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ABSTRACT

Some of magnesium alloys have poor corrosion resistance in ambient air or aqueous
environment due to their electrochemically active state. Different surface coating
techniques, alloying and heat treatment are the ways to enhance the corrosion
performance of magnesium alloys. The goal of this research is to study the
characteristic and corrosion behaviour of quaternary Mg-Zn-RE-Ca alloys due to
thermal treatment. The effects of two types of heat treatments, T4 (solution
treatment) and T6 (aging treatment) on corrosion behaviour of quaternary Mg-2.2Zn-
3.7RE-0.5Ca alloys were studied. Microstructural evaluations were characterized
using optical microscope and scanning electron microscope (SEM). The
compositions of the material were determined by X-ray diffractometer (XRD) and
energy dispersive X-ray spectrometer (EDS). The corrosion features were examined
in-vitro by potentiodynamic polarization, pH variation and immersion test in Hank’s
solution at room temperature (27< with pH 7.4. It was found that a-Mg matrix,
eutectic phase Mgi12RE and Mg29Zn;sRE with intermetallic IM1 precipitates formed
in the quaternary Mg-Zn-RE-Ca system. T4 treatment produced supersaturated a-Mg
while the secondary phases were mostly dissolved in the matrix. The lamellar
structure which composed of IM1 precipitated after T6-treated were detected along
the grain boundaries. The hardness of quaternary magnesium based alloy decreased
significantly after T4 treatment and increased after T6 treatment. The pH value for
T6 treatment shows the lowest after 96 hours immersion in Hank’s solution.
Electrochemical measurement shows that T4 and T6 treatments increased the
corrosion resistance of the quaternary magnesium alloy. It was found that the
corrosion products consists mainly pure magnesium, magnesium hydroxide
(Mg(OH),), and hydroxyapatite (HA).
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ABSTRAK

Sebahagian daripada aloi magnesium mempunyai ketahanan kakisan yang
teruk apabila berada dalam persekitaran yang berudara atau persekitaran yang berair
kerana mempunyai tahap elektrokimia yang aktif. Teknik salutan permukaan yang
berbeza, pengaloian dan rawatan haba adalah kaedah untuk meningkatkan prestasi
kakisan terhadap aloi magnesium. Matlamat kajian ini adalah untuk mengkaji ciri-
ciri aloi magnesium dengan menambahbaikan tingkah laku kakisan dengan rawatan
haba terhadap kuaterner aloi magnesium. Kesan dari dua jenis perlakuan haba T4
(perawatan larutan) and T6 (rawatan penuaan) kepada kelakuan-kelakuan kakisan
aloi Mg-2.2Zn-3.7RE-0.5Ca kuaterner telah dikaji. Pengcirian mikrostruktur
dilakukan dengan mengunakan  mikroskop optik dan pengimbasan elektron
mikroskop (SEM). Komposisi unsur-unsur telah ditentukan melalui meter belauan
sinar-X (XRD) dan spektrometer serakan tenaga sinar-X (EDS). Ciri-ciri kakisan
telah diperiksa melalui in vitro melalui pengutuban potentiodinamik, variasi pH dan
ujian rendaman dalam larutan Hank pada suhu bilik (27 dan pH 7.4. Kajian ini
mendapati o-Mg matrik, fasa eutektik Mg12RE and Mg29Zn2sRE antara logam IM1
terbentuk dalam sistem kuaterner Mg-Zn-RE-0.5Ca. Rawatan T4 menghasilkan
larutan tertepu a-Mg, manakala fasa sekunder kebanyakannya telah terlarut di dalam
matrik. Struktur lamela yang terdiri daripada mendakan IM1 selepas rawatan T6
dikesan sepanjang sempadan bijiran. Sifat kekerasan aloi kuaterner berasaskan
magnesium menurun dengan ketara selepas rawatan T4 dan meningkat selepas
rawatan T6. Nilai pH bagi rawatan T6 menunjukkan terendah selepas 96 jam
rendaman di dalam larutan Hank. Pengukuran elektrokimia menunjukkan bahawa
rawatan T4 dan T6 meningkatkan ketahanan kakisan aloi kuaterner magnesium.
Hasil kajian mendapati produk kakisan kebanyakan terdiri daripada magnesium
tulen, magnesium  hidroksida  (Mg(OH),;), dan hidroksiapatit (HA).
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In biomedical applications, metallic materials now continue to play a vital
role as biomaterials that are functioning to repair or replacement of diseased or
damage bone tissue (Shaw, 2003). Due to load-bearing application, which required
both of high mechanical strength and fracture toughness, metals are most appropriate
compared to ceramics or polymeric materials (Table 1.1). Currently, most permanent
metallic implants, e.g., as bone plates, bone screw, and bone pins are commonly
made of stainless steel, titanium, and cobalt-chromium based alloys. However,
metallic metals become limited in biomaterial applications due to less
biocompatibility since some toxic metal is released through corrosion or wear
processes that lead to inflammatory cascade which cause tissue loss and harmful to
the human body. Besides, the elastic modulus of current metallic biomaterials are not
well matched with natural bones, causing in stress shielding effect that can lead to
drawback stimulation of new bones growth and remodelling which decreases
implant stability. Most of metallic implants remain as a permanent fixture, have been
used to treat serious fractures and then the implant should be removed out after the
tissue has healed sufficiently at second surgical procedure. Repeat surgery can affect
the costs to the health care system and causing further morbidity to the patient. These
problems in commercial metallic implant had concluded as “stress shielding” effect
and “surgical intervention” effect (Atrens, Liu, and Zainal Abidin, 2011; Gonz&ez,
Pellicer, Surifach, BarQ and Sort, 2013; Shaw, 2003; Zhou et al., 2010). Therefore,

a new domain research in magnesium alloy implants focuses on biodegradable



implants, which dissolve in the biological environment dependent on time of

functional use (Staiger, Pietak, Huadmali, and Dias, 2006)

Table 1. 1: Summary of the physical and mechanical properties of natural bone and
some implant materials (Atrens, Liu, and Zainal Abidin, 2011; Gonzd8ez, Pellicer,
Surifach, Bar@ and Sort, 2013; Shaw, 2003; Zhou et al., 2010)

Materials Density Fracture Elastic Compression
(glem®) Toughness Modulus Yield Strength
(MPa (m*?)) (GPa) (MPa)
Natural bone 1.8-2.1 3-6 3-20 130-180
Ti alloy 4.4-45 55-115 110-117 758-1117
Co-Cr alloy 8.3-9.2 - 230 450-1000
Stainless Steel 7.9-8.1 50-100 189-205 170-310
Magnesium 1.74-2.0 15-40 41-45 65-100
Hydroxyapatite 3.1 0.7 73-117 600

Selection of biodegradable metallic implants depends on two criteria; firstly,
the ability of bioactive materials to interact with biological environment in order to
enhance the biological response as well as the tissue or surface bonding, and
secondly, the ability to undergo a progressive degradation of biodegradable materials

while the new tissue regenerates and heals (Kannan and Singh Raman, 2009).

In terms of biocompatibility and structural metals for an implant, magnesium,
and magnesium-based alloys are more suitable candidates due to minimal toxicity
potential of cells. The main reason is magnesium is one of the fundamental elements
in the human body and the fourth most dominant component in the human serum.
Most medical researchers agreed that a normal adult consumes between 300-400 mg
of Mg every day and excess Mg?* which is not harmful in the body and then
excreted through urine. The concentration of magnesium in normal blood serum

level shows in between 0.73-1.06 mmol/L.

Conversely, the major drawbacks of magnesium alloys are low corrosion
resistance, which can induce low mechanical strength in the physiological

environment. The factor that contributed of reduce corrosion resistance is the




evolution of hydrogen and increasing in pH. When corrosion rate is increasing, its
lead to the formation of hydrogen and local alkalization, which may affect the pH
dependent physiological reaction balance (G. Song and Song, 2007; Yang, Li,
Zhang, Lorimer, and Robson, 2008). Besides some bone implant based magnesium
alloys have improved osteogenesis response and increase the formation rate of new
bones, such as AZ31, AZ91, WE43, LAE442, Mg-Ca and Mg-Mn. Nevertheless,
some Mg alloys containing aluminium and heavy metal elements such as rare earth
reported produce latent toxic in the human body during degradation. The aluminium
(Al) element in AZ91 alloy can cause nerve toxicity and restraining growth of the
human body while WE43 that contain neodymium (Nd) and yttrium (Y) distributed
at the implantation site after the degradation process in magnesium implant (G. Song
and Song, 2007; Yang, Li, Zhang, Lorimer, and Robson, 2008).

By appropriate selection of alloying elements can be effectively improved
mechanical properties and corrosion resistance of pure magnesium. For degradable
magnesium alloys, the range of alloying elements is rather limited. Zinc and calcium
and perhaps a very small amount of low toxicity RE can be tolerated in the human
body (F. Witte et al., 2005). Zhang et al., (2011) showed that the addition Zn and Ca
into Mg matrix could improve the corrosion potential and reduced the degradation
rate since Zn and Ca are abundant nutritional elements which have no toxicity form
in the human body. Addition of rare earth (RE) element in Mg matrix can strengthen
the material by solid solution strengthening which contributed complex intermetallic
phases with limited solubility during solidification. This intermetallic phase can act
as obstacles to the dislocation movement at elevated temperatures, which cause
precipitation strengthening. The addition of rare earth (RE) is an effective way to
improve corrosion resistance instead of creep resistances of in Mg alloys (F. Witte et
al., 2005).

The combinations of many alloying elements in magnesium alloy encourage
the poor corrosion resistance. The major drawbacks that contribute poor corrosion
resistance of magnesium and its alloy lies in two aspects: firstly, the oxide films
forming on surface are not perfect and protective; and secondly, the formation of
micro-galvanic or bimetallic corrosion occurs by impurities or secondary phases.

The fully heat-treated T6 condition can influence the corrosion behaviour of these



alloys which includes solid solution treatment, in order maximally dissolve
microscopic segregation of cathodic phases (secondary phases) and followed
artificial aging for improving the precipitation hardening (Tian and Liu, 2015;
Veljovi, Babi, and Rakin, n.d.).

1.2 Problem Statement

Magnesium and its alloys that are chemically active can degrade naturally in
the physiological environment by corrosion and have high potential candidates in
biodegradable hard-tissue implants. Alloying elements play important roles in
magnesium alloys and the mechanical properties are usually the primary
consideration when introducing alloying elements to the materials. Heat treatment is
one way to improve the corrosion rate besides improves their mechanical properties.
The degradation of Mg alloy depends on the solution-aged treated in time and
temperature. The solution treated acts as dissolve secondary phase in the matrix

while aged-treated used to form more precipitate in the secondary phase.

1.3  Objectives of Research

The specific objectives of the project are:

i.  To investigate the effect of alloying element on microstructure of

magnesium based alloys.

ii.  To determine the effect of heat treatment on the microstructures and

corrosion behavior of Mg-based quaternary alloys.



1.4 Scope of Research

The intention of this research is to improve the bio-performance of
quaternary Mg-2.2Zn-3.7RE-0.5Ca alloy in the fully heat-treated condition, which
includes solid solution treatment and artificially aging treatment. The distribution of
precipitate during solid solution and aging treatment are determined from
microstructure, phase analysis, and corrosion behaviour in quaternary magnesium-

based alloy.

For this experiment, the thermal heat treatment method was chosen to
improve corrosion resistance and mechanical properties of quaternary Mg-2.2Zn-
3.7RE-0.5Ca alloys. This experiment provides the variation of temperatures in the
solid solution treatment (T4) and a variety of times and temperatures in aging
treatment (T6) and determines the microstructure and corrosion behaviour of
quaternary Mg-2.2Zn-3.7RE-0.5Ca alloy.

To prove the effect heat treatment on the quaternary Mg-Zn-RE-Ca,
microstructure and morphology of the specimens before and after corrosion tests are
determined by using optical microscope and scanning electron microscope (SEM).
The chemical composition and phase analysis of specimens are derived by energy
dispersive X-Ray and X-Ray diffraction (XRD). The corrosion properties are
examined in-vitro by potentiodynamic polarization, immersion test and pH variation
in Hank’s solution at room temperature (27<C). The Vickers test also used to

evaluate the hardness of quaternary Mg-Zn-RE-Ca alloy.



78

REFERENCES

1 Special modes of corrosion under physiological and simulated physiological
conditions S. Virtanen. (n.d.), 1-27.

Al-Mobarak, N. a., Al-Swayih, a. a., & Al-Rashoud, F. a. (2011). Corrosion behavior
of Ti-6Al-7Nb alloy in biological solution for dentistry applications.
International Journal of Electrochemical Science, 6(6), 2031-2042.

Association, A. (2013). 2014 Alzheimer’s Disease Facts and Figures Includes a
Special Report on Women and Alzheimer's Disease.
http://doi.org/10.1016/j.jalz.2014.02.001

Atrens, A., Liu, M., & Zainal Abidin, N. I. (2011). Corrosion mechanism applicable
to biodegradable magnesium implants. In Materials Science and Engineering
B: Solid-State Materials for Advanced Technology (Vol. 176, pp. 1609-1636).
http://doi.org/10.1016/j.mseb.2010.12.017

Back, D. a, Pauly, S., Rommel, L., Haas, N. P., Schmidmaier, G., Wildemann, B., &
Greiner, S. H. (2012). Effect of local zoledronate on implant osseointegration in
a rat model. BMC Musculoskeletal Disorders, 13(1), 42.
http://doi.org/10.1186/1471-2474-13-42

Bakhsheshi-Rad, H. R., Hamzah, E., Medraj, M., Idris, M. H., Lotfabadi, a F.,
Daroonparvar, M., & Yajid, M. a M. (2014). Effect of heat treatment on the
microstructure and corrosion behaviour of Mg-Zn alloys. Materials and
Corrosion, (Xxx), 1-8. http://doi.org/10.1002/maco0.201307492

Bakhsheshi-Rad, H. R., Idris, M. H., Abdul-Kadir, M. R., Ourdjini, a., Medraj, M.,
Daroonparvar, M., & Hamzah, E. (2014). Mechanical and bio-corrosion
properties of quaternary Mg-Ca-Mn-Zn alloys compared with binary Mg-Ca
alloys. Materials and Design, 53, 283-292.
http://doi.org/10.1016/j.matdes.2013.06.055

Biodegradable Metallic Implants. (1845), 0007(316), 67260.

Brar, H. S., Keselowsky, B. G., Sarntinoranont, M., & Manuel, M. V. (2011). Design
Considerations for Developing Biodegradable Magnesium Implants. In
Magnesium Technology 2011 (pp. 401-401).
http://doi.org/10.1002/9781118062029.ch75



79

Brar, H. S., Platt, M. O., Sarntinoranont, M., Martin, P. I., & Manuel, M. V. (2009).
Magnesium as a biodegradable and bioabsorbable material for medical
implants. Jom, 61(9), 31-34. http://doi.org/10.1007/s11837-009-0129-0

Bronfin, B., Moscovitch, N., & Trostenetsky, V. (2009). The effect of heat treatment
conditions on the mechanical properties of sand cast alloy MRI 202S, 87-90.

Castings, P. M., Castings, D., Products, M., Products, M., Alloys, M., Castings, M.,
& Strength, H. (2014). Standard Specification for, 1-12.
http://doi.org/10.1520/B0080-09.2

Chambolle, C., & Poret, S. (2005). Keywords : 1 Introduction, (December), 1-22.

Chen, T. J., Zhang, D. H., Wang, W., Ma, Y., & Hao, Y. (2014). Effects of Zn
content on microstructures and mechanical properties of Mg-Zn-RE-Sn-Zr-Ca
alloys. Materials Science and Engineering A, 607, 17-27.
http://doi.org/10.1016/j.msea.2014.03.111

Conference Proceedings of the Society for Experimental Mechanics Series. (2010).
http://doi.org/10.1007/978-1-4419-8228-5

Contents, S., Alloys, S. A., Alloy, A., Composition, C., Properties, A. A.,
Characteristics, A. A., ... Zinc, S. (2009). Alloy Data, 1-38.

Cor, E. (2004). Standard Practice for Laboratory Immersion Corrosion Testing of
Metals 1. Corrosion, 72(Reapproved), 1-8. http://doi.org/10.1520/G0031-
72R04

D6400, A. (2012). Standard Specification for Labeling of Plastics Designed to be
Aerobically Composted in Municipal or Industrial Facilities 1. ASTM
Internacional, 1, 1-3. http://doi.org/10.1520/D6400-12.2

Environments, C. (n.d.). Corrosion Control in Industrial and Commercial
Environments.

Gonzdez, S., Pellicer, E., Surifach, S., Barg M. D., & Sort, J. (2013).
Biodegradation and Mechanical Integrity of Magnesium and Magnesium Alloys
Suitable for Implants.

Grzybowska, A., & B, K. N. (2012). Microstructural Characterization of the As-cast
AZ91 Magnesium Alloy with Rare Earth Elements, (2), 23-26.

Gu, X., Zheng, Y., Cheng, Y., Zhong, S., & Xi, T. (2009). In vitro corrosion and
biocompatibility of binary magnesium alloys. Biomaterials, 30(4), 484-498.
http://doi.org/10.1016/j.biomaterials.2008.10.021

Gu, X.-N., Li, S.-S,, Li, X.-M., & Fan, Y.-B. (2014). Magnesium based degradable
biomaterials: A review. Frontiers of Materials Science, 8(3), 200-218.
http://doi.org/10.1007/s11706-014-0253-9



80

Gunde, P., H&nzi, a. C., Sologubenko, a. S., & Uggowitzer, P. J. (2011). High-
strength magnesium alloys for degradable implant applications. Materials
Science and Engineering A, 528, 1047-1054.
http://doi.org/10.1016/j.msea.2010.09.068

Guo, K. W. (2010). A Review of Magnesium / Magnesium Alloys Corrosion and its
Protection. Recent Patents on Corrosion Science, 2, 13-21.

Hamid, B. a. R., & Majid, P. (2011). Corrosion study of metallic biomaterials in
simulated body fluid. Metalurgija, 17, 13-22.

Hansen, D. C. (2008). Metal Corrosion in the Human Body: The Ultimate Bio-
Corrosion Scenario. Interface, 17, 31-34.

Hardness, A. B., Hardness, V., Hardness, S., Hardness, K., & Hardness, S. (2012).
Standard Specification for, 86(Reapproved 2008), 10-11.
http://doi.org/10.1520/F1026-86R08E01.2

Hendra, H., Dadan, R., & R.P, D. J. (2011). Metals for Biomedical Applications.
Biomedical Engineering - From Theory to Applications, 411-431.

Hermawan, H. (2012). Biodegradable Metals: State of the art. Biodegradable Metals,
13-23. http://doi.org/10.1007/978-3-642-31170-3

Hermawan, H., Dub€& D., & Mantovani, D. (2010). Developments in metallic
biodegradable stents. Acta Biomaterialia, 6(5), 1693-1697.
http://doi.org/10.1016/j.actbio.2009.10.006

Hermawan, H., & Mantovani, D. (2011). New generation of medical implants:
Metallic biodegradable coronary stent. Proceedings - International Conference
on Instrumentation, Communication, Information Technology and Biomedical
Engineering 2011, ICICI-BME 2011, (November), 399-402.
http://doi.org/10.1109/ICICI-BME.2011.6108635

Hofstetter, J., Becker, M., Martinelli, E., Weinberg, A. M., Mingler, B., Kilian, H.,
... Uggowitzer, P. J. (2014). High-Strength Low-Alloy ( HSLA ) Mg — Zn - Ca
Alloys with Excellent Biodegradation Performance.
http://doi.org/10.1007/s11837-014-0875-5

Hu, H., Nie, X., & Ma, Y. (2014). Corrosion and Surface Treatment of Magnesium
Alloys.

Jacobs, J., Gilbert, J., & Urban, R. (1998). Current Concepts Review-Corrosion of
Metal Orthopaedic Implants. J Bone & Joint Surg (Am), 80, 268-82. Retrieved
from http://jbjs.org/article.aspx?articleid=23948

Kannan, M. B., & Singh Raman, R. K. (2009). Magnesium Alloys as Biodegradable
Implants. Materials Science Forum, 618-619, 83-86.
http://doi.org/10.4028/www.scientific.net/MSF.618-619.83



81

Keim, S., Brunner, J. G., Fabry, B., & Virtanen, S. (2011). Control of magnesium
corrosion and biocompatibility with biomimetic coatings. Journal of
Biomedical Materials Research - Part B Applied Biomaterials, 96 B, 84-90.
http://doi.org/10.1002/jbm.b.31742

Kirkland, N. T., Birbilis, N., & Staiger, M. P. (2012). Assessing the corrosion of
biodegradable magnesium implants: A critical review of current methodologies
and their limitations. Acta Biomaterialia, 8(3), 925-936.
http://doi.org/10.1016/j.actbio.2011.11.014

Kubok, K., Litynska-Dobrzynska, L., Wojewoda-Budka, J., G&al, a., & Debski, a.
(2013). Investigation of Structures in As-Cast Alloys from the Mg-Zn-Ca
System. Archives of Metallurgy and Materials, 58, 13-16.
http://doi.org/10.2478/v10172-012-0193-2

Li, Z., Gu, X,, Lou, S., & Zheng, Y. (2008). The development of binary Mg-Ca
alloys for use as biodegradable materials within bone. Biomaterials, 29, 1329—
1344, http://doi.org/10.1016/j.biomaterials.2007.12.021

Lin, D.-J., Hung, F.-Y., Lui, T.-S., & Yeh, M.-L. (2015). Heat treatment mechanism
and biodegradable characteristics of ZAX1330 Mg alloy. Materials Science and
Engineering: C, 51, 300-308. http://doi.org/10.1016/j.msec.2015.03.004

Liu, X. Bin, Shan, D. Y., Song, Y. W., & Han, E. H. (2010). Effects of heat
treatment on corrosion behaviors of Mg-3Zn magnesium alloy. Transactions of
Nonferrous Metals Society of China (English Edition), 20(09), 1345-1350.
http://doi.org/10.1016/S1003-6326(09)60302-2

Liu, C., Xin, Y., Tang, G., & Chu, P. K. (2007). Influence of heat treatment on
degradation behavior of bio-degradable die-cast AZ63 magnesium alloy in
simulated body fluid. Materials Science and Engineering A, 456(1-2), 350-357.
http://doi.org/10.1016/j.msea.2006.12.020

Manuscript, A. (2012). NIH Public Access. Changes, 29, 997-1003.
http://doi.org/10.1016/j.biotechadv.2011.08.021.Secreted

Martins, A. (2011). Corrosion evaluation of Bare and Anodized Magnesium Alloys
in Physiological Media in fulfillment with thesis requirement for the degree of
Master of Science in Chemical Engineering Examining Committee November
2011 Corrosion evaluation of Bare and Anodize. Spectroscopy, (November).

Mary, Q., & Road, M. E. (1990). ~ Rv Microhardness and Young ’ s modulus in
cortical bone exhibiting a wide range of mineral volume f ractions , and in a
bone analogue. Methods, 1, 38-43.

Moravej, M., & Mantovani, D. (2011). Biodegradable metals for cardiovascular stent
application: Interests and new opportunities. International Journal of Molecular
Sciences, 12(7), 4250-4270. http://doi.org/10.3390/ijms12074250



82

Mushahary, D., Sravanthi, R., Li, Y., Kumar, M. J., Harishankar, N., Hodgson, P.
D., ... Pande, G. (2013). Zirconium, calcium, and strontium contents in
magnesium based biodegradable alloys modulate the efficiency of implant-
induced osseointegration. International Journal of Nanomedicine, 8, 2887—
2902. http://doi.org/10.2147/1JN.S47378

Novaes, A. B., de Souza, S. L. S., de Barros, R. R. M., Pereira, K. K. Y., lezzi, G., &
Piattelli, A. (2010). Influence of implant surfaces on osseointegration. Brazilian
Dental Journal.

Nowosielski, R., Cesarz, K., & Babilas, R. (2013). Structure and corrosion properties
of Mg70-xZn30Cax(x=0,4) alloys for biomedical applications. Journal of
Achievements in Materials and Manufacturing Enginnering, 58(1), 7-15.

Oteyaka, M. O., Ghali, E., & Tremblay, R. (2012). Corrosion behaviour of AZ and
ZA magnesium alloys in alkaline chloride media. International Journal of
Corrosion, 2012. http://doi.org/10.1155/2012/452631

Penghuai, F., Liming, P., Haiyan, J., Jianwei, C., & Chunquan, Z. (2008). Effects of
heat treatments on the microstructures and mechanical properties of Mg-3Nd-
0.2Zn-0.4Zr (wt.%) alloy. Materials Science and Engineering A, 486, 183-192.
http://doi.org/10.1016/j.msea.2007.08.064

Pezda, J. (2014). THE EFFECT OF THE T6 HEAT TREATMENT ON
HARDNESS AND MICROSTRUCTURE OF THE EN AC-AISi12CuNiMg
ALLOY, 53(1), 63-66.

Pinke, P., Caplovié, L., & Kovacs, T. (2011). The Influence of Heat Treatment on
the Microstructure of the Casted Ti6Al4V Titanium Alloy. Slovak University of
..., 20, 1-6.

Products, M. (2013). Standard Practice for Heat Treatment of Magnesium Alloys 1,
1-7. http://doi.org/10.1520/B0661-12.2

Rad, H. R. B., Idris, M. H., Kadir, M. R. A., & Farahany, S. (2012). Microstructure
analysis and corrosion behavior of biodegradable Mg-Ca implant alloys.
Materials and Design, 33, 88-97. http://doi.org/10.1016/j.matdes.2011.06.057

Republic, C. (2012). Properties of binary and ternary magnesium alloys containing
Gd, Nd, Zn or Y Jiti KUBASEK , Dalibor VOJTECH.

Rettig, R., & Virtanen, S. (2008). Time-dependent electrochemical characterization
of the corrosion of a magnesium rare-earth alloy in simulated body fluids.
Journal of Biomedical Materials Research - Part A, 85, 167-175.
http://doi.org/10.1002/jbm.a.31550

Rzychon, T., & Kietbus, a. (2006). Effect of rare earth elements on the
microstructure of Mg-Al alloys. Manufacturing Engineering, 17(1), 149-152.



83

Rzychon, T., Michalska, J., & Kietbus, a. (2007). Effect of heat treatment on
corrosion resistance of WE54 alloy, 20, 191-194.

Rzychon, T., Szala, J., & Kietbus, a. (2012). Mikrostruktura, lejno$¢, stabilnos¢
mikrostruktury i wlasciwo$ci mechaniczne stopu magnezu ZRE1. Archives of
Metallurgy and Materials, 57, 245-252. http://doi.org/10.2478/v10172-012-
0018-3

Salahshoor, M., & Guo, Y. (2012). Biodegradable orthopedic magnesium-calcium
(MgCa) alloys, processing, and corrosion performance. Materials, 5, 135-155.
http://doi.org/10.3390/ma5010135

Shahri, S. M. G,, Idris, M. H., Jafari, H., Gholampour, B., & Assadian, M. (2015).
Effect of solution treatment on corrosion characteristics of biodegradable Mg—
6Zn alloy. Transactions of Nonferrous Metals Society of China, 25(5), 1490—
1499. http://doi.org/10.1016/S1003-6326(15)63750-5

Shaw, B. a. (2003a). Corrosion Resistance of Magnesium Alloys. ASM Handbook,
VOIlume 13A Corrosion: Fundamentals, TEsting and Protection, 13, 692—696.
http://doi.org/10.4028/www.scientific.net/MSF.419-422.915

Shaw, B. a. (2003b). Corrosion Resistance of Magnesium Alloys. ASM Handbook,
VOIlume 13A Corrosion: Fundamentals, TEsting and Protection.
http://doi.org/10.4028/www.scientific.net/MSF.419-422.915

Society, A. (n.d.). ASTM B557: Tension Testing Wrought and Cast Aluminum and
Magnesium-Alloy Products, 552(i).

Song, G. (2007). Control of biodegradation of biocompatable magnesium alloys.
Corrosion Science, 49, 1696-1701. http://doi.org/10.1016/j.corsci.2007.01.001

Song, G., & Song, S. (2007). A possible biodegradable magnesium implant material.
Advanced Engineering Materials, 9, 298-302.
http://doi.org/10.1002/adem.200600252

Song, Y., Shan, D., Chen, R., Zhang, F., & Han, E. H. (2009). Biodegradable
behaviors of AZ31 magnesium alloy in simulated body fluid. Materials Science
and Engineering C, 29(3), 1039-1045.
http://doi.org/10.1016/j.msec.2008.08.026

Staiger, M. P., Pietak, A. M., Huadmai, J., & Dias, G. (2006). Magnesium and its
alloys as orthopedic biomaterials: A review. Biomaterials, 27, 1728-1734.
http://doi.org/10.1016/j.biomaterials.2005.10.003

Sun, Y., Zhang, B., Wang, Y., Geng, L., & Jiao, X. (2012). Preparation and
characterization of a new biomedical Mg-Zn-Ca alloy. Materials and Design,
34, 58-64. http://doi.org/10.1016/j.matdes.2011.07.058

T. S. balasubramanian, M. Balakrishnan, V. Balasubramanian, M. a. M. (2011).
Influence of welding processes on microstructure, tensile and impaalloy iointsct



84

properties of Ti-6Al-4V. Transactions of Nonferrous Metals Society of China,
21, 1253-1262. http://doi.org/10.1016/S1003

Taylor, J. a., StJohn, D. H., Barresi, J., & Couper, M. (2000). Influence of Mg
Content on the Microstructure and Solid Solution Chemistry of Al-7%Si-Mg
Casting Alloys During Solution Treatment. Materials Science Forum, 331-337,
277-282. http://doi.org/10.4028/www.scientific.net/MSF.331-337.277

Tian, P., & Liu, X. (2015). Surface modification of biodegradable magnesium and its
alloys for biomedical applications. Regenerative Biomaterials, 2(2), 135-151.
http://doi.org/10.1093/rb/rbu013

Topping, T., & Becker, D. (1912). Heat treatment of steel. Journal of the Franklin
Institute, 173, 96-97. http://doi.org/10.1016/S0016-0032(12)90624-9

Tsai, M. H., Chen, M. S,, Lin, L. H., Lin, M. H., Wu, C. Z.,, Ou, K. L., & Yu, C. H.
(2011). Effect of heat treatment on the microstructures and damping properties
of biomedical Mg-Zr alloy. Journal of Alloys and Compounds, 509, 813-819.
http://doi.org/10.1016/j.jallcom.2010.09.098

Uemoto, M. (2008). Instrumental Chemical Analysis of Magnesium and Magnesium
Alloys.

Veljovi, B. C., Babi, M. C., & Rakin, M. (n.d.). Influence of the Heat Treatment on
the Tribological Characteristics of the Ti- based Alloy for Biomedical
Applications, 17-22.

Vunderink, A. (1990). US . Patent.

Wang, H., Guan, S., Wang, Y., Liu, H., Wang, H., Wang, L., ... Chen, K. (2011). In
vivo degradation behavior of Ca-deficient hydroxyapatite coated Mg-Zn-Ca
alloy for bone implant application. Colloids and Surfaces B: Biointerfaces,
88(1), 254-259. http://doi.org/10.1016/j.colsurfb.2011.06.040

Wang, Y., Li, S., & Liu, J. (2011). Strain rate-dependent and temperature-dependent
compressive properties of 2DCT/SIC Composite. Dynamic Behavior of
Materials, Volume 1, 1, 287-294. http://doi.org/10.1007/978-1-4419-8228-5

Wim, H. (2009). Influence of Heat Treatment on Magnesium Alloys Meant To
Automotive Industry, 71.

Witte, F. (2010). The history of biodegradable magnesium implants: A review. Acta
Biomaterialia, 6(5), 1680-1692. http://doi.org/10.1016/j.actbio.2010.02.028

Witte, F., Hort, N., Vogt, C., Cohen, S., Kainer, K. U., Willumeit, R., & Feyerabend,
F. (2008). Degradable biomaterials based on magnesium corrosion. Current
Opinion in Solid State and Materials Science, 12(5-6), 63—-72.
http://doi.org/10.1016/j.cossms.2009.04.001



85

Witte, F., Kaese, V., Haferkamp, H., Switzer, E., Meyer-Lindenberg, a., Wirth, C. J.,
& Windhagen, H. (2005). In vivo corrosion of four magnesium alloys and the
associated bone response. Biomaterials, 26, 3557—3563.
http://doi.org/10.1016/j.biomaterials.2004.09.049

Xu, Z., Smith, C., Chen, S., & Sankar, J. (2011). Development and microstructural
characterizations of Mg-Zn-Ca alloys for biomedical applications. Materials
Science and Engineering B: Solid-State Materials for Advanced Technology,
176(20), 1660-1665. http://doi.org/10.1016/j.mseb.2011.06.008

Yang, Z., Li, J., Zhang, J., Lorimer, G., & Robson, J. (2008). Review on Research
and Development of Magnesium Alloys. Acta Metallurgica Sinica (English
Letters), 21(5), 313-328. http://doi.org/10.1016/S1006-7191(08)60054-X

Zberg, B., Uggowitzer, P. J., & Ldfler, J. F. (n.d.). Towards a new generation of
biodegradable implants : MgZnCa glasses without hydrogen evolution.

Zhang, B., Hou, Y., Wang, X., Wang, Y., & Geng, L. (2011). Mechanical properties,
degradation performance and cytotoxicity of Mg-Zn-Ca biomedical alloys with
different compositions. Materials Science and Engineering C, 31(8), 1667—
1673. http://doi.org/10.1016/j.msec.2011.07.015

Zhang, B. P., Wang, Y., & Geng, L. (2011). Research on Mg-Zn-Ca alloy as
degradable biomaterial. Biomaterial - Physics and Chemistry, 184-204.
http://doi.org/10.1016/j.actbio.2009.06.028

Zhang, D., Shi, G., Zhao, X., & Qi, F. (2011). Microstructure evolution and
mechanical properties of Mg-x%Zn-1%Mn (x=4, 5, 6, 7, 8, 9) wrought
magnesium alloys. Transactions of Nonferrous Metals Society of China,
21(50725413), 15-25. http://doi.org/10.1016/S1003-6326(11)60672-9

Zhang, E., & Yang, L. (2008). Microstructure, mechanical properties and bio-
corrosion properties of Mg-Zn-Mn-Ca alloy for biomedical application.
Materials Science and Engineering A, 497, 111-118.
http://doi.org/10.1016/j.msea.2008.06.019

Zhang, J., & Wu, C. (2010). Corrosion and Protection of Magnesium Alloys - A
Review of the Patent Literature~!2009-12-24~12010-03-09~12010-05-25~!
Recent Patents on Corrosion Science, 2, 55-68.
http://doi.org/10.2174/1877610801002010055

Zhang, S., Li, J., Song, Y., Zhao, C., Zhang, X., Xie, C., ... Bian, Y. (2009). In vitro
degradation, hemolysis and MC3T3-E1 cell adhesion of biodegradable Mg-Zn
alloy. Materials Science and Engineering C, 29(6), 1907-1912.
http://doi.org/10.1016/j.msec.2009.03.001

Zhang, S., Zhang, X., Zhao, C., Li, J., Song, Y., Xie, C., ... Bian, Y. (2010).
Research on an Mg-Zn alloy as a degradable biomaterial. Acta Biomaterialia,
6(2), 626—640. http://doi.org/10.1016/j.actbio.2009.06.028



86

Zhang, X., Yuan, G., Mao, L., Niu, J., Fu, P., & Ding, W. (2012). Effects of
extrusion and heat treatment on the mechanical properties and biocorrosion
behaviors of a Mg-Nd-Zn-Zr alloy. Journal of the Mechanical Behavior of
Biomedical Materials, 7, 77-86. http://doi.org/10.1016/j.jmbbm.2011.05.026

Zhang, Y., Sheng, Y., & Chen, Q. (2014). Corrosion Protection of Biodegradable
Magnesium Alloy Implants Using Micro-Arc Oxidation, 9, 4394-4404.

Zheng, Y., Li, Y., Chen, J., & Zou, Z. (2014). Surface characteristics and corrosion
resistance of biodegradable magnesium alloy ZK60 modified by Fe ion
implantation and deposition. Progress in Natural Science: Materials
International, 24(5), 547-553. http://doi.org/10.1016/j.pnsc.2014.08.011

Zhou, W., Shen, T., & Aung, N. N. (2010). Effect of heat treatment on corrosion
behaviour of magnesium alloy AZ91D in simulated body fluid. Corrosion
Science, 52(3), 1035-1041. http://doi.org/10.1016/j.corsci.2009.11.030

Zivi¢, ., Grujovi¢, N., Manivasagam, G., Richard, C., Landoulsi, J., & Petrovi¢, V.
(2014). Tribology in Industry The Potential of Magnesium Alloys as
Bioabsorbable / Biodegradable Implants for Biomedical Applications, 36(1),
67-73.

Zivié, ., Grujovi¢, N., Manivasagam, G., Richard, C., Landoulsi, J., Petrovi¢, V., ...
Association, A. (2011). Corrosion mechanism applicable to biodegradable
magnesium implants. Materials Science and Engineering A, 17(1), 31-34.
http://doi.org/10.3390/ma5010135



	NurulAiZzahHasbullahMFKM2015ABS
	NurulAiZzahHasbullahMFKM2015TOC
	NurulAiZzahHasbullahMFKM2015CHAP1
	NurulAiZzahHasbullahMFKM2015REF



