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ABSTRACT

DESIGNING OF Ti-Mg COMPOSITE SFOR VARIOUS APPLICATIONS

B¢etev ¥cal, Ezgi
Doctor of PhilosophyMetallurgical and Materials Engineering
Supervisor : Prof. DIAr can F. Dericiojlu

Co-SupervisorAssoc Prof.Dr. Ziya Esen

July 2020 232 pages

In this study, galvanicorrosion of TiMg based composites has been examined by
combining different Meplloys with Ti6AI4V alloy and by addition of Nach layer
between two dissimilar metals. After determining the wetting behavior of liquid
unalloyed Mg, AZ91, and WE43 alloymnasolid Ti6Al4V alloy, three different
composites were manufactured via infiltration of liquid Mg#slipys into porous
Ti6AI4V alloy skeletons. The same procedure was also repeated after coating the
porous surfaces of Ti6Al4V alloy by alkali treatmente&tochemical and nen
electrochemical tests have been conducted in simulated body fluid (SBF) separately
for bulk samples of Mg/Mg alloys, and their composite counterparts with and

without Narich coating to reveal and compare corrosion mechanisms.

The conposites containing unalloyed Mg and AZ91 alloy exhibited greater relative
density due to their better wettability on Ti6Al4V alloy. Bulk Mg/Mg alloys
displayed micro galvanic corrosion, and AZ91 had the highest corrosion resistance

with its homogenously dtributed Mg-Al 12 intermetallics. On the other hand, the



coupling of Mg/Mgalloys with Ttalloy intensified the galvanic corrosion; however,

the corrosion was not as severe as Ti6AMY composites when AZ91 and WE43
alloys are used. In additiorformation of TiAk phase in the Ti6AI4VAZ91
composite reduced the galvanic effect significantly. The presence¢iNeoating

in the composites alleviated the galvanic effect. Although its impact was not visible
in composites containing Malloys, remekable improvement in corrosion
resistance was obtained in Ti6Al4Wg composite. Naich coatings not only
reduced the galvanic corrosion but also enhanced the bioactivity of composites by

allowing precipitation of Cd& phases

Keywords:Ti6Al4V-Mg Compoges, Magnesium Alloys, Galvanic Corrosion,
Wettability, In-vitro
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Bu -al eamhkbdbda, Mg al akéml ar éeénén nihiveskAl 4V al
far kl € rmasodydmb a k @ mmé n d himk azpd magriam é nTi-Mgar | €] én

bazl @ kompozkototyenunaptkispat e heniki Kt i r . Séve
WE43 al akéml ar éneé&n ¢kzeaetré nTdietkA lind\snddeedrankaé m a v
sonrvae, Nfgg/l ak@E&mdmrg®zenek]| | Ti 6 Al 4V al akeé

farkdmpozit el dAyiekdligd miT&kr6 At 4V al akéméneéen
yézeylerinin @pllkaamlimasiéxnidami s iainteemdimdl a t ek r
Mg/ Mg al akém soadynml| &aieeim&apdman | - eren Vv
i -er meyen kompozavirlaemréknl ak @r oyzaypddgws) dv ¢ c u 't
ger - e k| elektrakimyadale ve etektrokimyaka olmayan testler ile

belirl enmiktir.

Séeveé Mg ve kAazt9él Tail GaAlédmé daalhak @ny iy ¢ezsdyaitmib i
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vii



ol mukl ardeéer . Haci ml i d mikre, galvanilg kodMdzyon al ak é ml ar
gezleml el al aké map&skEanmaj en d ajAle2l mé kK Mg
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CHAPTER 1

INTRODUCTION

Recent studies ha¥ecusedon the development of biodegradable materials having
acceptabledegradation characteristics with time withoateasingtoxic elemers.

Among the biomaterials, the usagebaddegradable metals has several advantages
such that secondary surgery is not needed after implantation since they
spontaneously degrade in the human body and replace with bone tissues when they
are used as bone substitutes. Therefbredegradable ptak are considered as
alternatives to permanenbioinert metalswhich remain in the body even after
healing and sometimes cause adverse reac#dtimugh hey degrade over time,
biodegradable material should stay enough timehe body and preserve its
mechanical integrityo providesufficient strength during the first few weeks of the

healing stage.

Over the last years, magnesium (Mg) and Mg alloys are considered as appropriate
candidates for biomedical applicatidmscause of thettegradable charagtstics in

an aqueous environmentogether withtheir low densites (1.752.00 gr/cnd)
comparable to those of bonédditionally, magnesium and its alloys possess
excellent mechanical compatibilitielastic moduli (4445 GPa)) with the bone,
thereby alleiating the stresshielding problem associated with the remarkable

difference between the elastic moduli of implant and bone.

Besidesits usage as an implant materitlie presence of Mo the human body

contributes tonany biological reactionfone stragth, and growthof bone tissues



Therefore,the deficiency of Mgin the bodycausesan increase inthe risk of

cardiovascular disease and neurological problems.

Despite their numerous favorable properttes high corrosion rate of magnesium
and Mg allys causes deterioration of their mechanical integrishertly after
implementation, before completealing.In addition Mg generates the hydrogen
gas bubbles adjacent to the implanting its degradatignwhich could diy the
healing of the damagedssue.Accordingly, researchabout magnesium and Mg

alloys implantshavefocused orcontrollingand slowing down theorrosion rate

The surface treatment and alloying are two different approadessfor reducing
the degradatiomatesof Mg andMg alloys. The surface modification of magnesium
enable controling the corrosionrate andmprovesthe biocompatibilitypy adding

a corrosion resistant biocompatible coating. On the other hand, by allogity, n
designed magnesium alloys for biomedical applcstsuch as MgCa, Mg-Sr, Mg

Zn, Mg-Al, and MgAg have beemeveloped with enhanced mechanical properties
and corrosion resistandd.oreover, the addition ofire earth (RE) elements such as
Gd, Nd and Y have commonly usedn Mg alloying, which are designl as
biodegradable stents in cardiovascular applications. In additiersolid solution
effect of alloying elements, the presencand distribution of second
phases/intermellics formed as a result of alloying determine the corrosion behavior
of the aloy with its rate. Therefore, to minimize the migalvanic corrosioln the
alloy, both types of the elements and resultphtises/intermellacs should be
carefully controlled with their size and distribution.

In contrast to Mg and Mg alloys, titaniurand Ttalloys, popular metallic
biomaterials, display bioinert character and preferred to be used especially in
artificial joints oving to their excellent corrosion resistance, high fatigue strength
and good biocompatibilityHowever, mismatch of elastimoduli differences

between titaniunbased implants and boread uneven load distribution, which



results finally stresshielding andloss of implant bybone resorption. Thus, the
problem related tthe mismatch oélastic modulbetween bone and -gilloy should

be overcome by either modifying the chemical composition or structure/geometry of
Ti-alloys.One of the possible solutions is to manufacture porous titanium foams with
relatively lower elastic modulus so that timechanical stability between bonedan
implantcan be achievedAdditionally, the open porous structure of titanium foams
provides a suitable place for bone growéind enables the transfer of body fluids

a result,severalstudies have been focused on the production of porous titaniu
foamsthrough the use dlifferent techniquesuch as loose powder, space holder,
gas entrapment, and additive manufacturing techniguaeseng the aforementioned
techniques,dose powder sintering is one of the mosst effective angbractical
methods, whichis based on the partial sintering metal powders at elevated

temperatures to contrpbre size, distribution, and interconnectivity of pores.

Although generatingores in the structure alleviates the stgsglding problem by
reducing the elastic modusind providesa placefor ingrowth of bone tissues

porous structure igulnerableand cannot be loaded before ingrowth of bone tissues.
Therefore, filling the pores of titanium alloy with biodegradable magnesiagbe

an alternative solution tancreasethe strengthof the implantunder repetitive
loading. In additionelastic modulus can enedeasilyby changing the relative
amounts of titanium and magnesium in the composite. Moreover, combining porous
bioinerttitanium withbiodegradablenagnesium aaalso enhanckioactivity since
magnesium promotes the formation of new bone and accelerate precipitation of
calcium phosphate phase. During vivo, dissoed magnesiums expected to
replace by new bone tissueéccordingly, a dynamic balance betweere th
degradation ofmagnesium and the new bone ingrowtlild be achievedo that no
dramatic decrease will be observed in the strength; therefore, the implant can also be
loaded even in the degradation stage of the magnesium. However, it has been

reported tht galvanic corrosion occurring between dissimilar metals like Ti and Mg



accelerates the dissolution rate of magnesium, thereby increasing the hydrogen gas
evolution rate. Replacement of Ti and Mg with their alloy form counterparts and
eliminating the diret contact of Ti and Mg by the formation of an interlayer between
two metals may be used as an approach to alleviate the galvanic effect.

In the present studihree different magnesium allgysamelyunalloyed Mg, AZ91

and WE43 alloys were impregnatedinto porous Ti6Al4V skeletons with
pressureleskquid infiltration methodto observe the effect of coupling of Ti6AI4V
alloy with unalloyed Mg and Mglloys with different chemical compositions.
Ti6Al4V-Mg/Mg alloy compositeswere tested by nonelectroclemical and
electrochemicalechniqueso compare thearrosionbehaviors and mechanisrob
composites with theulk alloys constituting the compositess a second approach,
Narich coatingwas applied on porous surfaces of Ti6Al4V alloy prior to Mg
infilt ration with the aim of decreasing the galvanic effect in the composite samples.
Narich coating was especially preferred since it is known to enhance
osseointegration in Jalloys as well. Therefore, after the degradation of Mg/Mg
alloy regions in the congsites over time, Nach coating on Talloys is supposed

to allow direct bonding of the bone tissues, which is rarely seen in uncoated Ti
alloys. The effect coating layer on corrosion behaviors of the composites was also
investigated by electrochemicakchniques as well ason-electrochemical

techniques like hydrogen evolution test.

This thesis comprisesf five main chapterdn the first chapter, the introduction, the
current state of theubject is summarized, and the motivation of the study is
presentedOn the other hand, a detailed literature review has been givemaipter

2, whichis subdivided into various partgirstly, definitions and classifications of
biomaterials are givenThen, the proposedcorrosion modelsof biodegradable
Mg/Mg-alloys are discusseth detail Apart from these, the production methods of

porous titanium alloys and their surface modificattenhniques are also briefly



introduced The information about biocornogites, including FMg, is given at the
end of Chapter 2.He properties of materialsed in the present studiie details of
the composite production methods and coating techniques areigi@rapter 3.
Furthermore,this chapteralso includes thedetils of test methods used to
characterize the corrosion behaviqrsonelectrochemical and electrochemical
testy, the wettability tes, in-vitro studies and characterization techniqueshe
results of the work and discussion are presentéchapter 4which is subdivided
into three main sections. In the first sectiomportant findings of the wetting
behavior ofliquid unalloyed Mg, AZ91and WE43 alloys on the Ti6AI4V allag
given. Subsequentlyhe structure and mechanical propertégi6Al4V -undloyed
Mg/AZ91/WE43 composites have bemvestigated.The second sectioimcludes
the results aboutthe formation and characterization of Mah coating layers
between Ti6Al4V alloy and Md/g alloy in the compositeand its effect on the
wetting behavior of liquid Mg/Mglloys. In he last part of Chapter, 4he
experimental results abathie corrosion behaviorsindcorrosionmechanisms of as
castbulk Mg/Mg-alloys Ti6Al4V-Mg/Mg-alloy composites, and Néch coated
Ti6Al4V-Mg/Mg-alloy composites have beervestigatedafter immersion in SBF
Finally, in Chapter 5importantfindings of the current work are listed with the

proposeduture studies






CHAPTER 2

LITERATURE REVIEW

2.1 Biomaterials

The biomaterial is defined as a magéthat is designed to interact with the body and

to replace a part of the body in a reliable, economical, and physiologically acceptable
way|[1]. Therefore, biomaterials can be used for replacing a missing part of the body
part by improving its funion or by duplicating the structure that no longer exists.
Also, the researchers have stated that the main objective of biomaterials is the
improvement of human health by repairing the function of the tissue in thg2iody

4]. Therefore, it is esseatito understand the relationship between the structure
property relationships of biomaterials to use them successively in biomedical
applications. Nowadays, the usage of biomaterials has been growing by
incorporating the knowledge and ideas from diveiiseiglines such as medicine,
chemistry, biology, material, and engineering sciences.

For thousands of years, there have been attempts to replace or correct damaged or
diseased body parts. The first biomaterials used were the linen sutures seen in Egypt,
which dates back to 3000 BC, and the seashells used as an artificia[Sjooth
However, ancient biomaterials had been failed mainly because of the toxicity and
the lack of knowledge about infection canit[1,6]. Witte et al.[4] stated that the
development of biomaterials has evolved through three generations. The objective
of the firstgeneration biomaterials was to obtain a proper combination of functional

properties to match those of the tissue without considering the tisspense.



Therefore, most of the firggeneration biomaterials were designed to be bioinert.
Some of the examples were the joint prosthesis implemented by Charnley in 1958
[7], vascular graft invented by Vorhess in the early 198)s kidney dialysis
introduced by Kolff in 19439], and stent and heart valves invented by Hufnagel

the early 1950$5]. In the mid to late 1800s, H.S. Levf#l exanined the various
metal implants such as silver, gold, and platinum for bone fixation plates in dogs. At
the end of the 1940s, the number of biomaterials with acceptable medical principles
had been grown because of the increased life expectancy in degetopintries

First generation Second generation Third generation
Aim: bioinertness Aim: bioactivity Aim: regenerate functional tissue
Minimum reaction / interaction Resorbable biomaterials, Biointeractive, integrative, resorbable,
controlled reaction with environment stimulate cell responses at the molecular level
1940 1960 1980 2000 2020

Figure2.1. Evolution of biomaterials science and technol{&jy

On the other hand, the second generation of biomaterials mainly consists of
resorbable biomaterials, which degrades with a specific rate that can be regulated
according to the need for desired applications. For example, a biodegradable suture
made up of plyglycolic acid (PGA) has been widely used in clinical applications.
Another application area is controlled drug delivery, which targets specific tumors,
blood vessels, etfl0].

The third generation of biomaterials aims to support and stimulate the improvement
of functional tissue at the molecular leyg]6,11] For instancebioactive glasses

and porous foams are being designed to activate genes in order to reconstruct the
living tissues[12]. As a result, a better understanding of biocompatibility at a

molecular level can allow the improvement of advanced biomaterials.



In recent years, the number of using implantable biomaterials has been growing due
to the increasinglder people population and the desire for maintaining the same life
quality of patients after surgerfl3]. Thus, the need for high performance
biomaterials has also steadily increased in different areas such as cardiology,
orthopedics, vascular therapy, and dental implants. The variety of biomaterials that
can meet the variouseads required for different applications allows the selection
and usage of the materials, such as biodegradable materials for temporary tissue
healing, bioinert materials used for permanent replacement of lost body parts, and
the metals with high electronductivity to be used in artificial orgaf$,13]. The
biomaterials used inlaf the aforementioned areas should possess unique properties
such as excellent biocompatibility, high corrosion/wessistant, low toxicity, and
sufficient mechanical property, which are defined below.

Biocompatibility: The capability of a material toe accepted by surrounding tissue
with an appropriate response in the specific applications is defined as
biocompatibility [5]. Two key factors that determine the biocompatibility of
biomaterials arehte host response induced by the biomaterial and the corrosion of
the material in the human bodl,14,15] A biocompatible material is desired to
behave with a suitable host response leading to minimum disturbance of standard
body function. Therefore, no toxic and allergic response is expected to occur during

the healing proess if the material used is classified as biocompatible.

Corrosion and wear resistanceThe corrosion and wear resistance affect the
mechanical integrity of biomaterial and healing time of tisRje Insufficient
corrosion and wear resistance may induce the release of toxic elements in an
extendedgeriod. Siilarly, in some cases, high corrosion rate may induce formation

of gas pockets around the tissue and causes loss of mechanical integrity before
healing process. Although unalloyed magnesium is one of the biodegradable

materials, it has high degradatiomeran the aggressive environment, especially in a



biological fluid [15]. Because of its rapid corrosion rate, the large amount of
hydrogen gas ieeleased around the implant. Althougkcess hydrogen is removed

by the blood flow or by the usage of a syringe, a high amount of retained hydrogen
gas can cause toxicity in the bofdy,17] Another example iplain carbon steel,

which can corrode and cause allergic reactions because of the high degradation rate

[18]. Therefore, the selection of suitable biomaterials shbealthutiouslymade.

Toxicity: A biomaterial should not be toxic on the local and systemic |¢1@]sFor
example, the usage of leachable polymers can cause the unintentional release of the
elementdrom the substance, which affect the biological system. Besides, most of
the metallic implant materials likew carbon steel, and Nitinol (i alloy) having

low corrosion and wear resistance, can cause the release of unwanted metallic ions.
For examplenickel may be released from Nitinol and may induce local tissue
damage and also inflammatory reactions. On the other hand, the release of the iron
oxide, which is the corrosion fgyoduct of iron (Fe) stents, should be controlled
because iron overdose meguse toxicity and inflammation around the imp[20§.

Mechanical property:Biomaterials or deces should match sufficient mechanical
requirements in order to perform a physiological function for a specific application.
For example, a hip prosthesis, which is desired to carry body load partly, must be
strong and rigid in order not to fail underavg loads for long term periods, and it
should also possess elastic modulus similar to that of bone to lessessigétiag
effect[6]. On the other hand, a leaflet in a heart valve must be flexible and tough
enough to flex four thousand times per hour without tearing for the life span of the
patient[6]. Therefore, depending on the type of applications, biomatesals for
substituting the human tissue or organ should match the desired specific mechanical

properties.
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2.2 Classification of biomaterials

Depending on the type of materials, biomaterials can be classified into four major

groups, which are biopolymers, bioceras, biometals, and biocomposites.

2.2.1 Biopolymers

Since the beginning of the twentieth century, a wide variety of polymers have been
started to be used in biomedical applications. They are mainly preferred for hard and
soft tissue applications such as vaacylrosthesis, intraocular prosthesigyure

2.2(d), catheters, drug delivery aids,6,21] For example, ultrligh molecular
weight polyethylene (UHMWPE) is used as an acetabulaircthe hip prosthesis,
Figure 2.2(b). Although polymeric biomaterials are nappropriatefor screws,
plates, or other fixations devices that require high mechanical strength, they are
mainly used as fibers for repairing the damaged tissue and wrapping biodegradable
stents[22]. In addition, smart polymers have been used in order to clarify bio
separation problems in drug delivery systems. For instance, flexible hydrogels
having 3D structures and not dissolving in the water helpptibeess of bio
separation by changing its volume in response to the external stif28us
Moreover, polylactideco-glycolide (PLGA) is another example of gtadable
polymers used for biomedical applications. PLGA has widely used in sutures, tissue
engineering scaffolds, and drug delivery devices due to its rapid degradation rate
compared to other polyestdsi].

2.2.2 Bioceramics

Bioceramicshave been preferred due to their excellent compressive strength, good

biocompatibility, high corrosion, and wear resistance. However, they cannot be used
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in loadbearing applications because they are hard and brittle and prone te fatig
failure. Commorbio-ceramicsare alumina (AlOs), zirconia (ZrQ), and a form of
calcium phosphate named as hydroxyapatige(EQs)s(OH)2) [25,26] Bioceramics

can be utilized in the replatent materials for malfunctioning joints as well as
bones and teeth due to bioinert characteristic, high resistance to friction, and their
high hardness. Besides, they are integrated with metals in dentistry, such as teeth
root, Figure 2.2(a), and orthopedic applications like a hip prosthesis as alumina
zirconia ceramic femoral hedgigure2.2 (b), where high wear resistance is required.
Alumina, which is most widely used as bioceramics in the biomedical applications,
is used as electrical insulation for pacemakers, and innerseelessiue to their high
lifespan [6,25,27] Besides, bioactive ceramics such as-g¢jimss, and sintered
hydroxyapatite can allow the formation of direct bonding to surrounding tissue.
These types of ceramics can stimulate healing and are utilized as essential bone

substitutesn the biomedical field5].

- “—‘> UHMWPE acetabular cup

4 =—> Alumina-zirconia femoral head

4

I ]

=
-
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™~
>
-4

Titanium alloy femoral stem

Figure2.2. Dental implants with various desigr®) A hip prosthesis containing
titanium alloy femoral stem, alumirmarconia ceramic femoral head, and
UHMWPE acetabular cup, (c) mechanic metallic heart valve, and (d) intraocular
lensed6].
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2.2.3 Biometals

Biometals have an essential role in biomedical applications such that in the last
decades, around 70 % of implants are made from metalliciala{88]. They have

a wide range of usages in the human body, such as cardiovascular devices (stents,
staples, and artificial hear{d3,29]), dental implants (orthodontid80], dental

bracheg3]), and orthopedic applications (hip and knee joint implants).

Biometals can be examined in two main groups, which are degradable and permanent

biometals.

2.2.3.1 Degradable biometals

The biodegradable metals are defined he tnetals which should dissolve
completely without any residue and corrode gradually in vivo with a suitable
surrounding tissue response induced by the released corrosion products [23]. The
usage of biodegradable metals has various advantages such tmalasgsurgery

is not needed after implantation because of their spontaneous degradation in the
human body environment. In addition, degradable biomaterials are alternative to

permanent implants, which may induce leéegn complications.

However, biodegraable metals should keep their mechanical integrity during the
healing of surrounding tissue, and they should dissolve without causing any toxicity.
However, it is reported that biodegradable metals, for example, metallic stents, have
a relatively faster dgadation rate than expected during the tissue remodeling
processfigure2.3 [31]. For instance, Mgpased stents completely degrade within
four mounts, which causes the loss ottremnical integrity before complete healing.
Therefore, there should be an optimum degradation rate that allows sufficient time

for the healing of the damaged tissue. Surface cof8Rig4] andalloying [351 37]
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are two different approaches used to maintain mechanical integrity during healing

by slowing down the degradation rate of biodegradablalme
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Figure2.3. The schematic diagram of degradation behavior and the change of
mechanical integrity of biodegradable metallic stents during the vascular healing
procesg31].

Iron (Fe), zinc (Zn), tungsten (W), anthgnesium (Mg) based implant materials are
commonly used biodegradable metallic materials. Therefore, in the following
paragraphs, Fe, Zn, and-lsed bio metals are described briefly, while magnesium

and its alloys, which are the subject of the presetyswill be explained in detail.

The first usage of Fe implant was a dental implant, and then Fe wires were used as a
suture in the seventeenth century; however, infections were observed around the
implant[38]. In the 1900s, Fbased plates and screws have been preferred for the
fracture fixation device$31]. In recent years, compared to other biodegradable
metals, they have become more popular from a structural point of view because iron
based alloys have similanechanical properties to those of stainless steel. Besides,
Waksman et al39] have shown that the biodegradable iron stéigtire2.4(a), is

safe for implantation in coronary arteries because there is no inflammation around
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the stent. On the other hand, in vivo test results revealed that a large portion of Fe
stent remained intact in the blood vessel even after long immersiofiddqyalso,

it was reported thathe Fe implant exhibited a slow degradation rate in the
preliminary animal tegd]. The ferromagnetic property is another limitation of Fe
based implant materials, which directly affects the imaging devices like magnetic
resonance imaging (MRI). As a result, thesearchers have focused on the
modification of the composition, microstructure, and ferromagnetic properties by
developing new kinds of Heased biodegradable metals such adMRgFeMn-Si,

FeW and FeFeOs [31]. New production methods such as powder metallurgy,
casting, and inlgt 3D printing have gained attention to obtairb@se stents with a
slower degradation rate and diminished ferromagnetic properties. Besides, alloying
[40], surface modificationf41,42], and heat treatmefi20,43] of are the common

approabes to slow down the degradation and for improvement of the surface

biocompatibility of Febase stents.

©
\
%\ }.._ #
L 00

Figure2.4. (a) Iron stent, (b) SEM images of Xrased stent produced by selective

laser melting method, and (c) tungstambolization coils.

On the other hand, Zbased biodegradable metals have become popular due to their
high biocompatibility and suitable corrosioate. For example, Vojtech et pd4]

have investigated the mechanical properties and corrbsiwavior of binary Z+Mg

15



alloys containing 3% wt. Mg as a bone fixation device. Moreover, Xie 5.
produced the porous ZAg scaffolds by gas pressure infiltration method. They
found that ZmrAg scaffolds showed excellent bioactivity due to high
biocompatibility and good antibacterial ability of silver (Ag). In addition, the
corrosion rée of Zn was reduced upon the addition of Ag, which resulted in grain
refinement. In recent years, by the advancement in additive manufacturing
technology, Zn cardiovascular stenBgure 2.4(b), have been produced by the
selective laser melting method and shown to be replaced by their traditional
counterparts because of their superior mechanical properties witgrémed

microstructurd46].

Likewise, Tungsten (W) can be considered to be a smi@etpradable metal since it

has no toxic effect during dissolution in the human body. Various studies made use
of tungsten as biodegradable metal. For example, Peuster §t9hlplaced
embolization tungsten colil into the arteries of rablbitgure2.4(c). They found that
increased tungsten serum level did not cause any local toxicity, whiledong
studies are necessary to understand the effect of tunggtds ile the blood. Also,
Butler et al.[47] stated thabnly longterm follow-up would answer this question

whether elevated levels of tungsten are harmful to health or not.

2.2.3.1.1 Magnesium

Magnesium (Mg) is one of the lightest metals with a density of 1.74%gltis an
alkaline earth metal having an atomic number and atomic weight of 12 and 24.305
g/mol, respectively. It was firstecognized as hydrated magnesium sulfate and
magnesium cloride. Then, Humphry Davy isolated magnesium in 1808 to obtain an
elemental form entitled as Magnesia of Greek mytho[dgy.

Magnesium has a hexagonal closed packed (hcp) structure, kticésparameters
are a: 0.3209 nm, c: 0.5210 nm, and c/a ratio: 1.624 at room tempefejure?2.5.
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Besides, alloying elements can easily dissatvéhe magnesium, and magnesium
tends to form solid solutions with other elements because of its small atomic
diameter of 0.320 nrf#9].

Also, positively chargednagnesium ions, Mg can bind electrostatically to
negatively charged molecules like nucleic acids and protg8§. lonized
magnesium favors the attraction ofiater molecules due to the high hydration
energy, leading to a large ioniadius. The coordination between Mg angOH
molecules occurs in octahedral conformatidfigure 2.5(b), with six rigid

coordination bonds.

(a) (b)
c: %0 H— O

Figure2.5. (a) Schematic representation of magnesium HCP showing principal
planes and directior{d9] and (b) Mg ion in octahedral coordination with six water

moleculeg50].

Two main production methods exist for extractionM§ named as a thermal
reduction and electrolysis. The thermal reduction process is conducted at elevated
temperatures (1200 6 00 AC) , in which magnesium oxi d

then produced magnesium vapor is condensed at a lower temperature in t
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converter. Subsequently, condensed magnesium is therelted, refined, and
poured. This process is called the Pidgeon process, which is one of the least efficient,
the most straightforward, and oldest production metfstls Another production
method to obtain magnesium in elert@rform is the electrochemical technique.
First, magnesium chloride, Mgg£lis obtained by the precipitation of magnesium
hydroxide from brine or seawater. Then, MgiSldissolved in the hydrochloric acid
(HCI) and then melted and electrolyzed. At théhode, the molten magnesium is

deposited; on the other hand, the chlorine gas is released at thgZ4node

The usage of magnesium has been extensively increased owing to its lightweight,
excellent biocompatibility, good machinability, good heat dissipation, hagh
damping capacit}35,52 54]. Several studies have been conducted about the usage
of magnesium in biomedical applicans. Therefore, in the following section, bio
characteristic and related applications of magnesium and its alloy will be discussed

in detail.

2.2.3.1.2 Magnesium as a biomaterial

Mg is the fourth most abundant cation in the human body, and it is naturally found
in bone tissues, which contains approximately 67% of the magnesium found in the
body.

Moreover, Mg is widely distributed throughout the world only as a divalent cation
(Mg?") or in salt or mineral form because of its high level of reactivity. Therefore, it
took time for magnesium to be found in its elemental form, and it was discovered in
1755 by Joseph Blacks5]. The first usage of magnesium in the biomedical
application was in 1878 by Edward C. Huse, who used magnesium wire successfully
to stop bleeding vessgl]. Then, in 1900, the Australig@erman physician Erwin

Payr believed that Mg wires were brittle to be a suture; therefore, Mg was used in a

thin-walled cylinder form as a bone fracture fixation deyi&®57] Mg sheets were
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also used for restoring joint motion in both animals and dngf,56]. In the
following years, magnesium and magnesium alloys have been used as a plate,
screws, wire, and sheets to heal fractured bone for orthopedic applic&igune,
2.6(a-b). In recent years, commercial Mg alloys are preferred as cardiovascular stents
because of their controll able degradati ol
implantation of a commerciaiagnesium alloy containing 93 wt. % Mg and 7 wt. %

RE metalsFigure2.6(c), in a coronary arteff7]. In addition, Eggebrecht et #.8]
believed that Mg stents possessed excellent biocompatibility and good mechanical
properties compared to those ofmgentional stainless steel. Both chemical and
physical properties make magnesium the most functional cation and lead to the
interaction of Mg ion in a broad range of enzymatic reactions and biological
functions[50].

Mg has a high strengtb weight ratio, low density of 1.74 g/énand it can be easily

cast. Although its high corrosion rate seems to be a disadvantage, degradable
characteristics in an aqueous environment, together with its low density, enable Mg
and its alloys to be used farthopedic applications. Moreover, lightweight Mg
implants have elastic moduli closer to that of bone than commercially used titanium
alloys and stainless ste&hble2.1[55]. The comparatively low elastic moduli make
possible reducing the streskielding problem observed in lch@aring metallic
implants. For example, for temporary orthopedic devices, magnesium alloys match
the elastic moduof bone better than other metallic alloys (like titanium and stainless
steel). Therefore, they can be used not only as temporary orthopedic fixtures but also

as stents, where a high strength to weight ratio is necd58dry
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Figure2.6. Biodegradable magnesium alloys; (a) headless screw, (b) compression
screw, and (c) BIOTRONIK stefQ].

Table2.1 Properties of various metallic biomaterials and natural fadje

Density (g/cn?) Elastic Modulus (GPa)

Natural bone 1821 3-20
Magnesiummagnesium alloys 1.742.0 41-45
Titanium alloys 4.445 110117
Stainless Steels 7.98.1 189205

The main drawback of using magnesium is the evolution of hydrogen gats and
rapid corrosion in an aqueous environment. Since the primary function of
biomaterials is to maintain its mechanical stability during the healing period, it is
essential to control the corrosion rate of magnesium alloy by understanding its
corrosion melkanism and corrosion products when exposed to an aqueous solution
like in the body fluid.
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2.2.3.1.3 Corrosion of Mg and its alloys

Magnesium dissolution in aqueous environments occurs via an electrochemical
reaction with water to produce magnesium hydroxide andbiggeh gas. The overall

corrosion reaction of magnesium in aqueous environments is given below:
0Q ¢O0L POQWO O (2.1)

This overall reaction includes the following partial reactions:
0Q P 0DQ CQ O£ QUMW Q¢ ¢ (2.2)
¢00 ¢Q P O 00 O ONBDHLO Q¢ (2.3)
D0Q ¢0'0O P OQIO Ri ¢ QLA o Q¢ (2.4)

During the dissolution of magnesium, magnesiaydroxide, Mg(OH), Eq. 2.4,
accumulated on the magnesium substrate, forming a protective corrosion layer.
However, corroding of magnesium continues when metallic impurities or aggressive
electrolyte species like QGxist in the environment. In the phykigical environment

(pH: 6.87.4), magnesium hydroxide starts to dissolve and convert into highly
soluble magnesium chloride, Eq.(2.5), when the concentration winGs above 30
mmol/lI[15,31]. As a result, the surface of a magnesium substrate can undergo severe

pitting corrosion61].
0DQWO ¢oaP 0'Q ¢da ¢v O (2.5)

Moreover, the corrosion of Mglloys, which is a kinetic phenomenon, depends on
the alloy composition, impurity content, distribution and amount of the phases in the
alloy, and the environmental factors like temperature and pH of dbeoas

environment are also effective on the corrosion ofddgys.
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Magnesium and its alloys can undergo various forms of corrosion, such as galvanic
corrosion, intergranular, and localized corrosj68], which are explained in the

following sections of the thesis.

1) Galvanic Corrosion

Galvanic corrosion is an electrochemical reaction of two dissimilar metalsein t
presence of an electrolyte and electrical contin@8}. When two different types of
metals are in contact, and the difference in their electrical potentialeasit100
mV, galvanic corrosion occur$64]. The metal with an electronegative potential

becomes an anode, while more noble metal acts as a cathode.

Galvanic corrosion is commonly seen as severe local corrosion of the magnesium
adjacent to the cathod63,65] For example, galvanic corrosion can occur when
stainless steel bone plates arermmted to degradable magnesium screws in the body
fluid because magnesium is located in the most active metal in the galvanic series,

Figure2.7.

There are two kinds of galvanic corrosion observed for magnesium and its alloys.
The first one is the macigalvanic corrosion in which cathodes can be externally in
contact with magnesiunkigure 2.8(a). In micregalvanic corrosion, on the other
hand, the second phase or impurities present in Mg and its alloys could be internally
in contactwith magnesiunkigure2.8(b).
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Figure2.8. Schematic representation of (a) magedvanic and (b) micrgalvanic

corrosion[65].
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- Macro-galvanic corrosion

Figure2.8 shows the galvanic series for metalshe order of their relative activities

in ambient seawat¢66]. The list starts with the noble metal (cathode) and reaches
the most active metals (anode). It is seen that magnesium is attibra lof the list,
meaning that it is the most active metal among alloys listiggire2.7. Therefore,
when coupled with one of the metals listed, negium becomes the anode and

corrodes preferentially in any galvanic couple.

Figure 2.8(a) shows the schematic illustration of magadvanic corrosionof
magnesium coupled with a less active metal. Severe galvanic corrosion occurs when
the magnesium is in contact with less active metals such as stainless stxeliNi

alloy, and titanium,Figure 2.7. Because these metals have low hydrogen
overpotential and act as cathodes. Therefore, the potential difference between Mg
and other metals can produce galvanic current, |, which causes thmegiany

dissolution at the anode and hydrogen evolution at the cathodiEigitee2.8(a).

- Micro -galvanic corrosion

Mi cro galvanic cor r os-Mgmatrik lsaking a lowef feece e bet wee
corrosion potential and second phases or metallic impurities (Fe, Ni, and Cu) with a

higher free corrosion potentifd7]. Ther ef or éVg matrix s coaauedd i ¢ U
preferentially, and hydrogen evolution is observed at the cathodic secondary phase,
Figure2.8(b). Secondary phases such as angliAk and Mg-Al 12 are cathodic to

UMg matrix [68,69] while the other types of secondary in the rare earth (RE)

containing magnesium Mg alloys like WE43 (MgNd), GW93 (MgY-Gd), are

found b be more active than Mg matifix0].
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2) Pitting Corrosion

Magnesium undergoes pitting corrosion when exposed to chloride ions in neutral or
alkaline solution53]. The reasons for the formation of pits may be related to several
reasons, such as the chemical composition, surface condition, and grain size of Mg
alloy, and the environmental conditions (i.e., pH, temperat5&)63,71] For

example, the discontinuous oxide film on the AM60 alloy causes the adsawption
Clanion in the U phase. Tipmmsegttiepassvatornf t er
film is collapsed, and subsequently, pitting corrosion takes pld¢e

3) Intergranular Corrosion

Magnesium and its alloy are not susceptible to intergranular corrosion. Grain
boundaries are always cathodic relative to the grain interior; therefore, corrosion
does not penetrate the grain along the grain boundéBgsAccordingly, grains are
anodic to grain boundary so that corrosion focuses on an area adjacent to grain
bourdarieg[65].

4) Stress Corrosion Cracking

Stress corrosion cracking (SCC) of magnesium alloys results from the combined
effect ofelectrochemistry and the tension forces. SCC is expected to occur when Mg
alloy is exposed to stress in wet conditions. In the presence of hydrogen, SCC
initiation stress decreases below the operation value so that catastrophic failure
occurs. Although thaddition of aluminum and zinc enhance the SCC, alloying with

tin decrease the stress corrosion sensitivity of Mg §iay.

2.2.3.1.4 Proposed corrosion models for Mg and its alloys

The negative difference effect (NDE) is an extraordinary phenomenon affecting
especially magesium and its alloy dissolution. Generally, electrochemistry

categorizes corrosion reactions in either anodic or catH@@c By increasing
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applied potential or current density, the anodic reaction rate increases and
simultaneously a decrease is observed in the cathodic hydrogen evolution for
traditional metals like copper, steel, and zinc. However, the hydrogen evolution
behavior of magnesium agars to be different from the basics of the electrochemical
theory.Figure2.9 shows a schematic illustration for the NDE, in which solid lines
labeledas Land t, the normal anodic and the cathodic partial reactions, respectively,
are assumed to obey Tafel kineti65]. At thecorrosion potential, &, the rates of

both reactions are equal t® Typically, increasing the applied potential frorE

to Eqppi causes a decrease in cathodic rate froto Ihe,and an increase in anodic
reaction rate fromplto Ivg.e. Howeverjt is experimentally found for Mg and its alloy

that increasing the potential leads to an increase in the dissolution rate and hydrogen
evolution rate, shown by dashed linegsg &nd H, Figure 2.9. Therefore, for an
applied potential, &p, the actual hydrogen evolution rate (HER), corresponds to the
In,m, Which is higher than the expected currepd Also, the anodic Mg dissolution
current carincrease faster than expected from the polarization cufyemleaning

that the actual dissolution rateghis significantly higher than the expected current,

|Mg,e.
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Figure2.9. Schematic representatiof the negative difference effect (NDEBB].

Several authors have tried to explain the NDE phenomena via developing four

different models described below:
i. Partially protective surface film

This model purposed that NDE is referred to as the breakdown of the partially
protective layer on the surface during the dissolution of magnesium. Divalent
magnesium ions, Mg, dissolve into the solution near the metal/electrolyte interface,
experience hydrolysis, resulting in lowering the pH of the solution and enhance the
corrosion rate. Also, the thickness of the protective film decreases as the
potential/current is incread¢65], as given irFigure2.10(a-b).
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Figure2.10. Model of the partially protective surface film; (a) low E or | and (b)

high E or | nad (c) Monwalent magnesium ion modg5].

ii. Mono-valent magnesium ion model

In this model, Mg monovalent ion may be involved in the NDE as schematically
given in Figure 2.10(c). It is believed that the Mgmonovalent ion is produced

electrochemically, according to Eq. 2.6:
DPOQ Q (2.6)

Then, intermediate morealent Mg ion chemically reacts to evoltg/drogen gas

by the following Eq. 2.7.
¢h™Q O °¢db™ O (2.7)

Song et al[65] stated that this mechanism is consistent with the experimental results
in which the hydrogen evolution rate increase with an increase of apgplastic

potential.
iii. Particle undermining model

This model proposes the NDE in terms of the undermining and falling away of
second phase particles, especially at high anodic current potential or Eigreset,

2.11 (ab). Also, this model can be explained by the migadvanic corrosion

28



mechanisn{63]. Second phasgarticles (i.e., impurities in pure Mg or Mé\l17

phase in MgAl alloys) are more cathodic to surrounding magnesium matrix so that
local galvanic corrosion occurs at the particle bounf&ty’4] Also, a particle can

be undermined by corrosion of the adjoining Mg matrix, resulting in particles fall
out and increased mass loss. Also, more undermining of particles can occur at the

higher current densitsgFigure2.11(a-b).

s Mg g Mo
2 2+ Hz 24 A : H,O
Mg | Mg* Mg Mg - H, 5~ MeH
+ gy
‘—J 1 LM/; ! ¢ s

(a) (b) ()

Figure2.11. Schematic representation of particle undermining model at (a) low and
(b) high current density/potential and (c) magnesium hydride njégkl

iv. Magnesium hydride (MgHz2) model

This model suggests that the NDE can be explained by the formation of magnesium
hydride, Mgy, | ayer on t h d6534)asshowmahigare2.1Ha).r f ac e

MgH: is quite reactive in water and produceshiyl the following reaction:
DM ¢oOLO°0D™Q ¢O ¢O (2.8)

Although this model is based on thermodynamics, predictingtétimlity of Mg,
it is a contradiction to basic electrochemistry. Because Eq. (2.8) is a cathodic
reaction, HER should decrease with an increase of potential or current. However,
there is still debate on the existence of the NDE for Mg and its alloyeMeztkal.
[75] stated that there was no NDE for corrosion of theamt AZ61 alloy. In
contrast, Chen et a]76] concluded that magnesium hydriderjally protective
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film, monovalent magnesium ion model, and particle undermining model were the
primary mechanism for the NDE-aast AZ91 alloy. Also, Zhang et &r.7] showed
that HER increased with increasing potential for AZ91 alloy based on the partial

breakdown of the passive film.

Furthermore, the NDE isassociated with the corrosion performance of the
magnesium alloy. An alloy having a higher degradation rate performed a severe
NDE. If magnesium can form a stable surface film, NDE can be prevented, and
corrosion resistance of the alloy can be enhanced.

2.2.3.1.5 Factors that affect the corrosion of Mg alloy

Several parameters affect the corrosion of magnesium alloys, which are chemical
composition (impurities, alloying elements), microstructure (second phase, grain

size), and environment (solution, temperatum@osiphere). In the following section,

the effect of impurity elements, alloying elements, and the role of the second phase

in the microstructure will be discussed in detail.
- The impurity content

The type and concentration of the impurities have various effects on the corrosion
characteristics of magnesium. Hanawalt et[#8] studied the effect of different
impurity elements on the corrosion rate of magnesium alloy in the saltwater. They
have divided 14 elements into three main groups. The first group includes Fe, Ni,
Cu, and © elements, which are extremely detrimental to the corrosion when their
concentrations are below Ouw&. %. The second group of elements was containing
Ag, Ca, and Zn, which do not have a significant influence on corrosion between the
concentrations of 0.&nd 5 wt. %. On the other hand, the last group (Al, Sn, Cd, Mn,
Si, and Na) had rarely effect on the corrosion of Mg at the concentration below 5 wt.

%. Moreover, recent studies have also revealed that the most critical issue in the
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dissolution of Mg ists purity. Especially, Fe, Ni, and Cu elements have detrimental
effects because of their low sololubility limit. They become the active cathodic
sites and accelerate the corrosion rate because of micro galvanic coupling with
anodic Mgmatrix. For examie, the FeAd intermetallics acts as a cathodic site so
that they cause degradation of magnesd|id@). Therefore, it is essential to control

the quantity and types of impurity elements to control the corrosion of niagnes

- Types of alloying elements

Magnesium alloys are usually alloyed to get the desired mechanical property and
corrosion rate for specific applications. The first step in the designing of magnesium
with a lower corrosion/degradation rate is the carefleictien of alloying elements.
Various alloying elements like Al, Zn, Mn, Ca lead to the formation of the different
microstructures and enhance the corrosion behavior of resultant magnesium alloy.
Commercial Mgalloys used as biodegradable materials in leidical applications
includes mainly AZ (MgAl-Zn), WE (MgRE), and ZK (MgZn-Zr) series alloys

[80], Figure2.12.
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Figure2.12. Development of magnesium with various alloying elem{@g
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Aluminum (Al)

Aluminum (Al) has been mostly preferred alloying element for magnesium with a
maximum solubility of 12.7 wt. %igure 2.13 [81]. Various MgAl based alloy
systems, such as AZ and AM alloys, have been developed for various applications
to understand the corrosion mechanism of Mg al[8§86]. Aluminum addition

r e s u l-pghase (M@AIl1b precipitation, which enhances the corrosion resistance
by acting as a corrosidmarrier. Moreover, aluminum contributes to solid solution
strengthening and precipitation of the second phase in the form gAMgalong

grain boundaries as a continuous pH&3¢and the formation of a lamellar structure
[65].

Gusieva et al[37], on the other hand, belieg that Al with an amount of above 3

wt. %raises the degradation rate of Mgalloy by the formation of Mg-Al 12 phase.
Esmaily et al[88] stated that the amount and distribution of Al are responsible for
the increase in the corrosion rate. Moreover, Lunder ¢8%].found that 8 wt. %
aluminum accelerates anodic dissolution, while aluminum improves the corrosion
resistance when its content is above 10%. According to Winzer{é2hIMg17Al 12

phase has two different influence the corrosion of Mg and Mg alloy. It is believed

that it acts either as a corrosion barrier or as a galvanic cathode depending on its
amount and distribution. When Mgl 12 has a lower volume fraction compared to
Umatrix, it acts as a galvanic cathodadaincreases the dissolution rate of
magnesium. On the ot her HMgnAdyisrrelatively he vol ume
high and it has an interconnected network layer, the overall corrosion of the alloy
can be reduced since M@l 12 phase acts as a barrighe effect of the quantity and
distribution of the second phase on corrosion of magnesium behavior will be

discussed in detail in the following sections.
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Figure2.13. Phase diagram of the Mg system[81].

Manganese (Mn)

The addition of Mn to the Atontaining magnesium alloy causes the formation of
Al-Mn intermetallic phases. Accordingly, these intermetallics can control the

corrosion of Mg alloy by picking up iron (Fe), which has a detrimental effect on the

corrosion restance of magnesium all¢g5].
Calcium (Ca)

The human body needs calcium to maintain growth and healing of the bones, and
therdore, it has been extensively used as an alloying element for biodegradable Mg
alloys. Although Ca has a limited solubility of about 1 wt. % in Mg, the formation
Mg2Ca secondary phase in the grain boundaries and grain interior improve the
corrosion resistace of Mg and its alloy74]. Bornapour et alf17] found that the
corrosion resistance of magnesium enhanced by the addition of a small amount of
Ca and S(0.3wt. % Sr and 0.3wt. % Ca).
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zZinc (Zn)

Zinc, one of the most abundant nutrients in the body, is essential alloying elements
with relatively high solubity of 6.2 wt. %in Mg [31]. Increasing the mass fraction

of Zn in magnesium alloy enhances the corrosion resistance of Mg. Even a small
amount of zinc (Zn) can provide a solid solution and precipitation strengthening that
can lessen the dissolution rate of Mg alloy. Cai €88l believed that the corrosion
resistance improved Wi increasing Zn content by grain boundary, solid solution,
and secondary phase strengthening.

Rare Earth (RE) Elements

The RE group contains 17 different elements that can be divided into two groups
according to their solid solubility in magnesium. Thst group includes elements
having high solid solubility in Mg, which are yttrium (YRysprosium (Dy),
Gadolinium (Gd), Terbium (Tb), Thulium (Tm), Holmium (Ho), Erbium (Er),
Ytterbium (Yb), and Lutetium (Lu). On the other hand, the second group contains
elements with limited solid solubility in Mg (Neodymium (Nd), Lanthanum (La),
Cerium (Ce), Samarm (Sm) and Europium (Eu}}5,31,91] In reent years, Mg
RE-based alloys have been gained attention due to their controllable degradation

rate.

Rare earth elements can form complex intermetallic phases with Al and Mg. These
intermetallic phases may enhance the corrosion resistance of magnesitoyall
solid solution strengthening. Zhang et 2] found that the degradation of
magnesium alloys having Y can be slowed down because of the forrobtibe
Mg24Y s intermetallic phase. Moreover, Chen e{@l] believed that the Nd element,

with limited solubility of 3.6wt. %, forms the Mg.Nd phase, thereby lowering the
corrosion rate of the alloy91]. Additionally, Peron et al[74] stated that the
improved corrosion rate of EV31A (2.8 Nd3 Gd0.56 Zr0.29 Zrother RE inwt.
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%) is due to the formation of mixed oxides of Nd and Gd on the surface, which is

more stable than that of RE free magnesium alloy.

However, Feyereband et §03] stated that the addition of the small amount of La
and Ce elements in WB alloy Mg-3.5Y-2.3Nd-0.5Zr in wt. %) caused the
formation of the gas bubbles and the high cytotoxicity effect. Besides, Chino et al.
[94] conducted showed that La and Ce elements localized in a small area around the

implant, although they improved the corrosion resistance of WE43 alloy.

On the other hand, Willbold et dB5] investigated the corrosion behavior of WE43

and LAE442 (M@g4%Li-3.6%Al2.4%RE, inwt. %) and conducted #itro
experiments by inserted the implants into the bodies of rabbits. They revealed that
hydrogen gas bubbles existed around both implants and subsequently disappeared
after two weeks. Finallythe surgical sites were recovered four weeks later, and there

was no adverse effect of gas bublis.

Moreover, Niu et al[96] implanted MgNd-Zn-Zr screws in the rabbit mandible.
They observed the formation of new bone around the screw, and there was no
inflammation around the implant after-b@nth implantationfFigure2.14(a). The
degradation process of Mgd-Zn-Zr implants is shown ifrigure2.14(b) [96]. They

stated that the screw did not lose its integrity after four mounts, while; a large part
of the screw has degraded, and only a small piece remained in the center after 18
mounts. As a result, new bone tissues, such as osteoblasts and osteveste

observedaroundMg | | oy screws i n[9%.he rabbitéds
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Figure214.( a) OCT i mages of the vertical section
images of the original screw and residual screw after 1, 4, and 18 months after

implantation[96].

- Second Phases

The amount and the distribution of the second phase may have a pronounced effect

on the degradation characteristics of magnesium alloys. Because the second phases

act as cathodic centers, whicigmatrik known t o
when immesed in the aqueous environment. This type of corrosion is called micro

gal vani c c¢ or rmasixdssolyed preferentialiy.c h U

I f the volume fract i on -intefmetallic ghase im AZOT met al | i ¢
alloy, is relatively low comparetd o-mdirix, the undermining of the second phase
occurs. The pr ef enatexmdecursalor atbngshs grdinboundarp o f U
so that the second phase is undermined (fall out), causing an increase in the corrosion

rate. On the other hand, theghivolume fraction of the secondary intermetallic

phase can enhance the corrosion resistance by acting as a barrier against the
corrosion of the alloy. For instance, Song ef{@th] believed that AZ91 alloy was

improved when it contained homogenously distributed:J¥ig> intermetallic

phases along the grain boundary, which acted as a corrosion barrier. Therefore,
secondary phases with the homogenous distribution in the microstructure contribute

to the decrease of the corrosion rate.

36



In the study of Cao et dP7], they investigated the corrosion rate of WE43 alloy by

an invitro test using simulated body fluid (SBF). They realized that the coarse,
secondary particles were undermined, leaving the deep holes aftersiomzr12

h, Figure2.15b), although there was no sign of falling out the intermetallics after
six hours of immersiorkigure2.15(a). This phenomenon was due to the low amount

of the second phase and its discontinuous distribution in the microstructure, leading

to a severe increase in the corrosion rate of WE43.alloy

Figure2.15. Surface morphologies of WE43 alloy samples after immersion in SBF
for (@) 6 h and (b) 12 [97].

2.2.3.1.6 Corrosion rate measurement for Mg

Corrosion of magnesium and its alloys is a complex process so that the combination
of various techniques should be conducted to support the results of different tests
used for revaling the corrosion kinetics and mechanism of Magnesium alloys.
Kirkland et al[98] and Esmaily eal.[54] provide a summary of the main advantages
and drawbacks of various corrosion rate measurement technifjisssection

includes the test methods used to determine the corrosion resistance and the
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degradation rate of magnesium and its alloys, which are categorized into two groups:

(i) non-electrochemical and (ii) electrochemical techniques.

i) Non-electrochemia@l techniques
- Weight loss measurement

In the weight loss experiments, only a sample, corrosion medium, and a precision
balance are needed to assess the corrosion behavior of magnesium. Firstly, the
sample is immersed in the corrosive medium for a vanke then removed from the
agueous solution. Before measuring the resultant change in mass and mass loss, a
cleaning solution like chromic acid (§0) is preferred to remove corrosion products

(i.e., magnesium hydroxide, Mg(Ohi)from the surface. Differeracid solutions

such as chromic acid, Cs@86,99 101], a mixture of Cr@ and AgNQ solution

[102], and a mixture of nitric acid and C4#{203]can be used as cleaning solutions.

The corrosion rate of magnesium is calcedaaccording to ASTM G3I2[104] as

given in Eq. (2.9);

Y6 (2.9)
5 O’

Where CR i s t he tedifferenseibetweenrtte ingigl andefival i s
weight of the sample (after removal of the corrosion products)s Ahe initial

surface area, t is the exposure ti me ,

- Hydrogen evolution measurement

The rate of thanagnesium dissolution directly corresponds to the amountof H
evolution, Eqg. (2.1). According to #volution tests, the evolution of 1 mole of

hydrogen gas directly proportional to the dissolution of 1 mole of magnesium,
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meaning that measuring the voluwieH: gas is equivalent to measuring the weight

loss of the Mg.

Numerous studies have been performed to determine tiganperformance of
magnesium alloy by hydrogen evolution experimebi,67,71,73,82,109.09].
Figure 2.16 shows the typical experimental setup, which contains a collector, an
inverted funnel,and a burette. Initially, a sample is immersed in the corrosion
medium, i.e. simulated body fluid, and a collector is placed in the medium directly
above the sample to capture evolvedglls during Mg corrosion. The hydrogen gas
accumulates as bubbles thatach from the surfacelHubbles are collected at the

top of the burette by displacement of the solution in it. Subsequently, the volume of

the H gas is measured by noting the level of the solution in the burette at different

time intervalg54,98]

e— Brutte

| Inverted
Funnel
‘ ~ Specimen

Figure2.16. Schematic representation o# elvolution test setufb4].

However, similar to weight loss experiments; &l/olution experiments do not
provide any information about the corrosion metsa. Besides, Esmailp4] et
al. stated that Hubbles usually attached to the walls of the inverted funnethend
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burette; therefore, they were not added to the gas volume at the top of the funnel.
Thus, it causes misleading results in the calculation of the hydrogen evolution rate.
Also, Kirkland et al.[98] stated that the Hevolution technique is not a suitable
method for the study of alloys with high corrosion resistance and the study of
corrosion in time intervals less than one hour because there is an insufficient volume
of evolved gas at the early stage of corrosimure2.17 displays the representative
graph of the hydrogen evolution test, in which thaxis shows the amount of
hydrogen gas evolved with respectriamersion time (>axes).
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Figure2.17. Comparison of hydrogen gas evolution in the SBF for bare and HA
coated magnesiuifd10].

i) Electrochemical techniques
- Potentiodynamic polarization (PDP) test

Potentiodynamic polarization (PDP) test is an electrochemical technique that can be

used to study in vitro corrosion of Mg alloys. The PDP test gives information about
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corrosion potential, & (in volt), corrosion current densitysok (MA/cN?) and,
relative anodic and cathodic reactions at a specific tigure 2.18 shows the
schematic representation of a thedectrode electrochemical cell containing counter
electrode (CE), reference electrode (RE), working electrode (WE), and the

electrolyte.

N P Potentiostat

Counter
__}Electrode (CE)

/. PC
Working Electrode = N
(WE) Reference
Electrode

Electrolyte

Figure2.18. Schematic representation of a thedectrode electrochemical cell.

A reference electrode provides information about the potential applied to the
working electrode. The suitable reference electrodes for specific applications are
saturated calomel electte (SCE)[32,111] the silversilver chloride (Ag/AgCl)

[112] and the copper/copper sulfaf®l3,114] electrodes. Besides, the counter
electrode provides the applied current to the system and should be maéle up o
corrosionresistant materials such as platinui®3,62,114116] and graphite
[61,117]because the dissolution of the electrode changes the solution chemistry and
may cause complication during measurement. Also, the size of the counter electrode
is an important parameter such that it should be equal or larger than that of the
working elet¢rode as the size of the electrode directly related to the amount of current
formed[118].
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Before starting the PDP test, open circuit potential (OCP) is recorded for a while.
Then, potential is increagevith the controlled rate (i.e., 0.5 m¥Ysvia adjusting the

current flowing between two electrodes. Usually, the initial voltage is set to start at
values more negative than the OCP, and subsequently, the scan continues to increase

more positive valuef98].

Figure 2.19 shows the schematic plot of current density (I) versus potential (E)

curves, which are named as a Tafel plot. The &1d torr values can be estimated

by using the Taf el extrapol ation method.

Tafel slopes are the other important parameters, which can be found from the slopes
of the anodic and cathodic branchiegure2.19. Then, the corrosion rate (CR) can
be calculated usingotrvalue according to Eq. (2.10) in ASTM G162 as follow:

0 OQ WO (2.10)

”

oY

Where CR is given in mm/iyredri s i n2, KOi\d constant and equal to 3.27 x

103 mm g/ OA cm.yr, |} is th® density of the

E (Volts)

Cathodic curve
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Figure2.19. Schematic plot of current density () versus potential (E) curves

obtained from the Tafel extrapolation mettad9].
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- Electrochemical impedancespectroscopy (EIS)

EIS is one of the useful techniques for understanding the electrochemical corrosion
process and surface film formation on the surfaces of metals in corrosive
environments. Besides, EIS is a abestructive technique that characterizesttlk

and interfacial properties of materials. In recent years, EIS has been widely used in
the characterization of coatings, batteries, and fuel cells and the determination of
corrosion behavior of the materials due to its simplicity and relative easseof
[59,62,98,120122].

In this technique, the response of AC polarization, as a function of the frequency,

can be monitored, when an excitation signal with a small amplitude is applied to the
system[98,123] T he i mp ed thensgseem is 4 ¢omplex quantity with a
magnitude and a phase shift which depends on the frequency of thdk2gnsP5]

Moreover, the impedance of the system can be obtained by changing the frequency

of the applied signal. For the electrochemical cells, a frequency range of 100 kHz

0.1 Hz has been widepreferred124]. Besides, the impedancg,( ¥*) , i s a com
guantity that can be described in Cartesi
Z(¢¥)DZ(¥)(.¥)Z dnwd Are the real and i maginar
e g u a l-5[124,126] &

The characterization of electrochemical systems with impedance spectroscopy
requiresan understanding of the data by using a suitable equivalent circuit model.
The model predicts parameters that can describe the experimental data adequately

and estimate the behavior of the system under different conditidib

The circuit model for EIS consists of electrical circuit elements which are resistors
(R), capacitors (C) and inductance (L). The various elements of theamtigircuit

are then assigned a specific physical meafii2g,126] The resistance, R, has an
impedance that is independent of frequency, while the capacitance, C, has an
impedance, which is a function of frequency. Also, the dolayler capacitance,
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Cdl, forms at the electrode/electrolyieterface vinen oppositely charged ions
separated from each other at the electrode sufi@8). While it behaves like the
norrideal capacitor due to inhomogeneities in the electrode or the electiihyts,
thenonideal behavior of the capacitor can be compensated by using the concept of
a constant phase element (CPE) in the modeling of an electricdedayér The

CPE is usually defined by the n value, which is a dimensionless constant between
1 and +1. When n is equal to +1, CPE is identical to a cap§s8prAs a result

these circuit elements can be combined in series and parallel to yield complex

equivalent circuits.

For a simple parallel £ circuit, the Nyquist plot and equivalent circuit model are
given inFigure2.20. The impedance spectrum can be shown by the Nyquist diagram
having real (Za) and imaginary (iég) parts of Z(¥) wusing
respectively. The diameter of semicircle aloig tcaxes (Za) represents the
resistance of R and the capacitance value can be found from the maximum point of
the semicircle in the Nyquist plot Figure2.20(a) and shown as C1 in the equivalent
circuit in Figure2.20(b).

100

(a) (b) R,
2 sof Ceeeseas: _ I
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Figure2.20. (a) Nyquist plot (b) Equivalent circuit of a parallel@circuit [128].
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The simplified Radles circuit has been commonly used to model the corrosion
processes by EIS. IRigure 2.21(a), the polarization resistor, Ris connected in
series with the bulk resistorpRand at the same time in parallel with the double layer
capacitor, €[128]. In the Nyquist plot of a simplified Randles céligure2.21(b),

the starting point of the semicircle is shifted to a higher value-gf\hich is called

as R and the diameter of the semicircle equalsto R

100

(a) (b)

'Zl.mg (ohm)
8

g 1
R, \ G
0 — 1 1 1

0 50 100 150 200
Zreal (Ohm)

Figure2.21. (a) Nyquist plot (b) Equivalent circuit of a simplified Randles cell
model[128].

On the d¢her hand, the Nyquist plot of pure MBigure 2.22, consists of three
different loops named as capacitive loop at the high andreguency region and
inductive loop at the lovfrequency region. The capacitive loop at the high
frequency regionFigure 2.22 is related to the charge transfer process due to the
degradation of the samp|61,129] On the other hand, the lefrequency egion,
Figure2.22, is associated with the mass transport in the solid electrode because of
the diffusion of ions to the metal surface from the electedy30]. Moreover, the
existence of the inductive loop at low frequencies may result from the intense
microgalvanic corrosion between magnesium matrix and intermetallic pi28$s

or the relaxation process of intermediate*dpecieg59].
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Figure2.22. Schematic representation of typical Nyquist p[ats4].

2.2.3.2 Permanent biometals

Stainless steel, titanium and titaniunbogs, cobakchromium (CeCr) alloys and
titanium-nickel (Ti-Ni) alloys are some of the examples of the bioinert metallic
materials that remain as a permanent fixture by conserving their strugit@igs
They have been extensively used in Wmcring applications because of their
excellent combination of high mechanistidength and fracture toughness compared

to ceramic and polymeric counterparts.

Stainless steel is an irdrased alloy consisting minimum of 11 % chromium (Cr)
that prevents iron from rustinfll32]. Conventional stainless steel and-fidie
stainless steel are preferred for biomedical applications becausblgddision
release causes allergic reactions in the human [A88}. Most of the stainlessteel
implarts used routinely in hip and knee replacemEigure2.23(a) and stents that
sustain the flow of blood in an artdiy3].

Co-based implant alloys have higher wear resistance compared to other permanent
biometals, which warrants their extensive use in artificial hip joints. Generally, Co

Cr-Mo alloys are the most commonlged alloy owing to their great combination of
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high strength and high ductility13,133,134] Besides, they exhibit a high cyclic
fatigue resistance and modulus of elasticity, which are an essential requirement for
dental implants. They have been extensively used as afmaetawork for removal
dental partialsFigure2.23(b), which is a weltknown brand called Vitalliumas%

Co, 30% Cr, and 5 % Md)L35]. However, the possible release of Cr and Co ions
through corrosion or wear processes cause inflammation and toxicity in the human
body[13]. Besides, in vivo studies reported that Co ion release frof€@rGaloy

could cause carcinogenicify2,134]

The use of TNi (Nitinol) shape memory alloys has grown over the last years,
especially in the dentistry area. Orfetlte examples that made up ofNi alloy is

the endodontic root canal filesigure2.23(c), which was developed by Harmeet D.
Walia [136]. Another example of TNi alloy used in dentistry is the dental braces,

Figure2.23(d), which is used to align and straighten teeth.

@7

Figure2.23. (a) Stainless steel knee and hip impfd33], (b) CoCr removable
partial denture§l37], (c) TiNi root canalffiles [136], and (d) TiNi dentalbraces
[30].
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2.2.3.2.1 Titanium as a biomaterial

Titanium and its alloys served as the first choice efattic biomaterials showed the
outstanding combinations of high specific strength), great corrosion resistance,
excellent bioinert characteristic, and sufficient biocompatibifity38]

Compared to ceramics and polymers, bioinert metals have exceptional mechanical
strength under repetitive loading. However, they have tendencies to fail after long
term usage because of the stress shielding problem, which is caused by the elastic
moduli differences between the implant and bdt81]. The load cannot be
trarsferred effectively to the bone, and the stress concentration is observed around
the implant. Therefore, implant materials should have similar elastic modulus to that
of bone (340 GPa) in order to achieve a homogenous distribution of stress between
the inplant and bongl39]. Titanium and its alloys possess relatively smaller elastic
moduli (110 GPa) compared to stainless steel (210 GPa) afut &ty (240 GPa)

[11,131,140] However, their elastic moduli should be reduced more.

The mismatch of elastic moduli between a titanium implant and bone can lead to
failure in load transmission for long term usage under repetitive loading. Thus, the
inconsistency in elastic oduli causes to a streshielding problem over the
surrounding bone, inducing the bone resorption, and finally implant loosening.
Alloying titanium is one of the solutions to decrease elastic modulus and to alleviate
stress shielding.

Dunand et al[141] stated that the introduction of pores to the dense titanium
structure could alleviate the stress shielding problem because porous titanium having
comparatively lowerelastic moduli helps to balance the mechanical stability
between bone and implants. Accordingly, porous titanium alloys can provide desired
mechanical properties at the same time, yielding an appropriate place for bone

growth. Thereby, the researches hateted that pore structure, connectivity, and
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also its diameter affect the mechanical properties and biological performance of
porous titanium implantsd 31,142 146].

2.2.3.2.2 Production methods for porous titanium and its alloys

Porous titanium can be manufactured through the use of many different techniques,
which are the replication method, hollephere sintering, gas entrapment technique,
space holder method, and loose powder sintdfia6i 149]. Brief information will

be gven for these methods, while detailed information about the loose powder
sintering method, the subject of the current work, will be presented in the following

section.

In the replication method, highly porous materials have been produced through the
use ofopencell polyurethane (PU) foam or sponge as a template. The pattern
preparation, infiltration, and pattern removal are the three main steps of this method.
Li et al. [143] produced porous Ti6Al4V alloy hawgnporosity content higher than
80% by thermal evaporation of polyurethane and subsequent sintering of titanium
alloy powders. On the other hand, the final product may contain irregular porous
structure due to the starting structure of the polymeric foamaddition, titanium
powders can be oxidized during the evaporation of the polymeric terfiplaté 48]

For the high temperature applications, porous titanium slég produced by the
hollow sphere method, in which nickel, steel, copper, or titanium having hollow
sphere shape are bonded together by sint¢t®@]. One of the advantages of this
method is that the pore size distribution is homogeneous, and porous structures have

orderly distributed porosity contefit50].

Another technique to produce porous titanium is e entrapment method, which
is widely used in the aerospace indudigy the aircraft manufacturer Boeirg

produce porous titanium sandwich pan@S1]. In this technique, titanium alloy
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powders are compressed to the dense precursor, and argon gas is allowed to be
entrapped in the material. Then, a precursoeatdd at elevated temperatures, and

as a result of the expansion of argon gas, isolated pores are formed in the structure.
However, the resultant structure has a low amount of porosity (< 40 %¢lastd

and irregular shaped porgs18,150]

The space holder method enables direct manufacturing of porous structure with
relaively homogenous and interconnected porosities by the evaporation of spacer
particles during heating. Space holder materials can be carbdib@¢l53]
polymeric granuleg154], ammonium hydrogen carbonaf50], and metallic
powders such as magnesiifa5]. Moreover, the space holder technique allows
great control over pore size, porosity content, and distribution by using suitable
spacers becausthe shape, size, and amount of the spacers greatly affect the

morphology and structure of the pores.

2.2.3.2.3 Loose Powder Sintering Method

Loose powder sintering method is the simplest way to manufacture metallic foams,
which depends on the partial densificatidmtal powders during sinterifj@44].

This technjue consists of three main steps, which are powder preparation,
compaction, and sintering of metal powders at elevated temperatures. The sintering
time and temperature mainly affect the pore size, distribution, and interconnectivity
of pores. The final piauct has irregularly shaped and randomly oriented porosities
with maximum achievable porosity around 5(P47,150,154156].

Lame et al]157] observed three different stages during loose powder sintering of

copper powders by using-situ micratomography,Figure 2.24. In the stage 1,

intiaAlbondi ng occurs between particles, and ne
stage 2 (betl®@&86&n ACPOOtAE€E main changes in t

observed, in which particles come closer to each other. At the final stage (stage 3),
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neck growth causeke closing of the pore channel, and the contact area between the

powders increasebjgure2.24.

Stage 1 Stage 2 Stage 3

TR ) "rf;. DA IeaT

Figure2.24. Three stages of loose powder sintering of copper powders detected by

In-situ micretomography157].

Moreover, Esen et aJ154] found that Ti6AI4V alloy samples produced by loose
powder sintering at various sintering temperatures have porosity content between
30-37.5 vol. %. Besides, Oh et H156] statedthat porous unalloyed titanium having

30 % porosity content was appropriate to maintain close mechanical properties to
that of bone. In addition, Cabezddla et al. [158] investigated the mechanical
properties of loosely sintered Ti6Al4V alloy powders. They found that the pore

characteistic strongly affects the compression strength of porous titanium.

2.2.3.2.4 Surface modification of titanium and its alloys

While the interconnected pores of titanium provide the biomechanical stability, the
main concern for biomedical applications is the inadequate bonding ability of the
surfaces with the living tissue, named as insufficient osseointegfétib®,159]

Therefore, surface modification of titanium and its alloy should be carried out to
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enhance the bioactivities and to attain both physical and chemical attachment of bone

tissues to the porous surfaces.

Different surface modification methods, which areygbal, mechanical, and
chemical treatments, have been performed in order to improve the osseointegration

ability of porous titanium surfaces.

Mechanical methodsMechanical methods are the most straightforward technique
to modify or change the surfaceoperties of Titanium and its alloys. Increased
surface roughness allows the attachment, growth, and deposition of living tissues
easily on Titanium. The surface of the surgical bone plates, fixation screws, and
dental implant made of Titanium are treatad wmechanical methods, including

machining, polishing, and blastifg60].

Physical methodstn these methods, i aimed to enhance the corrosion resistance,
biocompatibility, wear resistance of titanium by the formation of films or coating
having micro or nanometer thicknesghermal spray, physical vapor deposition

(PVD), and ion depositioare some of the exampglef physical method461].

Chemical methodsThe most frequently used method for the surface modification

of titanium is the chemical method because stronger adhesion between modified
surface and bones is obtained compared to other methods. Moreover, the main
purpose is to modify the surface by otfieal reactions occurring at the interface
between the solution and the titanium. Some of the examples of chemical methods
are hydrogen peroxide, sgél, anodic oxidation, acid etching, and hydrothermal
method[18].

Due to its simplicity and easy to apply on a complex structure, the hydrothermal
method has been gained attention to get the homogenous and uniform coating on the
surface of Ti and italloy. NaOHalkali heat treatment is one of the most widely
used hydrothermal methods to obtain sodium titanate layer, which induces the apatite

formation on the surface of titaniufh62 165]. The method contained two major
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steps. Initially, titanium alloys are imnssd in NaOH solution having various
concentrations (10 M) at different temperatures @02 0 AC) so as to ob
titanate hydrogel, N&l>xTiyO2y+1.nHO. Then, the heat treatment at various
temperatures(668 0 0 AC) was c¢ ondu cdllesthblecoystatiiet ai n a
bioactive titanate layer, NaiyO2,+1[163].

Moreover, Pattanayak et dll66] found that titanium surface having a porous
network structured Nach coating layerFigure 2.2%5a) enhanced the apatite
precipitation on the surface of porous titanidigure2.25b). They stated that alkal
heattreated porous titanium was found to be a useful bone subgfifé It is
known that the osseointegration of titanium and its alloy improved by the formation
of the bioactive titanate phase, which inhibits precipitation of hydroxyapatite in
the body environment.

Figure2.25. (a) the surface of porous titanium after aldadiat treated, and (c) the

apatite formatted titanium surfaces after immersion in BBE].

224 Biocomposites

Composite is defined as the combination of two or more materials having different
composition and morphology. In addition, they are designed to produce materials
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with properties adapted to meet the specific chemical, physical, or mechanical needs.
Thus, the composite usually shows significant properties that the single constitutes

do not hae and sometimes exhibits the best qualities of each consfit6igs

In the human body, bes, tendons, ligaments, and teeth are the natural composites,
and their distribution, amount, and morphology determine the final behavior of tissue
or organ[167]. On the other hand, manade composites can be used to make

implant or prostheses that can mimic these living tissues, match their mechanical

behavior, and improve the mechanical funciofh damaged tissues.

Various types of composites have already been studied for different biomedical
applications such asardiovascular applications, dentistry, oral surgery, tissue
engineering, and orthopedif68i 171]. There are various types of composites that
are used in biomedical applications, such as pohsaesmic, metateramic, and

metatmetal composites.

PolymerCeramic Compositeln the last decade, the use of composites materials in
dentistry, mainly polymeceramic composites, has been progressively increasing.
Salernitano et al[169] stated that composite composed of polymeric acrylic or
methacrylic matrix reinforced with ceramic particles are used in restorative dentistry
such as filling cavities, improving fractureeleth and replacing the missing teeth.
Polylactic acid (PLA) is used in biomedical applications due to its biodegradability,
biocompatibility, and ease of processing, while degradation products of PLA in the
human body can cause toxic reactighg2]. Therefore, PLA is combined with
ceramics to eliminate the inflammatory effect and to improve the biocompatibility
of ceramics. Because of their poor mechanical properties, HIAAomposites are
suitable for nodoad bearing applications such as bone fracture fixations: sutures,
interference screws, and meniscus repdir731175] Moreover, PEEK,

polyetherimide (PEI), and liquid crystalline polymer (LCP) containing composites
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are also used as femoral stems due to their inherent advantages like high corrosion

resistance and excellent flexibilif¥76].

Metal-Ceramic Composite:Another composite type used in the biomedical
application is the metateramic composites such that TitanitA composites are

used in dental implants due to their high mechanical stability and excellent
biocompatibility [177]. Dezfuli et al.[178] manufactured the magnesidmased
biocomposite for orthopedic applications. They stated that magnesium (metal)
bredigite (ceramic) composs could enable effective control over their mechanical
and corrosion behavior in physiological solutions. A biodegradable and bioactive
ceramic bredigite was preferred as a reinforcing phase in the composite in order to
hinder fast corrosion of magnesiwand increase the bioactivity of the composite.

Metal-Metal Composite The newly designed functional composite has been
produced in order to diminish the limitation of conventional metallic biomaterials.
Since degradable metals do not conserve their integrity during corrosion, they are
combined with the alternative metalsgostain mechanical stability by producing
metatmetal composit§28]. For instance, Jiang et §.79] manufactured Mdased
composite by infiltration casting method in whiclyhelt infiltrated into the porous
titanium having entangled structufggure 2.26(a-b). They found that both elastic
moduli and compressive strengtihcomposites were comparable with cortical bone,
Figure2.26(c) [179]. Therefore, HMg composites wer suitable for loadbearing
applications. However, they stated that galvanic corrosion between Ti and Mg
accelerated the degradation rate; therefore, the mechanical stability of composites
could not be established. As a result, additional treatmentslliikeng magnesium

or surface treatments, should be done. The presence of anbasiee interlayer,

which is biocompatible as well, may reduce the galvanic effect between titanium and
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magnesium, and may improve the attachment of bone tissue during diegrafia

magnesium.
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Figure2.26. (a) Porous titanium has entangled structure, (Bl@icomposite
having 30% Ti and 70% Mg, and (c) the comparison of the compressive strengths
and Youngos mo dMglcamposites add tHe haturakebd@@9]. T i

Moreover, Balog et al[180] investigate the titaniurmagnesium bioactive
composite having commercial named BIACOM.-IB vol.% Mg composite
manufactured by hot extrusion method had the capability of withstanalimgyie

limits defined in the 1ISO 14801 standard for dental implants. They also conducted
in-vitro experiments by using Vg screws and revealed that magnesium gradually
corroded and enhanced the surface roughness. Therefore, they stated that bioactive
conmposite could be used as a dental implant with improved mechanical compatibility
[180].

56



CHAPTER 3

EXPERIMENTAL

3.1 Raw Materials

3.1.1 Ti6Al4V Powders

Spherical Ti6Al4V powders (99.9% purity) supplied from Phelly MaterldlS, A.,

were ugd as starting materials during tipeoduction of the poroudi6Al4V

samples The powders conforming to ASTM F 158Q standard181], Table3.1,

had particle gie inthe rangeof 153800 Om wi t h an average par
200 FRyore3.l

Table3.1 The chemical composition analysis of Ti6Al4V alloy in powder and bulk
form, and ASTM F 158@1 standard181].

Chemical Composition (wt. %)

Element Ti6Al4V alloy powder Bulk Ti6Al4V alloy ASTM F 1580-01 Standard

Al 6.20 N 0 6.20 5.501 6.75
V 4.10 N o 4.10 3.501 4.50
Fe 0.095 N 0.06 0.30 max.
Cu 0.002 max. - 0.10 max.
Sn - - 0.10 max.
C - 0.01 0.08 max.
H 0.006 0.004 0.015 max.
N 0.034 0.1 0.05 max.
@) 0.162 0.1 0.20 max.
Ti balance balance balance
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Figure3.1. (a) Particle size distribution and (b) SEM images of Ti6Al4V alloy

powders.

3.1.2 Bulk Ti6Al4V Alloy

Bulk Ti6Al4V alloy bars having 5.5 mm diameter were supplied frBielly
Materials. The chemical compositions of the alloy bars meet the ASTEBG01
standard181] (Table3.1). Titanium alloys in bulk form wre used in both galvanic
corrosion tests by coupling with bulk Mg and Mtbjoys and the wettingestsof
liquid Mg/Mg-alloys on them.

3.1.3 Bulk unalloyed Mg, AZ91 and WE43 Alloys

Bulk samples ofinalloyedmagnesiumilg, 99.5% purity), AZ91, and WE43 alloys
with the chemical compositiogs/en inTable 3.2vere suppliedh as-castcondition

from the Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,
China. To determine their corrosion behavioksilk Mg/Mg-alloy samples were
used in thevetting testweight loss, hydrogen evolution rate measuremeatganic
corrosion, potentiodynamic polarization (PDPand electrochemical impedance

spectroscopy (EIS) testBulk samples of Mg/Menlloys were also used for the
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production of chips, which wenesed in the production of Ti6AI4Wg/Mg-alloy

composite samples viagssureless infiltration method.

Table3.2 Chemical compositions of unalloyed Mg, AZ91, and WE43 alloys.

Elements (wt. %)

Al Zn Mn Y Nd Zr Cu Fe Ni Si Mg

Unalloyed Mg 0.025 0.057 0.071 - 0.027 - 0.03%6 0.0176 0.072 0.035 99.50

AZ9lalloy 9.0 08 0.2 - - - - - - balance

WEA43 alloy - - - 4.0 6.272 05 - - - balance

3.2  Production of Porous Ti6AI4V Alloy

For the production of porouEi6AI4V alloy, a loose powder sintering method has
been preferred in whichpkerical Ti6AI4V powdersvere sinterecat an elevated
temperatureunder high purity argon (Ar) gas atmosphemneloose condition
Initially, one end closed cylindricalgrtztubeshaving5.5 mm diameteand 100
mm lengthhave been used to fill the spherical Ti6Al4V alloy powdédter that,
powder filled tubesvere placed in the tubular furnaeehichwas evacuatebly using

a rotary vacuum pump and then filled with high puaiyon gas.Before the sintering
processthe vacuurngaspurgingcycles wererepeated three times to ensure that
furnacewas filled entirely with argon gasubsequentlyTi6Al4V alloy powders
fllekdquartz tubes wer eahbatingtamiil Ot oA Cl/ In0i On AaCh dwik
atthistemperature for 90 min tobtain desired porosity content Bjowing partial
sintering of powdersThen as-produced porousurfaces ofli6Al4V samples were
gently ground with 2500 SiC paper in order to remqwassible surfae

contamination caused by silica tubes.
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3.3  Production of Ti6Al4V-Mg/Mg-alloy Composites

The pressureless infiltration method was performed via penetration of liquid
unalloyedMg, AZ91, and WE43 allog into porous Ti6Al4V structure through
capillary actionunder a controlled atmospher&he composite manufacturingas
started by insertingf porous Ti6Al4Valloy rods (5.5 mm diameter and 100 mm
long) into stainless steel cruciblbaving 15 mm diameteNext, liquid unalloyed
Mg, AZ91,and WE43 alloywere filled around the porous rodsgure3.2(b). Then,
stainless steel crucibles were heatte®00 A Cabove the melting temperature of
magnesiun{ 6 5 0 atw@ighsamples were kept for 20 min under high purity Ar
gas to allow infiltration ofliquid magnesium through the poreSubsequently,
samples wereooled down to room temperaturgdowly. All of the manufactured
composites were machingd remove excess magnesiustuck on the surfaces
during infiltration and to obtain desired smooth atehn surfacefor corrosion and
mechanical test§igure3.2(c) shows the schematic repretion of a final product

produced by pressureless infiltration method.

Porous Ti6Al4V alloy produced Alumina tube Mg, AZ91 and WEA43 infiltrated
by loose powder sintering Ti6Al4V composite
Porous Ti6Al4V rod - YV
-~ N°
v v
Liquid Mg, AZ91,
Z i WE43 alloy ( ¢

Stainless Steel Crucible
(a) (b) (c)

Figure3.2. Schematic representation of (a) porous Ti6Al4V alloy structure, (b)
crosssection of the furnace showing the stainkete®l crucible, porous Ti6AI4V
rods, and liquid Mg alloys and (c) Ti6Al4Mg composite in which pores are filled

with Mg alloys.
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34 Interface Formation

Galvanic corrosion is expected to occur between titanium and magnesium, which
promotes incnmentof the dgradation rate of magnesium. Therefdcelessen the
galvanic effect encountered in Ti6Al4Mg/Mg-alloy compositessodium(Na)-rich
ceramiccoatingwas deposited on the pore surfaces of the Ti6Alldy by NaOH

alkali treatment proceggrior to themagresiuminfiltration step Na-rich coating

layer not only enhanced the bioactivity of the titanium alloy surfaces butvalso
supposed tdecrease the galvanic corrosion between titanium alloy and magnesium
during invitro tests Initially, porous Tialloy samples weréammersed in the 5 M
NaOH solution at 6 C f a Subsukentlyalkali-treated porous rods were kindly
cleaned withdeionizedwater(DI) and t hen dr i e dSomé ofth®d AC
surfacetreated porous Ti6AI4V alloys were kept ir@sakd conditions as reference
samples, while the remaining samples were used in the infiltration process as
described in Section 3.3 for production of Ti6AMWNg alloy composites with Na

rich interface layer.

3.5  Wetting Test

The wetting behavior of molten magem on the Ti6Al4V substrate is assential

issue in designing of Ti6AI4\Mg compositesor ensuring full penetration of liquid
magnesium into open pores of Ti6Al4V alloyherefore the contact angle
measurement was performed in order to examineéting behavior of magnesium

and thepresence oEhemicalreactions at the interface between liquid magnesium
and the coated and uncoated titanium alloy substfatps.e3.3 shows a schematic
view of the experimental sefp used for wetting tests. For the wetting experiments,
initially, a setup was designed and constructed after the production of an atmosphere

controlled tube furnace in the laboratoRygure 3.3. Experiments were conducted
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by heating the samples with a heating ratd@A C/ mi n up to 800

purity Ar gas. The raw materglWere in the shape of disc bfilk unalloyedMg,
AZ91, and WE43 alloy(diameter:6 mm, height:4.4 mm)and Ti6Al4V alloy
(diameter 16 mm and height: mm) as a substte. Wetting behaviors of liquid
Mg/Mg alloys were investigated on two differenbAl4V alloy surfaces, namely,
untreatedand 5 M NaOH treatedTi6Al4V alloys. The thickness othe Narich
layer obtainedon theTi-alloy substrateafter treatment in 5 M aqueous solution of
NaOH at 60 AtQlirectly affecs thetweetiing ¢haraetistics of molten
magnesium. Fothe measuremermif the contact angle, the morphological changes

of the droplet werenonitored by a CCD camera.

Furnace
Thermocouple

|
¢

— Cooling Unit

T CCD Computer
Camera
Light Source Sample
herniocoyple > 'M! A
Argon gas inlet
pd gong

—® ‘ A Rotary Vacuum Pump
Gas Bubbler

Figure3.3. Schematic illustrations of the wetting furnace.

3.6 In-vitro studies

In the present studyoth ascast unalloyedig, AZ91, WE43 alloy, and Ti6Al4V
Mg/AZ91/WE43 composite@vith and without Nerich interfacewereimmersel in

simulated body fluid (SBB 6. 5 N 0.5 AC, 7.4 pH)o for

check possible apatite formation and to monitor the degradation behavior of Mg/Mg
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alloys. SBF, which has similar ion concentration to that of the human blood plasma,

Table33,was prepared accorftiB2Qlng t o Kokubods r

Table3.3 lon concentration of blood plasma and JB82].

lon Concentration (mM)

Na* K* Mg? Ca* CI HCO®* HPO4*> SO# pH

Blood plasma 1420 5.0 1.5 25 103.0 27.0 1.0 05 7274

SBF 1420 50 1.5 25 1478 4.2 1.0 0.5 7.4

Before the preparation of the SBF solution, 7000hWwith a stirring bar was put

into a 1000 ml polyethylene botflerhich was placedn a temperatureontrolled
magnetic stirrer. Next, the tempadatur e
stirring speed was fixed to moderate mode. Th®mreagentsnumbered as one to
eightwere dissolved one by one in the ordeten inTable3.4. Tris-hydroxymethyl
aminomethane (Tris, (HOGHCNH.) andthe small amaint of hydrochloric acid,

HCI, were dissolved in order to adjust the final pHha sdution. Special attention

is required during dissolvingalcium chloride CaCb, because it has a significant

effect on precipitation of apatite. Therefore, small ame@ahCaChk granules were

added part by part aftallowing enough time fothe dissoluton of the previous

granules.

After the complete dissolution of each reagent, additional DI water was added to
increase the volume of the solutiopto 900 ml.Whenthe pH of the solution was
measured around 2.0 N 1. 0,tortlitlebylittemgent T
avoid a sudden increase in the pH value. The addition of Tris was continued until the

pH of the solutat®é. 5 edches AC3 WNheé&.fli nal
7.4 by the addition of Tris and 1 M HCI alternately into sieéution. After the pH
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was adjustedto 7.48t6 . 5 AC, t he

Finally, the prepared solution was allowed to cool down to room temperature and

vol ume of t he sol

then putit into the refrigeratoat a temperature &1 0 . A C

Table3.4 Molecular weight and amount of chemicals added during the preparation

of one liter SBH182].

Chemicals Molecular Weight Amount
(g/mol) (inL™Y
1 NacCl 58.44 8.035 g.
2 NaHCG 84.01 0.355¢g.
3 Kcl 74.56 0.225 g.
4 KyHPG..3H0 228.22 0.231 g.
5 MgCl,.6H0 203.30 0.311 g.
6 1MHCI 36.46 39 ml.
7 CaCb 110.99 0.292 g.
8 NaSQ 142.04 0.072 g.
9 Tris 121.14 6.118 g.
10 1 MHCI 36.46 0-5 ml.

After preparation of SBF,secastMg/Mg-alloyshaving7 x 6.5x 4 mmrectangular

dimensions andasmanufactured Ti6Al4Wg/Mg-alloy compositeswith and

without Narich interface (cylindrical shape having 5 mm length and 5.5 diameter)
were immersed B0 MISBF ( 36. 5 N) for.varioudtine intérva inp H
order toinvestigate the apatite formati@bilities of all samples ancbmpare their

corrosionand degradatiocharacteristics. SBF was refreshed every three days to

stabilize ion concentration. After each immersion testhes were cleaned gently
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with DI water and then dried at room temperature for 24 h. The pH of the solution
was recorded after removing the samples from the soluBesides, electrolyte
concentration ofnagnesium, calciurand phosphat®ns in SBFbefore and after
in-vitro tests were measured to reveal degradation of Mg/Mg alloys and precipitation
of calcium phosphates on bulk Mdg/Mg alloys. The details of the tests used for
monitoring the corrosion behaviors of bulk Mg alloys and compositesebysi of

SBF is given below.

3.7 Corrosion Rate Determination Techniques

3.7.1 Non-Electrochemical Techniques

3.7.1.1 Hydrogen evolution test

Corrosion behavior of both Mg/Malloy and Ti6Al4\\Mg/Mg-alloy composites
(with and without Narich interface) have been investigateand compared
extensively by weight loss and hydrogen evolution tesgtsmmersion inSBF.
Corrosion initiation points were also examined during immersion infSBE, 2, 4,

8, and 24 burs,and structural changes of the samples at the micro and meei® le
were also monitored after immersion in SBF1, 2, 5, and 10 days

For immersion experiments,-aast Mg, AZ91, and WE43 samples were cut into a
rectangular shapmdground with SiC papers (48800-800-1000) and subsequently
cleaned with DI wateand ethanal The final dimension of the bulk samples was 7
mm X 6.5 mm x 4 mm. Besides, composite samples were cut into a cylindrical shape
having 10 mm long and 5rbmdiameters. Albf theimmersion tests were conducted

in SBF, havingtemperatureandpH8 6 . 5 N 0 .,BespAcfiveland 7. 4

65



The hydrogen gas evolution tebisve been performdd understand both short and

long-term corrosionbehavior of samples. Hencéhe degradation rate djulk

Mg/Mg-alloys and Ti6Al4VYMg/Mg-alloy composites wagorrelated withthe

volume of collected hydrogen gasqfHuring thein-vitro test. Allthesamples were

placed in a beaker containing 250 ml of SBF. The collector, consisting of an inverted

funnel and burette shown ffigure 3.4, was placed above the samples to capture

evolved hydrogen gas. Then, the volumetieé evolvedgas in the burette was

recorded at specific time intervals. A)f the experiments were conducted a

temperature o8 6 . 5 N 0.5 AC. The hydrogen evol uti on

daysfor composite and bulk samples, respectively.

The volume of Hwas directly determined by reading theiation of solution level

in the burette at different timetarvals Thus, the corrosion ratef thevarious Mg
alloys unalloyedvig, AZ91, and WEA43 alloys)omparedy measuring the evolved

H2 gas volume, which is proportional to the degradation of magnesium according to
Eq.(3.D.

0DQ¢oOL 0Q ¢guv©O © (3.1)
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Burette

Inverted funnel
e

Figure3.4. Experimental setip used for measurement of élolution rate.

3.7.1.2 Weight LossTest

Weight loss measurement wasilized to investigatethe long-term corrosion
behavios of the samplesby calculating the weight loss percentagbe technique
was successfully applied to only bulk Mg/Mdjoy samples. In this technique, the
initial weight, Wb, of the sample was measured, and then the samplesmmersed

in 30 ml SBF solutiorkept at 36.5N0 . 5 forA (2, 5, 10and 20 daysAfter they
have taken out of the solution s amp|l es & s ur f aachlemnic acalr e
solution (200 g/I CrG) in order to remove the corrosion produdimally, the final
weight of the samples was measurédrahey were washed gently with DI water

and ethanglrespectivelyanddried inan open atmosphere. After the calculation of

the difference between initial and final weigh  s&eW, wei ght |l oss

determined according to Eqg. (3.2).
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3.7.2 Electrochemical Techniques

Electrochemical experiments include three different tests, namely galvanic
corrosion, potentiodynamic polarization (PDP), and electrochemical impedance
spectroscopy (EIS) test&alvanic orrosionexperiments were carried out usiag
Solartron Analytical model 1480 Multistdthe experimental setp contained three
electrodes; two of these were working electrodes (Ti6Al4V alloy as the cathode, and
Mg/Mg alloys as the anode) and another one taseference saturated calomel
electrode (SCE)rigure3.5. Prior to the galvanic corrosion test, both bulk MAVig
alloy and Ti6AI4V alloy were embedded in the epoxy resid ground with SiC
(400-1200) and subsequently cleaned with DI water and ethanol.

Zero Resistance Ammeter (ZRA)

Working Electrode
S Ti6AV alloy

Working Electrode

Unalloyed Mg, AZ91

and WE43 alloy

SBF

Reference Electrode
Saturated calomel electrode (SCE)

Figure3.5 Experimental setip of galvanic corrosion test.
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Potentiodynamic polarization arelectrochemical impedance testsreconducted
by using a potentiostat (Versastat3, Princeton Applied Research) in-&kctede
electrochemical cellFigure3.6. Both Ti6Al4V-Mg/Mg alloy composies and bulk
Mg/Mg alloy samples were used as working electro@esthe other hand raphite
rod and saturated calomel electrod8CE) werecounterand reference electrode
respectively. All potentials were measured by referring toSG&. Before the
electrochemical experimentspth ascast bulk Mg/Mgalloy and composite samples
were machined to get cylindrical shapath a diameter o6 mm andength 20 mm,

and then subsequent cleaning was done inteasohic cleaner using ethanol.

Figure3.6. The dectrochemical cell containing three electrades

3.7.2.1 Galvanic corrosion test

All galvanic corrosion tests were carried out for 600 seconite®BF solution (pH
7.4) at room temperatur€hesurface ara ratioof Ti6AlI4V alloy to that of Mg/Mg
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alloy was 1:1.The random fluctuations of curremtere measured by the zero

resistance ammeter (ZRA). Simultaneously, the random fluctuations in potential at

the coupled electrodesere computed relativao SCE The galvanic potential,

current density, and resistangereanalyzed by a statistical approathe standard

deviatios( ) over const an flg apdecurierdensity,ii were pot ent i al
calculated byquantification of noise dataAlso, galvanicresistance (Rgwas

determined as the standard deviation of the potential noise divided by the standard
deviation of th#g )ddurrent noise (Rg= 10

3.7.2.2 Potentiodynamic Polarization Test

Potentiodynamic polarization tests weperformedin order to understanthe
corrosion kinetics of both esastbulk Mg/Mg alloys and Ti6Al4\\Mg/Mg-alloy
composites. The polarization scans watiBzed at a potential scanning rate of 0.2
mV/s over the potential range frotB50 to 350 mV. Then, the corrosion potential,
Ecom and corrosion current densityoi ( O A P),overe calculated according to the
Tafel extrapolation method:he corrosion rate (CR) in mm.y€awas calculated
according to ASTM G10f183] and Eqg. (3.3) given belgw

LWQ WOow (3.3)
M

0'Y

Where K is the corrosion constaBtZ7 x IFOA/ P m and J i sdHt he densit
of samplesTheequivalent weigh(EW) of pure elements is calculated according to

Eq. (3.4), where W is the atomic weight, and n is @lence of the element. On the

other hand, in order to calculate the EW of the alloy, Eq. (3.5) in ASTM (ABX2?

is usedWhere fi isthe mass fraction of the ith element in the alloy, Wi shows the

atomic weight othe ith element in the alloy, and ni is equal to the valence of the ith

element of the alloy. Thus, the equivalent weight of all&, is the reciprocal of

70



this quantity, Eq. (3.5Moreover, the rule of mixture given in Eq63vas used to
determinghe EW of Ti6Al4V-Mg composites by knowing the volume fractidf)
of each constituengq. (3.4)

0
0o & (3.4)
€
. P (3.5)
00 T
wQ
0w 0w WWF (36)
Ow WWf

3.7.2.3  Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectroscopy (EIS) tests of botstdmilk Mg,
AZ91 and WE43 alloys, and Ti6Al4WIg/AZ91/WE43 composites were carried out
inSBFat36.50 . 5 A @lecitrathemibakcell containing three electroéfégure
3.6. The EIS spectra were recorded at different time intervals ®f4, 6, and 24 h
for each sample in thedquency range between 100 kHz and M8z with a 10

mV sinusoidal perturbation signal open circuit potential.

3.8 Characterization

3.8.1 Particle SizeDetermination

Particle size analyses of Ti6Al 4V alloy
Mast er si The analZzé QsésoHeliumeon laser as a source for a red light

to determine the size of coarser particles; on the other hand, thestspdidight

71



source (blue light) for finer particle size measurement. At the end of the experiment,

the frequency versulogarithmic particle size graph was obtained.

3.8.2 Chemical Composition Analysis

Inductively coupled plasma optic emission spectroscopy-QES Perkin Elmer

Optima 4300DY analysis was performed in order to identify the ion concentration

change of SBF usedh immersion tests. In this technique, argon plasma at a
temperature of 6060 0 000 AK is used to break the mol e
and ions are formed. Immediately after stimulating in plasma, atoms and ions

irradiate at characteristic wavelengthsdareturn to their former energy levels.

Therefore, elements are analyzed by measuring the characteristic radiation released

from the excited atoms.

3.8.3 X-ray Diffraction Analysis (XRD)

X-ray diffraction analyses (XRD) was performed so as to examine the phase
constituentsin the starting bulk Mg/Mg-alloys, porous Ti6Al4V alloy, and as

manufactured Ti6AlI4Wg/AZ91/WE43 compositeas well as corroded composites

exposed to SBEXRD analysisvasconductedriaanX-r ay di f fractometer, 0
D/Max 2200/PC, Tokyo,@dpano with Cu KU radiation havi ncg
of 30 mA and 40 kV, respectively. Continuou:

and 90A, 2d angles with a scan speed of 2 A

3.84 Microstructural Analysis

Morphological and microstructural investigatiof thestartingascastbulk Mg/Mg-

alloysand porous Ti6Al4V alloy and themorroded surfaces were characterized by
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optical micNiolksam pEec |( igpdseanilng/eleétronomicroscope

( SEM) nFEI 430 Nano Scanni ngithkEehegggt r on
dispersive Xray spectroscopy (EDSHample surfaces were examined with the
etched condition after grindifgy SiC papers (40Q000 grit size) and polishing via
di amond (1 and 0Qn3he @he)hansirusdereamesamme the.
thickness of the corroded layer, both bMig/Mg alloys and Ti6Al4\\Mg composite
samples were embedded in the epoxy resin, and thesgosers of the samples
wereanalyzed. 5% Nital (HINOs and 98ethanol m) solution was used to reveal
the microstructuresf bulk Mg/Mg alloys and Mg/Mgalloy regions in composites.
On the other hand, for the examination of the microstructure of bulk Ti6Al4V alloys
and Ti6AI4V alloy regions in composites,r ol | 6 s -HFE 2HN©3and 8% 1 0
H>O ml) was used.

3.8.5 Atomic Force Microscopy (AFM)

The surface roughness and three dimensional topograggtigrohg (uncoated) and

sodium rich coatedulk Ti6Al4V surface were examined with Atomic Force

Microscope(AFM, Veeco MultiMode yon50 e nmBObg m scans wusing

mode.

3.8.6 Density Measurement

The porosity contents and densities of both porous Ti6AI4V sy Ti6AI4V-
Mg/Mg alloyc omposi tes were evalwuated based

\Y

on

APreci sa XB220A0 precision balance equip

using Xylol solution (CHCsH4CHs). Firstly, all samples were weighed in dry
condition, m, and then immersed into a xylol solution in a beaker. Samples were

kept in the solution for 24 h to ensure full penetratiothefxylol solution into the
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pores. Nextthe weight of the xylol impregnated samples vas measured in the
beaker filled with the xylol solution. Finally, samples were takanofthe solution

and immediately, theveights of the xylol impregnated samples were measured in

air, max.

The vdume of the porous Ti6Al4V and Ti6AV-Mg composites, Vample Were

calculated according to E.7). Then, the densSdnplsweres of t he
determined via Eql38), where the densiti®ssmvalf bul k Ti 6
x y | qub) wérgtaken as 4.429 g/chand 0.861 g/cr) respectively. Percentage of

the total, Rtal (%), open, Ben(%), and closed, dBsed(%), porosities of the samples

were calculatetty the Eqs(3.9), (3.10), and(3.11), respectively.

o a b o f (37
" a (3.8)
@
. ’ (39
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3.8.7 Mechanical Characterization

Mechanical properties of the samples were determined by compression tests under
quaststatic conditions bya100 kN capactyM TS Uni ver sal Testi ng
Criterion Model 450 at &uasistatic®mpeeasibn s pe e d
tests were performed for bothamnufactured porous Ti6AI4V allspnd Ti6Al4V-
Mg/AZ91/WE43 composites, according to ASTM -B9a standarddesigned for
compression testing of metallic materials at room temper§t8dd. Theheight to

diameter ratidH/D) of the samples was kept at around one to avoid buckling and
northomogenous deformation. From the stresain diagram, elastic moduwf the

samples were calculated by using the slope of the grafgiteiimear region, and

compressive yieldts2ngth values were measured by.2% offset method.
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CHAPTER 4

RESULTS

This part of the thesis is composed of three nsotions, namely, composite
production with and without Nech coating, and their corrosion properties. In the
first section, the results about the production and characterization of 3 different bio
composites, in which Ti6Al4V alloy coupled with unalémyMg, AZ91, and WE43
alloys, have been presented. Prior to composite production, the wetting behavior of
liquid unalloyed Mg, AZ91 and WE43 alloys on solid Ti6Al4V alloy has been
investigated. Second section presents the results about formation of dlyeamda
morphologically different Naich coating layers between Ti6AI4V alloy and Mg

Mg alloy regions in the composites. Additionally, wettability of liquid MgHsltpys

on Nacoated bulk Ti6Al4V alloy was examined as well. In the last sect@msion
behaviorsand corrosion mechanisrm$bulk Mg/Mg-alloys, and Ti6Al4VVMg/Mg-

alloy composits with and without Naiich coating have beenvestigatedeparately

by soaking the samples in SBF for different time intervals.-8lentrochemical and
electrochemial tests have been utilized to understand the corrosion rates of

composites and bulk Mg/Mglloy counterparts.

4.1  Composite production

Since corrosion of magnesium and magnesium alloys is too fast in an aqueous
environment, they cannot maintain their mechalnatability during the healing
period when they are used as biodegradable implant materials. Accordingly, there
needs to be additional support, or their corrosion rates should be minimized to carry
the loads effectively until the patient heals. One ofaygroaches is the coupling of

77



biodegradable Mg/M@lloy with bioinert Ttalloy. Ti-alloy, i.e., Ti6Al4V alloy,
skeleton is assumed to support the composite implant during degradation of Mg
regions and replacement with newly formed bone tissues. Addiiipoamposite
production by combining Mg and -Rlloys helps to alleviate the stresdselding
problem by reducing the elastic modulus and makes the resultant implant more
suitable for loaebearing applications with elastic modulus close to that of bone.
However, combining two different materials causes the formation of a galvanic
couple and intensifies the corrosion rate. Therefore, in the present study, Ti6Al4V
alloy was combined with alloy forms of Mg (AZ91 and WE43 alloys) in addition to
unalloyed Mg saas to reveal the effect of coupling alloyed Mg withalloy on
galvanic corrosion. Accordingly, wetting behavior of liquid MgHgidpys on the
surface of Ti6Al4V alloy has been investigated before composite production. Then,
structural and mechanical alaterization of Ti6Al4V¥Mg/Mg-alloy composites

were studied

41.1 Wetting behavior of liquid Mg/Mg -alloy on the Ti6Al4V alloy

The wetting behavior of liquid unalloyed Mg, AZ91, and WE43 alloys on Ti6Al4V

alloy surface is a crucidactor during the infiltration of liquid Mg/Mg-alloys into

porous Ti6Al4V structure. Therefore, prior to the production of Ti6AMY/Mg-

alloy composites, the wettability of Ti6AlI4V alloy substrate by molten MgAlgy

have been studied using bulk alloys. The wetting tests wererpedoby heating

the samples under high purity argon gas
a maximum 30 miates as in the composite production by infiltratidfigure 4.1

shows the schematic placement of cylindrical samples ofMglkg alloy on the

bulk Ti6Al4V alloy prior to the wetting test.
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Solid unalloyed Mg, AZ91 and WE43 alloy

~

Ti6Al4V alloy 6 mm

—p
16 mm

@) (b)

Figure4.1l. Schematic representation of Mg/Mg alloy on the Ti6ARWbstrate; (a)
side and (b) top views.

Figure 4.2 shows the morphological changes of molten unalloyed Mg on the
Ti6AI4V substrate at different stages of holdingat#G. Ther e was no d
change in the shape of unalloyed Mygthe firstfive minutesof the test Then,

melting startedn the center of the sample and subsequently, the edges collapsed
towards the centavithin seconds (at t=5.58 njinAfterwards, dlof the magnesium

melted and completely wetted the surface of Ti6AI4V alagidly. Kumar et al.

[185] stated thatmagnesium displays a relatively slow oxidation rate up to
temperatures of about 450 AC, while the r
4 50 IrAtBe. present study, the oxide layer was thought to be formed on solid
magnesium because of the obserdethyed melting. As can be seerFigure4.2,

although samples started to collapse at the central region, the outer case, possibly the
magnesium oxide, preserved isntinuity for a while, until all liquid magnesium

spread out on Falloy surface.
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t=0 t=5.53 min t=5.58 min t=6.02 min
t=6.07 min t=6.12 min t=7.45 min t=8.09 min

Figure4.2. Change in shape of unalloyed magnesium on Ti6Al4V alloy substrate

with time.

Figure4.3 shows the change in measured contact angles of molten unalloyed Mg in
which three different stages were observed. In the first five minutes, almost no
change was detected in the wetting angl similar observation was detected in the
study of Kondoh et al[186]. They stated that initiallxontact angle remained
unchanged due to the reduction of native sTi&@yer on pure titanium by duid

magnesium according teactions given through Eqs. 418 [186,18].

¢ Q 0 ¢bahyo WP G ¢ a (4.2
"YQU  "YQhY'O X V8TQB U &£ a 4.2
¢d"Q YR ¢ Q0 YR 4.3

YO c¢qo@Baé YO 0 hE Qi@ Qi "Q

In the second region,tteont act angl e suddenly decreased
one minuteFigure4.3. Then, the contact angle remained constant at the remaining
stage of the wetting experinent.The rapid reduction of wetting angle was attributed

to sudden flow of liquid magnesium as a result of cracking of the oxide Valyieh
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encapsulated molten magnesijib86,188] As a result of flowing oubf liquid
magnesium, nearly complete wetting was observed on solid Ti6AI4V substrate.
Unfortunately, as stated in the previous studig?6,188] sudden evaporation of
unalloyed magnesium directly affects the contact angles. However, the effect of Mg

evaporation on the contact angle change is not the subject of the current study.

80 B contact angle
" u ] - A diameter change | | 10
_ 701 3
S 60- . '3 g
o L @
2 50- g
g 50 -6 g
% 40 = E
-4 oh
S 30- =
» 4 8
20 -2
104 & A A A‘l L
1 1 I 1 I 1 1 I 1 0

0I1I2I3I4I5I6I7IEI§I9I10
time (min.)
Figure4.3. Change in the contact angle and diameter of molten unalloyed Mg alloy
at 800 AC.

Additionally, the diameter of unalloyed magnesium remained constant at the initial
stage, where there was no change in the contact angtee@ther hand, it increased
rapidlywhen a sudden change in the contact was observed. Kondoi 86pétated

that the evaporation of pure Mg at a relatively high temperature could cause an
increase in theimension omolten dropletFigure4.4, due to its high vapor pressure
of2x16Pa at [IB&. Simily, in the current study, simultaneous melting
and evaporation of Mg were followed by wetting atichension changef liquid

magnesium.
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Evaporation

‘/ Pure Mg droplet \ T /

le— Pure titanium |

P S

!H I-'I—I'!

D, D,>D,

Figure4.4. Schem#c representation of wetting of molten pure Mg on solid
titanium substratfl86].

Figure4.5 shows SEM images of the reaction layer formed on solid Ti6Al4V alloy

when contacted with liquid magnesium. The reaction layer had a porous structure

having25 Om t hi ckness, and it was wa2d nly compo
and oxygen (13.3@t. %) elenents according to EDS spot analysis. The presence of

Mg and O elements on the surface oflloy supports the idea of Ti®eduction by

liquid Mg, which results in MgO formatioaccording tdeqgs. 4.34.3 XRD analysis

taken from the reaction layer corisigof only U-Ti and titanium oxide phases (TiO

and TiO) Figure 4.6, which wereformed possibly during the cooling stage of the

experiment.

Ti6Al4V

Figure4.5. (a) SEM image, (bEDS spot analysis, and (c) EDS line scan analysis

taken along the reaction layer.
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Figure4.6. XRD analysis ofTi6Al4V alloy substrate wetted by unalleg Mg.

Figure4.7 shows the variation in the shape of AZ91 alloy placed on the Ti6Al4V
alloy substrate during wetting te3the point where the AZ91 alloy began to melt
was accepted to be the reference point at which timegs taken as zero. Molten
AZ91 homogenously wetted the Ti6AI4V substrate stefat the end of 22 minutes.

In contrast to unalloyed Mg, the contact angle between liquid AalRly and
Ti6Al4V alloy decreased graduall¥igure4.8. It is known that Zn decreases the
oxidation resistance of Mglloy, and the presence of MAn intermetallic phases

with low melting temperaturmay cause significant evaporation of Mg. Moreover,

Zn tends to sublime, thereby, accelerating the cracking of the oxide[$88le
Accordingly, the melt pool of AZ9alloy was seen in the earlier stages of wetting
experiments compared to pure magnesium due to distorted oxide scale, which
normallyenvelops the liquid magnesiurfter the complete melting of AZ91 alloy,

the wetting angl values were measurdéigure 4.8. The contact angle ofiquid

AZ91 alloy was observedto decrease graduadly the end of 22 minutesiquid

AZ91 droplet wetted the GiAl 4V al |l oy surface with a
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which was similar to that of unalloyed Mg. On the other hand, in contrast to
unalloyed Mg, the diameter of the melt pool decreased possibly due to a higher

evaporation rate of magnesium becaugéepresence afn elementn AZ91 alloy.

=5 min t—10 min
Six.

t=14 min

t=12 min

t=22 min

t—l 8 min =20 min

Figure4.7. Change in shape of liquid AZ91 alloy on Ti6Al4V alloy substrate with

time.
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Figure4.8. The changes inontact angle and diameter of the molten AZ91 alloy at
800

84

AcC.



Figure 4.9 shows the SEM image of the reaction layer formed at the end of the
wetting experiment when meh AZ91 was in contact with the solid Ti6Al4V alloy.
The microstructure of Ti6AI4V alloy (at the bottom) containee Al cpasé)(dark
regi on) aphabe (bright regioh). Irbcontrast to unalloyed Mg, a reaction
|l ayer having a phigknesxwastarmes brythe-dlioy s@face.tin
addition, the EDS dot map analysis showed that the porous reactionvks/eich

in Al and Ti elementdsrigure4.10.

Reaction layer

Figure4.10. EDS dot map analysis across the reaction layer and Ti6AI4V alloy.
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Moreover,closer examination of the reaction laghibited aradditional interface

layer with23 Om t hi ckness. EDS spot analysis rest
weregivenin Figure4.11(b). It was thought that aluminum in AZ91 alloy diffused

through the Ti6Al4V substrate at elevated temperattiiereby causing the

formation of Ti and Al rich phasesThe regions labeled as point 1 had aroundt73

% Al and 27at. %Ti, Figure4.11(b), corresponding to the TiAphase, which was

also verifiedwith XRD analysisFigure4.13.

On the other hand, as moving towards to titanium substrate, the concentration of the
Al element decreaseidihe regions (labeled as poiritsand 3) were thought to be
TiAl> and TiAl phases according to EDS spot analysigure 4.11(b), and T+Al

phase diagram given Figure4.12. Skolavo et al190] also stated that the existence

of TiAl and TiAl> phases could be explained by the seriesotitHliquid reactions

of Ti and Al in which the TiAl phase is starting phase and subsequéitly phase
formed.Sincethe thickness of the TiAlphase was relatively thicker, it was hard to
detect the TiAl and TiAlphases by XRD analysis.

Ti (at.%) Al (at.%) Possible
Phase

1 26.91 73.09 TiAl,
2 36.90 61.53 TiAl,
3 48.17 49.28 TiAl
4 83.42 14.36 a-Ti

Figure4.11. Crosssectional examination of AZ91 alloy; (a) showing reaction

layer, and (b) EDS analysis taken from the points in part (a).
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Figure4.13. XRD analysis ofTi6Al4V alloy substrate wetted by AZ91 alloy.
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Figure4.14 shows the change in the shape of molten WE43 alloy on the Ti6AI4V
substrate during the wetting test. The initial shape of molten WE43 alloy (at t=0) was
changed at the end of the 8 minutes, and the liquid WE43 alloy took the form of a
droplet. Then, inhogenous melting was observed, possibly due to theindarm

evaporation of Mg in the aljo

W I .

t=8 min t=14 min
t=20 min t=26 min t= 32 min t—37 min

Figure4.14. Change in the shape of liquid WE43 alloy on Ti6Al4V alloy substrate
with time.

Figure4.15displays the timalependent change of wetting angles for molten WE43

all oy on the Ti6AlI 4V all oy substrate at 800
rapidly from 67 to 53A in 6dtmd n4@Aksinadd s
minutes at a relatively slower rate. The sudden decrease in the contact angle may be

explained by theissolution of Y and Nd elements into titani{ib88]. At the end of

35 minutes, the contaahgle ofiquid WE43 alloy became stidbat about 25A, whi
was much larger thahosefound in both unalloyed Mg and AZ91 alloy.
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Contact angle, 6 (°)

Figure4.15. The changes in contact angle and diameter of molten WE43 alloy at

Figure4.16 shows the porous reaction layer having approximate 3 5
formed on the Ti6AI4V substrate when it was in contact with liquid WE43 alloy.
According to the EDS dot map analydtsgure4.17, the reaction layer was rich in
Y and Nd elements. The closer examinatieigure4.18(a-b), showed that different
regionsrich in Y and Nd elements (regions A, B, aG)lhave formed. EDS spot
analysisFigure4.18(c), revealed that regions A and C contained relatively higher

amounts of Y and Nd elements. However, region B possémsgledr amount of Ti
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while the quantity of Nd and Y was relatively law the region Figure 4.18(c).

Interestingly, magnesium element was not detected in both theoresyer and

t

hi

titanium substrate, possibly due to the evaporation of Mg at the end of wetting

experiments.

Additionally, relatively rough surfaces were detect&tfjure 4.18(a-b), at the

reaction layer on the Ti6Al4V substrate. It is known that surface roughness directly

affects the wetting phenomena of molten meftg$i]. The high surface energy of
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the rough surfaces causes the wetting angle to increase. Therefore piresknt

study, the wetting angle of WE43 all oy was
possible reasons for the delay in the wetting of WE43 alloy was attributed to the

reaction between liquid WE43 alloy and solid Ti6Al4V alloy byfitrenationof Nd

and Yrich phases

Figure4.16. SEM analysis showing the reaction layer formed on Ti6Al4V alloy.

Figure4.17. EDS dot map analysecross the reaain layer and'i6Al4V alloy.
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Al Y Ti Nd
(at.%) (at.%) (at.%) (at.%)

4959 1928  31.12

9.85 1926 6192 897

2:53 6102 15.04 2141

Ti6Al4V substrate & Ti6AI4V substrate

Figure4.18. (a-b) The closer examination of the reaction layer and (c) EDS results.

Further investigation of the interface layer was conductat the crosssections

preparedoy etching. Three distinct regions were deteckegure4.19(a). The first

region washe reaction layer rich in YNd and OelementsFigure4.19(c), which

was defined as yttrium oxidehase Y203, by XRD analysisFigure 4.20. It was

stated thambove 650 AC, the oxide film on th
regenerated rapidly, which was resulted in the formation of g yhasq189]. In

the present study, the oxide layer was a mixtutddaDs and Y-Oz phases after the

wetting experimenaccording to XRD analysign addition,the presence ditanium

oxide phasesvas attributed to oxidation during cooling stadgigterface egion

(region 2) with around 5@m t hi ckness contained Ti, Al ,
to EDS spot analysi§jgure4.19(c). Moreover, Y and Al rich phas€jgure4.19(c),

having rodlike shapewere identified as Al by XRD analysis
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Interfate layer
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Al Y Ti o Nd
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2 134 36 829
3 11.8 4.0 842

Figure4.19. (a-b) SEM images of the interface layand(c) EDS spot analysis

taken from the number shown in pari(a
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Figure4.20. XRD analysis ofTi6Al4V alloy substrate wetted by WE43 alloy.
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It is known thatlhe contact angle measurement is a common way terstaehd the

wettability of solid surface by liquifll92]. The contactangle igldetermined by

interaction and repulsion forces betwedine liquid and solid and bya
thermodynamic equilibrium betwedhree phase (solid, liquid and gas)Figure

421. Thiscont act angle is descri bed),Wwhere YOoungo
Ouv a n &v ate the surface enerdpetween liquid and vapor, and solid anghea

phasest e s p e ¢ t i svistHe gojid/liguid ohterface enerdg91].

Vapor
OLv
Ogy 0 Liquid
—t o >~
Ogr. Solid

Figure421.Schemati c representation of equil

T oo ” ” 4_4
Wi —— (44)
When the contact angle is smaller than 9
wetting. Converselyanonwet ting | iquid creates a cont

180U with thd@hseolYiodingobs temataonreativei s v al i
systems where the interfacial energis remain unchanged during wetting
experiment$193] On the other handt, is not appkable for the reactive systems, in

whichall surface tensions vary with time amaddergoes the complex morphological
changeduring the spreading of liquid193]. Similarly, in the present studyhe

reaction between liquid Mg/Mgloy and Ti6Al4V caused the formation of
compounds in the porous reaction layer. Sisceface tensiorchange is not

stationaryin the reactive wetting syste,o u n g 6 s wasnai @nsidered to be

criteria forevaluationof the wetting of Mg/Mealloys on solid Ti6AI4V alloy.
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According to the results of wetting tests, it was concluded thaivétebility of

molten MgMg-alloys on solid Ti6Al4V alloywas very good in which the
equilibrium contact angles were measured as
and 25A for WE43 al |l oycanbebuecessfillgiitrated | i qui d m:

into aporous Ti6AI4V structure

41.2 Structure and chemical analysisof the composites

Figure 4.22 shows the cylindrical porous Ti6Al4V alloy and composite rods
manufactured by loose powder sintering and pressureless liquid infiltration ethod
respectively. The resultant microstructurepofous Ti6Al4V alloy after sintering
had | amel l ar Wi d Rigure 4.23®&b).t Dank regiong displayedr e |,
aluminumr i ch U il %Al d.4wt.(%8V) grown in different orientations
withb | at hes (bright at%®AMAP5wti%/hTheporosityanadi um (7
and density of the manufactured porous Ti6Al4V alleich was used for the
infiltration of Mg during composite productiowgre around2.5 % and 2.55 g/cin
respectively. After infiltratiorof liquid unalloyedMg, AZ91, and WE43almostall

of the pores in the starting porous Ti6Al4V rodsre filled with Mg/Mgalloy,

Figure 4.23(c). There weretrace amourst of porosity after Mg infiltration The
content of the residual porosity in the TI6AKMAZ91 composite was around 0.4 %,
while it reachedaround1.2 % for Ti6Al4V-Mg and 1.3 % for Ti6Al4V-WE43
compositesTable4.1. Moreover, the density of the manufactured composgisre
calculated to bbetween 3.24 and 3.29 gr/&mwhich was closer to that bbne(1.8-

2.1 g/lcni [16]), Table4.1.
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(a) §

(b)

2.5cm

Figure4.22. Macro images of (gporousTi6Al4V alloy rod and (b)manufactured
Ti6Al4V-Mg composite rd.

“ :«'
Vs A\ A
For /« 4 @-phase (\

,‘;’jﬁ-phase -

Figure4.23. Microstructure of (eb) porous Ti6Al4V alloy and (q)olished cross
section ofTi6AI4V -Mg composite.
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Table4.1 Average density and porosity values of different metats

manufactured composites.

Materials Density Porosity content
(g/cn) (%)

Bulk Ti6AI4V alloy 4.43

Bulk unalloyed Mg 1.74

Bulk AZ91 alloy 1.9

Bulk WE43 alloy 1.8

Porous Ti6AI4V alloy 2.55 N 42.5 N
Ti6AI4V -Mg composite 3.14 K 1.2 N O
Ti6AI4V -AZ91 composite 3.41 K 0.4 N o0
TiBAI4V -WE43 composite 3. 49 K 1.3 N 0

Figure 4.24 shows the microstructures of Ti6Al4Mg, Ti6AI4V-AZ91, and

Ti6AI4V-WE43 composites afténfiltration processMagnesium infiltrated porous

Ti 6Al 4V composites -Mg Figure428@.a theecdntraryf onl y U
AZ9lalloycont ai ni ng c o mpgrsairix ang intdmaethlliciplmasel, U

Mg17Al 12, indicated by white arrows Figure4.24(b). The presence of intermetallics

was also verified with the XRD analysis giverFigure4.28(b).

The EDS dot map of the Ti6AI4¥RZ91 compositedisplayedenrichment of Al and
depletion of Mg close to the Ti6AI4V/AZ91 interfadeigure 4.25. In the cbser
examination of the interface layer, new cuboidal partiglese observed, which
stuck o the Ti6AI4V powders asshown by yellow arrows irfrigure 4.26(a-b).
Moreover, EDS line and spot analysis taken along the interface revealed that these
particles were Ti andl rich phases having 28&. %Ti and 71.8at. %Al, Figure
4.26(c). According to XRD analysis, cuboidal particles were identifiedtasiam
aluminide,TiAl 3, Figure4.28(b). Possibly, he diffusion of Al elements from AZ91
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melt through the Talloy during infiltration caused thdéormation of cuboidal
particleg[194].

(@)

Ti6Al4V

o-Mg

u—M%‘

Ti6A4V Ti6Al4V alloy

Figure4.24. Microstructure of (a) Ti6Al4WMg, (b) Ti6Al4V-AZ91, and (c)
Ti6Al4V-WE43 compositefl95].

Figure4.25. EDS maps showing the elemental distribution of various elements in
the Ti6AI4V-AZ91 compositd195].
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AZ91 alloy

Ti6AI4V alloy S 2) T

Figure4.26. (a-b) The microstructure atuboidal T+Al rich particles and (c) EDS
line analysis taken alongaction layer between Ti6Al4V particle and AZ91 alloy
[195].

Figure4.27. EDS maps showinthedistribution of various elements in the
Ti6AI4V-WE43 composit¢195].

On the other handlVE43 alloy containng compositesvere found to be composed
of eutectic phase mixture (white arrow Figure 4.24(c)) in the UMg matrix,
between the Talloy powders. EDS analysis and mapping halkiewn that the
magnesium regions of the composites were composexh &fMg matrix with

around 6.9 wt. % dissolved Yelementandthe eutecticmixture made up of mainly
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Mg, Y, and Nd elementggespectively,Figure 4.28. The EDS spot analysidas
shownthat the eutectic phase mixture contained aroun#8.% Y and 20.6wt. %

Nd (balance Mg) element. XRD analydtsgure4.28(c), revealed that thghases in
Ti6AI4V -WE43 composite were mainiygsiNds, Mgz4Ys,  a-Mglin dddition to
U-Ti.

] ¥
- O Ti;Al * o-M
(a) f(;;{g (b) Ti;Al : E—Tig
—_ —_ L] 4 B-Mg;AlL,
= =
= g il
% " n é‘ i
* 7]
E u i g l‘ i
E . N . boé-ﬂ[b;-f*
U bl ‘-«Ej'\su.
T T T T T T T T T T T T T T T
0 70 80

20 3 40 50 60 70 80 20 30 40 50 60
20 (degrees) 20 (degrees)
[ |
(c) * Mgy, Y5 * o-Mg
B g-Th
—_ 4 Mgy Nd;
s
= *
2
3 [ ]
[ |
= o * ow ; # | I
# N NE

T v T T T
20 0 40 50 60 70 80
26 (degrees)

Figure4.28. XRD analysis of (a) Ti6Al4WIg, (b) Ti6AI4V-AZ91, and (c)
Ti6AI4V-WE43 compositefl95].

4.1.3 Mechanical characterization

Figure 4.29%a) shows the compression strss®in diagrams of porous Ti6AI4V
alloy and magnesium infiltrated composites. It is clearly seen that infiltration

improved the mechanical properties of porsasples. In all samples, the stress
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strain curves exhibited threkstinct regions commonly observed in wrought bulk
materials, which are linear elastic, strain hardening, and fracture re@otis.
porous Ti6Al4V and magnesium infiltrated compostanple fracturedat angles
45 to the compression axisigure 4.29(b). For all of the composite samples,
fracture occurred not only by tearing of the necks between theutitaailoy powder
particles but also by smearing of surrounding magnesium and its &ligyse4.30.
The fracture surfaces of Ti6AI4WIg/AZ91/WE43 compositesrere compeed of
equiaxed dimples, shown by white arroeusd magnified imagem Figure 4.30,

indicating ductile failure.

500 T T T T T Porous Ti6AI4V
@) e |®
// -"
400 4 ’ :, :
7 /;_-._,..------...._. Ti6AI4V-Mg
—~ 7o
& /
S w001 ///
-} .'?v - oL
o ol - - - Ti6Al4V-Mg Ti6AI4V-AZS1
% 200 - -ﬁ'/ — -+ Ti6Al4V-AZ91 :
U.HJ /&;' - = Ti6AIAV-WE43
n . 4 . «-ee-e-+ Porous TIGAI4V :
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0 -I‘&, . T . T . r . T . 5 mm
0.00 0.02 0.04 0.06 0.08 0.10
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Figure4.29. (a) Stressstrain diagram and (b) macro images of compression tested
porous Ti6Al4V alloy and Ti6AI¥-Mg/AZ91/WE43 composites.
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Figure4.30. Fractured surfaces of (a) Ti6Al4Mg, (b) Ti6AI4V-AZ91, and (c)
Ti6Al4V -WE43 composites.

Table 4.2 displays the mechanical properties of porous Ti6Al4V alloy and
manufactured composites. Infiltration of Mg/Mdjoys improved the elastic moduli,
yield, and peak strength of porous Ti6Al4V samples. For example, the peak strength
( 49 of the poroudi-alloy, which was around 57 MPa, reached to 365, 470 and 460
MPa for unalloyed MgAZ91 and WE43 alloy containing composites, respectively.
Besides, yield strength values increased by around ten times compataditm
porous Ti-alloy as the loatbearing capacity of composites was supported by

magnesium.

The strength of the porous Ti6Al4a8lloy skeleton determines both mechanical
stability and integrity of the composite because magnesium in the composite
corrodes over time. Hgas, fomed during the corrosion of Mg, generatdigh
pressure, especially on theck regions oTi6Al4V powdersrather than thevhole
section of th&eompositeThe neck regions encounteffdrent amounts of hydrogen
gaspressure depending on tthegradation ri@sof unalloyed and alloyed magnesium
matrix. Thus, the quantity of Hgas and the resultant strems the neck regions
determindghe mechanical integrity of th®o-compositesThe mechanical integrities

of the composites in SBF will be presented infail®wing section 4.3.2.
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The elastic modulus is another essential mechanical property to understand the
compositeods i n As ican dbe geenrifable 4rPa magmeesium
infiltration improvedthe elastic moduli of porous Ti6Al4V samplasd the elastic
modulus of porous samp(é GPa)aisel to the values between 7-9.8 GPa, which

is comparable telastic modulu®f bone[163]. Although the peak strengths of the
manufactured composites were higher than that of cortical bones, elastic modulus
values were in the range obrtical bone which is crucial for the lessening tife

stressshielding effect.

Table4.2 Compressive properties of manufactured porous and composite samples

compared with bonfl95].

Elastic Yield )
Peak strength, Strain at
Modulus, E Strenygt .
Ups (MPa) Fracture
(GPa) (MPa)
ical B

Cortical Bone 730 i 100230 i
[163]
Cancellous Bone 0055 i 212 i
[163]
Porous Ti6Al4V 4.0 N 14.0 N 57.0 KN 4.0 N
Ti6AI4V -Mg 8. 7N 200.0 365.0 K 8.0 N
Ti6Al4V -AZ91 7.5 KN 220.0 470.0 K 9.5 N
Ti6Al4V -WE43 9.8 KN 180.0 460.0 K 8.0 N
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4.2  Composites with Narich coating

It is expected thagalvanic corrosion occurring between dissimilar metals like
Ti6Al4V and Mg/Mgalloys accelerates dissolution rate of magnesium. Therefore,
sodiumrich phase on the porous surfaeeasobtained by NaOFHilkali treatmento
decrease the galvanic effeay eliminating direct contact betweeFi-alloy and
Mg/Mg-alloys Subsequently, liquid Mg and its alloys were impregnattedsurface
coatedporousTi6Al4V alloy skeleton Unalloyed magnesium and AZ91 alloy have
beenchosenfor infiltration into Na-coatedporous Ti6Al4V structurs due to their
relatively better wetting on solid Ti6AI4V. Moreover, before the infiltration, wetting
behavior of unalloyed Mg and AZ91 alloyed on-Blzated Ti6Al4V alloy has been
also investigated.

4.2.1 Formation of Na-rich coating by alkali treatment

Figure 4.31 shows the SEM images ohtreated andNaOH alkali treated porous
Ti6Al4V alloy surfaces.The starting (untreatedyurface of Ti6AI4V alloy was
relatively smoothFigure 4.31(a). NaOHalkali treated surfaces, on the other hand,
exhibited noruniform surfacestructure Figure 4.31(b-c). The coating layer formed

on the powdershad a fine porous network structure composed of feditteer
structures Figure 4.31(c-d). Although Narich layerwas uniform throughout the
porous surfacef was found as small islands in some regiofise EDS analysis
conducted at different regions revealed similar chemical composition with around
20. 4 aN%wand 9. at %Nam addition to Ti, Al and Velements

coming fom porous substratd éble4.3).
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Figure4.31. SEM images ofa) starting surface (uncoated) anetjliNaOH treated
porous Ti6Al4V surfaceat different magnifications

The thickness of the coating laywas also examined using the fractusegnples.
Figure4.32(a-b) displays the fracture surface of partially sintered Ti6AI4V powders
A homogenous and thitayer of Narich coatingwas detectedhroughout the
surface Figure4.32(a). The thickness of the coating layer was fotmtearound
500 nm,Figure4.32(b). In addition to spoanalysis Table4.3), the EDS line scan
was taken along the Ti6AI4V substrate andri¢h layer(Figure 4.32(c)). It was
revealed thafTi6Al4V powders were rich in Ti, Al and V elementshile the
concentration oNa increaseth the coating layeas expected
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Figure4.32. (a-b) SEM images of fracture surface showingaerich coating
layer and (c) EDS line analysis taken along the interface between Ti6Al4V and Na
rich layer(indicated bythe white line).

Table4.3 EDS spot malysis taken fronNa-rich coating.

Elements (inat. %)
Region @) Na Al Ti \%
Na-rich layer 20. 4 9.9 N 4.6 F 61. 4 3.7 N

Bulk Ti6Al4V alloy samples weralsocoatedwith NaOH-alkali treatmenby using
the same process parametegplied toporous Tialloy to investigate wetting of
liquid Mg/Mg-alloys on solid THalloy. Figure4.33(a) shows the relatively smooth
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surfaceof starting solid T4alloy with rarely observed grinding scratches, which was
completely changed after alkali treatment. Ti6AI4V alloy surface withridla
coating (3.66at. %Na, 28.54wt. % O) exhibited relatively homogenous and fine
porous network struatewith pores around 400 ngize,Figure4.33(b). It is known

that the surface conditiorof substrate directly affects wetting behavior of liquid
[191]. Thereforesurface roughness of both uncoated and coated Ti6Al4V alloy was
measured byAFM threedimensional (3D) micr@opography Figure4.33(c-d). The
average roughness valueew e found to be 146 N 40 nm an
uncoated and coated Ti6Al4V surfaces, respectively. Since thieiNeoating layer
filled grinding scratches on uncoated-alioy surfaces, the average surface
roughness of starting the-alloy surface wasbserved to be decreased after alkali
treatment.However, formation ofhaneporous coating layer increased the local

surface roughness the samples

Figure4.33. SEM images of (a) starting surface (uncoated) ard) (Wa-coated
Ti6Al4V surface, and\FM 3D microtopography (a) uncoated and (b)-blzated
Ti6AI4V alloy.
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4.2.2 Wetting behavior of liquid Mg/Mg -alloy on Na coatedTi6AI4V

alloy

As it will be presented in the fowing sections, tie effect of Naich coating on the
corrosion behaviors of composites was investigated for two composites, namely,
Ti6Al4V -unalloyed Mg and Ti6AI4VAZ91 alloy, which displayed two different
extreme corrosion behavior. Therefore, wetigxgeriments were conducted by use

of only unalloyed magnesium and AZ91 alloyMa-coatedbulk Ti6AI4V alloys.

Figure4.34 shows theshape changef molten unalloyed M@n Nacoated Ti6AI4V
substrate. The point where the melting of unalloyed Mg started was accepted as
reference point where time was equal to z&imilar to uncoated samples, the
midpoint of unalloyed magnesium started to collapse firSthe initial irregular

shape of molten Mg was changed after 8 minutteough the height of the molten
droplet decreasegossibly because of the evaporation of Mg, inhomogeneous
melting was detected after 21 minutes. In contrast to the wettiiguad Mg on
uncoated TBAI4V samples the diameter of the molten Mg droplet was almost
constant until the end of the experimenhichmay be explained by thfermation

of areaction between magnesium and coated titanium surface.

A similar meltingbehaviorwasalsoobserved fotiquid AZ91 alloy on the coated
Ti6Al4V alloy, Figure4.35. Initially, AZ91 alloy started to melirom one corner
northomogenously, and the midpoint of the AZ91 alloy collapsed simultaneously.
However, after 22 minutesthe liquid magnesium allopecamerelatively flat
Similar to unalloyed Mg, the height of the samples decregsesibly due to the
evaporation of magnesiurlthough the wetting experiments were repeated several

times, unalloyed Mg and AZ91 alloy samples did not melt homogeneously.
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Figure4.34. Change in shape ohalloyed Mgon Na-coated Ti6Al4V alloy
substrate with time.
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Figure4.35. Change in shape of AZ91 on Naated Ti6Al4V alloy substrate with

time.

Since themelting of unalloyed Mg and AZ91 alloy wamrhomogeneousn the
coated T4alloys, the contact anglbetweenliquid Mg/Mg-alloys and Ttalloy was
measureddnly from one side oMg/Mg-alloy at which melting started initially.
Figure4.36(a) shows the changd contact angldor unalloyedliquid Mg on both
uncoated and coated Ti6AI4V substratds previously found,despite sudden
change of thevettingangle ofunalloyedliquid Mg on uncoated titanium allpyhe

wettingangleof unalloyediquid was observed to decrease gradually when there was
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Na-rich coating on th@i6Al4V alloy. After 20 minutes, the contact angle decreased
down to 28 and remained nearly constant until the end of the experiment. The
presence of Naich coatirg on Ti6Al4V decreased the wettability of unalloyed
liquid magnesium, possibly due to the highly porous structure of the coating and the

reaction between unalloyed liquid magnesium andiblacoating.

Figure4.37 shows the crossectional analysis dhereaction layer formed on Na

coated Ti6AI4V alloy. The reaction layerda p pr oxi mat el yand Om t h
contained mainly Mg (23.74t. 99 and O (22.7%t. % elementswhich was

supported with th&DS line scankigure4.37(c-d), taken along the reaction laye

XRD analysis given ifrigure4.38(a) verifiedthe formation of the magnesium oxjde

MgO, layer on thecoatedTi6Al4V substrate surfacen addition to T3O and TiO

phases, which were thought to be formed during cooltagesof thewetting

experiment.
90
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- ; ’ aby e 1 ®  wetting of TIGAl4V-Na by AZ91
= 701 s 704 ®
= " g e 0o °
I 7 60 .
o & ® = h ..
EJ 504 .. %ﬂ 504 -. .....
s © = .
g 40 " . 2 40 "h ¢, °
= * . = [ ] o0
g 301 . g 304
o %30 oo O - "
20 ‘ 204 -
10+ - 101 .
0 T T T T T T 0 T T r . T
0 5 0 15 20 25 30 0 10 20 30 40 50

tune (min.) time (min.)

Figure4.36. Thechange otontact angldor (a) unalloyediquid Mg and (b)liquid
AZ91 alloy oncoatedT i 6 Al 4V substrate at 800
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Figure4.37. (a) SEM and (b) EDS analysis of the interface layer taken from the
yellow arrow in part (a), and {&) EDS line scan analysis taken along the yellow

line in part (c).
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Figure4.38. XRD analysigaken along the reaction layer(af) unalloyediquid
Mg and (b)liquid AZ91 alloy oncoatedTi6Al4V substrate
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Thechange otontact angle valudsr liquid AZ91 alloy on the Na coated Ti6AI4V
alloy is given inFigure4.36(b). Initially, the contact angle was nearly constant at
around 6 5 during the first13 minutes.Subsequentlya gradual decrease was
observegdand the contact angle reactaesteble value at aroun85A Figure4.36(b).

The presence of Naich coating on Ti6Al4V alloy degraded the wetting of AZ91
alloy, and a higher contact angle was observediitiaaally, the wetting of AZ91
alloy delayed when there was a coating on Ti6Al4V alloy. Similar to wetting tests
of unalloyed Mg on coated -Elloys, the porous rough surface of the coating and
possible reaction took place between liquid-Mpy and thecoating deteriorated

the wettability.

Figure 4.3%a) shows the crossectional examination of the Maated Ti6AI4V
substratafter the wetting test conducted using liquid AZ91 alloy. OriNheoated
Ti6Al4V substrate a porous reaction layer was detected, which was relatively
thicker( ar ound 150 Om) compared to,Figlremt of
4.9. The closer examination dispky a wavelike interface layer betweethe
reaction layer and the Ti6Al4V substrakegure 4.39(b). EDS spot analysis taken
from the different regiongsigure4.39(c), revealedmainly Ti and Al elementsvith
variable concentrationgor example, in region 1, which was close to liquid-Mg
alloy, TiAlzwas detected by XRD analysiigure4.38(b). Besides, the composition
analysis corresponded to Te#nd TiAl phasesn regions of 2 and 3, respectively,
Figure 4.39(d). These results wersimilar to those foundn the wetting test
conducted by liquid AZ91 alloy omunmated Ti6AI4V alloy Figure 4.11(b).
However, theeactionlayerwas observed to be roughgravelike) when there was

a coating on Ti6Al4V alloy Figure 4.39(b). Additionally, cracks were detected
between regions 1 and &ntaining different intermetallicgyhich possibly formed

during coolingbecause of the difference in thermal expansion coefficients of phases.
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Ti Al Vv Possible
(at.%) (at.%) (at.%) Phase

2449 75.51 - TiAl3
25.20 73.84 0.97 TIAR
48.61 49.89 151 TiAl
85.97 11.93 2.10 o-Ti

Figure4.39. (a-b-c) SEM analysis showing the reaction layer formed on Ti6Al4V

alloy, and (d) EDS spot analysis taken from the numbered points in part (c)

4.2.3 Structure and chemical analysis of composite containinlya-rich

Cylindrical Ti6Al4V-NaMg and TiAl4V-Na-AZ91 composites wvifh 5.5 mm
diameter and 100 mmrigth were producedAfter infiltration, liquid unalloyedMg

and AZ91alloy filled almost all the pores in the Nigh coatedporousTi6Al4V
structure Figure4.40(a), and (c) The residual porosity reachallout 2.26 and 1.5

% in Ti6AlI4V-Na-Mg and Ti6Al4V-Na-AZ91 compositesrespectively The dark
gray regionsn Figure4.40 belong to Mg/Mgalloys, while the light grey regions
were Ti6Al4V alloy. Although the interface region between coateall®y powders
and Mg was mostly uform, the residual porosities formed at the interface region
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partly distorted the continuity of the interface (shown by arrowSiguire 4.40(b-
d)). It was found that @atingdid not alter the composite density significardiyd
the coated composites displayed densities arowtida®d 3.37 gr/crfy which was
similar to those found in their uncoated counterpal®reover no intermediate
compound or secondary phase fotima was detected asonfirmed by XRD

analysisFigure4.41.

It is known that the sodium titanate hydrogel laj@med due to treatment in

agueous solution of NaORs transformed into a more dense sodium titanate layer

when subjected to heat treatrheat elevated temperatures (like 50@® 0 A C)
[159,163,196] Similarly, in the present study, the ¥ah hydrogel layer was

thought to be trasformed into a more dense titanate layer during infiltration at 800

AcC. However, the presence of the coating
due to being very thin and because of rough surfaces caused by partially sintered

powders.

200 pm 100 pm

100 pm

Figure4.40. The polished surfaces ¢(&b) Ti6AI4V-Na-Mg and (ed) Ti6Al4V-
Na-AZ91 composits with Narich interface
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Figure4.41. XRD analysis of (a) porous Ti6Al4V allogh) Ti6Al4V-Na-Mg and
(c) TiAI4V-Na-AZ91 composites.

2D elemental distribution was also obtained by EDS dot rrigoire 4.42, across

the polished crossections of comosites to reveal the elemental distribution clearly.
Although its content was relatively low, N&h coating, between the Mg and
Ti6Al4V regions, can be seen clearly. Despite its homogeneity in terms of thickness
and bonding characteristics, the-Neh coating has been observed to slightly peeled
off in some regions of Ti6AI4\Mg compositeskigure4.42. The coating layer and

the gap between the coating layer andlliidy powder was labelled by lettes§i A O
and ABO, rFiguweptd3(b). iThe eEDY spot analysis taken from both
regions,Table4.4, revealed Na and O elements in addition to Mg, Ti and Al signals
coming from Mg regions and Ti6Al4V powders underneath of the coating layer. The
EDS line analysis taken along the region Bgure 4.43(c), displayed similar
elements and no secondary phase formation was detected. Although a gap was
formed in some regions between Ti6Al4V and coating layer, the coatingod

completely peel off and it mostly preserved its continuity. Partial distortion of
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continuity of the coating layer was attributed to mechanical forces created during

sample preparation step and due to difference-efficient of thermal expansian

'Ti6Al4V-Na-Mg

Figure4.42. EDS dot map showing the elemental distribution of various elements
in the Ti6AI4V-Na-Mg composite (SE: Secondary electron image).
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Figure4.43. (ab) SEM imagesnd (c) EDS line scan analysiregion B.

Relative Intensity (a.u.)
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Table4.4 EDS spotanalysis of different regions taken frdfigure4.43.

Element (at. %)

Region O Na Mg Al Ti
A 198N2.0 13N 10 . 74.7N35 09N 10 . balance
B 150 N . 30N 50. 688N4.0 1.8N 10 . balance

The presence of coating layer rich in Na and O elements were also detected in the
EDS dot mapf Ti6Al4V-AZ91 compositesFigure4.44. However, the quantity of
regions containing distorted coating layers-{8tage inFigure4.44) was relatively
higher compared toTi6Al4V-Mg composites Additionally, enrichment of
aluminum element wadetectedon theTi6Al4V alloy powder surfaces similar to
those seen in uncoatdd6Al4V-AZ91 composite in which the Alrich particles

were identified agiAl 3 phaseFigure4.45 clearly shows the presence of irregular

Al rich phase orthe coated Ti6Al4V powders. It was observed that the quantity of
Al-rich particles has been decreased as a result of coating-tilylparticles.
Relative decrease in the quantity of such particles with respect to uncoated
composites was attributed to tipeesence of Naich layer between AZ91 and
Ti6Al4V alloys. Narich layer possibly limited the reaction between aluminum in
AZ91 and titanium coming from Ti6Al4V alloy. Secondly, a possible reaction
between sodium and aluminum in AZ91 alloy may lead toatoiu of Al-rich layer.
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Ti64-Na-AZ91

Figure4.44. EDS dot map showing the elemental distribution of various elements

in theTi6AI4V-Na-AZ91 composite (SE: Secondary electron image).

Ti6AI4V-Na-AZ91

.f‘-

Figure4.45. SE-image showing thterface betweenoatedTi6Al4V and AZ91
alloy in Ti6Al4V-Na-AZ91 composites.

117



Enrichment of the interface regions with Al, Na and O elements can also be seen in
Figured46. |1 nterestingly, the relative quantity
analysis was taken from AZ91 alloy region. Accordingly, it was believed that there

is a slight ofdiffusion sodium ad oxygen from coating to AZ91 alloy region.

However, the interface region is need to be examined in detail to reveal diffusional

transformation across the interface.

Ny

Figure4.46. (a) Polished crossectionof Ti6Al4V-Na-AZ91 compositeand (b)
EDS line analysisakenalong theTi-alloy-coating and AZ91 alloyindicated by

the white line in (a).

Figure4.47(a) showshe fractured surface of Ti6AI4\Na-AZ91 compositesThe
fracture surfacevas observed toontain three different gtons, namely, AZ91, Na
rich, and T6Al4V alloy regions.Since it was hard to detelsa element because of
Mg and Ti signals coming from AZ9Td Ti6Al4V regions EDS analysisevealed

relatively low amount oNa elemenbn the surfacerigure4.47(b).
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Na-rich

Ti6Al4V alloy

(b) Na-rich region AZ91 region
Mg Element At % € mlement ac s
0K 11.51 0K  4.19

Nak 2.18 Nak 1.59

MgK  41.83 MgK  71.16

AlK 26.28 AlK 16.56

TiK  17.42 2t 2.12

Al VK  0.78 TiK 4.16

T1
Au
A% Al )
09 1.80 2.70 3.60 4.50 keV 09 1.80 2.70 3.60 4.50 keV

Figure4.47. (a) Fractured surface of Ti6Al4Na-AZ91 composites and EDS

analysis taken from thaifferentregions.(b) EDS analysis afegions shown in (a).
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4.3  Corrosion Properties

This section consists of three main parts, in whiolrasion behavior®f bulk
Mg/Mg-alloys, and Ti6Al4VYMg/Mg-alloy composite with and without Naich
coating have beennvestigatedseparately in SBF througthe use of non
electrochemical and electrochemical tests. Degradation behavior of bulk Mg/Mg
alloys was examined by considering the quantity, amount and distnbatithe
second phases in tivetial microstructurs. Following that, thenfluenceof coyling

of Ti-alloy with unalloyed Mg, AZ91 and WE43 alloys on the galvanic corrosion of
composites was discussed. In addition, the effect of interface formation between
Ti6Al4V and Mg/Mgalloys on thecorrosion rateof the compositebave been also

investigated.

43.1 As-castbulk Mg/Mg -alloy

4.3.1.1 Structure and chemical analysis

Figure4.48(a-b) shows the optical microscope imagé startingascast unalloyed
magnesi um. The mi cr ophasefrigurelt.d8e), witb ant ai ns onl -
average grain s iTheérmation ohdfoomation twidsOnBide then .
grairs o f -phléise(shown by arrows)was attributed to pressure appliatliring

sample preparation steps.
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Figure4.48. (a-b) Thestarting microstructure and (c) XRD of unalloyed Mg.

The microstructure abulk ascastAZ91 alloywas composed di:Mg matrix and
homogenously distributed secondary phase particles dlmgrain boundaries,
Figure 4.49a). The enlarged SEMmages inFigure 4.49(b-c) showedthat the
secondary gray particles were surroundectitectic phase mixtur&€DS analysis
taken from he gray secondary particlesveakd 584 at. % Mg and40.0at. %Al
with asmall amount oZn (1.6at. 99, Table4.5, which was defined as the M#é\ 12
phase by XRD analysiskigure 4.51(a). Besides, the eutectic phasextumie
possessed a lamellar structure, including alternatingdayérM ) a 1Mdi7AR?
intermetallicphass.

Figure4.49. Thestarting microstructure of asast AZ91 alloy.

Figure 4.50 presents the microstructure lofilk ascast WE43 alloy. Intermetallic
compounds were r ando miMVggrdrs Jhelametlantyped ar ou

eutectigphase mixturgigure4.50(a-b), weredetecte both on grain boundaries and
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at triple junctions. In addition, small white cubic particles withsieund2-4 Om,
Figure4.50(c), have been observed poecipitate at the grain boundaridable4.5
shows the EDS analysis resuiéken from each phaseThewhite regions inthe
eutecticmixture contained 4.at. %Nd and 4.7at. %Y andthey were identifieds
Mgs1Nds intermetallicphase by XRD analysisfigure4.51(b). On the other hand

the yttrium rich small cubic particlesTable 4.5, were found to be Mg24Ys

intermeallic phase by XRanalysis Figure4.51(b).

(a) * * o-Mg (b) f *&-MgY
A Alj;Mg;; E M?‘Nsd
o e 41 5
=
&) 3 *
2 2
Z Gz *
=] =
2 * 2 A
=} * K= * *
* A * o
a T’R‘f *)| %
Aak AlaaiTa aa | v * ¥

20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
26 (degrees) 26 (degrees)

Figure4.51. XRD resultsof ascast (a) AZ91 and (b) WE43 alloys.
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Table4.5 EDSresultsof various phases in thearting microstructuref ascast
AZ91 and WES alloys.

Elemental composition @t. %)

Sample Al Zn Nd Y Mg
UMg matrix 9.7 N - - balance

AZ91 Alloy Eutectic mixture 1 3. 8 - - balance
SecondPhase 40.21 1.6 K - - balance
U-Mg matrix - - 2. 0.6 N balance

WE43 Alloy  Eutectic mixture - - 4.7 N 4.7 N balance

61. 4 K balance

pral

Cubic phase - - 4.6

4.3.1.2 Corrosion behaviors

The corrosionbehaviorsof unalloyed Mg, AZ91, and WE43 alloys have been
evaluated by immersion of samplesSBF for short (124 hours)and long (320

days) immersion times. Corrosiand degradatiohehavios of Mg/Mg-alloys hae

been investigated by various teauneés, namely; corrosion produekamination,
weight loss measurement, hydrogen evolution, potentiodynamic polarization, and
electrochemical impedance spectrosc@pis) tests.According to results obtained

by various tests, corrosion mechanisms were also proposed fokiadchf bulk

sample

4.3.1.2.1 Short-term degradation characteristics

In this section, theesults ofcorrosion respores of bulk unalloyed Mg, AZ91, and
WEA43 alloyshave been presented when theyiammersed in SBF for 1, 2, 4, 8, and

24 hours The degradationbehaviors of the samples werecharacterizedby
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examination othe changes in thaicrostructue, thickness otorrosion producipn

concentrationn the SBF solutionand pH of the electrolyte (SBF)

4.3.1.2.1.Microstructural changes

As-cast unalloyed Mg, AZ91, and WE43 alloys samples (Mg#llpy) have

exhibited differentnteractions and surface morphology charigekefirst 24 hours

of immersiontest Figure4.52 shows the surface morphology changes of unalloyed

Mg for various times oin-vitro tests. After one hour of immersion, tleemation of

a smallnumber of craters witaked i amet er of about 100 Om was
corroded magnesium surfade addition to small white particleEjgure4.52(1h).

It was believed that these craters were theayadution sites formed afteeaction

of magnesiunwith water molecules. Ascencio et 1] havwe foundsimilar holes

suggesting the gas evolution sit the corroded surfasef WE43 alloy.

It is known that commercigl pure magnesiumontainsimpurities such as Fe, Cu,

Ni, and also defects like grain boundaries, dislocations, and tir$s]. When
magnesium and its alloys are exposed to aqueous environmentsgaliaoiccell

forms betweerthe a n o d-Mg maWlix andthe cathodic impurities or second
phases/intermetallics. Magnesium dissolution occurs at the anodic site; at the same
time, hydrogen gas evolution takes place at the cathode. The subsequent
electrochemical redions, Egs. (4) and (46), are expected to occur at the anodic
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and cathodic sit respectively and product formation and overall reactions are
described according to Egs. (4.7) and (465)74];

D'®P 0 ¢Q OEéDODOO VE & (4.5
Ol QOO0 ¢0O O QOBOHO Qf ¢ (4.6)
0Q OO DO fi &£ QLA OO QEE (4.7

0°Q ¢OGO DA 0 O £0 QIO QE & (4.9

In the present study, the corrosion ofcastunalloyedMg was attributed to micro
gal vani ¢ c or-Mgnsatrioand iraparitiegoere m thélstarting samples
(Fe (0.0176wt. %), Cu (0.035wt. %) and Ni (0.35wt. %), Table 3.2, while they
have not beerdetected in the microstructural examinati®herefore, craters on the
corroded surfacefrigure 4.52(1h), were thought to be becausehyidrogen gas

evolution, implying the presence of cathodic regions in the microstructure.

Figure4.52(2h) shows the signdant changes the magnesium surfazafter two

hours of immersion. The corroded surfaces contained mainly two different regions,
nanely, cracked corrosion layers and volcdike structuresSmall H gas evolution
sitesafter onehour immersionconvertel into volcanalike structures of different

sizes, and some parts of them collapgédn samples were kept in SBF for two

hours In the volcandike structure, corrosion productgth 9.9 % Ca, 11. 5 % P,

45.3 % O, and 33.3 % Mg (iat. %9 accumulated arounithe centrahole. On the

ot her hand, the cracked regi o-kMgmafrbvor med

and contained lower amowtf Ca and P element§able4.6, as expected.

After four hours of immersion, the magnesium surface was corroded drastically, and

most of the previously formed volcatike structure collapsed and replaced with
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larger holesFigure4.52(4h). At the end of eight hours, the entire surfdege been
observed to beovered with a thick corrosion layer, while some areas were dissolved
after 24 hours. XRD analysiigure 4.55a), revealed that the main corrosion
product was magnesium hydroxide, Mg(QHAlthough EDS analysisTable 4.6,
showed the presence of Ca and P elem(@nts higher contents around the holes in

volcanalike structures)they could not be detected by XRDalysis mainly because

of their relatively low amounts on the corroded surgace

Figure4.52. Suiface morphology chang# unalloyed Mgafter variousmmersion
time in SBF.

Figure 4.53 presents the surface nptiology change of asast AZ91 alloy after
immersion in SBF. At the initial immersion time, volcalile structures with
different dimensionsbeg t o f or m on t he AZsinlartal | oy 6 s

unalloyed magnesiurtineir number increased after twours of immersionFigure
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453 (2h). The formation of volcandike structures was due tbydrogen gas
evolution which took place at the cathodichb-Mgi7Al12 intermetallc  sites
[72,198,199] which was observed as the gray phase in the starting microstructure of
AZ91 alloy, Figure4.49.

EDS analysis revealed that the chemical composition optbduct accumulated
around the hokein the volcandike structuresorresponded t@2.8 % Ca, 13.2 %

P, 1.9 % Al, 49.7 % @n at.%) balance with Mg. On the contrary, the corroded area
with heavily cracked regionsext to the volcandike structure contained a
relatively lower amount of Ca and BlementsTable 4.6, implying that corrosion
occurred aiMg mairie. Aathe ertiofcthe @4 hours, almost all of the
volcanaclike structures severely collapseBigure 4.53(24h) and the corroded
surface of AZ91 alloy was covered with a thick corrosion product rich in Ca, P and
O, Table4.6.

Figure4.53. Surfacemorphology changef AZ91 alloyafter variousmmersion
time in SBF.
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Figure 4.54 displays the SEM images of the degraded surtdc&/E43 alloyat
differenttime intervals of 24 hours immersioAs expected, volcanlike structures

seen around Hgas evolution sites started to form at the first immersion time, just
like those seen imunalloyed Mg and AZ91 alloy. Subsequently, the bamof
volcanaclike structure increasedas corrosion proceededsigure 4.54(2h). In
addition, the corroded surface was covered with a cracked layer, as observed in
unalloyed magnesium and AZ91 alloy. However, at the end of the four hours, the
surface was severely dage with the formation of plenty of cracks so that voleano

like structures could not be detected.

Figure4.54. Surfacemorphology changef WE43 alloyafter variousmmersion
time in SBF.

Although the comded cathodic regions of all samples consisted of primarily Mg in
addition to alloying elements (Al and Ztements irAZ91, and Nd and Yelements
in WE43 alloy), Ca, P, and @lementsvere the mairconstituents of thgolcane

128



like structure,Table4.6. While the cracked corrosion laydéradCa/P ratio changing
between 0.4€.9, the volcandike structure displayed significantly higher Ca
contents. In addition, cracks wesbserved in the corrosion regions because of the

dehydration of the surfaces during the drying process.

Besides, Mg(OH)was the main corrosion product detected on the swtddsoth
unalloyed Mg and WE43 alloy even after four hours of immerdtagure 4.55a)
and (c). The reasoof detectionof such phaseould bedue tothe high degradation
rate of Mg and WE43 alloy in SBPEn the other hand, XRBnalysis 0fAZ91 alloy
did not revealany corrosion products the form of Mg(OH), Figure 4.55(b),
possibly due to relatively thilayer ofMg(OH). phase.

Table4.6 EDS analysis of unalloyed Mg, AZ91, and WE43 alloys after hours

of immersion in SBF.

Element (@at. %)

Sample Region Ca P Al Y Nd O Mg
Volcano .
. 9.9 N 11. 4 - - - 45. 3 balance
like
Mg-2h
Cracked N .
) 1.9 N 4.9 N - - - 27.9 balance
region
Volcano .
. 12.8 13.2 1.9 N - - 49.7 balance
AZ91- like
2h
Cracked N .
. 1.6 N 5.3 N 16.0 - - 23.7 balance
region
Volcano N . ]
. 15. 4 9.7 N - 1.2 NO.1 I 29. 4 balance
WE43- like
2h
Cracked N . . ]
. 2.9 N 7.9 N - 2.6 NO.5 I 49.7 balance
region
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Figure4.55. XRD results of (a) unalloyed Mg, (b) AZ91, and (c) WE43 alloys after

various immersion times. Oh indicatgartingascast samples.

4.3.1.2.1.ross-sectional examination

Figure4.56 shows the crossection of agpolished unalloyed Mg, AZ91, and WE43
alloy surfaces after immersion in SB¥ various timeSimilar to the microstructural
changes, hte change in the thickness of the corrosion layers olasrved to be
different for MgMg-alloys As expected, increased immersion timesulted in
thickening of the corrosion layer. The measured thickness of the corrosion layer was

higher for unalloyed Mg so that a higher amount of corrosion products accumulated
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on the surface owing to threlatively higler degradation rate of Mg. For instance,

the thickness of the corrosion | ayer rea
around9  Onrthe firsthour ofimmersion. Althougrthe initial corrosion layer

thickness(a r o u n d ) i WEA3 @oywas lowercompared to Mgit reached
approximately 56.5 em at the end of the
the measured layer thickness of ligthe same time intervaFigure4.56. On the

contrary, relatively thinner corrosion layevgre observed iAZ91 alloy, possibly

due toits lower corrosion rate. For example, the highest thickness of the corrosion

layer in AZ91 #loy after24hwas me as ur e d wel betow thedhicBndss O m,

of the corrosion layer measured for unalloyed Mg and WE43 alloy in the same

interval, Figure4.56.
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WE43 alloy

18.1 um

20 pm

Figure4.56. Crosssection analysis of Mg/Mglloys after various times of

immersion. A: Epoxy resin, B: Corrosion layer, C: MgHdiipys substrate.
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4.3.1.2.1.Flectrolyte analysis and pH change of SBF

Analysis of SBFchemical compositioat various stages of-witro tests is another
effective way tounderstand the relative corrosion rates of Mg/Mg alkgysvell as
the precipitatiomatesof Ca and P elements on the corroded surf&ggare4.57(a

c¢) showvsthe variations in the concentrations of Mg, Ca, and P elementsadidng
the samples in SBF fat, 8, and 24 h. Aprepared SBF wareference solution
containing an initial concentration of ions presente@lable 3.3and it wasmarked
asf @ It is seen that the ion concentration of dissolved magnesium in SBF exhibited
arapidincrease in the first hour for all Mg/Majloys samplesuk to the immediate
reaction of magnesium with water molecul&fier one hourthe measured Mg ion
concentration continued toise rapidly until eight hours. Howeverthe Mg
dissolution rate slowed down, aodnsiderably lower amount of Mg dissolution was
observed at the end 8ff hoursFigure4.57(a-c). The thickening and improvement
of protective ability of the Mg(OH)corrosion product can cauaedecrease the
dissolution ratdecause Mg(OH)layer inhibit the transition of water molecules to
the underlying magnesiunsubstrate[61,129,200] Accordingly, the magnesium

dissolution rate was progressively slowed down.

Electrolyte analysisaboutcorrosion of samplewas similarto those found in the
crosssectional examinatiorof samples shownn Figure 4.56. For example,
according tocrosssectional examination, corrosion thickness was the smétlest
the AZ91 alloy displaying the lowest corrosion in the alloy. Likewise, analysis of
electrolyte of AZ91 alloy revealed the lowest corrosion with the lowest amount of
Mg detected in SBF fogach interval of immersion in SBFijgure4.57(b). On the
other hand, corrosion of unalloyed Mg sample was the higisestbserveth cross
sectional examinationand Mg ion concentration in the SBF was theghmest
throughout the immersiomiSBF, Figure4.57(a). In addition, the measured Nan
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concentrationn the SBF of WE43 alloyf-igure 4.57(c), was betweerhe values

measuredalues ofunalloyed Mg and AZ91 alloy samplas expected
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Figure4.57. ICP-OES analysis of SBF solution for (a) unalloyed Mg, (b) AZ91,
and (c) WE43 alloys after 1, 8, and 24 h, andcfthnge in pH of the SBF solution
during first 24 h.

In contrasto Mg ion concentrationthe variatiorof Ca and Ronsin SBF exhibited
a gradual decrease for aflthemagnesium samplesigure4.57(a-c). As the Ca and
P rich phases precipitated on the corrosion Ryegure4.56, their concentratios

in SBF drastically decreaseHBigure 4.57(a-c). Ascencio et al[61] found similar
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results andstated that increasing soaking time resulted in reducing the ion
concentration of Ca and P 8BF due to the accumulation of an insoluble Ca and P
rich protective layer on the substrate surfaces. In the solution of usdiMy,
Figure4.57(a), there waaboutl4% and 60% change the concentration da and

P ions, respectivelyAlthough small changes were detected in the concentration

Ca ion of AZ91 and WE43 alloy (approximately §,%igure4.57(b-c), there was

an observable change in the phosphate concentration, which was 32% and 38% for
both AZ91 and WE43 alloy, respectively.

The monitoring of the pH variation givessoinformationabout corrosiorand may
be used for supporting thiesults ofion concentratioomeasurementas well as the
examinatiorof the corrosion layeFigure4.57(d) displays theariation ofpH of the
SBF solutiorduringthe invitro testupto 24 h During the first two hours, there was
an increase in the pH valued SBF containing dierent samples, while the
accelerated increase was observed for unalloyed magneiumagnesium and
magnesium alloys,saa result of the immediate reaction of magnesiitin aqueous
SBF solution the hydrogen gas evolution occurs at the cathodic bitewater
reduction, as stated in Eq. @tso that the release of hydroxide, Qidns can cause

an increase in theolution pH.

The mate of increase ipH valuediminished after two hours;igure4.57(d), which

was thendicationof change in the dissolution rate of magnesium and its alloys. It is
known that anodic and cathodic reactions, Eqs)(dnd (4.9 can causethe
formation of protective Mg(OH) film on the subtrate surface. ferefore,
magnesium ions releasate decreasandthe solution pH increaseate diminishes
[16]. At the end of the immersion experiments, the solution pH of unalloyed
magnesium increased from 7.4 to 8.7. However, thesgdesremained at lower
levels of8.0 and 7.8 for AZ91 and WE43 alloys, respectivéldditionally, the pH

valuesof both AZ91 and WEA43 alloys increased at a comparatively lower rate than
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that of unalloyed Mg because of the relativiebyer degradation rate of agnesium

alloys.

4.3.1.2.2 Long-term degradation characteristics

This part presents the resultdafg-term immersion testsvhich were conducted to
understand the corrosion mechanismboik Mg/Mg-alloy samples. Also, the
corrosion rate of Mg/M@lloys has been oaparedextensively by weight loss
measurement, hydrogen Hyas evolution, and potentiodynamic polarization, test
as well aghe ElStest.

4.3.1.2.2.Macro-structural change

Figure4.58 showsthe corroded surfasef unalloyed Mg, AZ91, and WE43 alloys
after immersion in SBF for various timés20 days) Whitish corrosion products
accumulated on the corroded surfaces, especially in unalloyed Mg and WE43 alloys,
even after one dayf immersion. According to XRD resultSigure4.59a) and (c),
these white corrosion products were identified as magnesium hydroxide, Mg(OH)
which was considerabljhick andwere able to bebservedoy naked eye. On the
other hand, relatively thinnelark grey corrosion layers were detected on the AZ91
al | oy 6 s Figure #4.58@)c XR® ,analysisrevealed that thenain corrosion
product was the calcium carbongatease CaCQ, formed by theprecipitationof Ca

and O ionon AZ91 alloy surfacesFigure4.59(b). Moreover, Ascencio et d61]

stated that the formation of the carbor@atase on the magnesium surfaces improves
the passivation and inhibits the further corrosion of magnesium alloys. Therefore,
the relatively higher corrosion resistance of AZ91 alloy can be explained by the
formation of CaC® layer onits surface. Besidesocrosion pits initiallybeganto
form at the edge ofFigurbdss Bualeey horadgeneoysty s
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distributed on the surface at the end of the expartim the form ofshallow groves

in contrast to other samples in which severe pits were observed

5 days 10
P on

Starting surface

days

(b) AZ91 alloy (a) unalloyed Mg

(c) WE43 alloy

Figure4.58. Macro images of the corroded surfaces of Mg/dligys after

different time intervalén SBF.
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Figure4.59. XRD results of (a) unalloyed Mg, (b) AZ91, and (c) WE43 alloys after

varioustime intervals in SBFOd indicates the XRD of uncorrodedast samples.

Figure4.60shows the macrstructural change of treamplesurfaces after removing
thecorrosion productby use ofCrQOs solution toseethe extent of corrosion clearly.
Corrosion started to forraspecilly at theedges andcornes of the unalloyed Mg

and AZ91 alloy after two days of immersion, while uniform corrosion was detected
on the surface of WE43 alloy in the same time interval. However, severe corrosion
initiated at the surface of WE43 alloy after five days with the foomatf deeppits.

Then, localized corrosion caused the growth ofiepepits within ten days so that

WEA43 alloy did not preserve isartingrectangulashapeFigure4.60.
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Shallow o©rrosion pits were distributed homogeneously throughout the surface of
the AZ91 alloy; therefore, localized corrosion was not as seveseessinWE43

alloy. Although a similar tendency was detected in unalloyed magnesium, like AZ91
alloy, considerable shape change was observed after twenty days, pbesdlge

of relatively higher localized corrosion in some regioompared to AZ91 allay
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Figure4.60. Macro-structural changes of Mg/alloys after immersion in SBF.

4.3.1.2.2.Microgalvanic effect

After investigation of corrosion products formed on the magnesium surfaces for
long-term invitro experiments, backscatteretectron (BSE)SEM images have
beentakento reveal the effect of micrgalvanic corrosion. Before inspecting the
surfacesthe corrosion productsn the surfacewere cleaned witicrOs solution.

Figure4.61displays the representati@SEimages oMg/Mg-a | | sufaxes after
immersion in SBF for two days. The surface of unalloyed magnesium, had randomly
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distributed deep corrosion pitsigure4.61(a) and (d). It iknownthatMg andMg
alloys exhibit micro galvanic corrosiotiue tothe presence of cathodic centers
(impurities or second phases), which are less active than anodic magnesitxn
[201]. For magnesium, cathodic sites are thought to beetiensrich in impurity
elements e, Cu,and Ni) In the present study, on the other hand, no preferential
corrosion was observed either along grain boundaries sdeinthe grains of
unalloyed magné&sm. However, ICPOES spectroscopy measurements, Table 3.2,
revealed that unalloyed Mg containablout0.0176% Fe,0.0356% Cu, and).072

% Ni (in wt. %). While Cu concentration was in the acceptable range, as stated in
[202], the amount of Fe and Nias higher thanthe critical levels above which
degradation rate of magnesium was expected to increase gradue@llyp micro
galvanic effect

On the other had, magnesiumalloy samplesdisplayed different corrosion

characteristics, probably due to the existence of the intermetalticsecondary

phasesFigure 4.61(b) shows the corroded AZ91 alloy surfacés the starting

microstructure of AZ91 alloy,Figure 4.49, -Mugi7Al12 intermetallics had

interconnected network structure and homogeneously distributed throughout the

mi crostructure. Also, the amount-Mgf i nter me
matrix. Song et a[65] foundthatthemicro galvanic corrosion takes place between

anodmat i x a n-Mgi@Alaintermetallics infAZ91 alloys because of

the electrochemical potential differences between two phases. When the amount of

b-Mgi7Al12i nt er met al l i cs having a unifMgrm distri
matrix, preferential corrosion attack sttt -Md_matrix close to intermetallics for

AZ91 alloy[67,203] Likewiseg, in the present study, subsequent immersion in SBF

caused the prefereati d i s s eMguldse tointermetalicd o t hat - cat hodi ¢
Mg17Al 12 intermetallics (indicated by yellow arrowsin Figure 4.61(b) and (e)

remained in the microstructure
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Figure4.61. BSEimages of (ad) unalloyed Mg, (be) AZ91 and (tf) WE43

alloys after two daysf immersion

After immersion of WE43 alloy for two days, some Nd andich intermetallics,
Table4.7, shown byblackarrows, fell out by the corrosion of taaodicU-Mg matrix
(redarrows,Figure4.61(c-f)). According to the particle undermining mod@b], the
cathodic secadary phases are expectedath out (undermine) by theorrosion of
nearby anodic Mg matrix due to their roniform distritution as well as their
relatively lower amount in the microstructufg2,199] Therefore, in the present
study, the degradation rate of WE43 alloy was etqi to be affeced by the
undermining of secondary phagarticles. As a result, the corrosion rate of WE43
alloy drastically increased due to the undermining of the Nd and Y rich intermetallic

phases.
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Table4.7 EDSanalysisof theregions shown by yellow, black, aneld arrows in

Figure4.61.
Investigated Element (@t. %)
Sample region Al Nd Y Mg
AZ91 alloy  Yellow arrow 37.9 K - - 60.7 N
Black arrow - 4.8 N 3.4 N 91.7 N
WE43 alloy N N N
Red arrow - 3.7 N 1.7 N 95. 4 N

It is stated that the improved corrosion resistance of AZ91 alloy is explained by the
electrochemically passive intermetallic network layer. Intermetallic compounds,
like Mgi7Ali2, are continuously formed at the grain boundary hoast condition,

which turn out to be a barrier against corrosion and propagation of corrosion pits
[204]. Similarly, in the present study, homogenous distribution and network layer of
Mgl7AIl12 intermetallics acted as passive precipitates. They remained in the
mi crostructure corrosion proevgendtexd by
Therefore, their retave amount stayed nearly constant in the microstructure during
the invitro test,Figure4.62.

Nakatsugawa et a[204] stated that REontaining magnesiuralloys exhibited
relatively good corrosion resistance because of the formation of less cathodic
intermetallics such as MgNd, Mg4Ys, or Mgi2NdY. In the study of Narayanan
[205], they found that the formation of continuous network of passive:Né
intermetallic at grain boundaries was responsible for the improved corrosion
behavior of raresarth containing magnesium all§305]. Also, Song et al[206]

stated that the formation of stable and passive intermetallics results in noble
corrosion potential and higher corrosion resistance. On the other hand, Ambat et al.
[207] believed that when the interparticle distance between the second phases is very
high,u n d e r mi AMigiRAlL2 ploages ¢aused an increase in the corrosion rate of

ingot cast AZ91 alloy. Similarly, in the present study, althoughg:Nigs, and
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Mg24Y s intermetallics found at the grain boundaries were passive, inhomogeneous

and discontinuous distribution cause falling out of intermetallics from the corroded
surface. Additionally, quantitative analysis of second phases showed that the
undermining of intemetallics from the corroded surface caused decrease in the
guantity of intermetallic phase duringitro test,Figure4.62. Therefore, corrosion

rate of WE43 alloyncreased. Zucchi et 4208] also observed undermining of the
second phases by pr-MgimatrixannWE43aalloy whiclswa® | ut i o |

immersed in concentrated NaCl solution.
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Figure4.62. Relative anount of the intermetallics in the AZ91 and WE43 alloys

during invitro test

Although the high corrosion rate of the-@sst magnesium alloy was attributed to

mi cro galvanic corr osi eMg mhtext hest geatmentnt e r me
also alters the corrosion rate of magnesium alloys. For example, the ageing heat
treatment decreases the corrosion resistance of AZ91 alloy because of the

precipitation of b phase with the ageing
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[209]. On the other hand, solutionizing heat treatment leads to the dissolution and
redistributi on oNgniatnx se themwertosidn tesistasce ofthe t he U
alloy is increased210]. Guo et al.[209] found that homogenization treatment

improves the corrosion resistance of the AZ91D alloy. Also, Chu gldl] statel

that solutiontreated RE containing magnesium alloy exhibited lower degradation

rate compared to that of-aast WE43 alloy

4.3.1.2.2.3Neight loss measurement

After microstructural characterization of the corroded surface, it was seen that each
sampledisplayed diferentcorrosion characteristics in SBlEe todifferent chemical
compositionand microstructureBecause of the formation of the pits, corrosion was

not homogenous ithesamples.

Figure 4.63(a) shows the timeependent change of weight loss percentage of the
Mg/Mg-alloys after the removal of the corrosion products by £sGlution Both
unalloyed Mg and AZ91 alloy displayed nearly similar corrosiehaviour, where

a steadystate increase was detectedveight los-duringthe experimentHowever,
AZ91 alloy exhibited relatively lower weight loss throughout the, teigfure 4.60.
Although the weight loss percentage of WE43 alloy exhibited a similar continuous
increase similar to unalloyed magnesium and AZ91 alloy within two days, it
displayed a sudden increase in weight loss perceafsgéve days Figure4.63(a).

The observed sharp changas attributed to the undermining of intermetallics,
Figure 4.61(c), and (f) which resulted in a rapid decrease in the weight of the
samples due to the loss of intermetallic particiBssides, the nonhomogeneous
distribution of relatively large pits at both edges and corneFsgure 4.60, was
another reason fahesudden increase in the weight loss percentage of WE43 alloy,
Figure4.63(a).
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Figure4.63. (a) Weight loss percentage and (b) cumulative hydrogen gas produced

during the invitro test in SBF.

4.3.1.2.2./Hydrogen evolution

The quantity of H gas produced wastilized to compare the corrosion rate$
Mg/Mg-alloys because hydrogen gas is a corrosiotprbguct of the cathodic
reaction, Eq. (4). Figure4.63(b) showed that each magnesium samples exhibited
different hydrogen evolution rates (HER) different time intervals of the SBF test
For unalloyed magnesiunmitially, hydrogen evolutiorincreased rapidlywhich
subsequently became sluggish at the end of ten days (240 hours). On the other hand,
three differenregions were detected in the HER of AZ91 alleigure4.63(b). Until
around90 hours hydrogen production decreased continuoaligr an initial small
increase, pasbly because of the formation of a protective lalfwever, the HER
increased at the end of the nine days of immerdiba.main reason was thought to
be thepartial loss in the protectiveness of the surface pewetration of water
molecules to the magnesium surface, causing the evolution of hydrogen tees.
remaining period of the experimertERagainslowed down. Because the protective
corrosion layer, Mg(OR) started to thickeat the initial stages aforrosionand did
notpermitadditionalwateraccessnto the surfacéayeras immersion time increases.

In the final stage, HER continued to decrelaseause ofhereductionof corrosion
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rate. It was also believed thattladditional calciuntarbonatdn the later stages

Figured59( b) , hindered the further corrosion of

On the other handlifferent hydrogen evolution regions were observed B49/
alloy. Until 96 h (four days), just like unalloyed magnesium, the HER decratised
an initial instant increase; howevex lower amount of hydrogen was generated
compared to Mavithin the same periodin contrast to other sampléake first region

in WEA43 alloywas followed bya sudderexponential risén the HERafter five days.
Therefore the corrosion rate increasedpidly, which was also seen in weight loss
tests,Figure4.63(a). In addition, macrstructural examination revealed sudden pit
growth at the end of the five daysgure4.60. Similarly, Ascencio et a[59] stated
that increasing pit formation leads to a higher amount of gas evolution from the
surface. Also, Song et 4212] noted that breaking of protective Mg(QHilm due

to pit formation caused the increase in corrosion rate togethemwate hydrogen
gas evolutionTherefore, it can be concluded that WE48yakxhibited the highest
corrosion rateompared tonvestigated Mgnd Mgalloys.

4.3.1.2.2.5H change of SBFsolution

Figure 4.64 shows the pH variations of the SBF solutiorridg the irvitro test
conducted for 20 day#n order to stabilize the ion concentration, SBF was refreshed
every three days, indicated with the arrows on the graph. With the beginning of the
in-vitro tests, the pH of the solutions increased continuoasly reached their
maximum values of 9.5 (for AZ91 alloy) and 10.5 (for unalloyed Mg and WE43
alloys) at the end of the four dagad remained nearly constant for the remaining
period The results obtained from pH change of AZ91 alloy solution were corfgatib
with results obtained from hydrogen evolution results. The hydrogen evolution rate
in AZ91 alloy was reduced till three days after an initial increase, and subsequently,

the evolution rate increased for the remaining days implying a decrease and an
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increase in the corrosion rates for the first three days and remaining period,

respectively.

Likewise, pH measurements of the AZ91 alloy solution displayed a constant pH
around 8.5 till three days after the initial increase in the first 24 h, which was
followed by a sudden increase of pH up to 9.5 in the remaining period. The pH
change of unalloyed Mg and WE43 alloy was also compatible with the hydrogen
evolution results such that pH values increased up to their maximum values in a
shorter time like the evolun of a higher amount of hydrogen in a short time for
both samplesThe sudden increase of the pH vexplained bythe generatiorof the
alkaline environmenwing tohydroxyl ions, Eq. (4.9[59,61,129] Another reason

for the immediate increase was ttreationof insoluble precipitates containing Ca,

P, and O elements on the surfagkethe Mg and Meplloys and sibsequent
consumptionof the elementsn the solution,Figure 4.57(a-c). Moreover, it is
believed that a reduction in the centration of carbonate speciesSBF, caralso
causepH increase because of the release of ©Qhe atmospherdeq. (4.9)[59].

As a result, the combined effect of magnesium corrosion reactions an@l€ase
causedHhe increase in pH of the solution. For the remaining period of in vitro tests,

the pH ofall SBF solutions was stabilized around Fgjure4.64.

066 4P 80 00 (4.9)
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Figure4.64. pH change measurement of Mg/M{oys during the irvitro test in
SBF.

Moreover,the fluctuation of the ptéf the solution was affected by the refreshment
of SBF. For instance, the pH was quickly decreased to 7.4 (not sh&igune4.64)

and thengradually increased until tHellowing renewaltime. The decrease in pH
of the solutioncausedthe partial dissolution of the Mg(OHKH)xorrosion layer,
according to Eq. (40) [59]. Al t hough the corrosion
lessened at eadalefreshmentime due to the partial dissolution of the hydroxide

layer, the corrosion layethickness again increasedtiithe nextrenewal time.

a € 09Q p@vuv ¢ O (4.10)

4.3.1.2.3 Electrochemicaltests

The potentiodynamic polarization akdlS tests have been conductamlago obtain

a quantitative analysis of the corrosion sate
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4.3.1.2.3.1Potentiodynamic polarization test

Figure4.65 presents thelectrochemical polarizatiasurves of unalloyed Mg, AZ91,
and WE43 alloys. The corrosion potential«f and the corrosion current density
(icor) values of each sample were obtained by the Tafel extrapolation m&tine,
4.8. Corrosion rges (CR) of bulk alloy samplegere determinedccording to ASTM
G102 stadard, Eqg. (3.3)183].

The polarization curves the Mg/Mgalloysshowed differenbehaviorsin contrast

to alloys, unalloyed Mg exhibited passivation characteristitshe anodic branch
due toformation of the Mg(OH) on the surfacekigure 4.5%a). However AZ91

alloy possesseldwer icorr Value compared to unalloyed MBable4.8. Becausgthe
addition of Al and Zn alloying elements improved the corrosion resistance of
magnesium by shifting the corrosion current density to lowedirection, Figure

4.65. I n addition, homogenous distr-i butior
Mgi7Ali2i nt er met al | i c-MgmatriripAZ9laltby inhibited flrteer U
dissolutionby acting as aorrosionbarrier as observed in the previous studies
conducted on AZ91 alloy$2,129] However, the WE43 alloy possessed the highest
icorr Value becausmicro galvanic corrosion accelerated thesdlutionof the alloy

in SBF,Table4.8. As a result, AZ91 allogisplayedhehighestcorrosion resistance

in SBF; while, he corrosion rate of WE43 alloy was higher than thatnaflloyed

Mg. The resul obtained by the electrochemical polarization curverevin
agreement with that efeightlossandH: evolution experimentswhere WE43 alloy
displayed accelerated corrosion after a certain time, and its corrosionasthe
highestamong the bulk samples
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Figure4.65. Polarization curves of asast unalloyed Mg, AZ91 and WE43 alloys
inSBFat3 7 AC.

Table4.8 Corrosion parameters measufean polarization curves d¥fig/Mg

alloys.
Ecorr icorr CR
Sample (VvsSCE) ( OAPRc (mmlyear)
Unalloyed Mg -1.71 0.35 7.91
AZ91 alloy -1.52 0.13 2.72
WE43 alloy -1.59 0.77 17.61

4.3.1.2.3.Zlectrochemical Impedance Spectroscopy (EIS) test

Figure4.66 presents the Nyquist diagramMfy/Mg-alloys in SBF after 1, 2, and 4
hours All of the Nyquist plotsbelonging tounalloyed Mg, AZ91, and WE43 alloy

had a similar behavior that was characterized by two-aefihed loops with twe
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time constantsFigure 4.66(d) shows an equivalent circuits®PE&R1)(CPER>),

obtained by Nyquist plots. In this circuits Represerd the solution resistance,1R

and R arethe charge transfer resistance and resistance of the corrosion product layer,

respectively. In adition, CPE and CPE areconstant phase elements.

The first time constant (CRE:) at the highfrequency loop waassociated witlthe

charge transfer resistance at the interface of magnesium substrate and electrolyte. On

the other hand, the second timens@ant (CPER.) at intermediate frequency was

relevant tahe diffusion of Mg* species through the corrosion layafu et al.[213]
also statedwo-time constarg for Mg-3Nd-0.2Zn0.4Zr after subjeatg to SBF at
various time intervals. In the study of Jamesh ef&d], they reported twadime

constars for WE43 alloyas well whersoaked n
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Figure4.66. Nyquist diagrams of Mg/Mglloys for (a) 1, (b) 2, and (c) 4 h, and (d)
equivalent circuit for EIS data fitting.
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The diameter and shape of the semicircles provide information about the corrosion
mechanism of magnesium. If the semicircles have similaactexistics, corrosion
mechanisms of the samples assumedo bethe same. On the other hand, the
diameter of the loop gives information about the corrosion rate of the samples
[62,122,200] Theaefore, in thecurrentstudy, allMg/Mg-alloys exhibited the same
corrosion mechanissbut different corrosion rates. WE43 alloy had the smallest
loop diameter, while the largest loop diameter belonged to the AZ91 Elimyre

4.66. Therefore, corrosion resistance, in the decreasing orderfowas to be as
AZ91 alloy, unalloyed Mg, and WE43 alloy.

Table4.9 presents the various EIS parameters derived by curve fitting method. The
R: value of AZ91 alloy was the highest comparedhose offound for unalloyed

Mg and WE43 alloy. Thus, AZ91 alloy eikiited the highestorrosionresistance
among the investigated Mg samples. On the other hand, a largailuR represents

the formation of more compact corrosion prody2@0]. R. of WE43 alloy waghe
highestamong all samplelsecause corrosion film on WE43 alloy had less alutity
protect the alloyfurther from corrosion. As a result, EIS experiments were also
agreementvith immersionexperiments (hydrogen evolution, weight loss, and pH
tests) andhe potentiodynamic polarization tests by presenting similar conclusions
about thecorrosion rates of the samples
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Table4.9 Fitting parameters of Mg/Mglloys in SBF for after 1, 2, and 4 h.

Rs R1 CPE1 R2 CPE2

Sample time (h) , ni ) , nz
(a & (a F1 (Fcm?) (a Fn (Fcm?)

unalloyed Mg 1 7.83 151.34 1.28E03 0.75 156.55 5.21E06 1.02
2 9.68 203.67 1.04E03 0.75 255.08 7.69E06 0.95

4 14.66 255.14 7.66E04 0.78 370.07 8.19E06 0.92

AZ91 alloy 1 13.80 584.50 2.66E06 0.97 469.94 2.07E04 0.86
2 15.93 694.72 3.40E06 0.96 550.10 1.91E04 0.87

4 12.47 912.15 3.76606 0.96 784.23 1.74E04 0.85

WEA43 alloy 1 8.76 7151 2.02E03 0.75 68.37 7.14E06 1.03
2 8.14 75.55 1.53E03 0.85 90.75 8.80E06 1.02

4 8.96 109.79 1.51E03 0.82 131.36 1.05E05 1.00

4.3.1.2.3.Froposed corrosion mechanism

The following corrosion mechanisms wepeoposedfor unalloyed magnesium,
AZ91, and WE43 alloy®y using the information gathered from literature and the
resultsobtained from the short and lotgrm immersion experiments ofetlcurrent

study

Stage 1 When the surface of the Mg/Majloys was exposed to the SBF solution,
micro galvanic corrosion occurs,daMg dissolutiorstars, Figure4.67(a). Then, all
Mg/Mg-alloy samples experience an electrochemical reaction with the release of
Mg?*and OHions.The anodi ¢ r e a évigmatrix whereMgti ions a't
releases for all anples. On the other hand, cathodic regions are impurities in
unalloyed Mg andntermetallics/secondary phases in AZ91 and WE43 alloys, in

which hydrogen gas evolution is observed.
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Stage 2 At the same time, the continuous dissolution ofMind the incease in
OH' ions induce the kKgas evolution and Mg(OH) formation, Figure 4.67(b)
according to Egs. 4.4 and 4Subsequently, the pH of the solution incregBegure
4.57(d), because of the fast production of Gdhs[59]. Accordingly, the volcano
like deposits occur on the surface of Mg/Mg alloys at the cathodic sites

(intermetallics or impuritieskigure4.67(b).

Stage 3 The growth of the Mg(OH)layer on the surface is enhanced by a
dissolutionprecipitation mechanisif®0]. The formation and rdissolution process
of the Mg(OH2 continueas a dynamic process duriimgvitro test,Figure4.67 (c).

In addition, Mg(OH}) layer can act as aunleation site for G& rich phases, which
stars the precipitation of CaP rich phaseby consuming the Gaand PQ? ions
from the SBFFigure4.57.

Stage 4 After two days, piformationon the surfaces of unalloyed Mg, AZ91, and
WE43 alloys,Figure 4.60, becomes visibleEspecially for WE43 alloy samples,
severe pitting formatiomccompanies highdrydrogen gas formatiorkigure 4.67
(d). As a result, the structalrintegrity of WE43 alloyis lost due toincreasd pit
density on the surface at the end of ten days.

Stage 5 The final stagef the corrosionFigure4.67(d), is different for allof the
samplesAlthoughpH values increase with tlggowth of Mg(OH} in unalloyed Mg
and WE43 alloy sample€aCQ layersform on the corroded surfasef AZ91 alloy
samples,Figure 4.67(c). As immersion time increasethe diffusion of water
moleculesthrough the magnesium substrateecomes more difficult sincéhe
corrosion prodats on the surfacéemme a thicker, Figure4.67(e). Thereforethe
corrosion resistance dhe samplesis improved Since the improvement in the
corrosion layer protective propertissrelated to an increase in the corrosion layer
diffusion resistanceR, Table4.9), AZ91 alloy possess¢helowestdegradation rate

compared to unalloyed Mg and WE43 alloy.
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Figure4.67. Schematic corrosion mechanism of bulk MgAslitpys.

4.3.2 Composites

4.3.2.1 Macro-structural examination

Figure4.68 shows the macro images of thesAl4V-Mg/AZ91/WE43 composites
at different time intervals of the 4witro test. Among the composites, observable
macroscopic changes were detected for TIGAMY composites. Even after one day
of immersion in SBF, corrosion of magnesium in Ti6AWAg compaite was so
heavy that the composites were not ablgreservetheir mechanical integrities.
High pressure generated the sudden formation dfydrogen gas overcame the local
strength of sintering necks of the Ti6AI4V alloy structure so that Ti6AY
composites fracturednd could not maintain their mechanicdkegrities
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