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Abstract
There is a need for innovation in medical implagnides through novel biomaterials that will
improve the quality of life. The first step in theeation of a foundation of knowledge and
technology to improve these implant devices isugtothe creation of new alloys with the
capabilities of biodegradation and bioabsorptiothwit a toxic effect that will pass through
FDA regulatory procedures. In this study, uniquatheeatment processing techniques coupled
with innovation in elemental alloying produced distive magnesium (Mg) based alloy systems.
The MgZnCa system was used as the underpinningraywhere four groups of novel alloys
were developed, which include the as-cast Kp—0.3Ca system, the heat treated
Mg-4.0Zn-0.3Ca system and as-cast and heat trééged.0Zn—-0.3Ca system alloyed with
1.3% rare earth elements. All alloy groups weresssd through immersion corrosion tests
utilizing 0.9% NaCl physiological solution and MEMell culture medium, tensile and
compressive mechanical testing, and cytotoxicigags. The increase of Zn content in the
Mg—-xZn-0.3Ca system had an effect on phase precipitamo grain size refinement, which
caused an increase in mechanical strength anduatrea of corrosion resistance up to a Zn
content of 4.0 wt.%. The cytotoxicity assays detasd that the Mg—42Zn-0.3Ca system
showed negative cytocompatibility with the MC3T3-&4ll line which can be reduced or
eliminated by diluting the interaction between twe. The addition of rare earth elements
caused significant grain size refinement, increasgrbsion resistance, increased mechanical
strength compared to the MgZnCa system, and pesiftocompatibility. Through this research,
novel Mg-based alloys were developed with the gakaof being employed as orthopaedic
biomaterials capable of supporting the mechanicdl@hysical function of an injured tissue

throughout the entire healing process.



CHAPTER 1
Introduction
1.1 Orthopaedic Implants and the Medical Device Indstry

Orthopaedics is a medical specialty that pertairtbe diagnosis and treatment of
disorders, conditions, and injuries of the musdttetal system. More specifically, orthopaedics
is a branch of medicine focused on the skeletakaysind related muscles, joints, ligaments, and
tendons. It was reported that in 2012 the orthojgadelice market consisted of 9.4% of the
worldwide device market share which wasid the Top 15 device areas [1]. Musculoskeletal
ailments and injuries account for more than 130ionilvisits to orthopaedic specialists per year.
One in four Americans suffer from musculoskeletapairment resulting in more than $180
billion in sales annually [2]. In short, the ortlagalic device market is a large market. This is
important because a larger market allows time fareind the development of valuable
products, as well as time to produce a repeatatlesealable business model.

Orthopaedic fixation devices, which include joiatonstruction materials and
biomaterials, are used in the reduction of fractub®ne manipulation, soft-tissue injuries, and
reconstructive surgery. Reduction can be noninea@xternal splints and traction) or can
involve surgery to implant and replace artificiaiints. After fracture reduction, internal,
external, or intramedullary fixation devices mayused to provide mechanical stability and
maintain the alignment of bone fragments duringhbaling process. A fixation device must be
strong and secure enough to allow early mobiliratibthe trauma area. Screws are used
primarily to provide interfragmental compressiort@attach plates, which can then provide
compression, prevent displacement, and suppoftalyements during healing. Pins and wires

can be used for fixation of small fragments or twaes in small bones [2, 3]. Figure 1 describes



commercial orthopaedic implant devices. In Figurethe inferior view after the complete
mandibular component has been inserted throughissite tunnels to the fossa regions. The
chin bone has been attached with screws to theh@sis. Figure 1b shows the right TMJ before
closure. The condyle is seated in the posteridrgfahe fossa component [4]. Figure 1c
illustrates the Anchorad® Cross Plating System which uses an inset diagorass-joint screw
to develop true mechanical compression acrosaugtierf site [5]. Lastly in Figure 1d, an
interference screws is affixing a cadaveric ACLfgimwhere the arrows point out the pieces of

cadaveric bone at both ends of the graft [6]

Figure 1.Examples of commercial orthopaedic implant devices

The global orthopaedic sector is a dynamic compbokthe medical device industry.
Highly competitive and forecasted to have a simitgt growth rate, the orthopaedic device
market is primarily driven by artificial joints arathobiologics which are estimated to be worth
$17.5 billion and $9.6 billion by 2016 respectiveBegment growth is also boosted by the
increase in knee implants and hip and knee replastsmBy 2015 the world orthopaedic

prosthesis market is anticipated to reach $19libjlwith growth driven by rising degenerative



joint diseases like osteoporosis and arthritis. Miagn cause is an aging global population and
the desire to keep up an active lifestyle [2].

Although financial demographics remain favorabledmal devices have evolved and
become more complex. Consequently, the federatdeapproval regulatory system has become
more stringent and scrutinized. The United Stabegieess requires that high risk medical
devices should be sanctioned through a more rigopoemarket approval (PMA) process, which
requires clinical testing. Moreover, the Safe Matllgevices Act of 1990 requires the FDA to
either use the PMA process for high risk deviceeolassify them in a lower-risk category [7].
As a result, the medical device industry continoefeel a profound impact from a slowdown in
procedure volumes coupled with uncertainties ahaydeat the FDA. In 2001, the U.S. House
Energy and Commerce Subcommittee on Oversightrarestigations held a hearing entitled
“Medical Device Regulation: Impact on American Bats, Innovation, and Jobs.” In this
hearing, Congressman Cliff Stearns argued that FE@lation of medical devices is too
arduous which stifles innovation and drives devi@nufacturer overseas [7].

Furthermore, there have been disagreements betzaneadership and the medical
device industry and politicians from states whezeick companies are located concerning the
clearance process. The Institute of Medicine (IO&lg¢ased an FDA-commissioned report in
2011 on the 510(k) clearance process and it coadltigat it was impossible for 510(k)
clearance to assure the safety and effectivenadsvides and therefore recommended that it be
eliminated. FDA leadership however does not intenidnplement this key recommendation of
the report [7].

Generating innovative products in the medical dewnclustry has a lot of challenges that

must be addressed. Proper physical and chemicedatbazation along with thorough biological



assessment of new medical devices and materigitsigo the success of future product
commercialization.
1.2 Degradable Biomaterials

The first step in the creation of a foundation nbwledge and technology to improve
orthopaedic implant devices is through the creadiomew alloys with the capabilities of
biodegradation and bioabsorption without a toxieitiect. The degradation properties of
biodegradable implants in physiological environmseare the key component in the interest of
implementing these types of implants for medicappsges. Metals, ceramics, and polymers can
all be used as biomaterials for implants. Phygcaperties of metals such as high impact
strength, high wear resistance, high ductility, #relability to absorb high strain energy make
them applicable for orthopaedic load-bearing appilbns and fixation devices [8]. The
implementation of metallic degradable biomaterédsan implant material is not a novel concept.
In 1878, physician Edward C. Huse used Mg wirelggasures to stop bleeding vessels of three
human patients [8, 9].

Commonly used biomaterials include stainless steahium, and cobalt-chromium
based alloys because of their corrosion resistamzbconsequently they are inherently
permanent type of alloys. Biodegradability and biapatibility are characteristics that gives an
advantage to implants with these capabilities beedlney would be able to be resorbed and
expelled safely out the body after the traumaisiteealed, eliminating the need for iterative
surgeries. In an effort to make more biocompatitlglants, the emphasis for contemporary
implants is not only on devices that are able tgspfally function in complex biological
systems, but that will be successfully acceptethbybody [8]. Surgeon Erwin Payr was one of

the most influential pioneers of medicine whosesagle clinical applications and reports



inspired the advancement in the field of biodegbéel&dlg implants to various surgical areas. He
first started experiments on Mg resorption in 1888 by 1900 he proposed that tissue oxygen
and water content, carbon dioxide, dissolved saltdood, and the chemical processes in cells
were mainly responsible for Mg corrosionvivo [9].

Mg and Mg-based alloys have been investigated pkamts for over 100 years. Implants
containing Mg and Mg-based alloys are limited iea #mount of approved alloys for commercial
use. Due to Mg’s good biocompatibility and biodefgaility, and the possibility for bone
generation engenders encouragement for biodegeti&dimplants for orthopaedic implant
applications.

1.3 Research Objectives

The aim for this study is to provide innovatiomedical devices that improve the
quality of life through the development of novel Midpys with the capabilities of
biodegradation without rendering a cytotoxic efféddore specifically, to create an assortment of
uniquely composed and processed biodegradable Iblgsdhat have the potential to meet
different orthopaedic device requirements. To aqaah this, all alloys are produced according
to the “Design and Assessment for New Alloy Devetept” research plan flow chart in Figure
2. This chart is designed as a standard for mégetevelopment to promote consistency when
fabricating and characterizing all new materialgaleped in this study. The design objectives
for the alloys presented in this dissertation areeth by the “Device Design” requirements and
criteria of current orthopaedic medical devicesahhare described in the gray section. The
research detailed in this dissertation falls unbder‘Materials Development” section of the flow

chart.
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1.4 Dissertation Layout

The work presented in this dissertation has begarized under five chapters. Chapter 1
is dedicated to the introduction and explanatiopeinent background information to give a
better perspective for the research work presentdte study. It encompasses the orthopaedic
implant and medical device industry in which thesearch is purposed for, biodegradable
materials and alloy development as well as spe@Bearch objectives for this study.

Chapter 2 incorporates a comprehensive look indgifip scientific literature and
commercial patents relevant to the work presentatis dissertation.

In Chapter 3, the concepts, set-up, and specilicatof the experimental methods and

material characterizations are discussed.



Chapter 4 is devoted to the results and discusHiail experimental procedures used in
this research work. Furthermore, recommendationalfoys produced in this study for
orthopaedic applications and future research wadell on experimental results and inherent
opportunities.

Lastly, Chapter 5 summarizes this dissertationthagotential impact of the research

presented.
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CHAPTER 2
Literature Review

The main focus of this chapter is to review perirtgackground information and
academic literature relevant to this field of studgy theories and nomenclature will also be
discussed. In this chapter, current academic studmlving the fabrication and characterization
of biodegradable biomaterials consisting of MggcZidin), and/or calcium (Ca) elements for
biomedical applications are discussed. Additionalyevant existing commercial patents are
examined. Through the exploration of several curagademic studies and commercial patents,
the research work in this study will have a fourmtabf pertinent information to compare and
contrast the novelty and impact of the resulthdf investigation.
2.1 History of Magnesium

Even though the history of Mg started in 1755 wité discovery of elementary Mg
contained within magnesia by Scottish chemist Jo&ack, the British chemist Sir Humphrey
Davy is credited as discoverer because he isothtethetal in 1808 [9, 10]. Sir Davy
decomposed wet Mg sulfate through electrolysisgiainoltaic cell and a mercury cathode [10].
In 1831, the French chemist Antoine Alexandre BsuBussy discovered a way to isolate Mg in
large quantities by fusing dehydrated Mg chloriddhyotassium at elevated temperatures. He
published his findings in th&émoire sur le Radical métallique de la Magnéstertly after.
Subsequently, British scientist and former Sir Hangy Davy assistant Michael Faraday
reduced dehydrated Mg chloride by electrolysis alotcined pure metallic Mg in 1833 [10].

Throughout history, Mg found steady interest omlysermany, which, in 1868, was the
only producer in the world. On April 9, 1885, Alumum und Magnesiumfabrik Hemelingen

was founded and started producing aluminum (Al) lsigdin an electrolytic process [10]. After
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years of advancement in the Mg production proceddederal safety regulations, by 1915,
Germany remained the sole producer of Mg. In 1924allbys (AZ: 2.5-3.0% AL, 3.0-4.0% Zn)
were used for the first time as pistons in autonesiLl0]. The application of Mg was extended
to a number of airship parts which included gircb@nectors, steering gear fittings, and anchor
cable sheaves. Furthermore, Mg castings were intextlinto cars on a larger scale by German
automotive engineer Ferdinand Porsche. As the ygagessed, Mg production and application
grew and developed in Germany to include a patantdntinuous production of metallic Mg
through thermic reduction.

The production of Mg has seen fluctuations throutgliee 1900s, from production peak
in World War I, to the production decreasing dieaty afterwards [10, 11]. In Germany, Mg
production was prohibited and ultimately terminadie@, in part, to material shortages and the
Berufsverbot which was an order of professionajjuisdification or disentitlement.

In the United States, the Korean War created a teeszlive Mg production in 1951
[10]. Part of the electrolytic plant of the TitamuMetals Corporation of America was
reactivated in 1950 to produce Mg for titanium retthn. After the Korean War, a strategic
stockpile of Mg was produced in the amount of 106,8hort tons, but the U.S. government
eventually sold the entire supply by auction. As ykars progressed, the production of Mg was
developed for a number of applications that reduhefailure, but there was a level of success
focused toward transportation applications becdigés a strong light weight metal that has
less density than aluminum and steel.

2.2 History of Magnesium Implants
The major limitation of Mg in many engineering apgtions is its low corrosion

resistance [12]. However, this intriguing featues Imade Mg a potential prospect for a new
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class of implant biomaterials for orthopaedic aggtions. The employment of Mg in medical
applications is not a new idea. In 1878, physi¢dward C. Huse successfully stopped a
bleeding vessel using a Mg wire ligature [9, 13¢. ¢bserved that the corrosion of Mg was
slowerin vivo and that the time period of complete degradatias dependent on the size of the
Mg wire [8, 9]. In 1900, after concluding that thig wires Edward Huse implemented in his
blood vessel procedures were too brittle to beabletsutures, Austrian-German surgeon Erwin
Payr investigated the use of thin-walled tubular éginders as replacement connectors for the
anastomosis of arterial and venous blood vessé|s [lsing pigs and the femoral artery of dogs
for his test trials, Payr discovered that the catina of blood vessel ends became solid after 8
days, and severely thickened intima later at tlest@mosis. The vessel thickness returned to
normal after he waited 8 more days before reingastig the anastomosis [9]. It was noted that
only the Mg tubes that were positioned intravastylleaused thrombotic blood clotting and no
thrombosis was observed in the Mg tubes positi@xtvascularly.

In terms of musculoskeletal applications, in 1998yr introduced the idea of using Mg
plates and sheets in joint arthoplastics to regajpreserve joint motion [9]. At the #@ongress
of the German Society for Surgery, Payr lecturethensubject of using Mg sheets and plates to
prevent the reunion of dissected bone tissuesd®nae fibrous layer after full resorption of the
Mg metal [9, 15]. This inspired the investigatidnuging Mg to regain motion stiffness in joints
through animal and human trials. Furthermore, Payposed the use of Mg implants which
include fixator pins, nails, wires (cerclage), peaysd cramps for musculoskeletal applications;
more specifically using a Mg peg as a stabilizeione fractures and pseudarthrosis [9, 15].

In 1906, Albin Lambotte fixed a Mg plate using steel screws at the tibia for

stabilization of a fracture of the lower leg of Ayear old child [16]. It was discovered that the
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patient had a painful inflammatory reaction to ptete due to the electrochemical difference
between the Mg plate and the steel screws. Aftéinéu investigation and animal test trials,
Lambotte began treating human patients with Mg an{d under careful observation. He treated
patients suffering from supracondylar fracturedwiity nails and observed that there was
normal healing without complications except thealepment of gas cavities which disappeared
after several weeks [17]. Lambotte also observed Mg resorption at one year post surgery
and physiological bone healing without any hypeaiio bone formation [9]. From these
findings, Lambotte broaden his clinical investigatand ultimately discovered the Mg could
only be implanted without combining other metailigplants to prevent electrolytic corrosion.
Based on his good clinical results, Lambotte recemsted the use of Mg implants in the
following clinical areas: bennet fracture, scaffyatctures, foot surgery, clavicular fractures,
carpus fractures, phalanx and metacarpal fracttads)s epiphyseal fractures, lower arm
diaphyseal fractures, supra- and condylar fracturekildren, humerus head fractures, malleolus
fractures, oblique tibial fractures and pertrociafractures [9, 16].

There has also been other reports on the use oh Mighopaedic applications, which
were mainly based an vivo animal experiments [9]. In 1913, Ernest WilliamyH&roves
published his work on using a Mg intramedullary pegstabilizing fragments in a fracture of
rabbits [18]. He discovered that Mg produced inflaation cavities and disintegrated so rapidly
that he deemed it undesirable. In 1924, Arthur ikrad compared the reaction of Mg on bone
and determined that Mg has little action other tham connective tissue stimulant, and theorized
that it may hinder as well as accelerate new boadyztion [9, 19]. After many experiments and
thorough investigation on Mg and its alloys as iamphble biomaterials throughout history, Mg

has established itself as an intriguing elementiwibre scrutiny and scientific debate. The many
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inherent benefits of Mg as an implantable matexsalvell as a century of historical research has
push Mg to the forefront of potentially revolutiamg the biomedical engineering landscape.
2.3 Alloy Design

2.3.1 Alloying.Alloying is crucial in modifying the corrosion resance and mechanical
properties of Mg [12, 20-23]. Alloying is the madtective method to modify the
microstructures and properties of Mg-based all&gs.example, it was found that the addition of
Zn can increase the age-hardening response of leligsathich can significantly enhance the
mechanical properties and corrosion resistanceZ2i,The ternary addition of Ca to the
Mg-Zn system is effective for the improvement ofamanical properties [24, 25]. Moreover, the
mixture of rare earth elements (REE) in combinatath other metals such as silver, and a
small amount of zirconium (Zr) which imparts a figiain microstructure, can enhance the
mechanical properties of Mg [12].

2.3.2 Material selection.

2.3.2.1 MagnesiumMg is the fourth most abundant mineral in the badd is vital to
certain biological functions. Mg is needed for mtivan 300 biochemical reactions in the body
which include muscle contraction, bone metaboliang cellular proliferation. It helps maintain
normal muscle and nerve function, stabilizes normealrt rhythm, and supports a healthy
immune system [26]. Nearly 50% of the total Mg edatnin the body is found in bone and the
other half is found within cells of body tissueslagans [27-30]. Around 1% of Mg is found in
blood, but the body works vigorously to keep Mgdswvithin the blood constant [26].

The most commonly used biomaterials for orthopaddigces include stainless steel
(SS), titanium (Ti), and cobalt-chromium (Co-Crpbd alloys. The possible release of toxic

elements during corrosion or wear processes ceegignificant weakness to these alloys as
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implantable biomaterials [12]. Mg has a densitgsg8t modulus, and compressive yield strength
closer to that of natural bone than for SS, Ti, @odCr alloys. These similarities in properties
(Table 1) lead to minimal or no stress shield pinegioa in Mg bone implants that occur with SS
and Ti alloys [31]. Additionally, histological stigs show that new bone formation is observed
in vivoaround Mg alloy implants without inflammation réaa [32, 33].

Table 1

Summary of the physical and mechanical propertiesoous implant materials in comparison

to natural bone [12].

) Natural . Stainless Artificial
Properties Bone Mg Ti Co-Cr Steel HA
Density (g/cnai) 1.8-2.1 1.74-2.0 4.4-45 8.3-9.2 7.9-8.1 3.1

Elastic Modulus (GPa) 3.0-20 41-45 110-117 230 285-  73-117

Compressive Yield
Strength (MPa) 130-180 65-100 758-1117 450-1000 170-310 600
Fracture Toughness

(MPa-nt?) 3.0-6.0 15-40 55-115 N/A 50-200 0.7

In terms of limitations, the corrosion resistant®lg presents a major complication in
using it as an implant biomaterial [34]. Poor ceiom resistance of Mg alloys results from the
high dissolution tendency of Mg and the presencgeobndary phases acting as local cathodes
causing micro-galvanic corrosion [35]. Consequeriy usually has a fast corrosion rate in
electrolytic physiological environments [12, 31].

Most Mg alloys are produced through metal castaaipniques. One of the inherent risks
of metallic casting is the introduction of impueti or contaminants throughout the melt.

Common impurities found in Mg alloys include iraopper, and nickel. Iron, copper, and nickel
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are detrimental to the corrosion resistance of Mcalise they have low solid solubility limits
and provide efficient and active cathodic sitessTan lead to severe galvanic corrosion.
Matsubaraet al.[36] concluded that the corrosion rate of AM50 &M60 Mg alloys depended
on the impurity concentration of iron and increasaith the iron-manganese ratio. Additionally,
impurities will also influence the microstructunedamechanical properties of Mg alloys. In
ZK60 Mg alloys, lower impurity content exhibitech@r grains and subsequently an increase of
the yield strength in the as-extruded alloy waseoled [37]. It is clear impurity content must be
considered in terms of producing successful Mgyalkor commercial use.

2.3.2.2 CalciumCa is the most abundant mineral in the body andiftihemost abundant
element by mass in the Earth’s crust. Ca is argilwdite alkaline soft metal and is essential to
all living things [38]. The average human contabsut one kg of Ca, and Ca phosphate is the
main component of human bone. In terms of biolddimaction, Ca is required for vascular
contraction and vasodilation, muscle function, edransmission, intracellular signaling and
hormonal secretion; though less than 1% of totdlyl©a is needed to support these critical
metabolic functions [39]. The remaining 99% of bwaly’s Ca supply is stored within the bones
and teeth to support their structure and functBone undergoes continuous remodeling with
constant resorption and deposition of Ca into nemeb

According to the Mg—Ca binary phase diagram, at&1éhe maximum solubility of Ca
in Mg is 1.34 wt%. Liet al.[40] designed experimental alloys with a Ca contanging from 1-
20 wt%. It was discovered that the as-cast Mg-5ah@ 20Ca alloys were very brittle at room
temperature and could be easily broken. Consequéind Mg—Ca alloys had to be designed
with low Ca contents (1-3 wt.%). ket al. ascertained from XRD patterns that the formatibn o

the secondary phase could be identified as@®ag The EDS analysis indicated that the grain
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boundaries were rich in Ca suggesting that theQAgohase precipitated along the grain
boundaries. However, inadequate mechanical pra@seas well as lower corrosion resistance
were two major limitations of the Mg—Ca binary gllo

Bettleset al.[41] reported that the addition of trace amourit€@to a Mg—Zn system
led to a significant enhancement of age-harderesganse by the refinement of the resulting
precipitate microstructure. In conjunction with grghancement of the age-hardening response
by the addition of Ca, the optimization of the higaatment cycle will result in further
improvements to the material properties.

2.3.2.3 Zinc.Zn is a metallic chemical element and is, in soespects, chemically
similar to Mg in terms of its ion size and its olymmon oxidation state of +2. Zn is thé"24
most abundant element in the Earth’s crust and esaential mineral required by the body for
keeping a healthy immune system, building proteimggering enzymes and creating DNA [42].

Metallic Zn appeared much later in history thandkieer common metals [43]. Copper,
lead, tin, and iron can be obtained by a proceésdceeduction, where their oxide ores are
heated with carbon to produce these elements aemmoletals. Zn oxide, however, cannot be
reduced by carbon until temperatures exceed avéoiting point of 907C and thus furnaces
developed to smelt the other metals could not predn.

There are substantial benefits to utilizing Zn msboying element in Mg-based alloys. It
has been shown that Zn can significantly enhanegethsile strength, elongation and corrosion
resistance of Mg alloys. Det al.[25] concluded that the addition of Zn is helpfuirefine the
grain size of the as-cast Mg-3 wt.%Ca alloy. Theirgboundaries become thinner and the grain
size is refined. Grain refinement is important liloyadevelopment because it can improve

mechanical property and reduce corrosion ratea#t determined that the Mg-3 wt.%Ca-2
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wt.%Zn alloy shows higher mechanical strength ametility than Mg—3 wt.%Ca [25].
Additionally, the eutectic (Mg+MgCa+CaMgesZns) phase in the Mg—3 wt.%Ca-2 wt.%Zn alloy
was found to improve its anticorrosion propertl@®tigh potential dynamic polarization [25].
The addition of the Zn element shifts the corrogotential towards the noble direction. Bu
al. [25] also found that the ultimate tensile strengftivig—3Ca alloys is increased significantly
by adding the Zn element.

Sunet al.[44] prepared an Mg—4.0Zn-0.2Ca alloy for theirastigation. XRD scans
were used to examine the phase of the as-castfathimy20 to 90 with a step size of 0.05
(Figure 3). Peaks from-Mg, CaMgeZns, and CaMgsZn,;3 were discerned in the as-cast alloy.
Additionally, the average grain size of the primarylg phase was calculated to be 100-130 pum
(Table 2) and the spherical secondary phases hademage diameter of 1-2 um which were

distributed mainly within the grains.
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Figure 3 X-ray diffraction patterns of Mg—4.0Zn-0.2Ca akp (a) as-cast, (b) extruded [44].



19

Langelieret al.[45] found that the addition of Zn to the Mg—Choglsystem resulted in
significant improvement in the hardening capaleitthrough altering the precipitation process
and refining the precipitate distribution. This irmpement in precipitation hardening can be
maximized by adding Zn in levels lower than itagablubility limit.

Ohishiet al.[46] explored the optimum Zn composition for agadening in the
Mg-Zn—-Ca ternary system. Table 3 list the composgiof the investigated alloys in both at.%
and wt.%. The Ca content of all alloy samples wixed at 0.3 at.% (0.5 wt.%). The Mg-0.3Ca
binary alloy is used as a control alloy to compgheeMg—xZn—Ca ternary experimental alloys.
Table 2

Grain size and mechanical properties of Mg—4.0Zr@a alloys [44].

Allovs Grain Size Yield strength Ultimate tensile Ductility
y (um) (MPa) strength (MPa) (%)
As-cast 100-130 60+1.5 185+15 12.5+1.5
Extruded 3-7 24045 29745 21.3£3.0
After immersion 3-7 160+10 220+15 8.3t1.5

Ohishiet al.[46] concluded that the higher addition of Zn le&ol completely different
precipitation reaction having three types of priatps; rod-shapef;-MgZn, phase along the
axis of the Mg, fine plate-like GBlgsZnz; phase on the basal planes with coherent straitnasin
and elongated basal plates along(thé 2 0) and(1 0 1 0) directions (Figure 4).

2.3.2.4 Rare EarthThe International Union of Pure and Applied Cheryisliefines rare
earth elements (REE) or rare earth metals (REM) @dlection of 17 chemical elements in the
periodic table, specifically 15 elements in theth@mide series along with yttrium (Y) and

scandium (Sc) which is described in Figure 5.
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Table 3

All compositions [46].

Designations at.% wt.%

Mg Ca Zn Mg Ca Zn
Mg-0.3Ca Bal. 0.3 - Bal. 0.5 -
0.1Zn Bal. 0.3 0.1 Bal. 0.5 0.3
0.3Zn Bal. 0.3 0.3 Bal. 0.5 0.8
0.6Zn Bal. 0.3 0.6 Bal. 0.5 1.6
1.0Zn Bal. 0.3 1.0 Bal. 0.5 2.6
1.6Zn Bal. 0.3 1.6 Bal. 0.5 4.2

Sc and Y are considered REEs because they terattn im the same ore deposits as the
lanthanides elements and exhibit similar chemicaperties [47]. They are referred to as ‘rare’
because it is not common to find them in commelsciaable concentrations. REEs generally
fall into one of two categories: light rare eartbreents (LREE) and heavy rare earth elements
(HREE). The definition of LREE and HREE are basedhe electronic configuration of each
rare earth element. The LREE are defined as lanthgha), with an atomic number of 57,
through gadolinium (Gd), with an atomic number 4f he HREE are defined as terbium (Tb),
with an atomic number of 65, through lutetium (ki)h an atomic number of 71, plus Y and Sc
with atomic numbers of 39 and 21 respectively.dilthe HREE are different from the LREE in
that they have paired electrons. The LREE haveanag electrons, more specifically,
increasing unpaired electrons from 0 to 7 [47, A8lditionally, there are two groups: rare
elements with (a) high solid solubilities (Y, Gdy, Dy, Ho, Er, Tm, Yb and Lu) and (b) limited

solubility (Nd, La, Ce, Pr, Sm and Eu) [49].
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Figure 4 A schematic illustrating four different typesmkcipitates [46].

Figure 5.Rare earth elements (metals) are often subdiviatedight rare earth elements

(LREE) and heavy rare earth elements (HREE) [47].

Hort et al.[50] used Mg-2 wt.%Gd, Mg-5 wt.%Gd, Mg-10 wt.%G&ad Mg-15
wt.%Gd alloys in their investigation. Accordingtttee Mg—Gd phase diagram (Figure 6), during
solidification the concentration of Gd in the sakdn accordance with the concentration as the

solidus line at a given temperature, and is inldaqium with the concentration in the melt at the
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liquidus line. The material solidifies completelythe eutectic temperature of 348 The
solidified material cools slowly allowing the prpitation of MgGd which dictates that an
amount of MgGd should exist in all experimental alloys. HoweweéRD measurements could
not prove the presence of pure Gd,sfd, or oxides in the Mg-2Gd, Mg-5Gd, and Mg-10Gd
alloys, but the MgGd phase could be confirmed in the Mg—-15Gd sampie$e as-cast Mg—-Gd
alloys, the grain size decreases with increasing@dent illustrated in Figure 7. This effect is
common in terms of the alloying element Gd contiitigito grain refinement to some extent.
The grains in all alloys, under all conditions eceirse. Horet al. explains that the reason
behind this phenomenon is a relatively slow cootiaig during casting due to the high melt

temperature and mold temperature, and a 30 mmakntkss cast plate.
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Figure 6.Mg—Gd phase diagram [50].

Most of the successful reports mnvivo application of Mg implants have investigated
Mg alloys that contain REEs [49]. REEs in Mg alloyiare predominantly used for

strengthening and to improve corrosion resistaBtg¢ Some impurity elements in Mg, such as
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iron, severely deteriorates its corrosion resisgaanod REEs can cancel their influence by the
formation of intermetallic compounds with the impiess [52]. Additionally, the corrosion
resistance of Mg mainly contingent upon the surfadde film, the incorporation of REEs in

Mg(OH), lattice is responsible for the improved corrod@mavior of Mg alloy.
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Figure 7.Grain sizes of the Mg—Gd alloys in the differenathireated conditions [50].

2.4 Alloy Processing

2.4.1 Filtration. The filtration of molten metals through foam fikgs a proven method
in order to remove or reduce harmful inclusionsaliitan decrease the melt fluidity and
increase the possibility of gas porosity formafig8-55]. These defects that are produced by
harmful inclusions reduce mechanical properties,oston resistance, and machinability of the
metallic material [56]. During the filtration progg three stages occur. The first stage is the
initial stage which is usually short compared te tiext two stages. In this initial stage, the melt
enters into some or all of the filter pores andsemuently heats the filter if it is not already

preheated [57]. The next stage is the normal fitirastage where the flow of molten metal
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through the filter is found to be constant. The fdage is the filter blockage stage in which the
molten metal flow decreases to near zero due téotineation of inclusions at the filter inlet and
the cooling of the melt [57].

There are several types of filters presently inrtfagket which include strainer cores,
woven cloth or mesh, and ceramic filters. Press#ldlar, extruded cellular, and foam filters are
categorized as ceramic filters. Metallic filtratioha nickel based super alloy using a@y
based foam ceramic filter was found to be an affeecheans of controlling the level and particle
size of inclusions [58]. This type of filter waslalbo separate coarse particles from the melt,
intercept inclusions based on particle size, artichprsmall blocky particles on the interior
surface of the filter.

There have also been studies done on the use afliméttration of molten metal.
Nazariet al.[57] used Al foam filters with 200 ppi pore sizefilter molten Mg—Al-Zn alloy to
study the effects on the mechanical properties ewetpto the non-filtered alloy. It was
discovered that the utilization of Al filters regad in a homogenized molten metal with smaller
and less porosity. As a result the bending strenglines of the samples with filtered Mg were
higher than that of the samples that were notrétteWanget al.[59] utilized SS nets to
determine the effects on the mechanical and camgsioperty for Mg—Gd-Y-Zr alloys. The SS
filtration was shown to not only remove the inchrss but also to better distribute finer
inclusions within the alloy. The mechanical properigreatly improved and the corrosion rate
decreased by the filtration treatment.

2.4.2 Heat treatment.Heat treatment is a metalworking process whichuites a
combination of heating and cooling operations aapto a metal or alloy in the solid state to

obtain desired alloy properties [60]. For exam@leguet al.[61] discovered that heat treatment
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significantly changed the corrosion resistancenoAZ91D alloy in simulated body fluid
Compared to the as-cast condition, there was actieduof the corrosion rate by 30-60%.
Furthermore, the mechanical properties of Mg comagi Al-silicon alloys can be enhance by
heat treatment [21].

There are several techniques included under hestihtent processing. Solution heat
treatment is a process that alters the microstreetithin an alloy through dissolving all solute
atoms to form a single-phase solid solution. Tlsuos as either a substitutional solution, where
the new atoms occupy sites in the host crystatétor as an interstitial solution, where the new
atoms squeeze into “holes” between the atoms dbaise lattice [62]. The amount of
strengthening depends on the amount of dissolvielesand the size difference of the atoms
involved. Since distortion of the host structurekesdislocation movement more difficult, the
greater the size difference, the more effectiveatidition [62].

The solution heat treatment process is a techniquéich an alloy is heated to a suitable
temperature and held at this temperature for acserft length of time to allow a desired alloying
element to enter into the solid solution. Thisakdwed by rapid quenching or cooling in a
suitable liquid to obtain certain material propestiQuenching prevents components that
normally form the secondary phase through low teatpee processing from occurring by
trapping the secondary phase within the parentéatthich produces a supersaturated solid
solution single phase [60, 62].

T4 heat treatment is the combination of solutioat ieeatment and natural aging. Aging
describes a time-temperature dependent change préiperties of an alloy. As a result of aging,
there is a precipitation from the solid solutioroof or more alloying elements whose solubility

decreases with decreasing temperature [60]. Thimtgue works by adding atoms of one
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element (alloying element) to the crystalline tatof the base metal. The alloying element
diffuses into the matrix forming a solid solutiddB] 64]. T4 heat treatment is reasonably cheap
and easy to perform and provides a microstructuaification resulting in improvements of
mechanical properties [20, 23]. Lat al. [65] found that T4 heat treatment has the abibty
increase corrosion resistance in the Mg-3 wt.%Xvyal

Ohishiet al. [46] conducted additional heat treatment processirthe MgxZn-0.3Ca
alloys by solution treatment at 5@ for 2 h and then quench into water. Aging wasedioran
oil bath at 200C. In terms of the age-hardening response of thexifig—0.3Ca alloys
investigated by Ohislat al, the Mg—0.3Ca binary sample exhibits little agedeaing where its
hardness peak is 50 HV at ~30 h according to thg S¢kers hardness test (Figure 8). Ohishi
discovered that the peak hardness of the Mg—-0.8@a&an be increased with the addition of
Zn, and the peak aging time becomes shorter. Tale lpgrdness of the Mg—0.3Zn-0.3Ca and
Mg-0.6Zn-0.3Ca samples are 66 and 69 HV whichigeaed in ~2 h, respectively. As the Zn
content increases beyond 0.6 at.%, the age-haglezsponse lowers. The peak hardness of the
Mg-1.6Zn-0.3Ca sample is 62 HV at ~70 h, whichiislggher than that of the binary alloy. It
was concluded that the Mg—0.6Zn-0.3Ca alloy shdwdest age-hardening response in the
alloys investigated in this work. The ordered mayel Guiner-Preston (G.P.) zones were
formed during aging until the peak-aged conditinggesting an excellent thermal stability. The
G.P. zone is the first stage of precipitation &sgtecipitates comes out of the solid solution and
is usually accompanied by a change in propertieéseofolid solution. Ohishi observed that the
G.P. zones were detected in the Mg—0.3Zn-0.3CavigitD.6Zn—-0.3Ca alloys, but not in the
Mg-1.6Zn-0.3Ca alloy. Ohishi ultimately concludéatthe monolayer ordered G.P. zones

contributed to the enhanced age-hardening response.
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Figure 8.Age-hardening curves of Mg—0.3Ca with differentcmtents at 20 [46].

Hort et al.[50] applied T4 treatment to the Mg—Gd alloys deped in their study. For
the T4 treatment, a temperature of 82%vas chosen and the samples were annealed for 24 h
Specimens were water quenched immediately aftdrtresiment. T6 treatment was also
conducted which include aging at 280for 6 h. The eutectic phase BGf can be observed at
the grain boundaries in all the as-cast samplaer A# treatments most of these particles
dissolve, though some still remain. The subseqUériteatment leads to the precipitation of
very fine particles in all alloys except for the M0 wt.%Gd sample. Selected area diffractions
indicate that these fine precipitates are the netées phaseg’, which is homogeneously
distributed over the matrix, aftl’, which can be observed in limited areas, aften@gi
2.5 Mechanical Property Assessment

Assessing the mechanical properties of biomateisaisucial in the development of
orthopaedic biomaterials. Biomaterials designedftitopaedic medical devices must be able to

provide maintain the mechanical integrity of aruned site throughout the entire healing
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process. Several studies on the mechanical cagedbf Mg alloys have been done. The
mechanical properties of the as-cast MQa system conducted by &if al. [40] revealed that the
yield strength, ultimate tensile strength and tloagation for the as-cast Mg€a samples
decreased with increasing Ca content (Figure @aritbe seen that the as-cast Mga samples
have yield strengths and ultimate tensile strentjtatare lower than the acceptable values
(200—-400 MPa) for biomedical applications [40]. Téfere there is a need for further alloying or
processing techniques to modify the as-cast Mig-alloy to obtain the appropriate mechanical
integrity.

Sunet al.[44] carried out tensile tests on the Mg—4.0Zn€aalloy at a constant
crosshead speed of 1.0 mm/min at room temperdfatde 2 summaries the grain size and
mechanical properties of the Mg—4.0Zn-0.2Ca allmdpced this study. The alloying effect of

Zn and Ca contributes to the modification of meatemproperties.
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Figure 9.Tensile properties of as-cast Mg—Ca alloy sampies@an temperature [40].
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Zn was found to have a solution hardening effedilgnand therefore the precipitation of
CaMgsZns, and CaMgsZn; s could enhance the strength and toughness of lihye @he as-cast
the Mg—-4.0Zn-0.2Ca alloy mainly consistsseMg and particle phases. Sun explains that the
stacking fault energy of Mg alloys decreased witfhttontent of solid solution Zn.
Consequently, the extended dislocations were breatievhich resulted in higher difficulty in
the initiation of non-basal slip. As a result, twincleation, which can be promoted by the
precipitation of particles, becomes an importaaspt deformation mode. Therefore, the as-cast
Mg—-4.0Zn-0.2Ca alloys had high ductility.

In terms of the effects of the REE on Mg, tensind eompression studies, conducted by
Hort et al.[50], were performed on the Mg—Gd alloy. From Fgb7 (Appendix), it can be seen
that increasing the amount of Gd in Mg improvesuhienate tensile strength (UTS) as well as
the tensile yield strength (TYS), while the elongato fracture (El) is reduced. Hort concluded
that the increase in TYS and UTS with increasingambs of Gd is mainly attributed to the
increase in Gd in solid solution in thematrix.

With respects to the heat treatment effects onahsile properties, the solutionizing
temperature (52%) and time (24 h) allowed the precipitates ofsfd to dissolve during the T4
treatments. For the alloys with a Gd content ofvi06 or less, grain growth could be observed,
and consequently both the dissolution of precipgand the grain growth contributes to the loss
in strength after the T4 treatments. In terms efdbmpression strengths, an increase in Gd leads
to increases in the compressive yield strength (C¥@ the ultimate compressive strength
(UCS) and a decrease in the deformation in comjpresshese results follow a similar trend to
the results obtained in tension except that thelatesvalues are higher compared to the tensile

results. It is clear to see that the alloying aedthreating processes are a key component in
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developing Mg biomaterials that will be able to dienthe mechanical requirements of an
orthopaedic implantable medical device.
2.6 Corrosion Assessment

The degradation behavior is important characterddtorthopaedic biomaterials because
this can have an effect on the mechanical integrity biocompatibility of the material.
Biodegradable materials are designed to provid@oeany support during the healing process of
injured tissue and then degrade afterwards [66]sTkeveral studies have been conducted on
Mg alloys to develop a biomaterial with suitablerosion resistance for medical implant
applications.

Li et al.[40] conducted an immersion degradation test ordg k = 1-3 wt.%)
samples in simulated body fluid (SBF) accordinghis ASTM-G31-72 standard. SEM
micrographs (Figure 10) show the corrosion surt#ddg—xCa samples immersed in SBF after

5h.

Figure 10 SEM micrographs of as-cast Mg—Ca alloys after ersion in SBF for 5 h: (a) as-cast

Mg-1Ca alloy, (b) as-cast Mg—2Ca alloy, and (crast Mg—3Ca alloy [40].

As seen in Figure 10a, the Mg—-1Ca sample mairdatine integrity of the corrosion film.
For the Mg—2Ca sample, some areas exhibited tHege# surface feature whereas other areas

were still covered with integrated surface filmtéfa 250 h immersion time, the Mg-1Ca and
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Mg-2Ca samples were found to be covered entirelly white precipitates and the square
geometry of the samples were severely destroyadhEdVig-3Ca sample, the plate degraded
too fast and disintegrated into fragments afteh 2&«posure.

In terms of electrochemical corrosion testing, adog to the ASTM-G102-89 standard,
the corrosion rates derived from the corrosionenirdensities for the as-cast Mg—1Ca, as-cast
Mg-2Ca, and as-cast Mg—3Ca samples were calcuiated 12.56, 12.98, and 25.00 mm/year,
respectively. A model of the alloy and aqueoustsmiunteraction was created to describe the
corrosion processes and the subsequent hydroxiafatnation (Figure 11). Li explained that
when the Mg—Ca alloy surface was exposed to the@spisolution, the M@a secondary phase
acted as a cathode for hydrogen evolution becéespdtential of MgCa precipitate was more
positive than that of the-Mg matrix. The anodic dissolution of Mg occurrand the Mg
hydroxide film was expected to form on the surfat&g—Ca alloy due to the significant
alkalization near the surface. Since an increasdégsCa amount would lead to an increase in
cathode-to-anode area, it could explain why theoston rate obtained from electrochemical
tests increased with increasing Ca content. Li estggthat to meet the requirement of the
harmonization between implant biodegradation awd Imene formation, the addition of other
elements and heat treatment processing could retacdrrosion and improve corrosion
resistance, respectively.

Sunet al.[44] conducted a 30-day immersion degradationdegshe Mg—-4.0Zn-0.2Ca
alloy in c-SBF. The Mg—-4.0Zn-0.2Ca samples degrapeckly, accompanied by the release of
hydrogen and form of an insoluble corrosion layatirth the early stage of the immersion test.
After the formation of the corrosion layer, the chtpd rate began to slow down as a result of

the insoluble corrosion layer retarding the degtiada
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Figure 11 Schematic diagram of the alloy/solution biocoiwasnterface: (a) the galvanic
corrosion between Mg and Mga phase, (b) the partially protective film covgrthe surface of
Mg—Ca alloys, (c) the absorption of chloride ioagransform Mg(OH)into MgCh, (d) the
hydroxyapatite formation by consuming®andP03~, and (e) the disintegrated particle-shape

residues falling out of the bulk substrate [40].

The degradation rates, which were obtained accgrtdithe ASTM-G31-72 standard,
after 30-day immersion are listed in Table 4. Thgrddation rates of the Mg—4.0Zn-0.2Ca
samples were slower than the pure Mg (> 99.99%lrabgroup. Sun explains that with the
increasing time of immersion, more KigZn** and C&" ions were dissolved into the SBF
solution. As a result, an Mg-containing Ca phoselpaecipitated from the SBF solution and
deposited on the surface of the samples. Previodses [67] conclude that this corrosion layer
has the ability to promote osteo-inductivity anteosconductivity, predicting good
biocompatibility and retarded degradation. Therefiie degradation of Mg—4.0Zn-0.2Ca in

Sunet al. study is concluded to be harmless and to have gmmdmpatibility.
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Table 4

Corrosion potential, corrosion current, and corron rate of Mg and Mg4.0Zn-0.2Ca alloy:

[44].

Materials E (V) Current (A/cn) V (mm/year)
Pure Mg -1.906 3.715 x 10 2.13
As-cast Mg-4.0Zn-0.2Ca -1.70 2.67 x 10 2.05
Extruded Mg-4.0Zn-0.2Ca -1.677 2.43 x 1¢ 1.98
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Figure 12.Corrosion rates determined by hydrogen generatidnnaeight loss measuremel

[50].

The corrosion resistance of the —RE alloys investigated by Hoet al.[50] was
conducted through immersion tests in aerated 1% sodhloride (NaCl) solution. Th
corrosion rates were determinieg calculations based on the hydrogen formationvegidht

loss shown in Figure 12 can be seen that with increasing Gd up to 10a/tr the a-cast
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condition, the corrosion rate decreases. The Mg€l&ues, which have a higher Gd amount,
lead to a drastic increase in the corrosion ratet ekplains that compared to the other binary
alloys, the fraction of the grain boundaries igéarfor the 15 wt.% Gd alloy. They also note that
the Ni content in the Mg—15Gd was the highest olesbr
2.7 Cytocompatibility Assessment

Several studies have been conducted on the cytatdntgpy of Mg alloys. In the
cytocompatibility studies presented bydtial. [40], the Mg—1Ca alloy underwent cell viability
examination. Figure 13 describes the cell viabiity-929 cells cultured in 100%, 50%, and

10% Mg-1Ca alloy extraction medium for 2, 4, andays.

210
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Figure 13 L-929 cell viability expressed as a percentageeiviability of cells in the control
after 2, 4 and 7 days of culture in Mg-1Ca alloyrastion media with 100%, 50%, and 10%

concentrations, respectively [40].

There was a significantly higher absorbance inMige- 1Ca alloy extracts than that of the

control. In addition, the cell viability was posiily influenced by the extract concentration. Li
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explains that the abundant Mg ions released irgatiture medium by the corrosion
Mg-1Ca alloy might contribute to the ileased cell viability. Mg ions were found to simal
the integrinmediated osteoblast response by facilitating theraction of intecins with their
cognate ligands [40].

Sunet al. adopted L929 cells to evaluate the ccompatibility of Mg-4.0Zn-0.2C¢
alloys as well. Cells were incubated with —4.0Zn—-0.2Ca extract for 1, 2, 4, and 7 déFigure
14). Sun determined that the M§0Zn—0.2Ca alloy has a level of biosafety suitableirc

cellular applications according to the ISO 1C-5: 1999 standard [68].
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Figure 14 Cell viability cultured in 100% extraction medidor 1, 2, 4, and 7 day44].

2.8 Commercial Patents

Xiaonong Zhang received a patent entitBio-absorbable Mg-Zia thre«-elements
magnesium alloy materiah 2006[69]. This invention deals with the development of
absorbable MgzZn—Ca ternary alloy system to be used for biomadipplicdions. The alloy

system in this invention comprises of the followomnponents by weight percentag-8% Zn,



36

0.1-2% Ca, and a balance Mg. Zhang claims thadtimum mechanical property and
biological corrosion performance, the ideal weigéatcentage for Zn and Ca are 6+0.5% and
0.5+0.1% respectively. For this composition, Zhaltegms that the tensile strength (300 MPa)
and ductility (8-10%) can guarantee excellent pennce in medical applications. The
Mg-Zn-Ca alloy in this invention consists of higlripy raw materials and high cleanliness of
smelting technology to manufacture. The purityref taw material should not be less than
99.99% Mg, 99.999% Zn, and 99.75% Ca. Melting aasting procedures require the use of
high purity argon inert gas, the use of specigbhita or titanium melting crucible, and a melting
temperature of about 790.

Additionally, the United States patent entitlegplant with a base body of a
biocorrodible magnesium alldyy Bodo Gerold presents an invention that has agut
corrosion behavior and mechanical properties fqiamts made of a biodegradable Mg alloy

[70]. The Mg alloy claimed in this patent has tleenposition of:
o Gd:2.7-15wt.%

e 7Zn:0-0.5wt.%

o Zr:0.2-1.0 wt.%

e Nd: 0-4.5wt.%

Y: 0-2.0 wt.%

Mg and the impurities due to the manufacturing psscaccount for the remainder up to a
total of 100 wt.%. The alloy can be produced aratessed according to the procedures for
manufacturing common Mg alloys. Gerold explaing tha preferred amount of Gd is 7.0-13.0

wt.% to ensure the pharmacological effects of tdedbs released on degradation of the
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material in the body. The preferred Zn concentrats00.1-0.5 wt.% and the preferred addition
of Zr to improve the corrosion properties is 0.2-@1.%. The preferred Nd content of the alloy
is 2.0-2.5 wt.% which can improve the mechanicapprties. If the Nd content exceeds 4.5
wt.%, then the ductility of the alloy is worsenegthuse of the limited solubility of Nd. The
alloy in this invention is characterized in thatmqaete or almost complete dissolution of all the
precipitated intermetallic phases is achieved lat treatment. Consequently, the required
plastic deformability and desired mechanical propsrof the material are preserved over the
entire manufacturing process. The inventive allayileits improved strength. For example the
range between the onset of plastic deformationraaching the tensile strength and/or
compressive strength is optimized according tauthiéorm elongation. The elongation range is
large and shows a uniform increase in the stréss)gth and deformability required for further
deformation. For stents, the patent claims thatiheerial allows an improvement in the
supporting force and the diameter of the struthiénstent can be kept small. Additionally, the
alloy is claimed to have a reduced corrosion teng@ma physiological environment. In terms
of in vivo degradation, the claim is that the alloy evideatBo has a positive pharmacological
effect on the surrounding tissue, according toipriebry experiments, in particular in the case
of a stent used as intended. The preferred imfdanihe alloy claimed in this patent to be

implemented is a stent.
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CHAPTER 3
Experimental Methods and Concepts

In this chapter, the materials preparation, mictastire assessment, mechanical tests,
corrosion test, and cytocompatibility assessmeadl digr the experiments are described and
discussed. The statistical analysis of all quatntgadata produced by scientific experiments is
also explained in this chapter.
3.1 Materials Preparation

3.1.1 Design strategyDesign strategy is one of the more critical stepthé success of
creating a viable biomaterial. The two alloy systesalected to be studied for this research work
were the magnesium-zinc-calcium system and the esagm-zinc-calcium-rare earth system
based on their intriguing alloying characteris{i€able 5) which was discussed in more detail in
Chapter 2.
Table 5
Elements alloyed with the based magnesium and neagtehind the usage of these alloys in

this research project.

Name Elements Attractive Characteristics

MgZnCa Zinc Elevates corrosion potential and impogorrosion
resistance; improves hardening capabilities; refieet of
precipitates

Calcium Major component in human bone and can acatd bone
growth; grain refinement and creep resistance

MgZnCa-RE Rare Earth High strength and ductilitgprove mechanical
properties; corrosion and creep resistance
Zirconium Grain refinement; increase strength

3.1.1.1 Magnesium-zinc-calcium systeifhe effects of Zn content on the as-cast

Mg—-Ca system was investigated in this study. Thed&mcentrations started at 0.5 wt.% and
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were increased systematically to 10.0 wt.% andlasggnated as M-46 to M-53, respectively
(Table 6). All samples of the MgZn—Ca system were produced with the Ca concentratio
0.3 wt.%. Ca has low solubility in magnesium whagime to only 0.2 wt.% at room temperature
and 1.2 wt.% at high temperature in the equilibrgtate and consequently is maintained at a
lower level [71].

3.1.1.2 Magnesium-zinc-calcium-rare earth systefil. samples of the MgZnCa-RE
system were produced with 1.0 wt.% Zn, 0.3 wt.% &l 1.3 wt.% rare earth alloys.

3.1.2 Alloy processingThe innovative aspect of this research was basedeoalloy
processing which dictates the uniqueness of edaf dlhe processing, characterization, and
screening of each alloy was done with the followimgdamental questions in mind [72]:

1. What are the most critical steps during Mg procesaind/or Mg implant production to
imprint harmful impurities into the Mg material?

2. What are the most important parameters that arelatary to be included in a bench test
(materials screening test) to determine whetheo@egradable Mg material is suitable as a
biomaterial?

3. What are the most relevant environmental factorgpticate in a bench method to ensure

that the intermediate and ultimate byproducts aresistent with those generated throughout

in vivouse?
3.1.2.1 Melting and castindAll alloys fabricated in this study were produdbugh
common metal casting techniques. Melting and atigyiperations were performed in a low
carbon steel crucible in an inert UHP grade argonrenment, which prevents the oxidation
reactions of molten Mg. High purity Mg (99.97%) wsesated at 71 for 10 minutes or until

the slug was completely melted.
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Table 6
Nominal composition of as-cast Mg—xZn—Ca systemwéight percentage and the Mg

concentration is in balance.

Elemental composition (wt.%)

Alloy Name
Zn Ca
M-46 0.50 0.30
M-47 1.00 0.30
M-48 2.00 0.30
M-49 3.00 0.30
M-50 4.00 0.30
M-51 5.00 0.30
M-52 6.00 0.30
M-53 10.00 0.30

Each alloying element was then added separatelkegpidfor 10 minutes before adding an
additional alloy to ensure all alloying elementseveompletely dissolved into the melt.
Automated stirring was applied for 15 minutes ttplgrovide a homogeneous distribution of
elements throughout the melt. The melt was thesedaio 730C (Mg—xZn-0.3Ca alloys) or
750°C (MgZnCa-RE alloys) for 15 minutes and then pount¢ol a steel book mold.

3.1.2.2 Heat treatment.evi et al.[73] discovered that at 466 for the Mg-1.6 wt.% Ca-
3.2 wt.% Zn alloy, more than 2% of the microstruetat equilibrium is liquid. In order to
prevent or minimize the grain boundary melting, iLfelowed a four-step heating procedure
which consisted of: (1) holding at 3WD for 48 h; (2) quasi-stationary heating€1h) to the
holding temperature; (3) holding at #65for 96 h; followed by (4) water quenching.

Therefore, a double stage heat treatment processmypdemented for this study in an

effort to prevent the melting of the grain boundduying the solution treatment process. To
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optimize this double stage solution treatment meder the MgxZn—-0.3Ca alloys, several
different time and temperature parameters wereoegglfor this study.

The first stage of the T4 solution heat treatmeat@ss was conducted at a low
temperature (30@ or 320C) for a specific amount of time (20—48 hours). Bleeond stage
includes additional solution treatment at a higlkenperature (400-48Q) for a specific amount
of time (2-144 hours). Quenching was done in hylitanl. The temperature of the first stage
was chosen based on the structural studies on ¢hetldZn—-0.4Ca alloys conducted by
Hradilovaet al.[74]. From the results of their differential scamqcalorimetry (DSC), the DSC
curves indicated that there were two endothermakpat 340C and 390C for the as-cast alloy
which was determined to be the presence ofitMg+MgZn eutectic phase at 34D and the
CaMgsZn; phase at 39C. For the T4 heat treated Mg—4Zn—0.4Ca alloy,D8€ curve
indicated that the 34C peak found in the as-cast curve was suppressdtebl4 treatment.
However, the peak at 390 which indicates the presence of theNgsZn; phase remained
unchanged. As a result, the temperature of thediiege in the solution treatment process in this
study was held under 340. According to the binary phase diagram of Mg—the, solidus line
is at about 510°C. Therefore, at 480°C, the allmukl not start to melt. Nevertheless, if the
alloy was directly heated to 480°C at a quick raatp, the secondary phase preferably at the
grain boundaries would melt, which would lead tatiteeatment defects. To avoid this
phenomenon, a slow ramp rate 6€1Imin was used to reach the treatment temperatutesi
first stage and a ramp rate of @Imin was used for the second stage. This alloveetq the
secondary phase to dissolve into the Mg-matrixolidphase.

The MgZnCa-RE alloys were also introduced to hesttinent processing. Haat al.

determined that introducing T4 treatment at®2%r 24 h to the Mg—Gd system was effective
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in dissolving eutectic particles into the primargtnix. Consequently, a double stage T4
treatment process was conducted in which thediegie consisted of a temperature of°4Dfbr
20 h and then an additional treatment of the sestagk at 50 for 2, 4, 6, and 8 h. The
double stage treatment was done with the same rat@p as described above.
3.2 Microstructure Assessment

3.2.1 Polishing and etchingCareful and meticulous surface preparation mushaee
to reveal the important details of a microstructdiee specimen must first be polished to a
smooth and mirror-like finish [64]. Polishing istef used to enhance the look of a component,
prevent contamination of instruments, remove oxuator prevent corrosion in pipes. For this
study, in order to observe the grain structurdnefdamples, a metal polishing technique was
applied. All samples were polished initially usia@00 grit silicon carbide polishing paper. Each
subsequent polishing stage used a finer grit paperh included 800, 1000, and 1200 grit
silicon carbide polishing paper. Additional polisgiwas performed using 3 um, 1 um and 0.05

pm diamond suspension solution until a mirror finigas achieved.

Microscope

etched surface

7‘ A 1A Polished and
7 |

Figure 15 Schematic of a section view of grains showing lieavetching characteristics and

resulting surface texture can vary from grain taig{64].
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After polishing, etching was introduced to each glmChemical etching is the process
of revealing microstructural details that would betevident on an as-polished sample. The
etchant corrodes the microstructural features ngakimore concise and clear to define. The
chemical reactivity of the grains of some singlegdnmaterials depends on crystallographic
orientation. Consequently, in a polycrystallineagpen, etching characteristics vary from grain
to grain. Figure 15 illustrates how normally inaiiéight is reflected by three etched surface
grains, each having a different orientation. Theéage structure of an alloy as it might appear
when viewed with the microscope; the luster oruexbf each grain depends on its reflectance
properties [64]. All samples were etched with aii®al solution. Additional etching was
performed with picric acid solution on certain sd@spgo achieve better grain contrast.

3.2.2 Grain size evaluationThe Heyn Lineal Intercept procedure was used imagt
the average grain sizes of all alloys [75]. Aftelighing and etching, images of the
microstructure of each sample were taken using éies Axio Imager 2 optical microscope.
Optical microscopy (OM) is a type of microscopetthses light and a system of lenses to
magnify images of samples. Fifteen identical irgléirtest lines were used for each alloy. The
number of intercepts within each test line is cedrdat a 5x magnification. An intercept is a
segment of test line overlaying one grain. Siné& anagnification was used, the intercept
numbers and the lineal length of each test lineewenverted based on a 1x magnification using

the equations below:

N; = Nj (Mﬁb) Equation 1

N; is the number of intercepts within a test ling; islthe number of grains intercepted by the test

line at magnification Mwhich is the basic magnification at 1x. M is tHeserved magnification.

L=1L, (%) Equation 2
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L is the length of the test line and is the test line at magnificationgWWhen counting
intercepts, segments at the end and the beginfhiadgest line which infiltrate into a grain were
counted as half intercepts. The number of intescppt unit length of each individual test line
(NL) was calculated using,

N, =— Equation 3
The average Nfor each sample was then calculated. The ASTMWhgime number (G) was
subsequently determined using,

G = —3.2877 + 6.6439log,( N, Equation 4
The average grain diameter is then ascertained tihemASTM grain size number utilizing the
“Grain Size Relationships Computed for Uniform, Bamly Oriented, Equiaxed Grains”
information found in the ASTM standard E 112-10][75

3.2.3 Elemental mapping and spectroscop¥lemental mapping at the microstructure

level by scanning electron microscopy (SEM) witlergy dispersive X-ray spectrometry (EDS)
has been widely applied in science and enginee@ogibining the EDS system with the SEM
allows the identification of compositional gradieatt grain boundaries, second phases,
impurities, inclusions, and small amounts of maldetn the scanning mode, the SEM-EDS can
be used to produce maps of element location, caratem, and distribution. Figure 16 depicts a
schematic of a typical scanning electron microsc@@nerally, the quality and resolution of
SEM images are a function of three major parameigggument performance, selection of
imaging parameters, and the nature of the specj@@nThe main components of a traditional
SEM are electron column, scanning system, detedaglay, vacuum system, and electronic
controls. The electron column of the SEM consi$@noelectron gun and two or more

electromagnetic lenses operating in vacuum.
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Figure 16.Schematic of a conventional scanning electronasmope [76].

The electron gun generates and accelerates freteogle to energies in the range of 0.2
keV to 40 keV, which are focused or condensed byethactron lenses to create a small stable
electron beam on the specimen [76, 77]. Most SEitk, the help of the scanning coils, can
create an electron beam at the specimen surfabeagitze less than 10 nm in diameter while
still carrying a sufficient current to form an apta&ble image. Each point on the specimen that is
struck by the accelerated electrons emits a ratiglectromagnetic signal. Selected portions of
this radiation, usually secondary (SE) and/or beattered electrons (BSE), are collected by a
detector and the resulting signal is amplified disgplayed on the computer monitor [76]. The
interaction of an electron beam with the surfaca specimen and the size and characteristics of
that interaction volume is important for both thgygical foundation for imaging and the
chemical or X-ray analysis of the sample. The axtgon of an electron with a specimen
provides a wide variety of signals that can proxadggnature of the specimen, specifically

information on its structure and chemical composi{i78]. The schematic representation of the
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various signals generated as a result of electeambinteraction with a specimen is shown in
Figure 17.

The EDS system utilizes the X-ray spectrum emittgd specimen that is bombarded
with the electron beam to obtain a localized chataoalysis. All elements from Beryllium
(atomic number 4) to Uranium (atomic number 92) loametected in principle [79]. Qualitative
analysis involves the identification of the linesthe spectrum and is fairly straightforward
owing to the simplicity of X-ray spectra. Quantiatanalysis or the determination of the
concentrations of the elements present entails umegdine intensities for each element in the

sample and for the same elements in calibratiomdstas of known compositions [79].
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Figure 17.Schematic drawing of the tear-drop model of tleetebn interaction volume and the

volume/depth from which the different signals anage [77].

The Hitachi® SEM SU800 was used to capture highityuanages of mapping areas.

Elemental compositions of the primary and secongagases of the grain structures were
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mapped using the attached EDS mapping feature. #lalbEDS mapping was conducted using
a working distance of 15.5 mm, and a voltage amceatiof10kV and 20pA respectively.
3.3 Mechanical Tests

Ascertaining the mechanical properties of fabridateterials is critical to alloy
developers, as well as to medical device desigiéis objective of this testing was to
characterize the compressive and tensile behaviguile 18) at static conditions for the series of
magnesium alloys produced for this study to asdesmechanical integrity for each
formulation.When forces that are applied to a material aretaohshey are said to be static.
Material characteristics and mechanical strengtlewgeantified and assessed for the potential
use as biomaterials in medical devices. All meatelresting conducting on the Mg-based
alloys in this study were either outsourced to Gkthetics Testing Technologies LLC, an ISO
17025 certified, A2LA accredited test facility oorte in-house in accordance with ASTM E9-09,
“Standard Test Methods of Compression Testing afaMe Materials at Room Temperature"
[80] and ASTM E8/E8M-11 “Standard Test MethodsTension Testing of Metallic Materials”
[81] at North Carolina A&T State University Mechaal Testing Facility.

3.3.1 Compression testingThe properties of a material are determined froen t
dimensions of the sample and the stress-straimatragroduced by the compression test.
Samples dedicated for the compression tests weinatowcylinders with dimensions of 10 mm
in diameter and 20 mm in height (Figure 19a). atistcompression testing, the actuator of the
MTS electro-mechanical test machine was connectéuet superior compression fixture which
held a stainless steel adaptor plate to the lokdTdes test apparatus was assembled such that
the Z-axis of the device was collinear with thesaodi the actuator and load cell of the testing

machine.
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Figure 18 Examples of tension and compression loading laeid $hear response [62].

When loaded, the actuator applied a resultant far¢ke specimen directed along the
longitudinal axis, which was aligned along the eewif the circular cross-section plane of the
test specimen. After each compressive failure thstiest fixture was inspected to ensure the test
platen and components were not compromised or selyeaffected by the previous test.

A compressive load was applied to each specimemtaduo the test machine at a rate of 2.0
mm/minute under displacement control until a faluras achieved. The test was stopped after
the onset of a failure mode, where a failure wdsde as plastic deformation that rendered the
device ineffective or unable to adequately resiatl] or permanent deformation resulting from
fracture. Such failure was designated as a reduatithe compressive force, or when the
superior and inferior fixtures made contact. Aitteg was conducted in ambient air at room
temperature. Load and displacement data were regdhdoughout the test at a relevant

sampling rate. A laser extensometer was used traiety track specimen deformation at
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precise markings on the test samples, as mechdossals in the test system (crosshead and

fixtures) made crosshead displacements inconsigtequre 19b is a representative setup

configuration photo of the static compression éggiaratus.
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Figure 19 (a) Compression test sample and (b) static cossjfme apparatus.

3.3.1.1 Modulus of elasticityThe modulus of elasticity is a material propehstt

quantifiably describes the tendency of a matedaldform elastically when a stress is applied to

it. A uniaxial force is applied to the test specmaand the stress and strain were measured. The

engineering stress) is determined by dividing the indicated forcetbg sample’s original

cross-sectional area (Equation 5). The engineetiragn () is defined as the difference between

the instantaneous length and the original lengttddiby the original (Equation 6). By

convention, a compressive force is taken to bethegavhich yields a negative stress.

Furthermore, sinck is greater thah, compressive strains computed from equation 13lace

negative.

o=— Equation 5
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e=lite 4 Equation 6

lo lo

The appropriate slope is then calculated from tress-strain curve (Figure 20) which is derived
from the test data [82]. For most metals, the stimproportional to the applied stress which is
known as Hooke’s law (Equation 7), and the const&ptoportionalityE is the modulus of
elasticity.
o =Ee Equation 7

For this study, after the test data was importéal tine processing software, the
engineering strain is set up as #haxis (%) and the engineering strain is set uphayg-axis
(MPa). Once the stress-strain curve was constrdotedthe test data, the initial linear portion
of the curve is isolated and a linear line wagf(itto the curve. The slope from the equation

derived from said linear line is determined whishhe elastic modulus of the alloy.

Unload

Slope = modulus
of elasticity

Stress

Load

Strain
Figure 2Q Schematic stress-strain diagram showing linesstiel deformation for loading and

unloading cycles [64].
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3.3.1.2 Yield strengthin materials development, the design for the apgibhn of a
material usually ensures that only elastic defoionawill result when a stress is applied.
Consequently, it is important to know the stresslath plastic deformation or yielding occurs.
For metals that experience this gradual elastistigléransition, the point of yielding may be
determined as the initial departure from lineaotyhe stress-strain curve; this is sometimes
called the proportional limit [64]. In most cashs position of this point may not be able to be
determined precisely, therefore the offset metisagpplied. The offset method is where a
straight line is constructed parallel to the etaptirtion of the stress-strain curve at a specified
value (conventional offset is 0.002.) [64, 80]. Meld strength is defined as the stress
corresponding to the intersection of this pardited and the stress-strain curve as it bends over
in the plastic region (Figure 21). The line mnasstructed parallel to OA, and is positioned at a
layoff position Om equal to the specified valueotitet. Thus the intersection r between mn and

the stress-strain curve is the yield strengthHergpecified offset [80].
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Figure 21 Stress-strain diagram for the determination efdystrength by the offset method.



52

3.3.1.3 Ultimate strengthd-or materials that fail in compression, the ultiena
compressive strength (UCS) and ultimate tensingth (UTS) is the maximum stress that a
material can withstand before fracture on the stedsain curve [80]. It is determined by dividing
the maximum load in compression (or tension) byahginal cross-sectional area of the test
specimen. The ultimate strength is a key valuelésign of structure purposes.

3.3.2 Tensile testingThe most common of the static tests is the unidaresile test,
which provides information about a variety of pradjees [62]. When a material is subjected to
tensile loading, the relationships between stradssérain are similar to those for a compressive
testing. Up to a certain value of stress, the maltbehaves elastically. Beyond this value, plastic
flow occurs. Static tension testing was performedtandard tensile test samples (Figure 22a).
The actuator of the electro-mechanical test machiaeconnected to calibrated high force MTS
wedge style tension gripping fixtures. Each testfga was inserted into the fixtures and
clamped securely. When loaded, the actuator applregultant force to the specimen directed
along the long axis and located at the centeretthss section of the specimen. The test
apparatus was assembled such thattdeds of the device was collinear with the axighod
actuator and load cell of the testing machine. iAdch tensile failure test, the test fixture was
inspected to ensure the grips and clamps wereamopiomised or adversely affected by the
previous test.

A tensile load was applied to each specimen loauéke test machine at a rate of 1.3
mm/minute under displacement control until a faluras achieved. The test was stopped after
the onset of a failure mode, where a failure wdsde as plastic deformation that rendered the
device ineffective or unable to adequately resiatl] or permanent deformation resulting from

fracture. Such failure was designated as a sudgthrction in the tensile force, or when the
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specimen fractured and separated. Load and disptatedata were recorded throughout the test
at a relevant sampling rate. A laser extensometsruwsed to accurately track specimen

deformation at precise markings on the test samptemechanical losses in the test system

(crosshead and fixtures) made crosshead displad¢snineonsistent.

Figure 22 (a) Tensile test sample and (b) static tensiqraggius.

All testing was conducted in ambient air at roomperature. Figure 22b is a
representative setup configuration photo of thecstansion test apparatus. The samples for
tensile tests are reduced ASTM flat shape (Fig@)eo23 mm x 3 mm in cross section and 12.5
mm in gauge length (Figure 22a). A tensile load a@ggslied to each specimen loaded in the test
machine at a rate of 1.3 mm/minute under displac¢centrol until a failure was achieved. The
test was stopped after the onset of a failure matiere a failure was defined as plastic
deformation that rendered the device ineffectivarmable to adequately resist load, or permanent
deformation resulting from fracture. Such failurasadesignated as a "'sudden reduction in the

tensile force, or when the specimen fractured apasated.
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3.3.2.1 ElongationDuctility, which is the degree of plastic deformatthat has been
sustained at fracture, is another important medaaproperty that can be determined from a
tensile test (Figure 24). Ductility can be exprelsgeantitatively as percent elongation [64]. The

percent elongation (%4.) is the percentage of plastic strain at fracture,

%AL = (lfl;l") %X 100 Equation 8

o

wherel; is the fracture length and lo is the original galength. A significant proportion of the
plastic deformation at fracture is confined to tleek region; the magnitude of2%b will depend

on specimen gauge length. Since the elongatiorvaif with different gauge lengths, it is
important to remove the size effect to produce tiadais characteristic of the given material and
not the particular specimen. The elongation isdfuge divided by the original gage length to
eliminate the size effects [62]. Elongation is irsedy proportional to hardness, elastic modulus,
and tensile strength. Meaning the greater a métehardness, modulus, and tensile strength, the

less it will elongate under stress.

Figure 23 Rectangular tension test specimen where A islteofreduced section, B is length of
grip section, C is width of grip section, G is gaugngth, L is overall length, R is radius of fjlet

t is thickness, and W is width [81].
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Stress

Strain

Figure 24 Schematic of a stress-strain diagram showing@fieéastic deformation for loading

and unloading cycles [64].

3.4 Corrosion Assessment

Mg alloys exhibit an attractive commodity for indual applications like the
automotive/transportation industries. Mg providas iveight, cost efficient solutions based on a
fully recyclable material [83]. Poor corrosion gaince of Mg alloys has been a major obstacle
to their widespread applications as structural mete[84]. The problem of metallic corrosion is
one of significant proportions; in economic teri$as been estimated that approximately 5%
of an industrialized nation’s income is spent orr@sion prevention and the maintenance or
replacement of products lost or contaminated &sualtrof corrosion reactions [64]. However,
there is a growing interest in the medical commutdtuse corrodible alloys in a number of
medical applications, due to their ability to detgahrough corrosion reactions in the body fluid.
In vitro corrosion tests are cost effective, simple to trong and helpful in predicting the

corrosion behavior of biodegradable materials.
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3.4.1 Galvanic corrosion.Corrosion is defined as the destructive and untigeal

attack of a metal. In terms of Mg, the most comrfam of corrosion that occurs in an aqueous
environment is galvanic corrosion. This form ofrosion occurs when the two metals or alloys
having different compositions are electrically clmgowhile exposed to an electrolyte [64].
During a galvanic reaction, the base metal or meaetive metal in the particular environment
will experience corrosion; the more inert or nofmetal, the cathode, will be protected from
corrosion [64]. More specifically, one of the metal the galvanic couple becomes the anode
and corrodes faster than it would by itself, while other becomes the cathode and corrodes
slower than it would alone [85]. Metallic atoms ceristically lose or give up electrons in
what is called an oxidation reaction; the site hiolr oxidation takes place is called the anode
[64, 85]. For example, metal M with arnvalance electron may undergo the following oxioiati
reaction where M becomes positively charged anellitsn valance electron (Figure 25):

M - M™ + ne~ Equation 9
By convention, the electrons generated from eadalratom under oxidation must transfer to
and become a part of another element or compoumhvgsaid to undergo reduction. Some
metals corrode in acid solutions which have highcemtrations of hydrogen ions that are
reduced and hydrogen gas is generated as follogsré=25):

2H* + 2¢e~ > H, Equation 10
The location at which this reduction occurs isexlihe cathode. For galvanic corrosion to occur,
three conditions must be present [85]:
1. Electrochemically dissimilar metals must be present
2. These metals must be in electrical contact, and

3. The metals must be exposed to an electrolyte
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Figure 25 The electrochemical galvanic reactions assochmattdthe corrosion of hypothetical

metal M in an acid solution.

3.4.2 Immersion corrosion testThe two most common corrosion testing procedures
used to determine thie vitro corrosion rate of a biodegradable material areetbetrochemical
method and the immersion corrosion test. Howewercbrrosion rate obtained from
electrochemical methods may be unreliable duedm#gative difference effect (NDE) which
should be regarded as a common process in thescamrof Mg [86]. The NDE effect is
essentially the effect that the measured hydrogelugon is greater than the expected hydrogen
evolution. For most metals, the hydrogen evolutienreases with an increase of the applied
potential or current density. However, for Mg,stfound experimentally that, with increasing
potential, both the Mg corrosion rate and the hgdroevolution rate increase [86]. This

electrochemical phenomenon causes the weight &dsslated with Faraday’s law is lower than
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the weight loss determined experimentally. Consetiyefor this study, immersion corrosion
testing was utilized.

Immersion testing is one of the most frequentlydtaried experiments for evaluating the
corrosion of metals in aqueous solutions. The fatiod of an immersion test is that a test
specimen is completely immersed in a corrosivetgoidor a set period of time and then the
specimen is removed and analyzed. However, a nuailfactors must be considered to achieve
specific goals and to ensure adequate reproduygibiiitest results. The actual conditions of the
test are usually determined by the nature of tbelpm at hand, the ingenuity of the
investigator, and the budget of the test progranj. [8

3.4.2.1 Test specimen preparatiohest specimens of each alloy were cut into 10
mmx10 mmx3 mm pieces and polished with 400, 600, 8000, and 1200 grit carbide papers
and ultrasonically cleaned with acetone. Initiabisigrements of each specimen where recorded
which included the initial weight (g), thicknessrt) and surface area (ém

3.4.2.2 Test conditionswo types of test solutions were used for the insmoa tests.

The first type of solution was 0.9% NaCl physiotmisaline solution which consisted of 0.9%
NaCl per 1000ml of deionized water. The second tfsolution was a cell culture medium
called Minimum Essential Medium Alpha (MEd)1 Test specimens were individually placed
into containers and were filled with test solutlmased on the “solution volume-to specimen
area” ratio of 0.50 ml/mM88]. Each container was then incubated &C3ih humidified
atmosphere of 5% CQor 10 days. Specimens were removed from the gmtand immersed
in acetone to stop the corrosion process. Cleaspegimens post immersion testing is a vital
step in the corrosion test procedure and if noedmoperly, can cause misleading results [88].

Chemical cleaning was utilized for this study whislthe removal of material from the surface
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of the test specimen by dissolution in a chemiohlt®n. A chromic AgNQ acid solution was
used to clean or remove all corrosion products ftloentest specimens. A “blank” specimen
which was not subjected to the immersion testimg@dures of was weighed before and after
exposure to the cleaning procedure to establistcandct the mass loss created by the chromic
solution.

3.4.2.3 Corrosion rateThe corrosion rate, or the rate of material remasah
consequence of the chemical reaction, is an impbctarosion parameter in biomedical
material developmenEor this study, calculating the corrosion rate (y)ng based on the
following equation [88]:

Corrosion rate = (K X AW)/(A X t X D) Equation 11

whereK is the constant 8.76 x 4,00 yield a mm/y unit for the corrosion rates the time of
exposure in hours to the nearest 0.01 h; A isdted surface area in ¢no the nearest 0.01 ém
AW is the mass loss in g to the nearest mg (comdoteany loss during cleaning); and D is the
density in g/cm
3.5 Cytocompatibility Assessment

Alloying is used to alter the mechanical capaleitand corrosion behavior of Mg.
However this technique is restricted in the casgesigning Mg alloys for biomedical
applications because the toxicity of alloying eletsenust be taken into account [89]. There are
two broad categories commonly used to assess tietyoof biomaterialsin vitro andin vivo
toxicity testing.

In vivo (Latin for “within the living”) refers to experinmtation using a whole living
organism as opposed to a partial or dead orgar@in Animal studies and clinical trials are two

forms ofin vivotesting. In terms of implant materiais,vivo testing is used to determine the
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biocompatibility of a material. Animal studies ayenerally adopted by the Globally Harmonized
System (GHS) classification and human health rssleasments [91]. FDA clearance of new
products or devices to be used in clinical applcet requiresn vivo animal testing to provide
information that demonstrates it is as safe anecéffe as predicated. Even thouglvivo
assessment is important to determining the biocdibifiy of an alloy, increasing societal
concerns about animal use and the high cost ofumimd) regulated animal tests have rendered
the need of alternativia vitro test methods that can reduce the use of anintaigdsr acute
systemic toxicity testing.

In vitro (Latin for “within the glass”) refers to the teahue of performing a given
procedure in a controlled environment outside bfiag organism [90]. Cellular biology utilizes
this technique to conduct experiments using livdetis grown outside of a living organism. In
terms of implant material§) vitro testing is used to determine the cytocompatibdita
material. Cytotoxicity is the quality of being taxio cells [92]. Cells exposed to a cytotoxic
compound can react in a variety of ways which idelloss of membrane integrity, hindered cell
proliferation, and apoptosik vitro cytotoxicity assays are a good tool for initialteréal
screening. This type of testing has a great pakfui reducing and refining traditionia vivo
toxicology tests [91]. However, one major inherimitation of in vitro testing is the inability to
replicate precise cellular conditions of an orgamighich leads to results that do not correspond
toin vivoresults [72, 90]. As a result of this limitationdathe restrictions applied by regulatory
institutions,in vivo animal testing is still considered the gold stadda assessing the
biocompatibility and safety of a material to bedigebiological systems. The advantagegof
vitro testing is the significant simplification of a cplax biological system which a number of

small components throughout the system can be éalcugon, reduced costs through cost-



61

effective testing compared to vivo studies, and an alternative method which can deovi
benefits in terms of ethical considerations thatseen which animal and human testing [90, 93].

Considering the information discussed above, Lieaiand MTTin vitro cell viability
assays were used to determine the cytocompatibiiitiye alloys produced in this study.

3.5.1 Cell culture procedure.The MC3T3-E1 pre-osteoblast cell line (American &yp
Culture Collection, Manassas, VA USA) was adoptadlie cell viability assessment of this
dissertation. MC3T3-Elcells are obtained by thaiclg of cells isolated by collagenase
digestion of newborn mouse calvarias [94]. Cloned3W3-E1 cells isolated from newborn
mouse calvarias retains an ability to differentiate osteoblastic cellis vitro which ultimately
form bone-like ossicles [95]. The MC3T3-E1 cellsreveultured in 75 chtissue culture flasks
in a complete growth alpha minimum essential mediMB&Ma) which consisted of 10% fetal
bovine serum and 1% penicillin/streptomycin anculmated in a humidified atmosphere of 5%
CO, at 3PC. The cells were sub-cultured every 4 to 5 daysgud.25% (w/v) trypsin — 0.53
mM EDTA solution and fresh medium was added eveiy 2 days.

3.5.2 Live/dead assayThe Live/Dead assay is a two-color fluorescencbiliig assay
that is based on the simultaneous determinatidinefind dead cells with two probes that
measure intercellular esterase activity and plasmabrane integrity. This type of assay
characterizes metabolically active cells from iepior dead cells. Live cells are distinguished by
the presence of universal intracellular esteraseityc The colorless calcein acetomethoxy
(calcein AM) dye is retained and metabolized be loells, producing an intense uniform green
fluorescence. The ethdium homodimer-1 (EthD-1) mntells with damaged membranes and
undergoes a 40-fold enhancement of fluorescence bimaling to nucleic acids, thereby

producing a bright red fluorescence in dead cells.



62

For this study, Mg alloys were cut and polishechwii®0, 600, and 800 grit carbide
papers and ultrasonically cleaned with acetoneh lHatividual Mg samples was sterilized on
both sides with ultraviolet light (UV) for 15 mireg. The samples were placed in containers and
immersed in MEM, according to the extract ratio given in tli&dlogical evaluation of medical
devices: Sample preparation and reference matérl&® standard [96], and incubated in
humidified 5% CQ atmosphere at 3T for 72 h. The samples were removed from the oiut
and the extract MEM solution was sterilized via 0.2 um filtration. Fexposures, the MC3T3-
E1 cells were incubated with the extract solutiba aoncentration gradient of 100%, 50%, 25%,
and 10% for 24 and 72 hours. The extract solutieer® removed from the cells and the cell
surfaces were washed with phosphate buffered s@iB8) and the dye solution was seeded
over the cells and placed in the dark for 30 misuye solution consists of 2 nM of calcein
AM and 4 nM of EthD-1 in PBS. Fluorescence optioétroscopy was used to take images of
each well using the EVOS® FL Cell Imaging System.

3.5.3 MTT assayMTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetzoliumbromide)
is a water soluble membrane permeable dye whioteiabolized to dark-purple crystals of
formazan by mitochondrial dehydrogenases of lidatls [97]. These crystals are impermeable
to cell membranes and are accumulated in prolifegatindamaged cells. After lysis of the cell
and solubilization of the formazan crystals, théagb density (OD) of the dye is quantified
using a multi-well-spectrophotometer (SpectroMax iMigroplate reader) at around 550 nm.
The number of proliferating cells is directly praponal to the development of dark-blue
crystals and can be quantified by means of a stdraddibration. Since the total mitochondrial
activity is related to the number of viable cellee MTT assay is broadly used to measurarthe

vitro cytotoxic effects of foreign compounds on celkbror primary patient cells [97].
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Each sample purposed for the MTT assay were pré@ane sterilized, as discussed in
section 3.5.2, immersed in MEdVaccording to the extract ratio given in tli&dlogical
evaluation of medical devices: Sample preparatiod geference materidldSO standard [96] ,
and then incubated at 37 in a humidified atmosphere of 5% ¢for 72 hours. Extract
solutions were sterilized via 0.2 pum filtration.rlexposures, the MC3T3-E1 cells were
incubated with the extract solution at a concemmnagradient of 100%, 50%, 25%, and 10% for
24 and 72 hours. The MTT reagent was dissolvednag/ml in PBS and then diluted ata 10 to 1
ratio with MEMa media. The extract was removed from cells anctétie were washed with
fresh media. The MTT/media mix was transferredachewell to yield a final volume of
110ul/well. Plates were incubated for 4 hours &C3@nd 5% C@ A sodium dodecyl sulfate
(SDS) solution mix, which consists of 1g of SDS 4@dnl of 0.01M hydrochloric (HCL) acid,
was added to each well at a volume of 100ul anglbiated for 16 hours. Absorbance was read at
570 nm using a Spectromax M5 microplate reader.eMaduation of the MTT assay was based

on the percent of metabolic activity (Equation @yells after 24 and 72 hours of incubation.

OD of extract treated wells

% of Metabolic Activity = x 100 Equation 12

OD of control wells

3.6 Statistical Analysis

For all quantitative outcomes of this study, the-@ray or two-way analysis of variance
(ANOVA) statistical analysis methods were applied¢rutinize the data. The analysis of
variance is a statistical method used to testdiffees between two or more means. ANOVA is
used to test general rather than specific differsraanong means [98].

3.6.1 One-way ANOVA.One-way ANOVA, also called one-factor ANOVA, comest
three or more sets of measurements. For examptadg might assess the effect of one

particular clinical drug on male and female rahlitghis example, the one-way ANOVA allows
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the study to be broken into groups according taahbits and then see if the effect of drug

treatment is different across the rabbits. A ong-ABOVA test is chosen when [99]:

e A variable is measured in each subject severaltimerhaps before, during, and after an
intervention.

e A subject is recruited as matched groups, matcbedariables such as age, ethnic group,
and disease severity.

e An experiment is run several times, each time wéheral treatments handled in parallel.

Since experiment-to-experiment variability is aipited, the data will be analyzed in such a way

that each experiment is treated as a matched sé&thMg should not be based on the variable

you are comparing. If you are comparing blood pressin three groups, it is OK to match

based on age or zip code, but it is not OK to masaged on blood pressure [99].

3.6.2 Two-way ANOVA.The two-way ANOVA, also called two-factor of vamize,
determines how a response is affected by two fa¢8®]. If an experiment has a quantitative
outcome and two categorical explanatory varialilas are defined in such a way that each
experimental subject can be exposed to any combmat one level of one explanatory variable
and one level of the other explanatory variablentthe most common analysis method used is
two-way ANOVA [100]. For example, a study might @ss the effect of three different types of
clinical drugs in both male and female rabbitsthiis example, the drug treatment is one factor
and the gender of the rabbits is another. Two-wBl{DXA simultaneously asks three questions:
1. Does the first factor systematically affect theut=®
2. Does the second factor systematically affect tealtg?

3. Do the two factors interact?
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When interpreting the results, the two-way ANOVAliz¢s the p-value to answer the question:

If the null hypothesis is true, what is the chaoteandomly sampling subjects and ending up

with as much of an interaction than you have ole@ft00]? When performing a hypothesis test

in statistics, the p-value helps determine theia@mce of the results [101]. The p-value is a

number between 0 and 1 and interpreted in theviatigp way:

e A small p-value (typically< 0.05) indicates strong evidence against the rygbthesis, so
you reject the null hypothesis.

e Alarge p-value (> 0.05) indicates weak evidencaragi the null hypothesis, so you fail to
reject the null hypothesis.

e p-values very close to the cutoff (0.05) are com®d to be marginal (could go either way).

The two-way ANOVA reports three p-values:

1. Tests the null hypothesis that time has no effadhe outcome.

2. Tests the null hypothesis that the treatment makeadifference on average.

3. Tests for interactions.
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CHAPTER 4
Results and Discussion

This chapter presents the collection of qualitatimd quantitative results produced from
the experimental methods and concepts describiéet iprevious chapter and their interpretation.
The results are categorized according to experinypetand alloy composition. The results will
include microstructural assessment, mechanicahtgahalysis, corrosion assessment, and
cytocompatibility evaluation.
4.1 Microstructure and Phase Constitutions

4.1.1 As-cast MgZnCa alloysThe composition of the alloying elements were rmess
by SEM-EDS analysis which was accomplished to pl@wetail about the alloy’s actual
composition after casting which is described inl&ab(Appendix). In all cases the actual
composition of the Zn and Ca elements were morepeoed to the nominal composition.
Conversely there is a 1-2% loss of magnesium waichd be a result of a common
phenomenon called “melting loss”. Depending onvbleme of throughput and furnace design,
high melt losses are often encountered in meltpeyations. As reported in the experimental
methods and concepts section (Chapter 3), the Mgwas stirred at a specified temperature
above 700C after the addition of alloying elements. This t@abe regarded as critical for the
protective Ar gas because its efficiency may beiced at these temperatures [102]. As a result,
a certain amount of Mg can react with the environha&d the components of the protective
gases. This leads to the formation of magnesiumesxand dross which can be incorporated into
the casting.

4.1.1.1 Grain structure analysid he as-cast Mgezn—0.3Ca alloy grain structures are

illustrated in Figure 26. The grain morphology sserved to be typically hexagonal globular in
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nature. It can be observed that the level of zor@ent has an influence on the grain structure
because the intermetallic phase observed alongr#ie boundaries and within the grains
become more potent and the eutectics are thickeséte zinc concentration increases. The
intermetallic secondary phase is found to be nichdth Zn and Ca which is supported by the

SEM-EDS elemental mapping images in Figure 27.

Figure 26 Optical micrographs of as-cast Mgzn—0.3Ca alloy grain structures.
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Figure 27 SEM images and EDS elemental mapping images dlengrain boundaries of the

as-cast MgxZn-0.3Ca alloys.

4.1.1.2 Phase constitutiomhrough EDS compositional analysis, the internfietal
secondary phases are identified and presentedyiné-28. For the M-46 and M-47 samples, the
dominate phase detected wasdh&1g matrix. The solute elements are all dissolved the Mg
matrix and no intermetallic precipitates appeagrain boundaries.

Based on the cooling curves developed by Bakhstratiet al.[103], during
solidification the primary—Mg phase is initially formed. As the temperatuféh® molten metal

decreases, there is a rejection of alloying elesfeotn then—Mg dendrite at the liquid-solid
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interface which causes an increase in the Ca ctratem in the solid formed from residual

liquid among the Mg dendrite network. Capggcondary phase starts to precipitate along the
grain boundaries as the temperature decreasesadtrstage of the solidification process caused
the appearance of the B4gsZn;3 intermetallic phase [103].

Both the CaMgand CaMgeZns phases were detected in the M-48 alloy. This is in
agreement with the ternary phase diagram presamtéidure 29. For the M-49 thru M-52
alloys, the main phase detected was thgM@gZn; phase which similar to what Hradiloe&al.
and Kuboket al.found in their investigation of the Mg—4.0Zn-0.4&ad Mg-3.0Zn-0.5Ca
(wt.%) systems, respectively [74, 104]. Additiogalbunet al. [44] prepared an
Mg—-4.0Zn-0.2Ca alloy for their investigation whigchderwent XRD scans to examine the
phase of the as-cast alloy from 20 t& 96th a step size of 0.05. Peaks from #&hklg and the
CaMgesZn; phase was detected, as well as peaks from thiddsan; ; phase. There is no
indication of the CaMgphase within M-49 thru M-52 alloys. The higher centration of Zn
(3-6 wt.%) caused the suppression of the Capigse suggesting the following solidification
process [103]:

L — a—Mg + CaMgeZns Equation 13

The MgZn phase was also detected within thesesaltarting at the M-50 sample. For
the M-53 alloy, a new phase was discovered @{g 3) in addition to thee—Mg and CaMgeZns
phase. This phase differs from the dyin,o phase in which Bakhsheshi-Redal. discovered for
their alloy with Zn content of 9 wt.%. It is alsoticed that with the increase of Zn, the
predominant phase of the intermetallic region sHifbm CaMgeZn; to MgZn/Mgi2Zn;3 which

is in agreement with previous studies [103] andstiialification process described in Equation
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13. It is also observed that a lamellar eutectiecstire starts to develop at the 4.0 wt.% Zn

concentration.

ENETN :
NCAT 10.0kV 12

Figure 28 SEM micrographs of as-cast Mgzn—0.3Ca alloys detailing the specific phases

along the grain boundary and within the Mg matrix.
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Figure 29 Calculated isothermal section of the Mg—Ca—Zrieysat 338C with two ternary
compounds compared with experimental data of [W§re A denotes: GEIgsZn; and B

denotes: CaMgsZn;3 [106].

4.1.1.3 Grain size analysi.he average grain diameter (um) of the as-cast
Mg—-xZn-0.3Ca samples, which were counted from the OlQees utilizing the ASTM line
intercept method [75], are described in FigureT3te samples were compared to an Mg-0.3
wt.%Ca sample with no Zn addition to get a bettetarstanding of the effects of adding Zn to
the Mg—Ca system in terms of the grain size. G@mmmonly known to provide grain refinement
to Mg alloys, but for this study all alloys havethame weight percentage of Ca (0.3 wt.%).
Consequently the amount of Zn is the underlineofaict the grain size difference between the

alloys.
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Figure 3Q Average grain diametin um of as-cast Mg&Zn—0.3Ca samplesompared with th

Mg-0.3Ca systerdetermined fronthe ASTM line intercept method.

The one-way ANOV Astatistical analysiwas conducted to compare isignificance
between the average gralimmeter of the as-cast Mg&Zn—-0.3Ca samplegrom the on-way
ANOVA analysis,it was determined thithere was a significamlifference in the average mee
of the grain diameters at the @<05 level [F(8, 495) = 18.45 < 0.0001].From this
informationit can be concluded that the effects of the le¥&Zn concentration on the avera
grain diameter were substat and not created by chan There is no significant differenc
found between the average grain size of th—0.3Ca sample (152.8 + 134u8n) and the -46
(192.3 £ 113.1 um) and M-47223.0 = 81.0 umsamples. The grain sizeductiondoesn’t
significantly occuwuntil the Zn level reaches.0wt.% in which the grain diameter aver. starts

reduce to the lowest points at4® and M50 in which the grain size is 60.97 0.4 um and
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69.2 + 38.4 um respectively. The grain size reductis a function of the Zn level increase is in
agreement with Bakhsheshi-Retal.[103] who found that the addition of Zn from 13avt.%
in the ternary MgxZn—Ca alloy caused grain refinement.

When examining the reason behind the reductiomahgsize diameter as a function of
the increase in Zn concentration, it is pertinentiderstand the solidification process. The
solidification of a solid transpires by nucleatiemd growth. The key solidification processes that
control the final microstructure are the initialaeation events, the growth of these nuclei into
primary dendrites and finally eutectic solidifieati[107]. When a metal solidifies, small
particles of solid forms from the molten liquid whiact as a nucleus site and grow as other
atoms attach themselves to this solid nucleudsiteeate a crystal or grain. The size of the
grains in a metal vary with the rate of nucleaionl the rate of growth [62]. The greater the
nucleation rate, the smaller the resulting gram iaversely the greater the rate of growth, the
larger the grains. For the Mg—-Zn system, Heaal.[89] explained that Zn content closer to the
maximum solubility in Mg (6.2 wt.% at 636) leads to more MgZn precipitates under the
equilibrium conditions and Wasiet al.[106] discovered that the addition of Zn in a M@-C
alloy system creates the refinement of precipitatewell. Therefore, it is believed that there is
higher precipitation of Zn from 0.5 to 4 wt.% whiphovides more nucleation sites which can
cause an increase in the number of grains resuittismaller grains. Therefore, the addition of
Zn can refine the grains and introduce more seagmu@ases which is in agreement with €u
al. [25]. The average grain diameter fluctuates frolMo M-53. The one-way ANOVA has
the ability to compare each individual mean witle @amother and it was determined that from M-

50 to M-53 there were no significant differencelaging M-51 as an outlier.
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These grain size results are based on one santpéetex from the bulk of each
individual as-cast alloy. Each grain measuremerst acguired along the surface of the sample
cut in one direction. To determine reproducibilitypre samples must be taken at from the bulk
of each alloy and grain size measurements musétegrdined from the surface of each sample
cut in many directions. The same limitation is fdun the grain size analysis throughout this
study.

4.1.2 Heat treated MgZnCa alloysAfter determining the grain size of the as-cast
Mg—-xZn—-Ca alloys, the next step was to perform additignocessing techniques in the way of
heat treatment processing to analyze its effech tipe as-cast alloys. The M-49 and M-50
samples were selected for undergoing additiondidat treatment processing.

4.1.2.1 Grain structure analysis’he nominal compositions of the M-49 and M-50
samples were Mg—3.0wt%Zn-0.3%Ca and Mg—4.0wt%Z4Ca respectively. To determine
the optimum temperature and time combination telsuccessful heat treatment outcomes,
several different treatment parameters were exgldrke first double stage heat treatment
combination of parameters considered was at@@d6r 20 h and then 40Q for 2, 4, 6, and 8 h
which was performed on the M-50 sample. OM imagesevtaken of the T4 heat treated M-50
alloy which is illustrated in Figure 31. No stroagidation or heat treatment defects were
observed after heat treatment. Descriptive evidenggests that when heat treatment is applied,
the secondary phase along the grain boundary ahéhvtie inner grains is more refined than
the as-cast counterpart. This is supported by\beage area of the secondary phase of the as-
cast M-50 sample compared to the heat treated sar{fpigure 32). The average area of the
secondary phase was determined from OM imagesdidht treated M-50 samples (n = 3)

taken at 5x magnification.
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Figure 31 Optical micrographs of the grain structures ef M50 samples that were T4 heat

treated at 30T for 20 h and then 48Q for 2, 4, 6, and 8 h.

The one-way ANOVA determined that there was a §igant reduction of the secondary
phase after heat treatment compared to the asaagtle [F(4,10) = 17.15, p = 0.0002]. The
purpose of the solution heat treatment processdéssolve constituent atoms into the base
metal. This process is accomplished by diffusioniciv is the phenomenon of material transport
by atomic motion [64]. Diffusion requires enougtesgy to overcome the energy barrier needed
for atoms to migrate from lattice site to latticeesBased on the atomic radii of Mg (141pm), Zn
(122pm), and Ca (176pm), the type of diffusion adog in the MgxZn-0.3Ca system of this
study is substitutional diffusion. In substitutiba#fusion, there must be an empty adjacent
lattice site for atomic motion to occur. The singblease of substitutional diffusion is self-

diffusion which occurs for pure metals.
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Figure 32 Average area of intermetallic phase of as-cadtheat treated (30C 20 h + 480C

xh) M-50 samples taken from OM images at 5x (n = 3).

During self-diffusion all atoms are chemical ideatiand this leads to a simple
relationship between jump frequency and diffusioaficient. In binary alloys, this relationship
is more complex. The rate at which solvent andtedtoms can move into a vacant site is not
equal and each atomic species must be given itsddfusion coefficient [108]. At a specific
temperature, however, some small fraction of ti& ttumber of atoms is capable of diffusion
based on their vibrational energies which increasie rising temperature [108]. The addition of
a third diffusing component, i.e. ternary alloysatsolid solution produces even more
complexities because the behavior of two solutestmow be consider. When comparing the
HCP structure of Mg and Zn to other various matgyrihe activation energy needed for

diffusion to occur is lower than most atomic stures (Figure 58b, Appendix). Therefore the
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heat treatment temperature coupled with the redbtilow treatment time was able to activate
the solute atoms enough for diffusion to occur Whegplains the significant decrease in
secondary area compared to as-cast M-50 samples.

In terms of the effect of the treatment time onefeciency of diffusion of the secondary
phase, there is no statistical significant diffeebetween each heat treated samples. This
suggest that an extended solution treatment tinst bristudied further to get a better
understanding of the effects of treatment on tlkealution of the secondary phase trend.

4.1.2.2 Grain size analysigigure 33 describes the average grain diametemrof the
heat treated M-50 samples compared to the as-c&& 8&dmples which were counted from the
OM images. The one-way ANOVA statistical analyseswonducted to compare the effects of
the heat treatment on the average grain size. BEterane-way ANOVA analysis, there was a
significant difference in the average means ofgiteen diameters at the p < 0.05 level [F(4, 217)
=19.71, p < 0.0001]. From this statistical infotioa it can be concluded that the effects of the
heat treatment on the average grain diameter vwdgtantial. More specifically, there is an
increase in the average grain diameter once hestrient is introduced to the M-50 samples.
The average grain size of as-cast M-50 is 69.2.4 @&. All heat treated M-50 samples show
an increase in average grain size than that oisheast M-50 sample, suggesting that the
introduction of this solution treatment increades average grain size. Due to the relatively high
temperatures used for the heat treatment processiogf of the secondary phase at the grain
boundaries dissolved into the Mg matrix and assalteéhe grains grew. It can be seen that there
was an initial increase in average grain size dianes the treatment time increased until the
grain size reached its apex of 170.4 + 81.7 pmtiegaament time of 4 h. There is a slight

reduction of grain size thereafter as the heatrtreat time increases from 4 hours to 8 hours.
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Figure 33 Average grain diametin um of heat treated (300 20 h + 480C xh) M-50 samples

compared with as-cast MO samples determined from the ASTM line interecapthod

However, the onevay ANOVA alsocompared each heat treated sample to one ar
and determined that there is no significaifference in the mean3his suggests that tt
treatment time used for ghexperiment does not have a significeffect on the average gre
size. Therefore aextended solution treatment time must be consic

4.1.2.2.1 Knowledge gained through literature re. Alvarez-Lopezet al [109]
discovered that the best corrosion behavior ofAB&1 alloy corresponds with finer grain size
PBS. This is accredited to a more negative corrogaiential and the forman of a layer o
corrosion products which offers more protectiomfrthe diffusion of ions to the electro

surface. Similarly, Estriet al.[11(] concluded from o@n circuit and potentiodynam
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polarization tests in 0.1M NaCl solution, that pl#tg experiences a decrease in the corrosion
current with decreasing grain size which indicdteder corrosion resistance. Even though there
is successful integration of the secondary phati@mihe Mg matrix of the heat treated M-50
samples in this study, it can be seen that eititeeheat treatment temperature or the insufficient
length of time causes a coalescence in grains winedites larger grain size that could be
detrimental to its corrosion resistance. Mg allteysd to corrode rapidly in physiological
environment which creates a loss of mechanicagjiitiebefore the required time needed for
bone tissue healing, which makes this first séfl€50 heat treated alloys unattractive to be used
as implantable biomaterials. Therefore it was deiieed that there is a need to alter the heat
treatment parameters to create a microstructutentliayield more favorable results.

4.1.2.2.2 Heat treatment trial ITherefore a second trial run of T4 heat treatment
conditioning was conducted. The double stage meatrhent temperature and time for this trial
was altered from the first trial to 32D for 24 h and then 40Q for 24 h, 48 h, 72 h, and 96 h.
This process was conducted on both the M-49 (Zr0%3and M-50 (Zn = 4.0%) alloys.

In terms of the effect of this treatment parametethe M-49 samples, it can be seen that
the grain microstructure is altered as the treatriiere increases (Figure 34a-d). For the M-50
samples, it is not as visually profound to disaenalteration of the grain structure by the heat
treatment processing (Figure 34e-h). These tworghsens are supported by the reduction of
secondary phase’s graphs shown in Figure 35. Itdegesrmined that for the M-49 alloy, there
was a significant reduction of intermetallic phaaeghe treatment time increased from 24 h to
96 h. More specifically, once this heat treatmentpdure is introduced to the M-49 alloy, the
secondary phase does not start to significantlycedintil the heat treatment time of the second

stage extends to 48 h.
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Figure 34 Optical micrographs of T4 heat treated M-49 an@0grain structures conducted at

320°C for 24 h and then at 400 for 24, 48, 72, and 96 h.

Since the temperature of the second stage waseddram 480C to 400C, the time
needed for atom diffusion extends from just 2 B&d. This holds true when analyzing the

average grain diameter (Figure 36a).
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Figure 35 Average area of intermetallic phase of heat ¢éidB2(°C 24 h+ 40(°C xh) samples

compared to the as-casiunterpartaken from OM images at 5x (n = 3): a)48-and b) N-50.

The as-cast MIO samples and th4 hheat treated samples has an average grain s
61.0 £ 30.5 um and 72.55 £ 34.2 um, respectivelg. ot until the treatment time reach@ h

you see a significant increase in therage grain size (165.1 + 95.6 um). Regardless
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extended treatment time of 48 h at 400s effective in dissolving the constituent phasés the
primary matrix, but it also promotes grain growi¥ihen studying the effect of the heat treatment
times on the area of the secondary phase, statisti@alysis discovers that between the 24 h and
48 h treatment, there is no significant changes Tiolds true for 24 h compared to the 72 h
treatment as well. It is not until you compare 24deh to the 96 h treatment time there is a
significant difference in the reduction of seconydainase.

The effect of treatment time on the average griaie af the M-49 alloy does not show a
consistent trend. At the 72 h treatment time mémige is a significant reduction of the average
grain diameter compared to the 48 h samples to#8%4 um, which is close to that of the as-
cast M-49 samples. It can be seen that even thitagl isn’t a significant change in the amount
of secondary phase between the 48 h and 72 h ssynfolen the OM images you can see a
significant morphological change in that the se@pghase along the grain boundaries have a
fine and consistent in size type of quality in tregpearance suggesting grain refinement. Yet,
this refinement continues as the treatment timeeases to 96 h where the diffusion of the
secondary phase causes grain assimilation whidliesghe increase in grain size and
secondary phase area reduction of the 96 h hesetrsamples. This inconsistent grain size
trend may be attributed to error in sampling. Mgpecifically the specimen used for
microstructural analysis of the bulk M-49 alloy tsbhave been extracted from an area within
the bulk alloy that was inconsistent with specimiken from other alloys. Therefore sampling
needs to be more standardized in the future to pr@wconsistency and reduce error.

For the M-50 alloy, the heat treatment processaeslthe area of intermetallic phase 10

percentage points compared to the as-cast sanipsd 35b).
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Figure 36 Average grain diametin pm of heat treated (320 24 h + 400C xh) sample
compared with asast samples determined from the ASTM line intercegthod: a) 49 and

b) M-50.

After the initial reduction of intermetallic phases, thduction levels off with n

significant variation between the h-treatedmeans following an extended heat treatment t
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Additionally, as the secondary phase diffuse ih®Ng matrix once heat treatment is applied,
the grain size consequently increases as the boaindaries disappear which cause grain
assimilation as seen in the M-49 heat treated sss1(pigure 36b).

4.1.2.2.3 Comparison between heat treatment traadd Il. To get a better understanding
of how the first heat treatment trial (3@20 h + 480C xh) compares with the second heat
treatment trial (328C 24 h + 400C xh), the secondary area and grain diameter of emtiwas
compared by their consecutive time points for th&0/alloy (Figure 37). The two-way
ANOVA analysis for the average area of secondagspltetermined that there is a no
significant difference between the two trials [F{8) = 0.83, p = 0.4947]. The means for last
time point for each trial only had a differenceddb9 percentage point. Additionally, the average
grain diameter for each trial shows an increaggam size compared to the as-cast samples. The
two-way ANOVA also discovered that the differenevieen the means of the grain diameter
for both trials are not significant [F(3, 32) =8, = 0.7249].

For the M-50 alloy, the lack of significant staitisi difference between both treatment
trials indicates that the treatment parametersidictreate a meaningfully different alloy in
terms of the microstructure which will ultimatelseate different corrosion and mechanical
properties. There is a need for further optimizatbthe treatment parameters.

4.1.2.2.4 Heat treatment trial [IConsequently, a third T4 solution treatment tnab
considered for both the M-49 and M-50 alloys. Tingt Stage of the treatment process consisted
of a temperature and time of 3@for 48 h. The time of the first stage was incegsom 24 h
to 48 h to further bolster the grain boundarieprievent melting during the higher temperature
parameters experienced during the second stagé wiilichelp maintain grain size. The second

stage consisted of a temperature of°4stbr 72, 96, 120, and 144 h. The second stage
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temperature wamcreased from 4(°C to 450C because of the need to create nrefined grain

structureamong secondary pha
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Figure 37 Comparison between heat treatment trial | °C 20 h + 480C xh) vs. heat treatme|

trial 11 (320°C 20 h + 400C xh) which were conducted on the M-50 alloy.
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300°C |,
48 h +
a50°c|,
72 h |!

300°C| |
48 h +[
450°C
96 h

Figure 38 Optical micrographs of T4 heat treated M-49 an&0/grain structures conducted at

300°C for 48 h and then at 4%0 for 72, 96, 120, and 144 h.

Figure 38 shows the optical micrographs of thergsaiuctures of the M-49 and M-50
samples subjected to the third T4 solution treatrtraal. As seen in the as-cast and heat treated

alloys previous discussed in this study, the gnaimphology of both alloys is observed to be
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typically hexagonal globular in natuiFurthermorethe treatment conditions were effective
reducing the secondary phase through diffusiot&bhn alloy: into the Mg matri: but there is

still no significant difference in the means when conmgathe treatmertimes Figure 39).
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Figure 32 Average area of intermetallic phase c-cast and heat treated (3@048 h + 450C

xh) samplesaken from OM images at 10x (n = 3): a-49 and b) M-50.
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Again, the extended heat treatment time signifigantreased the average grain size
both alloys compared to the aast samplesFigure 40).There is no difference in grain diame

between the treatment times as v
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Figure 4Q Average grain diameter of heat treated °C 48 h + 450C xh) sample compared

with ascast samples determined from the ASTM line intercegthod: a) 49 and b) N-50.

Ultimately all three heat treatment trials wereeetive in diffusing the solute atoms ir

the primary matrix based on the area of secondaaggs obseed on the OM micrograph
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However, this diffusion caused grain integrationakhincreased grain size. The larger grain size
is considered to be harmful to the corrosion raais¢ of metallic alloys. Lower corrosion
resistance can have an effect on the mechaniegrityt of biomaterials designed for medical
applications. Only two heat treatment conditionsengble to maintain grain size compared to its
as-cast counterparts which were the°82@4 h + 400C 24 h and the 32C 24 h + 400C 72 h
M-49 samples.

4.1.3 As-cast and heat treated MgZnCa—RE alloy§ he microstructures of the as-cast
and heat treated Mg—2.0Zn-0.3Ca-2.0RE alloys arevsarized in Figure 41. The as-cast grain
morphology consisted of a rosette-like structummposed of dendrites ofMg matrix separated
by interdendritic phases. By EDS spectra analyisestypical composition of secondary phase
for the as-cast alloy is determined to be approtetggmass fraction, %)
45.2Mg24.8Zn15.5Nd9.6Gd corresponding to the madanposition of Mgy gZnis Nds 3Gd; 2.

The double stage heat treatment process was cauwaictt00C for 20 h and then 50Q
for 2, 4, 6, 8 h. The heat treatment process cldhtigeegrain morphology to a more refined
hexagonal globular structure. It can be observatlttiere is no change in the grain morphology
between the different heat treatment conditiong Jécondary phases significantly dissolve into
the Mg matrix as a result of the heat treatmentitmming. Consequently, the heat treatment
created a single phase type of microstructure.

There is a significant 5 point percentage redudtiaine average area of secondary phase
between the as-cast and the 4D@0 h + 500C 2 h condition (Figure 42a). The final heat
treatment condition at 8 h dissolves the seconghage down to 1.3% of the area. The heat

treatment conditions were considerably effectivdigsolving the solute elements as seen by the
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immediate effect of the lower treatment time onrd@uction of the amount of secondary phase

along the grain boundaries and within the Mg matrix

Figure 41 Optical micrographs of MgZnCa—-RE alloy grain stures in the as-cast condition

and the heat treated conditions at4D@or 20 h and then 500 for 2, 4, 6, and 8 h.

This is due to the normalized activation energynegl for material diffusion. The
activation energy of rare earth metals is even tdivan that of the HCP and FCC type structures
(Figure 58b, Appendix). Consequently, the dissolutf solute atoms within the Mg matrix of
the MgZnCa—-RE alloy in this study was able to Hélked at the relatively short solution time
and solution temperature.

It can be seen that the REEs have a grain refigfifegt on the Mg—2.0Zn-0.3Ca alloy
since average grain diameter of the as-cast MgZREaalloy (32.6+13.9 um) in this study is
considerably lower than the as-cast M-48 samplgd£42.4 um) with no REEs. This is in
agreement with other studies which have shownitita¢asing the concentration of Nd and Gd

in Mg alloys reduces the grain size significan89[111]. Additionally, REEs plays an
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important role in restricting grain growth duringlgtion treatment which is se in the results of

this study (Figure 42b).
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Figure 42 Average area of secondary phase (a) and averagesige diameter (b) of the-cast

and heat treated MgZnCRE alloy
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It is determined in this study that there is nogigant difference in the average grain
size means of the heat treated MgZnCa—-RE alloypeaoed to the as-cast samples. Net@l.
[111] explains that the precipitation of Nd fronethlg matrix during solution treatment is
distributed within and along the grain boundaridsclv act as an effective barrier for grain
integration during heat treatment. Furthermores é@xplained that grain growth occurs at low Nd
additions (0.21%) after heat treatment, while higie addition alloys only had moderate
increase in grain size. It can be concluded thaflth solution treatment conducted on the
MgZnCa-RE alloy was successful based on the geaitniction behavior exhibited in the heat
treated MgZnCa—-RE alloys in this study coupled with successful dissolution of solute atoms
in the Mg matrix. According to the microstructumedagrain structure assessment in this study,
the MgZnCa-RE has great potential of being a ssfaklsiomaterial.

4.2 Mechanical Properties

For bone implant, mechanical integrity is a vitahponent of the implant material.
Figure 43 shows the tensile test results at roonpégature of selected investigated alloys. The
alloys chosen to investigate the mechanical prasased on tensile stress, of the as-cast
Mg—-xZn-0.3Ca system in tension were the M-46 (Zn = Q,3%48 (Zn = 2.0%), M-50 (Zn =
4.0%), and M-52 (Zn = 6.0%) samples. The as-casdiza—RE alloy was studied in tension as
well.

4.2.1 Mechanical property assessment in tensioli.can be seen in Figure 43a, that
there is a slight increase in the elastic modufub®Mg-xZn—-0.3Ca samples as the Zn content
increased. However, for all samples, includingfMgZnCa—-RE sample, it was determined that
the moduli, which ranged from 37-47 GPa, showedigoificant difference. This range in

modulus values is in agreement with previous stuthat determined that in general, the elastic
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modulus of Mg alloys range from -45 GPa, which is close to thathuman femur bor [12].

As a result, it can be concluded that the expertal alloys in this study will be able to minimi:

or reduce the stresdield phenomel, in tension, as Mg bone implantghich exists in currer

metallic implants made of S8 Ti alloys.
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Figure 43 Mechanical properties Mg-based alloys produced in the study in ter: a)

modulus (GPa), b) yield strength (MPa), c) ultimi&tesile strength (MPa), d) elongatior

failure (%).

In terms of the yield strength, a similar trendé&n in which the yield strength of 1

Mg—xZn—0.3Ca system increases from 52.8 MPi-46) to 92.0 MPa (Mb2) as Zn conter

increases. This trend yneld strengttbehavior is also seen in the ultimate tensile glte(UTS)
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and the elongation at failure (EL) values in tewhthe increase in UTS and EL values as a
function of the increase of Zn content. This ocence is in agreement with other studies which
concluded that the tensile mechanical integritthefMg—Zn—Ca system increased significantly
by the addition of Zn element [25].

However, it can be observed for the M@n—-0.3Ca samples that when the Zn content
reached 4.0 wt.%, the UTS and EL properties reaithgmbak values of 199.1 MPa and 9.3%
respectively, which was similarly observed by otsieidies in terms of reaching a peak value.
When Zn content exceeds more than 4.0 wt.%, irsthidification process, the Zn atom would
be rejected by the-Mg and enhanced in the residual liquid in whicteonfcause the formation
of eutectic structures and micro-porosity [71].'hiay give insight into the reduction of UTS
and EL values of the M-52 sample.

4.2.2 Mechanical property assessment in compressidrigure 44 shows the
compressive test results at room temperature ettl investigated alloys compared with
99.97% pure Mg. The alloys chosen to investigagentiechanical properties of the
Mg—xZn-0.3Ca system in compression were the M-47 (4r086), M-49 (Zn = 3.0%), M-51
(Zn =5.0%), and M-53 (Zn = 10.0%) samples. Theltesegarding the compressive
mechanical properties follow a similar trend to thsults obtained in tension.

4.2.3 Effects of Zn addition on the mechanical progrties. In general, the experimental
alloys have very good mechanical properties. Addihay elements to pure Mg changes the
mechanical properties to more robust values. Goechamical properties are achieved by solid
solution strengthening based on the relatively Isigid solubility of Zn in Mg at high
temperatures. Additionally, in the Mg—Zn—Ca systéme, presences of the £84gsZn; and

CaMgsZn;3 phases could enhance the strength and toughn&ss |61, 112, 113]. Figure 28
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describes the presences of the aforemention,MgsZns phasewhich increased in occurren

with the addition of Znwhich provided the increase in strength seen irptesent stud
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Figure 44 Mechancal properties of M-based alloys produced in this studycompressio: a)

modulus (GPa), b) yieldrength (MPa), cultimate tensile strength (MPa).

As discussed in chapterthe stacking fault energy of Mg alloys decreasetth Wigh
content of solid solution Zn [44Consequently, extended dislocations are broadehezh can
result in higher difficulty in thenitiation of non-basal slipAs a result, better mechanic
strengths including high ductility up to 4% Zn isserved which is seen in this stuTherefore,

the present work showed that adding Zn to the-0.3Ca alloy marked an increase of
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mechanical properties. But Zn content exceedingd.% compromised the microstructure
causing a decline in the mechanical propertieb®Mg-xZn—0.3Ca alloy system.

4.2 .4 Effects of REEs on the mechanical propertie$he MgZnCa—-RE sample has the
highest yield strength, ultimate tensile strengtid elongation at failure values, compared to the
Mg—-xZn-0.3Ca alloys, at 121.0 MPa, 232.7 MPa, and 1x&bectively. This is in agreement
with studies that found that RE-containing Mg afl@re stronger than AZ91 alloy [114]. More
specifically, the addition of Gd and Nd in Mg impes the tensile and compression strengths
[50, 111]. The secondary phase disperse insidgrdias can effectively block dislocation slip
within grains, combined with proper grain size, caprove the creep resistance and ultimately
the mechanical properties of RE-containing Mg aloyhe secondary phase
(Mg74.8Zms Nds 5Gdy ») detected inside the grain boundaries in thisystadhich was effective in
maintaining the grain size during heat treatmeat@ssing, could have an effect on hindering
the slip dislocation in the MgZnCa—-RE alloys.

4.3 Immersion Corrosion Assessment

4.3.1 MgZnCa alloys.

4.3.1.1 Corrosion rates of as-cast MgZnCa sample.9% NaCl.The corrosion rates
(mm/year) of the as-cast MgZn—0.3Ca alloys based on a 10 day immersion in (N2%|
solution is described in Figure 45. A 99.97% purg ddntrol alloy was used for all immersion
tests reported in this study. When comparing thpeamental alloys to the control, the M-46
(0.5 wt.% Zn) and M-47 (1.0 wt.%) samples had loe@rosion rates at 1.6 and 1.4 mm/year
respectively than the pure Mg at 2.9 mm/year. Aszh level goes from 2.0 wt.% to 4.0 wt.%
(M-48 thru M-50), the corrosion rate increasesrtmuad 4.4 mm/year. However, the one-way

ANOVA determined that the M-46, M-47, M-48, M-49daM-50 samples did not show any
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statistical differences in the mean corrosion valees It is not until the Zn level reaches to *

wt.% (M-51) that there is a significant increase in them
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Figure 45 Average corrosion rate, in mm/year, of th-cast MgxZn—0.3Ca alloys in 0.99

NacCl solutionafter 10 days immersit.

The corrosion rate for the samples with-10 wt.%increase to around 7.1 mrear. In

terms of comparing the effects of increasingcontent tahe corrosion behavior of the 1-0.3

wt.%Ca systemthere was an initial reduction in the corrosiorenapto 1 wt.% of Zn, buthe

corrosion ratexperienced an overdncrease as the Zn content increatsetl0.0 wt.%. These

results are similar to Bakhsheg®adet al.findings in which it was discoverdhdat in the

Mg-0.5Ca—-xZnalloy, the addition of Zn content up to 1 wt.% ieased the corrosion resistal

whilst further addition of Zn up to 9% reversed #iect[103]. The reason fahe reduction i

corrosion behavior of the Mgzx—0.3Ca alloys as a function of the increagadtontent is the



98

formation of coarse secondary phase precipitateasin Figure 28, which grew thicker and
more profound during the solid solidification preses at higher Zn levels. This precipitation
accelerated the corrosion rate due to the diffezldtrochemical behaviors between dhiglg

and the precipitates. This difference in electroaical behavior causes galvanic couples
between the secondary phase and the Mg matrixhEdvl-46 and M-47, only the primary Mg
matrix could be detected which results in higherasion resistance and a lower corrosion rate
because there are no significant galvanic cougdettaviors between different phases. As the Zn
level continue to increase, the M@a and the GdigsZn; phases being to precipitate. It is
suggested that the MQa is more reactive than the 8gsZn; phase and the-Mg matrix while
the CaMgeZnz phase is less active than tiid/ig [103]. As a result, the M@a would corrode
faster than the other two phases. Further additiain results in the disappearance of the.®hy
phase, therefore the @&gsZn;phase acts as the cathode andg phase as the anode. Tdre

Mg phase cannot further support thelgsZn; phase as the Zn level increased generating
higher corrosion rates.

The degradation process of Mg alloys is an eleb&otcal procedure, which describes
the electron flow between the anode and cathodemalty for Mg in an aqueous environment,
the Mg alloy reacts with the fluids on the surfacel gets dissolved in the surrounding
environment. Ultimately, the local pH at the suefat the Mg increases above 10 and then an
oxide layer of Mg hydroxide develops. The overallrosion reaction is given below [115]:

Mg(s) = 2H;0(aq) = Mg(OH); (s) + Hy (g Equation 14

This overall reaction includes the following parteactions:

Mg — Mgf;q) + 2e~ (anodic reaction) Equation 15

2 H30(aq) + 267 = Hy (g + 20H,q, (cathodic reaction) Equation 16
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Mgf;q) + 20H,q) = Mg(OH); (5) (product formation) Equation 17
In physiological environments, more severe cormosiocurs which forms Mg chloride and
hydrogen gases that can be toxic to living celle Tollowing chemical equations summarize the
corrosion reaction of Mg in an electrolytic physigical environment [12]:

Mgs) + 2H,0 » Mg(OH), (5) + Hy () Equation 18

Mg + 2Cl,q) > MgCl, Equation 19
Due to the formation of the porous Mg(QHByer, which attaches to the matrix, the corrosibn
the specimen slows [103]. However, the presenc&ah the physiological solution transforms
the Mg(OH) layer into a soluble MgGl The breakdown of the Mg(OHllayer promotes further
dissolution of the specimen. The Mg@issolves into M§ and 2Ct causing an increase in
hydroxide ions near the surface of the specimermhvinicreases the pH value of the solution.

Witte et al.[116] discovered that this corrosion layer promsaisteo-inductivity and

osteo-conductivity and therefore the release -fe¢hens during degradation is believed to be
safe and has good biocompatibility. Bakhsheshi-&aal. [103] discovered this protective layer
phenomena in their study, in which the formationvbite particles in the form of closely packed
needle-like crystal structures on the sample sarfa@as present. This was observed during the
10 day immersion test conducted in this study. Bhengh galvanic corrosion was observed
post immersion test, a white protective film wasoabbserved during the immersion test. The
dissolution of Mg (Equation 15) and the cathodmcteéon occurred at the same time due to the
occurrence of galvanic corrosion accompanied bydgeh evolution (Equation 16). The Cl
concentration which is present in the 0.9% NaQlsoh transformed the layer of Mg(Orinto

the soluble form of MgGl
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4.3.1.2 Corrosion rates of -cast MgZnCa samples in MEM The same corrosic
behavior was observed in tMg—xZn—0.3Caalloys after a 10 day immersion tesetal
Bovine Serum (FBSgontainingMEMa cell culture medium shown in Figu4é.

The main difference in the results of the M&lgkll culture solution and the 0.9% Ne
solution is that the pure Mg had a lower corrosie than the I-46 alloy but the or-way
ANOVA detemined that this difference was not significant. Aidehally, the overall corrosio
rates of the MgxZn—-0.3Caalloys were reduced in the MElMmedium compared to the 0.€
NacCl results. This finding is in agreement with mauablications that indicate thihere is a
tendency for corrosion to slow down when proteiresaalded to the corrosion medi

irrespective of the composition of the medi[117].
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Figure 46 Average corrosion rate in mm/year o-cast MgxZn-0.3Ca alloys in MEa cell

culture solution.
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Figure 47shows the variation of pH values of the MEgblution as a function «
immersion duration for the MgZn—-0.3Ca alloyslt can be observed that the pH variation
the Mg—xZn-0.3Caalloys and the pure Mg all followed a similar trembich is confirmed b
the oneway ANOVA. The pH variation rate decreased as th@ersion time increaseln the
first 24 hours, both the pure Mg and —xZn—0.3Ca alloys reacted acutely with the Ma
sdution. This is a function of the Mg anc,O reacting in the MEM solution generating C

and causing the pH values of the solutions to e«

11

99.97% Mg

fHe ¢ ot

0 5 10
Time (days)

Figure 47 pH variation of MENa cell culturesolution versus the immersion tesi time for as-

cast MgxZn-0.3Ca alloys.

After 24 hours immersion, all the pH valuef the samples tend to stabilize around

This stabilization is important because the pH gatound implants was also reported
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crucial factor that can influence osteoblast ddfgration and proliferation [118-120]. Previous
studies have shown how the pH affects bone metahoh that during metabolic acidosis (pH <
7.35) the activity of osteoblasts declines, wherkagg metabolic alkalosis (pH > 7.45)
osteoblast activity increases [119-125]. The pHatems of the MEM solution (Figure 47)
suggest that the experimental alloys can retaenamronment that is conducive to healthy bone
activity.

4.3.1.3 Corrosion rates of heat treated MgZnCa sdesgn 0.9% NaClFigure 48
presents the average corrosion rates of the haated M-50 samples compared to its as-cast
counterpart and pure 99.97% Mg in the 0.9% NaGltgm for 10 days. The corrosion rate of
the M-50 alloy experienced a significant increas@ &unction of the heat treatment processing.
The different electrochemical behavior experiengetiveen the-Mg and the intermetallic
secondary phase still plays a role in the corrobeimavior but that role is altered because of the
heat treatment conditioning. Figure 31 shows thastrof the solute elements have been
dissolved into the primary Mg matrix which causedrerefinement in the grain boundaries
throughout the heat treated samples.

Additionally, based on the grain size data givekigure 33, there is a significant
increase in the average grain diameter of thetheaited (300C 20 h + 480C xh) M-50 samples
compared with the as-cast sample. It has been stimtigrain size can have a noteworthy effect
on the corrosion behavior of an alloy. Fine grabe snicrostructures of Mg alloys were proven
to provide a more negative corrosion potential Wwhazcilitates the formation of a layer of
protective corrosion products that can increasethesion resistance [109]. A comprehensive
study on the effects of grain size on corrosioagatf metals was done by Ralstiral. [126]

where it was determined that in the examinationsystems where low rates of corrosion occur
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or sysems that exhibit some level a passivity, corrosains decreased with grain s
reduction.

Improved resistance generally is attributed tolaihtg of high grain boundary densi
surfaces to passivate more rea(127, 128] Furthermore, Ralston suggested that the ¢
refinement is restricted to controlling the rateaabdic reactions and have little effect on the
of cathodic reactions because cathodic reas are based on electronic more than i
conductionThis is confirmed by Hooet al. studies [110jvhich concluded that for cast Mg

decrease in corrosion current,() was a function of the decreased grain size.
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Figure 48 Average corrosion ra, in mm/y, of as-cast and heat treated Malifys in 0.9%

NacCl solution.

This phenomenon is confirmedthe present study. In the aast condition, thhigher

grain boundary density dictated passivation rate on the surfaces of theass-
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Mg—-xZn-0.3Ca material because of the continuous syetdhe secondary phase. This
continuous system acts as a barrier to the agueEounment and corrodes the Mg matrix first,
but is stopped by the secondary phase barrierfifdtéwo heat treatment parameters created
holes within this barrier as a result of the digioh of the secondary phase producing a more
non-continuous system. As a result, the refineroétite grain boundary density and subsequent
increase of grain boundary diameter reduced th®sion resistance of the first two heat treated
alloys. As discussed above, the;KgsZn; phase acts as the cathode afldg phase as the
anode. This resulted in the structure ofdidg phase to corrode faster around theNGRZn;3
phase which is illustrated in Figure 49. Sincedheen size increased compared to the as-cast M-
50 sample, the-Mg phase is more prevalent which means more dvesalosion and higher
corrosion rates. The last two heat treatment paemsiexperienced a reduction in corrosion rates
compared to the first two treatment parametersusecthe corrosion slows down since the
microstructure is more of a single type phase coetpto the first two parameters which makes
it corrode a little more uniformly. This increastb@ corrosion resistance slightly of the heat
treated alloys.

4.3.2 MgZnCa—-RE alloys.The corrosion rates of the as-cast and heat treate
MgZnCa—-RE samples are shown in Figure 50. It ismeined that there is no significant
difference in the average corrosion rate of theas-MgZnCa—-RE alloy compared to the
99.97% pure Mg which are 2.41 and 2.89 mm/yeare@sgely. It can be seen that the as-cast
MgZnCa-RE alloy’s corrosion rate is lower than ket8 alloy. It has been discovered by
Birbilis et al.[51] that REEs tend to ennoble tBg,, values of Mg alloys because the REEs are
more thermodynamically stable than the Mg and tlhfZiMCa—RE intermetallics themselves are

resistant to corrosion.
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Figure 49 SEM micrographs of post immersion test surfacepmalogy of M-50 alloys heat

treated at 30C for 20 h and then 48Q for 2, 4, 6, and 8 h.

Moreover, the presence of Gd has been shown taweghe corrosion behavior of Mg
alloys up to 10 wt.% [50, 129]. However, Birbilisrther explains that based on the response of
individual MgZnCa—-RE intermetallics; these interaikts may increask, overall, and
therefore, owing to their electrochemical propertieat differ from the matrix, can lead to
galvanic corrosion. This phenomenon is seen inreigda, which describes the corrosion
morphology of the as-cast MgZnCa—RE sample postarsion in 0.9% NaCl solution. It can be
seen that there is corrosion on the surface whppears to be mainly from the Mg matrix. There
is a significant drop in the corrosion rates of khigZnCa—RE alloys, once the heat treatment
conditioning is introduced, to around 0.45 mm/yddue extension in heat treatment time beyond

2 h does not show any significant variation ondbeosion rate.
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Figure 5Q Average corrosion ra, in mm/year, of as-cast and heat treategZ MCe«—RE alloys in

0.9% NacCl solution.

It can be seen in Figurkfa, that the heat treatment conditions dissolvesthgte
elements into the primarpatrix creating a single phase type of microstrectiihereforeone
aspect othe improved corrosion resistance can be attribitede reduction of the galvar
coupling effect between the secondary phase angriimary matrix. This may explain tt
corrosion morphology of thelgZnCe—RE alloys post immersion in 0.9% NaCl solution, see
Figure 51 which shows that there is more uniform corro<on the surface of the heat treatm
samplesHowever, the dissolution of secondary precipitatas also observed for the hi
treated MgxZn—0.3Ca alloys, but the opposite effect occurrethat the corrosion resistan
decreasedConsequently, anothfactor must be at play in the improved corrosiaistance o

the heat treated alloys.
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Figure 51 SEM micrographs of the surface morphology of MGarRE samples post

immersion test in 0.9% NacCl solution in the as-eat heat treated conditions.

Figure 42b illustrates the grain growth restrictqngalities of the MgZnCa—RE samples
after T4 heat treatment is applied. This consistewith the grain size after heat treatment is
another factor in the improved corrosion resistasfdbe MgZnCa—RE after T4 heat treatment.
Ultimately the reduction in the electrochemical pling between of the secondary and primary

phases, and the grain size restriction of the REEsn the grain boundary during the solution
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treatment process served as a driving force foimntreased corrosion resistance and the
decreased corrosion rates of the heat treated MgZRE alloys.
4.4 Cytocompatibility Assessment

4.4.1 Live/dead assay.

4.4.1.1 Live/dead fluorescent images of MgZnCa gHioTl he first study used to assess
the cytocompatibility of the experimental alloyssathe in-direct Live/Dead assay. The
fluorescent OM images of the Live/Dead staininghef MC3T3 cells after 24 hours of
incubation under M-50 alloy extracts is illustratad=igure 52. These OM images show cells
seeded with as-cast and heat treated*@@D h + 480C 2 h and 8 h) M-50 extracts of MEM
diluted from 100% to 25%. It can be seen that tlagonity of cells at each extract composition
and dilution are alive and show healthy cell motpgg. According to the ISO 10993-5: 2009
standard [130] the cytotoxic effects of the as-6&%0 extracts at each dilution were given a
grade of 0-1 (Table 8, Appendix) meaning that iteof the qualitative images of cell
morphology by the extract, the reactivity of théleias minor. This is in agreement with Xaa
al. [32] who determined that the as-extruded Mg—-4.0XZ8€a alloy had the same grade. For the
100% 2 h heat treated M-50 extract, it can be siesnthere is a reduction of cell growth
compared to the lower in dilution extracts. Consauly, the ISO Grade is a 1-2. This reduction
in cell density can be attributed to the corrodiehavior of the heat treated M-50 alloys seen in
Figure 48. The increased corrosion rate of thargdted samples compared to both the as-cast
and the 8 h treated M-50 samples in the 0.9% NalQtisn suggests that there is a higher level
on Mg ions in corresponding extract. This increasens could have reduced the
cytocompatibility of the extract and consequentlyéda negative effect on the cell density as

seen in Figure 52. The cytocompatibility of the Bdat treated M-50 extract at all dilutions was
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given a grade of 0-1 which is similar to Setral. [44] who determined there Mg—4.0Zn-0.2Ca
alloy which was homogenized at 380for 10 h and 40 for 5 h had a grade between 0-1.
Again the corrosion behavior of this alloy suggélstd the Mg ion levels within the extract are

lower than the 2 h treatment samples and is wigciived a better grade.

As-cast 300°C 20h+480°C 2h 300°C 20h+480°C 8h

100%
Extract

1000 pm 1000 um 1000-pm *

50%
Extract

1000 pm 1000 um 1000 pm

25%
Extract

I
1000 um 1000 pm 1000 pm

Figure 52 Fluorescent OM images of Live/Dead staining of 313 osteoblast cells incubated

under as-cast and heat treated M-50 alloy extractignt of MEMx solution for 24 h.

4.4.1.2 Live/dead fluorescent images of MgZnCa—Rlbgs. The fluorescent OM
images of the Live/Dead staining of the MC3T3 celtubated with MgZnCa—-RE extracts are
shown in Figure 53. The MEMextracts dilutions were composed of as-cast MgAiEaand

heat treated (40C 20 h + 500C 2 h and 8 h) MgZnCa—-RE alloys. As seen in the(M25/
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Live/Dead staining images, the cells in these iladkehave healthy cell morphology, no
reduction of cell growth, and the majority of cdllsoresce green indicating the life of the cells.

As a result, the qualitative ISO Grade for each MQZ-RE extract is given a grade of 0.

As-cast 400°C 20h + 500°C 400°C 20h + 500°C

1000 pnd . »

1000 um

1000 pm

50%
Extract

1000 pm 1000 pm 1000 um

T
1000 um 1000 pm 1000 pm

Figure 53 Fluorescent OM images of Live/Dead staining of 313 osteoblast cells incubated

under as-cast and heat treated MgZnCa—-RE allogebgradient of MEM solution for 24 h.

It can be noted that the intensity of the greearfdscence within the live cells incubated
with the MgZnCa—-RE extracts are more vivid thanithages of the cells incubated with the M-
50 extracts. This indicates that the MgZnCa—REaetérare more cytocompatibile with the
MC3T3 cells than the M-50 extracts. The positivalgative results of this study is in agreement

with Feyerabenet al.[49] in which he discovered the medium level RBtaming elements,
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which include Nd and Gd, show better cytotoxic effehan light level RE elements when
looking at viability of macrophages, osteoblaselgells and stem cells exposed to different
REEs.

4.4.1.3 Cell coverage based on live fluorescentgesmThe corresponding average area
of live cell coverage based on the fluorescent Ok/Dead images was determined and shown
in Figure 54. For the cells incubated with M-50ragts (Figure 54a), the two-way ANOVA
determined that extract composition has a sigmtiedfect on the results at the p < 0.05 level
[F(2, 24) = 4.83, p = 0.0173]. Additionally, it wdetermined that the extract dilution was even
more significant effect than the extract compositbm the results at the p < 0.05 level [F(3, 24)
= 27.28, p < 0.0001]. For the 100% concentratedassM-50 extract, there was a significant
reduction (P < 0.01) in the live cell coverage canagl to the negative control. This reduction
was more than 30% of the negative control meartfagr@fore it is concluded that the 100% as-
cast M-50 extract has a cytotoxic effect on the M88ells according to the 1ISO standard [130].
As the extract dilution increases, the cell coverimgreases, but is still lower than the control.
This indicates that the as-cast M-50 alloy hinaetsproliferation at higher alloy ion
concentrations. The cells that were treated wigh2zin and 8 h M-50 heat treated 100% extracts
showed a significant increase (P < 0.001) in agliectage between the means values compared
with the negative control. The drop in cell coveraj the heat treated extracts is higher in
magnitude than the as-cast extract. This sugdestsdat treated M-50 100% extracts not only

hinder healthy cell proliferation, but decreasesl ¢itocompatibility of the M-50 system as well.
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The diluted heat treated extracts showed no saaifidifference from the negative
control and the difference did not exceed 30% wimdicates positive cytocompatiblity. This
increase in the hindrance of cell proliferatiorttué heat treated extracts can attributed to the
effects of the treatment processing on the mianoture of the M-50 alloys. Figure 33 describes
how the treatment conditions significantly increhige grain size of the M-50 system which
caused a significant reduction in corrosion resistaFigure 48). The cytocompatibility of the
extract solutions is based on the corrosion reiggtpetween the alloy and the corrosion
medium. Consequently, the heat treated extractsistoof a higher concentration of Mg ions.
However, the inherent biocompatible nature of thg Bh, Ca elements resulted in the M-50
extracts not killing off the cells which is seertlre Live/Dead images. Optimizing the heat
treatment processing is vital in creating viablenbaterials purposed for orthopaedic implant
applications.

The live cell coverage illustrated in Figure 54lsclée the OM staining images of cells
incubated under MEM extract composed of MgZnCa—-RE alloys. The two-WayOVA
determined that the extract composition is considléo have a significant effect (p < 0.05 level
[F(2, 24) = 4.10, p = 0.0295]) on the results dneléxtract dilution is considered to have a very
significant impact (p < 0.05 level [F(3, 24) = 7,28= 0.0012]) on the results. It is determined
that the reduction in the average area of live @@lerage of the cells incubated with the 100%
as-cast MgZnCa—-RE extract compared to the negatimtrol is 30.5%. This difference barely
meets the 30% constraint suggested by the ISOatamdhich indicates that the as-cast
MgZnCa—-RE extract is considered to have positiveaympatibility with the cells. The diluted
extracts show no significant difference and no neexted 30% which is similar to the M-50

results.
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The cells incubated with the 2 h heat treated ektilso show a significant reduction in
live cell coverage, but this reduction is not sig@aint enough to suggest that the extract has
negative cytocompatibility with the cells. The agtluction for the 8 h extract is determined not
to be significant and doesn’t show any negative@ytmpatibility. It can be noted that the 8 h
heat treated extract has the best cell coveraggaa@o the 2 h and as-cast extracts and the as-
cast has the worst. This trend can also be com¢ibto the effects of the treatment process on
the microstructure of the MgZnCa—-RE system. Theng&e restricting nature of REEs in Mg
during the treatment process coupled with the ssfakdissolution of solute atoms into the
primary matrix caused a significantly increasethi corrosion resistance of the MgZnCa-RE
system (Figure 50). According to the Live/Dead iemgnd the live cell coverage data, the
MgZnCa-RE system has shown to have an overallipesiytocompatibility with the MC3T3-
E1 cell line.

4.4.1.4 Effects of protein-containing medium on thesults.It must be noted that the
cell medium composition and the presence of preteiithin the medium can alter the corrosion
characteristics of an alloy which ultimately cafeat its cytocompatibility. There are many
studies that show that vitro andin vivo corrosion experiments differ in their results whatem
from the fact thain vivotakes place in a very complicated environment tvisen affect its
properties to some extent [117, 131-133]. As exgldiin section 4.3.1 of this dissertation, the
corrosion medium has an impact on the speed amdston product formation. As a result, the
tendency for corrosion to slow down when proteiresalded to the corrosion medium
regardless of medium composition [117]. For examplgélumeit et al.[117] incubated 99.94%
pure Mg in DMEM under cell culture conditions fot . It was determined that the osmolality

of the solution, which can be attributed mainlgiie Mg content of the solution, increased with
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the increased amount of proteins within the sotutlbis commonly believed that an increase of
proteins in a solution would lead to corrosion s&sice and consequently to a decrease in
osmolality. However, Willumeit’s findings contradidis paradigm but he does still conclude
that the findings in his study point towards th&ddehat there is a mechanism of corrosion
protection by proteins. In this study, the Mg aflayere immersed in FBS-containing MaM
medium which were seeded onto the cells. The prdteind in this medium coupled with the
buffering capacities could have helped strengthercorrosion resistance in the MgZnCa-RE
alloys which attributes to the positive cytocompdity of the extract with the MC3T3-E1 cells.

4.4.2 MTT assay.The second study used to assess the cytocomiigtdfithe
experimental alloys with the MC3T3-E1 cells was MET assay. The MTT assay assessment is
a commonly used cytotoxicity test because it issa that is financial accessible and easy to
conduct. As discussed in section 3.5.3, this tyfpessay is a colorimetric assay that measures the
transformation or reduction of yellow 3-(4,5-dimgthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) by mitrochondrial succinate dehydnogges in viable cells [134]. However, it
must be noted that the use of a MTT test can ledalde positive or negative results in the case
of Mg materials. This is caused by the ability of M alkaline environments to produce
tetrazolium salt, which could lead to a changedlois similar to the formation of formazan in
MTT cells [44]. Consequently, the results coulddiféerent than what is actually occurring.
Thus, in this study, the results of the MTT assag wlosely compared to the results found in the
Live/Dead study in the previous section.

4.4.2.1 Metabolic activity of the MgZnCa alloy§he total mitochondrial activity is
related to the number of viable cells; therefdne, MTT assay is used to quantitatively evaluate

the cytocompatibility of the experimental alloy edts on the cells. The evaluation of the MTT
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assay used in this study was based on the aveeagenp of metabolic activity (Equation 12) of
cells after 24 and 72 hours of incubation.

The percent of metabolic activity for cells treatith as-cast and heat treated M-50
MEMa extracts are presented in Figure 55. After 24 iofitncubation, it is determined that the
100% as-cast M-50 extract creates a significanigiah in metabolic activity compared to the
negative control. This reduction is more than 30Btclv indicates a negative cytocompatible
behavior. The metabolic activity of both the 100&&attreated extracts show a significant
reduction compared to the negative control and alealetermined to have a cytotoxic effect on
the cells. This trend is in agreement with the/tlead cell coverage seen in Figure 54a. As
discussed in the previous section, the corrosidraver of the alloys attributed to the ionic
release of Mt after the 72 hours of static soaking of the M-B6ya into the extract medium.
Wanget al.[135] asserted that the Mgconcentration of the WE magnesium alloy extracts
greatly varied in their cytotoxicity tests indiaagithat Md? ions played a key role in the
cytocompatibility evaluatiom vitro.

In terms of comparing the as-cast and the heamexa extracts to one another based off
the negative control, it can be seen that thene isignificant difference between the three
extracts. These findings are consistent with &ual. [44] who concluded that there was no
significant difference between the relative growdte, which was determined from MTT assay
analysis, of L-929 cells cultured in as-cast anttlugled Mg—4.0Zn-0.2Ca extracts after 24
hours. The diluted extracts of all three conditionthis study show no significant difference
with the negative control and therefore are consdiéo have good cytocompatibility with the
cells outside of the 2 h heat treated extract wiadreated as an outlier. This is also in

agreement with the Live/Dead cell area of covexdaee in this study.
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When studying the development of a grain structilne size of the grains in an alloy
varies with the rate of nucleation and growth whseh influence certain mechanical and
physical properties [62]. More specifically, smaligains can alter the corrosion behavior and
consequently the biological performance of an alkgy stated previously in section 4.1.2, the
one-way ANOVA compared the as-cast and heat tr8@@C 20 h + 480C 2 h and 8 h) M-50
samples and determined that there was a signifdiéfietence in the mean grain size values
among the differently processed alloys. This suiggkethat the treatment conditions used for this
experiment had an effect on increasing the graia tirough coalescence and therefore could be
attributed to the metabolic levels of the corresiiog cells showing reduced cytocompatibility
with the M-50 alloy. Further studies must be damddtermine if refining the grain size of the
M-50 alloys may alter the cytocompatible behavioowgh to acceptable levels.

After 72 hours, the extract compositions at the%a@hd 50% dilutions significantly
decreased in metabolic activity. This drop wasificant enough to determine that both
dilutions showed cytotoxic effects. This enhancehiremegative cytocompatibility seen in the
100% and 50% dilutions may be attributed to themaéd incubation time. This extended
incubation time created an over absorption of igali concentrated M ions by the cells in
the extract solutions. At the 25% and 10% dilutighsre were no cytotoxic effects shown for
the three extract compositions. Overall, the mdtalaativity of the extracts composed of higher
Mg concentrations was reduced at an extended 72ihcwbation time compared to the first 24
hours. However the diluted extracts still showedytotoxic effects. More work must be done
to understand what specific ions are in the extnadtat what concentrations these ions exist to

get a better understanding of the cytocompatibditthese alloys.
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Ultimately the M-50 alloy system shows negativeocgimpatibility when interacting
with the MC3T3 cells according to both the MTT gss&ccording to the Live/Dead images this
toxicity mainly affects the cell proliferation cdphties whereas the extracts do not have a major
effect in terms of killing the cells. This affect the hindrance of cell proliferation can be
reduced or eliminated by diluting the extract whiabans the alloy system may be able to be
employed in a biological system that has good fflad.

4.4.2.2 Metabolic activity of the MgZnCa—-RE alloyBhe percent of metabolic activity
for cells treated with as-cast and heat treated MiEZRE MEM extracts are presented in
Figure 56. For the initial 24 hour incubation tigffégure 56a), all three extracts at all dilutions
show no significant difference compared to the tiegaontrols. It must be noted that the 100%
concentrated extracts all have high standard dewgtvhich is due to outlier data points in each
extract group which is indicative of measurementrenr experimental error by the user.
Additionally, the difference in means for each agtris less than 30% which denotes that there
is positive cytocompatibility of the MgZnCa—RE ajowith the MC3T3 cells. This is in
agreement with the qualitative and quantitativeelldead staining results seen in the previous
section. After 72 hours (Figure 56b), it can benstbat 100% concentrated extracts show a
significant decrease in metabolic activity compaiethe negative controls which indicate a
cytotoxic effect. Nonetheless, the diluted extratiis show no significant difference and no
cytotoxic effects. RE containing Mg alloys showmapd cell viability is a consistent occurrence
to the point where Mg alloys with 5.2-9.9 wt.% RiEdeB.7-5.5 wt.% Y have been claimed in a
patent, and WE43 (4 wt.% Y and 3 wt.% RE) is a camuially available Mg alloy [9, 135].

Additionally, Feyerabendt al.[49] studies showed that the WE43 alloy is favtedb

aluminum-containing alloys in terms of cell viabyli



120

300 EE 100%
) B 50% -
= Em 25%
> E 10%
46 Negative Contrql
S 200-
2
[]
2
S
[F] -
= 100
LT
(o]
S
0-
n AN O
& v ®
’b“,

(b)

200
- EEE 100%
- B 50%
'S I 25%
— EEE 0%
° 1504 Negative Control
«
Ig
S 100- S
S
=
= 50-
o
=

0-
» A\ o
> 92 %
@9

Heat treatment time of second stage

Figure 56 Average percent of metabolic activity of MC3T3l€eultured under i-cast and heat

treated MgZnCaRE extract dilution for: a) 24 h and b) 72 h.



121

However, the viability reactions exhibited by cddlssed of REEs vary from element to
element. For example, for Mg alloys with high samubility’s of Y, Gd, and Dy, Y was found
to exhibit effects on viability and inflammatorya@ions of macrophages, whereas the cellular
reaction to Gd and Dy is comparably low [49].

4.4.2.3 Effects of using a cell line on the resulwhen performing, evaluating, and
interpreting then vitro cytotoxicity experiments, it is important to unsi@and that the type of
cell line used and the nature of thevitro test conducted can play a major role in the amalys
For example, the human osteosarcoma cell line (MG6Bor-derived mouse macrophage cell
line (RAW 264.7), and human umbilical cord perivaac cells (HUCPV) were compared to
understand the difference in reaction of cell linad primary cells [49]. From the analysis of
Mg and Ca, it was determined the RAW 264.7 araribst sensitive cells for the influence of
salts, and HUCPV tends to be the most robust eelagsay system. Furthermore, it was
concluded that primary osteoblasts showed a lowsceptibility to lanthanum (La) compared to
MG63 cells.

The MC3T3-E1 cells used in this study are knowa asl| line or sub-cloned cell which
means they were derived from a primary cells. Pryncalls are cells that are isolated straight
from the tissue with no passages and thereforenarphologically similar to the parent tissue.
Primary cells are considered by to be more phygioédly similar toin vivo cells and represent
the best experimental models forvivo situations [136]. However primary cells are gefigra
more difficult to culture than cell lines and ulately have a limited life span. Cell lines are a
more robust type of culture that can be utilizeddng-term studies. They are also easier to
work with than primary cells even though their babain vitro may not represent the vivo

situation. The rationale behind using cell lineshiis study is based on the consideration that the
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cytocompatibility assessment in this study is usedhitial material screening evaluation for the
experimental alloys. As a result, it was decideat tising the more durable cell line culture was
ideal.

4.5 Recommendations for Orthopaedic Applications ah Further Discussion

There are four main criteria to consider when sglgamplant materials. The first
criterion that must be considered is the seleatfom suitable application for the implementation
of the implant material. Inherently, the purposehi$ study is to develop biodegradable Mg
implant materials for orthopaedic applications.nogaedics is a broad branch of medicine
involving the musculoskeletal system. The purpdsanoorthopaedic implant device, more
specifically an implant device designed for thelstad system, is to provide temporary
mechanical support throughout the bone healinggasad-or biodegradable implants, the
physical and mechanical integrity of the implantstioe strong long enough to allow proper
bone healing and then completely dissolve with@r@priate degradation rate that will not be
harmful to the human body [137].

The second criterion to consider is the biologamaiditions within the environment that
the implant material will be interacting. It is coron knowledge thah vitro testing has its
limitations in terms of the inconsistent correlatiwith in vivoresults [33, 137]. The differences
derive from the differences in the vitro andin vivo environments in where the vivo takes
place in a very complex environment which can affee material reaction to some extent [117,
131-133]. This was the motivation behind conductmgersion corrosion tests, in this study, in
the MEMa cell culture solution for some of the experimematiédys. This was in an effort to test
the experimental alloys in a solution that betégresented what is seen in thevivoin terms of

the aqueous environment. The MEMell culture solution is more complex than the?0.RaCl



123

solution in terms of having an array of differentiao acids, vitamins, inorganic salts, and other
components. However, it is still recommended thatexperimental alloys in this study should
be examined through some soriro¥ivo assessmenin vivo biocompatibility data will facilitate
a better understanding of the possible biologiepkcities of the current experimental alloys.
The third criterion to be considered is the biotadjresponse to the designed materials. Eiort
al. [50] suggests that the impact of released allogleghents must be determined on human
cells or cell lines fom vitro tests. For this study, the MC3T3-E1 cell line wasd which is a

cell line derived from mouse calvaria. Therefons itecommended that furthervitro studies
must be done on the experimental alloys developéhis study utilizing human cells to get a
more acceptable depiction of the cytocompatibiityegards to humans. Furthermore, an MTT
assay was utilized in this study for one of therquative cytocompatibility assessments. It has
been shown that the use of Mg materials with a M$3ay is known to give false positives and
false negatives [131, 138]. To combat against teésets, the MTT test in this study was
confirmed by the Live/Dead staining results. Astaeorecommendation, the MTT tests should
be substituted with non-metabolic type assay. kanmmple, the BrdU assay is an assay whose
measurement principle is based on luminescenceadsif absorption as seen with the MTT
assays [139]. The BrdU assay detects Bromodeoxdindri(5-Bromo-2-DeoxyUridine, BrdU)
nucleosides which are incorporated into cellularAdiNiring cell proliferation and therefore is a
true measure of cell proliferation. Additionallywas concluded that corroding Mg does not
influence the results of the BrdU assay which makasnore reliable assay when conducting
cytocompatibility assessment on Mg alloys [131].rbtaver, in an effort to get a better
representation of the cytocompatibility of the glld is suggested that primary cell lines be used

in future studies on the best materials becausegoyi cell culture is more physiologically
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similar toin vivo cells. Also understanding the relationship betwieaerc concentration and cell
death is vital to getting better insight on theocgimpatibility behavior. Therefore it is suggested
that inductively coupled plasma mass spectromé@i?{MS) be conducted which is an
analytical technique used for elemental determomatiand is capable of detecting metals and
non-metals at concentrations as low as one parnpkon. Through the ICP-MS technique,
specific species present within an extract candterchined.

The last criterion to consider when selecting aplant material is the material
properties. The capability of the material in termhslegradation behavior and mechanical
strength is important when assessing the implertientaf said material into a suitable medical
application. Horet al.[50] explains that the selection of an applicatmal the required
properties provides a target for the design of anpmaterials and the material design must be
adjusted until the material meet the target requénets.

For this study, the material properties of the expental alloys were assessed and
compared to the required properties of bone aadhliire suggestions to provide
recommendations of on where the experiment allaysldvgarner possible success. Table 9
(Appendix) lists the average values for mecharacal physical properties of wet embalmed
cortical bone from younger and older men [140].I&4dl® and Table 11 (Appendix) lists
approximate estimates of the recovery time foreddht bone fractures and ligament tears
respectively. For bone fractures, the implant me®h support should last longer than 12
weeks depending on the clinical conditions. Addigitby, Erincet al.[141] recommended that
the properties for biomaterials designed for boxieifes needs to be as follows: corrosion rate
less than 0.5 mm/year in simulated body fluid &3 &trengths higher than 200 MPa; and

elongation higher than 10%. For the M@n-0.3Ca alloys, the compressive strengths meet the
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requirement suggested by Erinc. In terms of thienalie tensile strengths, only the M-50 alloy
met this criterion. However, cytotoxicity assaysedmined that the M-50 alloy has negative
cytocompatibility with the MC3T3 cells according®O standards. The Live/Dead images
indicated that this toxicity mainly affects thelgaioliferation capabilities whereas the extracts
do not have a major effect in terms of killing ttedls because of the inherent biocompatible
nature of the Mg, Zn, Ca elements. This affechmhindrance of cell proliferation can be
reduced or eliminated by diluting the extract. Agsult, it is recommended that the M-50 alloy
should be explored for use in biological systenas Have good fluid flow. However, all of the
Mg—-xZn-0.3Ca alloys produced in this study have a ciororate higher than 0.5 mm/year.
More work must be done to optimize the M@n—-0.3Ca microstructure to produce more
attractive materials properties.

In terms of the as-cast MgZnCa—-RE samples, theléestsength meets the 200 MPa
requirement suggested by Erinc. However, the asMgZnCa—-RE has a corrosion rate of 2.4
mm/ year. This corrosion value is drastically restlito around 0.46 mm/year after solution
treatment which bolsters the cyto-compatibilitytloé system. Therefore the MgZnCa-RE alloy
produced in this study has the potential to beesgfal as a biodegradable orthopaedic implant
material. Further mechanical studies must be dorth® heat treated MgZnCa—RE to confirm

that the mechanical integrity is not altered affter introduction of heat treatment processing.
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CHAPTER 5
Conclusion

The purpose of this study was to develop biodedpladdg alloys for orthopaedic
applications. The Mg-Zn—-Ca alloy was the underpigrsystem for where these materials were
developed from. The Zn content of this system waaged from 0.5 to 10.0 wt.% at a constant Ca
composition of 0.3 wt.%. Optical microscopy imagéshese samples showed that the level of
Zn content has an influence on the microstructe@bse the intermetallic phase observed along
the grain boundaries and within the grains becormaeermotent and the eutectics are thickened as
the Zn concentration increases. Both the CadMygl CaMgsZn; phases were detected in the
alloys with a Zn level of 2.0%. As the Zn levelieased to 6%, there was a suppression of the
CaMg phase. The MgZn,; phase started to precipitate for the samples Wb of Zn.

Based off the optical micrographs, it is also deiaed that there is a refinement in the
average grain diameter by the increase of Zn comeio 4 wt.%. This reduction in grain size
has a significant effect on the mechanical intggarid corrosion behavior of this group of as-
cast alloys. The strength of the as-cast k#j+—0.3Ca alloy increases with the increased Zn
content up to 4.0 wt.%. When Zn content exceed®rti@an 4.0 wt.%, the mechanical strengths
decreases as a result of the Zn atom being rejégtdtea-Mg and enhanced in the residual
liquid in which often cause the formation of eutestructures and micro-porosity. Additionally,
the increase in Zn content caused an initial redach the corrosion rate up to 1 wt.% of Zn, but
the corrosion rate experienced an overall increagbe Zn concentration increased to 10.0
wt.%.

The introduction of a double stage T4 solutionttreent process on the

Mg-3.0Zn-0.3Ca and Mg—-4.0Zn-0.3Ca samples detehtimat solution temperatures ranging
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from 400°C to 480C with treatment times from 2 h to 144 h was abledtivate the solute

atoms enough for diffusion to occur which explaims significant decrease in secondary area
compared to as-cast samples. However, due to ldtevety high temperatures used for the heat
treatment processing, most of the secondary phidke grain boundaries dissolved causing
grain assimilation which reduced the grain boundkeysity and increased the average grain
diameter compared to the as-cast counterparts.eqaestly, the corrosion resistance of the heat
treated Mg—4.0Zn—-0.3Ca samples is significantlyucedl. This stems from the different
electrochemical behaviors experienced between-iig and the intermetallic secondary phase
in which the CaVigeZnz phase acts as the cathode afldg phase as the anode causingahe

Mg phase to corrode faster around theNG®Zn; phase.

REEs were also introduced into the Mg-2.0Zn-0.3ley at 2.0 wt.%. It can be seen
that the REEs have a grain refining effect on tigg-&n-0.3Ca alloy since average grain
diameter is considerably lower than the samplek mit REESs. The secondary phase
(Mgr4.8Zms ANd, 35Gds o) detected inside the grain boundaries of the Mg&RE alloy, hinders
the slip dislocation causing the MgZnCa-RE sampleave the highest yield strength, ultimate
tensile strength, and elongation at failure valme®ng the MgxZn-0.3Ca alloys produced in
this study. It can also be seen that the as-caZin@g—-RE alloy’s corrosion rate is lower than
the Mg—2.0Zn-0.3Ca counterpart with no rare eadititeons because the REEs tend to ennoble
the Ecorr values of Mg alloys because the REEs are morentbdynamically stable and the
MgZnCa-RE intermetallics themselves are resistanbtrosion.

The introduction of the double stage T4 solutioathieeatment process on the as-cast
MgZnCa-RE alloy creates a single phase type ofastancture. Additionally, REEs played an

important role in restricting grain growth duringetsolution treatment process. As a result there
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was a significant drop in the corrosion rates dheeheat treatment conditioning is introduced
because of the grain size restriction effect of RERd the reduction of the galvanic coupling
effect between the secondary phase and the primaimyx.

For the Mg%xZn-0.3Ca alloys, the compressive strengths meeatetiigrement suggested
by Erinc for materials designed for bone fixturglamts. In terms of the ultimate tensile
strengths, only the M-50 (Zn = 4%) alloy meets tirigerion. However, cytotoxicity assays
determined that the as-cast and heat treated Mi®® dnave negative cytocompatibility with the
MC3T3 cells according to ISO standards. The LivaiDenages indicated that this toxicity
mainly affects the cell proliferation capabilitiefiereas the extracts do not have a major effect
in terms of killing the cells because of the inmet@ocompatible nature of the Mg, Zn, Ca
elements. This affect in the hindrance of cell ifgohtion can be reduced or eliminated by
diluting the extract which means the alloy systeayrne able to be employed in a biological
system that have good fluid flow. Additionally, afithe Mg-xZn-0.3Ca alloys produced in this
study have a corrosion rate higher than 0.5 mm/yelaich exceeds the recommended rate;
therefore more work must be done to optimize the-#dm—-0.3Ca microstructure to produce
more attractive materials properties. NevertheliesM-50 alloy is a good place to start the
optimization utilizing heat treatment processing.

The MgZnCa-RE alloy may have potential to be swsfoéas a biodegradable
orthopaedic implant material because samples hasiiye cytocompatibility with the MC3T3
cells according to ISO standards and the tensimgths meets the 200 MPa requirement
suggested by Erinc. However, the as-cast MgZnCahd®Ea corrosion rate of 2.4 mm/ year
which is a little high for orthopaedic implants.i§lecorrosion value is drastically reduced to

around 0.46 mm/year after T4 solution treatmentvimeets Erinc requirements. More
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mechanical studies must be done on the heat trééd2dCa—RE to confirm that the mechanical
integrity is not altered after the introductionh&fat treatment processing.

In summary, the study described in this dissemagivows that there is potential for the
Mg—-xZn-0.3Ca alloy system to be developed into an gdkdic implant material. Despite the
challenges of obtaining ideal materials propefitediodegradable Mg alloys purposed for
implantable applications, this alloy system carctestructed to meet implant requirements
through unique heat treatment processing technignésnnovative alloying methods which
include the addition of REEs. The necessity foowation in medical devices that improve the
quality of life through the creation of new alloygh the capabilities of biodegradation and
bioabsorption without toxicity effects makes thil®y system worth the energy of future

exploration and development and possible commeé&zatain.
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Figure 57 Mechanical properties of the I-Gd alloys in tension: (a) F (asst), (b) T4, and («

T6; and in compression: (d) F, (e) T4 and (f)[50].



(a)

[ bec. RARE EARTH |
[ bec. ALKALI
[ METAL CARBIDES
[bic RANSTTION HETALS)
he.p

fee METALS
GRAPHITE
[ i5chbis |

TNDIUM
OXIDF j
TRIGONAL
1CE ]
lmmonn CUBIC |

1 | 1 i | 1 | |

-16 -15 -4 -13 -12 -1 -10 -9
10 10 10 10 10 10 10 10

Melting point diffusivity D(T,)/ m’s '

IEJMMUND EUB!(]
|Dl :v:ur]
LI
HALIDES
TETRAGONAL
GRAPMITE
frs METALS [—_
tice TRANSIT fON
“Leg, ALRALS
be e KAKE METALS
EALTH
| 1 | { 1 |
® 2 a0 25 30 3s

Normalised activation energy, Q/RTn

classes of materials [108].

146

Figure 58 (a) Melting point diffusivities and (b) normaltactivation energies for various
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SEM-EDS analysis of actual composition of the MgrZ3Ca alloy system after casting.

Alloy Name designed composition actual composition
Mg Zn Ca

wt.% wt% at% wt% at% wt% at%
M-46 Mg-0.5Zn-0.3Ca 97.7699.04 1.76 0.67 0.49 0.30
M-47 Mg-1.0Zn-0.3Ca 97.4798.98 223 0.84 0.30 0.19
M-48 Mg-2.0Zn-0.3Ca 96.0198.38 357 1.36 0.43 0.26
M-49 Mg-3.0Zn-0.3Ca 94.7797.89 480 185 0.43 0.27
M-50 Mg-4.0Zn-0.3Ca 94.4997.81 5.19 2.00 0.31 0.20
M-51 Mg-5.0Zn-0.3Ca 92.4896.95 7.03 2.74 0.49 0.32
M-52 Mg-6.0Zn-0.3Ca 91.9896.77 7.65 2.99 0.38 0.24
M-53 Mg-10.0Zn-0.3Ca  88.6995.41 11.04 441 0.28 0.18

Table 8

Qualitative morphological grading of cytotoxicity eéxtracts [130].

Grade Reactivity Conditions of all cultures

0 None Discrete intracytoplasmatic granules, nblgsils, no reduction of
cell growth.

1 Slight Not more than 20 % of the cells are rodadsely attached and
without intracytoplasmatic granules, or show changemorphology;
occasional lysed cells are present; only slightvginanhibition
observable.

2 Mild Not more than 50 % of the cells are rounelyald of
intracytoplasmatic granules, no extensive cellslysdt more than
50% growth inhibition observable.

3 Moderate Not more than 70 % of the cell layergao rounded cells or are
lysed; cell layers not completely destroyed, butertban 50%
growth inhibition observable.

4 Severe Nearly complete or complete destructichetell layers.
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Table 9
Average values for mechanical and physical propertif wet embalmed cortical bone from

younger and older men [140].

Modulus
Bone  Age No_. Breaking UTsS Elongation of_ _ Density
Specimen Load (N) (MPa) (%) Elasticity  (g/cm3)
(MPa)
Femur 415 35 698.23 100.03 1.32 14.61 1.91
71.0 35 560.94 66.69 1.07 13.34 1.85
Tibia 41.5 67 813.95 103.95 1.76 18.53 1.96
72.0 34 694.31 82.38 1.56 15.89 1.83
Fibula 33.0 20 636.45 98.07 2.10 18.83 1.91
59.0 16 564.86 78.45 1.19 14.91 1.73
Table 10
Estimated recovery times of common bone fracturé2]|
Bone fracture Recovery time (weeks)
fingers 3
metacarpals 4-6
distal radius 4-6
lower arm 8-10
humerus 6-8
femoral neck 12
femoral shaft 12
tibia 10
clavicle 3-12
scaphoid 12+

pelvis 8-12
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Table 11

Estimated recovery times of ligament tears [143].

Ligament Rupture Recovery time (months)
ACL 6-9

LCL 3

MCL 3

PCL 6-9
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