findings of the initial screening experiment, CA consolidation scheme was 

selected for further investigations. A new patch of elemental powders were MA using the same –

aforementioned- procedures to produce Mg-ZK50 nanostructured alloyed powder. The MA 

powders were consolidated into sheets following the CA consolidation procedure. Following 

consolidation, the produced sheets were annealed for 4, 8 and 12 hrs at 300 °C followed by air 

cooling to prevent excessive coarsening of the structure aiming for the retention of the nanoscale 

size post consolidation and annealing. 

In this section, the effect of the annealing time on the mechanical properties, degradation 

rate and cytotoxicity was evaluated. The fabricated samples were designated C4, C8 and C12; 

indicating the annealing time in hrs. All comparisons were made with the as-consolidated sheets 

(C0). 

5.3.1 Production of Consolidated Sheets 

The as consolidated MA powders following CA scheme (C0) were kept in the Cu cans 

while being annealed in the furnace at 300oC for the 4, 8 and 12 hr durations. The annealed samples 
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were studied and compared with the as-consolidated samples. For testing and characterization, the 

heat treated sheets were un-caned and cut into pieces. 

  

Figure 5.15: Young’s modulus and Nano-hardness for the processed sheets 

5.3.2 Phase Development Due to Annealing 

In order to determine any phase development during annealing, XRD analysis was 

performed on both annealed and-consolidated sheets without annealing. Figure 5.17 shows the 

XRD patterns for as-consolidated sheets as well as the annealed sheets (black) compared to XRD 

patterns for CB (red). Although, the same rolling percentage for CA was used, the XRD patterns 

should not be strictly follow CA XRD pattern as the total input energy may be changed if small 

deviation in the furnace temperature happened. This due to the long time needed for the 

consolidation process (3.5 hrs). Moreover, it can be inferred that there were no newly formed 

phases in the annealed samples comparing to the as-consolidated samples. This reveals that the 

applied range of annealing time had no effect on the decomposition of the present phases in C0. 

Consequently, since the XRD peaks for the annealed sheets are similar to that in CB; same phases 

are present, the crystallite size became the primary factor determining the mechanical properties, 

corrosion resistance and cytotoxicity. 
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Figure 5.16: X-Ray diffraction patterns for the as-consolidated (C0) as well as the annealed sheets (C4, C8 and C12) 

in black compared to Condition B in red. The α-Mg (Zn,Zr) phase is indicated by the black square while the black 

circle indicates the secondary phase (Mg2Zn or MgZn2). 

Figure 5.12 displays the SEM micrographs for the surface of the consolidated thin sheets. 

No structures were observed on the surface of the sheets. This unexpected observation was 

common in all the replicates in the four conditions. 

The crystallite size and the lattice strain of the consolidated solid sheets are calculated using 

Sherrer Equation and plotted as function of the annealing time. As expected, an increase in the 

crystallite size and decrease in the strain energy, as a function of increasing the annealing time, 

was observed from the analysis of the XRD peaks. XRD shows that the powder-in-tube hot process 

at 300 °C causes coarsening of the grains. It was measured that the as-consolidated sheets have 

grain size of 14 nm compared to the 9 nm for the pre-consolidating alloyed powders. The 

difference between the crystallite size in the as-consolidate sample from the CA could be attributed 

to the difference in the post annealing process performed on CA. For the annealed samples, an 

increase in the grain size was also recorded with increasing annealing time. The calculated grain 

size was 20, 23, 35 nm for the annealed consolidated sheets after 4, 8 and 12 hrs of annealing, 

respectively. The limited structural coarsening was due to the formation of the stable phase Zn2Zr 

which retains the internal nanostructured grains while annealing. 
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Figure 5.17: SEM micrographs for the surface of a) C0, b) C4, c) C8, d) C12 

Figure 5.18 shows the effect of the annealing time on the grain size and lattice strain 

calculated from the XRD peaks using Sherrer equation. The plot reveals an inverse relation 

between the lattice strain energy and crystallite size and a directly proportional relation between 

the crystallite size and annealing time. The as-consolidated sheets have a lattice strain energy equal 

to 0.89% which is lower than the as nanostructured powders post consolidation. Moreover, the 

lattice strain energy was higher than that for CA. The longer the annealing time, the less the lattice 

energy.  
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Figure 5.18:  The effect of annealing time on the crystallite size and the lattice strain for the consolidated sheets by 

powder-in-tube rolling process 

5.3.3 Density measurements 

Figure 5.19 shows the measured relative density of the consolidated samples. It was 

observed that the relative density calculated for the prepared sheets were extremely high due to the 

reasons mentioned in section 5.2.2. The calculated relative density for the annealed samples was 

plotted relative to the crystallite size calculated from the XRD patterns. It can be noted that 

although the measured relative density for all samples were significantly higher than the theoretical 

density, the measured density of the sheets increased as the by increasing the annealing time. This 

showed that increasing the annealing time enhanced the diffusion between the BM particles while 

consolidation, which created less voids, hence, higher density. Since the measured relative density 

was high, three measurements were obtained for three different specimens from each condition; 

total of 9 measurements per condition. 

5.3.4 Nano-indentation Testing 

 

According to the hall-Patch equation, the strength of a material is inversely proportional 

with the grain size [96]. Inherently, decreasing the grain size would strengthen materials and 

enhance their hardness. This was evaluated and confirmed from the nano-indentation tests 

performed for of consolidated sheets. At least 5 indentations were used to measure the average 

hardness and Young’s modulus of the samples. The samples were mechanically grinded to ensure 
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smooth surface. Figure 5.20 shows the load-displacement curves for selected representative 

indentations from each condition. The graph reveals that longer annealing time leads to lower load 

bearing capacity due to the coarsening of the grain size. Moreover, the as-consolidate sample and 

the annealed sample after 4 hrs as well as the samples annealed for 8 and 12 hrs shows a slightly 

different change in the sample load capacity. 

 

Figure 5.19: Effect of the annealing time on the relative density 

 

The results shown in figure 5.20 agreed with the measured hardness and the young’s 

modulus in the nano-indentation test. Figure 5.21 shows the obtained values for the nano-hardness 

and the young’s modulus for the consolidated sheets. The significant increase in the hardness 

values is due to the fact that the nano-hardness values are strongly dependent on the grain size 

especially for finer grains [218]. 

After annealing the consolidated sheets for more than 4 hrs, the measured values for 

nanohardness and Young’s modulus significantly decreased from 1.13 GPa to 0.7 GPa and from 

38 GPa to 23 GPa respectively. Such decrease corresponded to almost 40% reduction in 

nanohardness and Young’s modulus values as a result of 40% increase in the crystallite size. In 

addition, below 4 hrs and, the change in the nanohardness is 6.5% and Young’s modulus is 7% 

while the crystallite size was coarsened by 14%. On the other hand, after 8 hrs and, although there 

was a noticeable increase in the crystallite size (40%), the reduction in the nanohardness and 

Young’s modulus was 15% and 6.5% respectively. The obtained values revealed an inverse linear 

relation between the change in crystallite size and the change in mechanical properties for the 
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alloyed sheets below 8 hrs of annealing. Wang et al. [219] explained the  trend in the hardness 

measurements occurred due to the improvement in the ductility with increasing the annealing time. 

 

Figure 5.20: Load-displacement curves for the annealed sheets obtained from nano-indentation test. 

By screening the literature, there isn’t any reported nano-indentation testing for any Mg-

ZK series alloys. However, Dharam et al, [220] studied the nano-hardness of Mg-Zn –Cu and Mg-

Zn-Se alloys and their oxide films. This study revealed that the prepared alloys exhibit hardness 

of 0.62 and 0.69 GPa for Mg-Zn-Cu and Mg-Zn-Se respectively while the formed oxide films have 

higher hardness of 1.3 and 1.2 GPa for Mg-Zn –Cu and Mg-Zn-Se, respectively. The 

measurements of nano-hardness for the oxide layer was conducted after 4 months of aging to allow 

the formation of the oxide film and then this formed film was removed by polishing for testing the 

alloy’s surface hardness. Although the measured hardness for C0 and C4 reveals values near the 

oxide film hardness measured by Dharam, this makes no doubt that the measured date for C0 and 

C4 was due to the formation of oxide film since the test was conducted immediately after polishing 

the samples and thick oxide films are not expected to be formed in few hours. 
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Figure 5.21: Young’s modulus and Nano-hardness for the annealed sheets relative to the crystallite size 

On the other hand, few papers are found in the literature reporting the nano-hardness and 

young’s modulus measurements for other Mg fine grained alloys. Somekawa and Schuh [221]  

reported the nano-hardness measurements for 4 binary alloys including Mg-0.3at%(Li, Al, Y and 

Zn. The obtained data reveals a strong relation between the strain rate and the hardness values. 

However, the maximum hardness value for Mg-0.3at%Zn was almost 0.7 GPa. This alloy had a 

grain size of 2-3 µm. In addition, Jiangjiang Hu et al. [218] reported nano-indentation test 

measurement for 4 hot rolled AZ31 alloys with different grain size. It was found that the young’s 

modulus is not dependent on the strain rate and the hardness is strongly dependent on the grain 

size. In addition, some researchers conducted micro-hardness on different ZK alloys such as ZK21, 

ZK40 and ZK60 processed by different routes. The reported measurements for the Vicker’s 

nanohardness by Mostaed et al. [222] data shows a normal increasing trend with decreasing the 

crystallite size for ZK60 alloy and pure Mg metal processed by ECAP. 

5.3.5 Determine Mechanical Properties from FEM 

Many runs for the model were performed for adjusting the input parameters for the as 

consolidate ZK50 alloy. The von misses stress distribution over the bulk material is shown in 

Figure 5.22. The load-displacement curve for the loading process step obtained from the simulation 

is shown in Figure 5.23. It was compared with the experimental data obtained from the nano-

indentation test. The calculated RMS was 1.25 mN. 
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Figure 5.22: Uniaxial stress distribution on deformed bulk material 

 

Figure 5.23: Load-displacement curves for experimental and simulation for as-consolidated ZK50 alloy 

Since the model gives a load-displacement curve which is comparable to the experimental 

curve, the input data to the model were used to draw the stress strain curve. The model reveals that 

by adjusting the yield stress to 315 MPa and the n to 0.4, the experimental and the simulation 

results can match. Therefore, these values were used to construct the stress-strain curve shown in 
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Figure 5.24. The determined values from the model were suggest by Stauss et al [178] to be 30% 

higher than the actual values therefore, the actual yield stress can be estimated as 210 MPa. 

 

Figure 5.24: Stress-strain curve for ZK50 alloy obtained from the simulation of nano-indentation test (yield stress = 

315 GPa and n=0.4) 

5.3.6 Studying the Corrosion Behavior of the Fabricated Mg-ZK50 Nanostructured 

Sheets 

5.3.6.1 Corrosion Rates Study 

The bio-corrosion rate for the annealed specimens as well as the as-consolidated specimen 

was investigated by immersion the fabricated sheets in SBF for 8 days using two method; hydrogen 

evolution test and mass loss test. Figure 5.25 shows the volume of hydrogen evolved as a function 

of time for the four conditions used. Since the surface area of the 4 specimens were not equal, 

normalized hydrogen volume (volume of hydrogen per unit area) was plotted on the y-axis to be 

able to compare the obtained data. 

At the beginning of the test, large number of hydrogen bubbles were observed arising from 

the surface of the specimen due to its chemical interaction with the immersion fluid. The formation 

of bubbles were decreased by increasing the immersion time indicating a decrease in the corrosion 

rate. This observation corresponds to the recorded volume of hydrogen evolved since all the sheets 

showed a high amount of released hydrogen in the first 3 days. This was followed by a gradual 

decrease in the hydrogen evolution rate till it reached a nearly steady rate after 5 days of immersion. 

The decrease in the corrosion rate was explained by D. Hong et al [193] as a result of the formation 
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of a passive layer on the surface of the immersed specimen. This layer retracted further corrosion 

and enhanced the corrosion resistance. 

The arrow on the graph in Figure 5.25 indicates the direction of increasing the annealing 

time (i.e.: grain coarsening). Although at the beginning of the test, almost same volume of 

hydrogen was produced, a deviation in the volume of produced hydrogen was then occurred and 

the effect of grain size coarsening was observed. By the end of the immersion time, the total 

volume of hydrogen evolved increased by increasing the annealing time. For instance, the 12-hrs 

annealed sheet produced volume of hydrogen which was 1.5 times greater than that for the as-

consolidate sheet. 

 

  
 
Figure 5.25: Hydrogen evolution as a function of immersion time for nanostructured Mg-ZK50 sheets with different 

annealing time immersed in SBF for 8 days at 37 °C. (The red arrow indicates the direction of coarsening of grain 

size) 

Figure 5.26 compares the corrosion rates in mm/yr calculated from the hydrogen evolution 

test and the mass loss test for the different conditions after immersion in SBF for 8 days. Although 

the calculated values from the mass loss test showed a higher corrosion rates relative to the 

hydrogen evolution test, both tests showed an increase in the corrosion resistance (lower corrosion 

rates) for fabricated sheets with finer internal structure. The highest corrosion rate calculated for 

the 12-hrs annealed sheet was almost twice the as-consolidated sheet; 4.59 and 3.801 mm/yr for 

the 12-hrs annealed sheet versus 2.367 and 1.692 mm/yr for the as-consolidated sheet calculated 
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from the mass loss test and hydrogen evolution test respectively. The calculated corrosion rates 

from the mass loss test for C0, C4, C8 and C12 were 2.367, 4.096, 4.483, 4.59 mm/yr respectively 

while from the hydrogen evolution test the corrosion rates were 1.692, 3.421, 3.435, 3.801 mm/yr 

for C0, C4, C8 and C12 respectively. It can be noticed that there was a significant difference 

between the corrosion resistance of the as consolidated sheet and C4. Table 5.3 shows a summary 

for the calculated corrosion rates from both tests. The calculated corrosion rates provide a strong 

evidence on the effect of the grain size on the corrosion resistance. 

The difference in the calculated corrosion rates from both tests was reported by eight 

research groups working on 24 different Mg alloys. This difference was investigated by Kirkland 

et al [223] by calculating the ratio between the corrosion rates from the mass loss test to that from 

the hydrogen evolution test. This ratio varied from 0.22 to 1.31 for the 24 alloys. There is no clear 

explanation for the difference between the corrosion rates reported to date. However, this 

difference was evidence in almost all the performed immersion tests for Mg and its alloys. For the 

nanostructured ZK50 alloy, the ratio between the corrosion rates calculated by mass loss test to 

the corrosion rate calculated by hydrogen evolution test was 1.2, 1.3, 1.19 and 1.39 for C0, C4, C8 

and C12 respectively. This agrees with the calculated ratios by Kirkland et al [223].  

 

 
Figure 5.26: Corrosion rates for nanostructured Mg-ZK50 sheets with different annealing time calculated from the 

hydrogen evolution test and mass loss test after immersion in SBF for 8 days at 37 °C. 

Different studies were performed investigating the effect of the grain size on the corrosion 

behavior. Some studies were conducted on Mg containing Zn alloys such. For instance, studies 
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performed by X.N. Gu et al. [190] on as-cast and extruded ZK60 alloy in different solutions, Daeho 

Hong et al. [1] also studied the bio-corrosion of as-cast and extruded ZK40 alloys in SBF. In 

addition, P. Yin et al. [224] studied the corrosion of Mg–5Zn–xCa alloys with different Ca content 

in SBF and S.M. Abd El Hallem et al [225] studied the effect of ultrasonic and mechanical 

vibration on the corrosion behavior of Mg-3Zn-0.8Ca in SBF. Other research groups worked on 

different binary and ternary Mg alloys such as Hamid Reza et al [226], Da-Tren Chou et al. [205] 

and Gerosen et al [157] who studied the corrosion behavior of Mg-Ca alloy with different Ca 

content in SBF, Mg–Y–Ca–Zr alloys with different Y content in DMEM, and BM nanocrystalline 

MgO in KOH, respectively. All these investigations agreed that the refining of the internal 

structure of the produced alloy enhance the corrosion resistance. The increasing in the number of 

grain boundaries along the surface of the material due to the refinement process contributes to the 

enhancement of the corrosion resistance for materials with internal structure at the nano scale 

[157]. 

Table 5.3: Summary for the Corrosion rates for nanostructured Mg-ZK50 sheets with different annealing time 

calculated from the hydrogen evolution test and mass loss test after immersion in SBF for 8 days at 37 °C. 

Sample CR Calculated by 

Mass Loss Test 

CR Calculated by 

H2 Evolution Test 

Hydrogen 

Evolution Rate 

 gm/year ml/yr ml/cm2/day 

C0 2.367 1.692 1.11 

C4 4.096 3.421 1.37 

C8 4.483 3.435 1.59 

C12 4.590 3.801 1.82 

 

The calculated corrosion rates were compared with the available literature. However, only 

immersion test performed in SBF were used in this discussion since there is always a significant 

difference between the measured corrosion rates by each method. Sanchez et al. [227] grouped the 

measured corrosion rates for different Mg and Mg alloys in SBF. The measured corrosion rates in 

SBF varied widely from 0.1 to 2.6 mm/yr. AZ31 exhibits the higher corrosion rate while Mg-

1%Zn exhibits the lower corrosion rate among the studied alloys by Sanchez et al.  

The rate of hydrogen evolution was investigated due to its important effect on the human 

body. The rate of hydrogen evolution is shown in table 5.3. C0 sheets exhibits the lowest hydrogen 

evolution rate per day. The measured values were 1.11, 1.37, 1.59 and 1.82 ml/cm2/day for C0, 

C4, C8 and C12 respectively. These values are considered in the acceptable range since Ana-Iulia 

Bita et al reported by that the human body can adsorb up to 2.25 ml/cm² of hydrogen per day [114]. 
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However, E. Willbold et al. [228] reported higher values for the hydrogen evolution rate. They 

reported 6.72, 3.84 and 1.72 ml/cm2/day for Mg-La, Mg-Ce and Mg-Nd respectively. Comparing 

to other elements in binary Mg alloys, Ca showed better effect on the hydrogen evolution rate since 

P. Yin et al. [224] reported the evolution rate as low as 0.7 ml/cm2/day for Mg-5Zn-1Ca. 

Since the hydrogen evolution rate shows a non-linear behavior, longer immersion time will 

produce lower average corrosion rate. Therefore, when comparing corrosion rates, test duration 

should be carefully considered. However, there is no recommendations or standard for the overall 

test duration and the available literature differs in the duration test from few hours [229] to more 

than 21 weeks [142]. The validation of the assessed corrosion rate should be done using either 

clinical trials for the implant or by using FE modeling to simulate the effect of the biodegradation 

on the mechanical properties. Hence evaluate the efficiency of the implant inside the human body. 

 

5.3.6.2 Surface Analysis 

Low and high magnification SEM micrographs for the surface morphology of the 

immersed specimens in SBF for 9 days are shown in Figure 5.27. Cracks were observed on the 

surface of the four specimens after drying the immersed samples in Figures 5.27 a, c, e and g. The 

corrosion attack was more obvious in the longer annealing time sheets were corrosion was more 

pronounced. This agrees with the observations done by Bakhsheshi Rad et al. [226] for the effect 

of the corrosion attack on the developing of crack on the surface of the specimen. These cracks 

happened due to the internal compressive stress developed during the dehydration process 

occurred as a result of the chemical reaction between the Mg-ZK50 alloy and the immersion fluid. 

The high magnification micrographs showed the deposition of a layer on the surface of the 

specimen. It is suggested that this layer act as a barrier between the immersion fluid and the 

specimen. Moreover, pits can be noticed in the formed layer. 

The deposition of a corrosion layers by the immersion of Mg and its alloys in SBF was 

reported by many research groups. It was found that hydroxyapatite layer was formed on the 

surface of Mg–Y–Ca–Zr [205], ZK30, ZK60, WE [142], Mg-6Zn [213], Mg-xZn [188], while the 

formation of both Mg(OH)2 layer in addition to the formed HA layer on Mg-3Zn-0.8Ca [225], ZK 

60 [190], Mg-xCa [125, 242], AZ31B [230] was reported after immersion test in SBF for different 

durations. HA layers is well known for its ability in enhancing the osteo-conductivity. XRD and 
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FTIR were used to confirm the formation of the deposited layers during the immersion test. EDS 

used to evaluate the elemental composition of the layers and calculate the Ca/P ratio. High 

magnification SEM micrographs in Figures 5.27.b, d, f and h show HA layer formed on the surface 

of the immersed sheets. 

XRD patterns for the four conditions after immersion in SBF for 8 days at 37 °C are shown 

in Figure 5.28. Same diffraction peaks were detected in the 4 conditions which correspond to HA 

(blue squares), α-Mg(Zn,Zr) (black squares) as well as Mg(OH)2 (red squares). The HA reflection 

peaks were detected at 2θ = 33°, 38°, 51° and 69° due to the deposition of the phosphate and 

carbonate species from the SBF on the surface of the immersed specimens. In addition, the position 

of the diffraction peaks at 2θ = 19°, 38°, 51°. 58°, 69° and 72° correspond to the formation of a 

layer of Mg(OH)2 which formed due to the chemical reaction between the immersed Mg alloy 

specimens and water molecules in the solution. 
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Figure 5.27: Surface morphology of the fabricated sheets after immersion in SBF for 9 days at 37 °C; as-consolidate 

sheet (a & b), 4-hrs annealed sheet (c & d), 8-hrs annealed sheet (e & f); and 12-hrs annealed sheet (g & h).  

Figure 5.28:  XRD peaks for the consolidate sheets after immersion in SBF for 8 days. The black squares refer to α-

Mg(Zn,Zr), the blue squares refer to HA and the red squares refer to the Mg(OH)2. 
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FTIR spectra for the four nanostructured ZK50 consolidated sheets (C0, C4, C8 and C12) 

before and after immersion in SBF for 8 days are shown in Figure 5.29.(a-d). The difference in the 

FTIR spectra before and after immersion is significant since more transmission peaks appeared 

after immersion. These new peaks were formed due to the presence of corrosion products, 

precipitations from the immersion solution or formation of new layers as a result of the immersion 

in SBF. The detected transmitted peaks of the immersed specimen were closely matching with the 

peaks identified in the study performed by Bakhsheshi-Rad et al. [192] on Mg-Zn alloys immersed 

in SBF for 6 days. Therefore, this study will be used as a reference for the interpretation of the 

FTIR peaks obtained for the nanostructured ZK50 consolidated sheets. 
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Figure 5.29: FTIR spectra for the a) as-consolidate sheets (C0), b) 4-hrs annealed sheets (C4), c) 8-hrs annealed sheets 

(C8) and d) 12-hrs annealed sheets (C12) before (black line) and after (red line) immersion in SBF for 8 days. 

Figure 5.30 shows overlapped FTIR spectra for the 4 conditions after immersion in SBF. 

The IR spectra reveal the presence of the characteristic peaks of hydroxyl, water, phosphate and 

carbonate species. Very strong and sharp peak appeared at the range ~3,680 – 3,698 cm-1 which is 

a characteristic peak of the O-H stretching vibration in the crystal structure Mg(OH)2. In addition, 

the vibration of water molecules appeared in the broad absorption band at ~3,431 cm-1 as well as 

the band at the range ~1638 – 1,660 cm-1 which corresponds to the bending mode in water molecule 

(H-O-H bond). It was suggested that water molecules were associated with formation of the HA 

layer [231]. Moreover, at the wavenumber range ~1,066 – 1,080 cm-1 which represents the ν3 

vibrational mode [208, 248] (bending mode) and the band at the range ~450 – 560 cm-1 
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corresponds to bending mode [232] in the P-O molecule within the phosphate group (PO3)4. M. 

Jamesh et al. [231] suggested that this band reveals the formation of a perfectly crystalline apatite 

layer. On the other hand, the band at the range ~1,421 – 1,494 cm-1 is assigned to the bending and 

anti-symmetrical stretching modes of C-O bond in the formed carbonated group (CO2)3 associated 

with the HA molecule. Table 5.4 shows a summary of the present infrared peaks appears in the 

FTIR spectrum for the 4 different conditions after immersion in SBF for 8 days. 
 

 
Figure 5.30: Overlapped FTIR spectra for the 4 conditions after immersion in SBF for 8 days at 37 °C. 

 

Table 5.4: Summary of the infrared peaks position and assignment for the studied conditions after immersion in SBF 

for 8 days 

Band 

wavenumber 
Assignment Ref 

3,680 – 3,698 O-H (stretching mode) [192] 

3,431 H-O-H (bending mode) [192] 

1638 – 1,660 H-O-H (bending mode) [232] 

1,421 – 1,494 C-O (anti-symmetrical stretching) [232] 

1,066 – 1,080 P-O (bending mode) [231] 

450 – 560 P-O (bending mode) [231] 
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Figure 5.31 shows the obtained EDS spectrum for each condition as well as the elemental 

composition. EDS was performed to determine any residuals on the surface of the immersed 

samples and to calculate the Ca/P ratio for the formed HA layer on the surface of the specimen. 

Large area was selected for analysis to ensure the continuity of the formed layer. The selected 

areas for analysis were the low magnification SEM micrographs shown in figures 5.28.a, 5.28.c, 

5.28.e and 5.28.g. The presence of O, Ca and P; which are essential components in bone, were 

detected by EDS which provides an additional proof on the formation of hydroxyapatite layer on 

the surface of the sheets. Although Mg(OH)2 was detected in both XRD and FTIR, EDS detected 

trace amounts of Mg and Zn which originated from the substrate. This was due to the ability of the 

XRD to penetrate deeper into the specimen while FTIR uses grounded powders from the specimen. 

The Ca/P ratio was calculated from the EDS elemental analysis to be 1.85, 1.79, 1.72 and 

1.63 for C0, C4, C8 and C12 respectively. These values are very close to the theoretical value 1.67. 

On the other hand, the Mg and Zn contents were very low indicating that the formed layer of 

hydroxyapatite was extended over the whole sample covering its surface and thick enough to 

isolate the Mg alloy from the immersion fluid. This explains the decreased rate in hydrogen 

evolution after immersion for 3 days. Moreover, the increase in the Ca/P ratio by decreasing the 

grain size shows that the refinement of the internal structure increases the affinity of the alloy 

surface for the formation of thicker apatite layer. 

The obtained results from the EDS, XRD and FTIR confirmed the formation of the 

Mg(OH)2 as well as hydroxyapatite layer after the immersion of the consolidated sheets in SBF 

for 8 days. The formation of Mg(OH)2 was due to the anodic and the cathodic reactions occurred 

when Mg sheets are placed in an aqueous solution such as SBF. 

The anodic reaction:   Mg → Mg+2 + 2e–          (5.1)                   

The Cathodic reaction: 2H2O + 2e– → H2 + 2OH–         (5.2) 

   Mg+2 + 2OH– → Mg(OH)2          5.3) 

The formation of Mg(OH)2 according to the above mentioned reactions acts as a barrier 

between the specimen and the surrounding environment which causes a decline in the corrosion 

rate [233]. In addition, the presence of the Cl- ions in the aqueous solution transforms some of the 

formed Mg(OH)2 into the MgCl2 which have higher solubility compared to Mg(OH)2 [233] and 
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leaving some OH– in the solution. The presence of OH– causes an increase in the pH of the solution 

especially near the immersed specimen [213]. This occurred according to the following reaction:  

Mg(OH)2 + 2Cl− → MgCl + 2OH–                        (5.4) 

a) as-consolidated sheet 

 

Element Wt% At% 

        

O  50.52 69.71 

Mg 0.90 0.81 

P 16.96 12.09 

Ca  31.49 17.34 

Zn  0.14 0.05 

Ca/P = 1.85 

b) 4-hrs annealed sheets 

 

Element Wt% At% 

        

O  48.92 68.33 

Mg 0.73 0.67 

P 17.98 12.97 

Ca  32.26 17.99 

Zn  0.11 0.04 

Ca/P = 1.79 

c) 8-hrs annealed sheets 

 

Element Wt% At% 

        

O  50.89 69.95 

Mg 0.90 0.82 

P 17.60 12.49 

Ca  30.35 16.65 

Zn  0.27 0.09 

Ca/P = 1.72 
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d) 12-hrs annealed sheets 

 

Element Wt% At% 

        

O  59.18 76.30 

Mg 1.36 1.15 

P 14.93 9.95 

Ca  24.40 12.56 

Zn  0.13 0.04 

Ca/P = 1.63 

Figure 5.31: EDS spectra and elemental composition for a) as-consolidate sheets (C0), b) 4-hrs annealed sheets (C4), 

c) 8-hrs annealed sheets (C8) and d) 12-hrs annealed sheets (C12) after immersion in SBF for 8 days at 37 °C. 

The presence of corrosion products such as PO4
3-, CO3

2- and some Cl- allowed the 

nucleation and growth of HA with chemical composition Ca10(PO4)6(OH)2 on the surface of the 

immersed specimens. Consequently the corrosion rate decreased more causing the steady behavior 

noticed in the hydrogen evolution in Figure 5.25. In addition, the studies done by F. Witte et al 

[234] and Xu LP et al. [235] showed that the formation of the HA layer on the surface of Mg alloy 

substrate promotes the osteoinductivity and enhance the biocompatibility of the produced alloy. 

On the other hand, the change in the crystallite size did not affect the type of the formed 

layer. This was confirmed by the detection of both Mg(OH)2 as well as the HA species in FTIR 

spectrum and the XRD. However, the thickness of the HA layer decreased by annealing due to the 

coarsening of the internal structure. This can be explained by the ability of the finer grains to form 

the Mg(OH)2 rapidly due to the higher surface area to volume ratio which makes them more 

energetic. 

5.3.7 Evaluating the Cytotoxicity of the Fabricated Mg-ZK50 Nanostructured Sheets 

The cytotoxicity of L929 Fibroblast cells cultured by indirect contact with Mg-ZK50 

nanostructured consolidated sheets with different grain sizes were measured. The viability of the 

cells incubated with varying extraction percentages were assayed after 1 and 3 days using MTT 

cell cytotoxicity. Extraction percentages of 10%, 25% and 50% were used. The calculated cell 

viability for ZK50 nanostructured sheets cultured with L929 fibroblast cells at different extractions 

for 1 and 3 days are shown in figure 5.32.a and 5.32.b. 
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From Figure 5.32, after 1 and 3 days the cell viability of the 8 hrs annealed sheet (C8) is 

lower than the other samples at all extraction percentages. This can be explained by having a 

problem in the filter grid used for C8 filtration process. Figure 5.35 shows some debris of the 

samples with the conditioned media and cells. Therefore, C8 sample will be excluded from the 

discussion but the obtained cell viability measurements for this condition will be presented in the 

graphs. 

Figure 5.32 shows the effect of culture time on the cell viability for the four consolidated 

sheets at the three different extraction percentages. After 24 hours of incubating the cells with 

conditioned media, it was noticed that the percentage cell viability with the extraction percentage 

of 10% was almost comparable for the samples C0 and C12 (99.42% and 97%). The sample C4 

was showing a slight increase in the cellular proliferation in comparison to the control with a 

percentage viability of 102.2%. At a 25% extraction concentration, the samples C4 and C12 

showed a comparable cell viability percentage of 84.1%and 80.1%, respectively. However, a slight 

increase in the percentage cell viability relative to C0 sample in comparison to C4 and C12 samples 

was recorded. At a 50 % extraction concentration, it was recorded that all the three samples (C0, 

C4, and C12) showed a comparable percentage of cell viability of 67.5%, 69.7%, 70.9%, 

respectively.  

After 72 hours of incubating the cells with conditioned media, the percentage cell viability 

was considered comparable to that of the 24 hours. This suggests that the metal debris released 

from the material is almost totally leached after the first 24 hours. At a 10% extraction 

concentration, the samples C0 and C12, showed similar percentage cell viability of 97.2%. 

Whereas sample C4, showed almost the same percentage cell viability as that was recorded at 24 

hours of incubation (102%). At 25% extract concentration, the percent cell viability of the samples 

C0 and C4 were similar and were showing a percentage of 87%. Whereas that of C12 was slightly 

lower (82.1%). At a 50% extract concentration, it was noticed that the samples C0 and C4 showed 

a similar % cell viability of 71%. In addition, C12 was showing a comparable percentage of 73%. 

The above findings are in agreement with the literature. The cell viability measurements 

for as-cast ZK40 alloy cultured with L929 cell line for 1, 2 and 4 days done by X. N. Gu. et al. 

[190] showed that both 10% and 50% extracts give the same level of cell viability for ZK40 and 
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the produced ZK50 sheets. In addition, the reported cell viability values for the 10%, 25% and 

50% extracts for solution treated ZK40 by D. Hong et al. alloys are similar to our findings [193].  

Since the most commonly used alloying elements with Zn containing Mg alloys are Ca and 

REE, it is important to compare the effect of Zr on the Mg-Zn alloy in comparison to Ca and REE. 

The study on the binary alloy Mg-6%Zn [213] cultured with L929 cells incubated for 7 days 

showed almost 100% viability for the cells, which gives an insight on the detrimental effect of the 

addition of Zr. However, the work done by Nan Zhao [236] on different Mg-REE alloys cultured 

with human aorta endothelial cell (HAEC) for 3 days shows higher toxicity, while the studies 

performed on different Mg-Zn-Ca alloys cultured with L929 cells for 2, 4 and 7 days [213] and 

with MC3T3 for 1 day [237] shows lower toxicity level. This suggests that although Zr causes 

decrease in the cell viability, its effect is less severe than the addition of REE. 

The percentage of cell death at all the extraction percentages were not more than 30% in 

C4 and C12 conditions. As for the C0 sample, the cell death results were not more than 30% except 

at an extraction percentage of 50%. This shows that according to ISO 10993-5 [141], both 

conditions C4 and C12 possess an acceptable toxicity level with the cultured cells. Moreover, this 

study shows significant effect of the extraction percentage on the toxicity level. In addition, the 

slight variation in the measured cell viability percentage at each extraction percentage suggests 

that the difference in grain size shows no significant effect on the cell viability. 

Figure 5.33 showed the morphology of the negative control (L-929 fibroblast cells) while 

Figures 5.34 and 5.35 show the morphologies of the cultured cells in the ZK50 nanostructured 

alloy with 10%, 25%, and 50% extraction media concentration for a period of 1 and 3 days 

respectively. All the cells grown in media conditioned with Mg-ZK50 nanostructured sheets 

prepared at different annealing time and with different annealing time and the controls (except for 

C8) exhibited a healthy morphology of cells compared with the negative control. 
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Figure 5.32: Cell viability of L929 fibroblast cells cultured with Mg-ZK50 nanostructured consolidate sheets for a) 1 

day; b) 3 days as a function of the sample condition compared to the negative control. (* for P<0.05, ** for P<0.001, 

*** for P<0.005). 

 

  

Figure 5.33: Optical morphologies of the negative control (L-929 cells) after a) 1 day and b) 3 days. 
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Figure 5.34: Optical morphologies of L-929 fibroblast cells that were cultured 50%, 25% and 10% concentration 

extraction medium of nanostructured Mg-ZK50 sheets for 1 day 
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Figure 5.35: Optical morphologies of L-929 fibroblast cells that were cultured 50%, 25% and 10% concentration 

extraction medium of nanostructured Mg-ZK50 sheets for 3 days. 
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Chapter 6 : Conclusion and Recommendations 

The research work was undertaken to evaluate a new composition of ZK series alloys 

(ZK50 alloy). Elemental powders of Mg, Zn and Zr were alloyed using MA process yielding a 

nanostructured powders. Different characterization methods were used to study the internal 

structure refinement as well as the phase development due to milling and annealing processes. The 

fabricated sheets were tested to evaluate the effect of internal structure on the mechanical 

properties, degradation properties as well as cytotoxicity. FEM was used for more understanding 

of the mechanical properties.  

The following conclusions were obtained: 

• Complete alloying of the elemental powders is achieved at 45 hrs of BM, which is 

associated with refinement of the internal structure of elemental Mg powders from 52 to 

8.83 nm 

• The BM powders were consolidated using PIT rolling process forming intact sheets at 300 

°C and 67% percent reduction. 

• Annealing at 300°C for 4, 8, and 12hrs results in limited structural coarsening of 20, 23 

and 35, which is indicative of the relative structural stability associated with the formation 

of Zr-containing secondary phases.  

• The comparable young’s modulus of the ZK50 alloy sheets (21-41 GPa) with bone (4-30 

GPa), as well as the formation of HA layer makes the processed ZK50 alloy suitable for 

orthopedic implants. 

• Bio-corrosion rates is influenced by the structural secondary phase coarsening with 

increasing annealing time. 

• The maximum rate of hydrogen evolved (1.82 ml/cm2/day) fell within the tolerated range 

accepted by the human body (2.25 ml/cm2/day). 

• ZK50 sheets exhibit an accepted cytotoxicity level with L929 Fibroblast cells. 
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• FEM shows higher strength of the as consolidated ZK50 alloy comparing to other Mg 

alloys. 

In conclusion, the ZK50 mechanically alloyed sheets consolidated via powder in tube rolling is 

a promising candidate for orthopedic implants. 

  

Recommendations and Future work: 

Further investigations are required in order to study the structural evolution during 

consolidation and annealing. In addition, the mechanical properties, such as yield strength, 

ultimate strength and ductility should be studied experimentally and using FEM. FEM can be used 

to compare the mechanical properties of the annealed sheets and to model and simulate implant 

devices manufactured with ZK50 alloy within service conditions. 
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