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GENISLETILMIS OZET

YUKSEK LIiSANS TEZi

BiYOMEDIKAL iMPLANT MALZEMELERINDEN METAL iYON SALINIMININ
ARASTIRILMASI |

Helal HASSOUN
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Bu ¢alismada, sert doku onarimu icin gegici biyomedikal implant amacli biyobozunur metalik
(Fe, Zn, ve Mg) alasimlar iiretilmis ve incelenmistir. Biyobozunur metalik alasimlar (Fe, Zn,
ve Mg) mekanik alasimlama-toz metalurjisi yontemi ile iiretilmistir. Sert doku amaclh gegici
biyomedikal implantlar, gerilim gevsemesini 6nlemek i¢in kemige yakin elastisite modiiliine,
kemik iyilesme hizina yakin optimum bir biyobozunma hizina ve yeterli biyouyumluluk
seviyesine sahip olmalidir. Oncelikle, metal tozlar1 bilyeli degirmende islem gormiis (mekanik
alasimlama), ardindan polimer esash baglayici ilave edilmis, ardindan karisim preslenerek ham
numuneler iiretilmis ve son olarak ham numuneler sinterlenmistir. Alasimlarin elektrokimyasal
korozyon ozellikleri yapay viicut sivisinda potansiyostat yardimi ile incelenmistir. Ayrica
alagimlarin metal iyon salinimi (Fe, Zn, ve Mg) ve agirlik degisimi 6zellikleri yapay viicut s1visi

igerisinde incelenmistir.
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Anahtar kelimeler: Biyomalzeme, ortopedik implant, toz metalurjisi, biyobozunur metal
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ABSTRACT

M.Sc. THESIS
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In this study, biodegradable metal (Fe, Zn, and Mg) alloys for temporary biomedical implant
for hard tissue repair applications were fabricated and investigated. Biodegradable metal alloys
(Fe, Zn, and Mg) were fabricated by mechanical alloying-powder metallurgy method.
Temporary biomedical implants for hard tissue applications, must show elastic modulus close
to bone (to prevent stress-shielding effect), must show optimum biodegradation rate close to
bone healing rate, and must have suitable biocompatibility level. Initially, metal powders were
processed in ball mill (mechanical alloying), then polymer based binder was included, then the
mixture was compacted and green specimens were fabricated, and lastly the green specimens
were sintered. Electrochemical corrosion properties of the alloys were investigated in simulated
body fluid with potentiostat. In addition, metal ion (Fe, Zn, and Mg) release and weight change

properties of the alloys were investigated in simulated body fluid. |

August 2022, 72. pages.
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1. INTRODUCTION

In the present study, biodegradable metal (Fe, Zn, and Mg) alloys for temporary biomedical
implant applications were fabricated and investigated. Biodegradable metal alloys (Fe, Zn, and
Mg) were fabricated by mechanical alloying-powder metallurgy method. Temporary
biomedical implants for hard tissue applications, must show elastic modulus close to bone (to
prevent stress-shielding effect), must show optimum biodegradation rate close to bone healing
rate, and must have suitable biocompatibility level. Initially, metal powders were processed in
ball mill (mechanical alloying), then polymer based binder was included, then the mixture was
compacted and green specimens were fabricated, and lastly the green specimens were sintered.
Electrochemical corrosion properties of the alloys were investigated in simulated body fluid
with potentiostat. In addition, metal ion (Fe, Zn, and Mg) release and weight change properties

of the alloys were investigated in simulated body fluid.

In general, biomaterial is a systemically and pharmacologically inert material manufactured for
implantation within or incorporation with living systems. In general, biomaterials are a group
of advanced engineering materials. In the periodic table, although approximately 75 % of the
elements are metals, small number metals can be employed in the biomedical applications due
to their low biocompatibility caused by electrochemical corrosion. European Society for
Biomaterials descibed the biomaterial as a “non-viable material used in a medical device,
intended to interact with biological systems.” The definition was revised as “material intended
to interface with biological systems to evaluate, treat, augment or replace any tissue, organ or
function of the body.” In general, the biomaterials are sysnthetic materials employed for their
mechanical properties, not biological properties. In general, biocompatibility can be defined as
“the ability of a material to perform with an appropriate host response in a specific application”.
Another definition of the biocompatibility is “the condition of being compatible with living
tissue by virtue of a lack of toxicity or ability to cause immunological rejection” [9]. In general,
biomedical implant can be described as a medical device, which is manufactured by
biomaterials, used in the living body. The biomedicsl implants are employed in the lining body

in order to replace or repair of damaged tissue/organs [1-12].



2. CONCEPTUAL FRAMEWORK

2.1. BIODEGRADABLE METALS

In general, biomaterial is a systemically and pharmacologically inert material manufactured for
implantation within or incorporation with living systems. Biomaterials are a group of advanced
engineering materials. In the periodic table, although approximately 3/4 of the elements are
metal, small number metals can be employed in the biomedical applications due to their low
biocompatibility (materials with low toxicity) which is attributed to their electrochemical

corrosion.

The term “biomaterial (biocompatible materials)” can be desribed as nonliving material group
employed in a biomedical device, aimed to interact with biological organs/tissues. This
definition, also can be changed as material group aimed to interface with biological

tissue/organs in order to repair, treat, heal or replace any living organ or tissue.

In general, the biomaterials (biocompatible materials) are sysnthetic materials employed in the

body mainly for their mechanical properties, but not biological properties.

In general, biocompatibility can be defined as the behaviour of a material, which shows a

suitable host response in a definite application [9].

In general, biomedical implants can be described as a medical device, which is manufactured
by biomaterials, used in the living body. The biomedicsl implants are employed in the lining

body in order to replace or repair of damaged tissue/organs [1-12].



The critical parameters of a surface are the chemistry (nature of chemical groups and their
reactions with surrounding tissue), topography (roughness or design), and the physical
properties (porosity, stiffness). Protein absorption and cell adhesion are main properties of the
biomedical implant materials. Surface chemistry, surface topography, surface mechanical
properties, cell proliferation (cell grows and divides), cell differentation (dividing cells change
their type), ECM (extracellular matrix) produciction, apoptosis (programmed celll death) are
important properties in the biomedical implants. Figure 2.1 illustrates the interaction between

an biomedical implant surface and the biological systems.
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_( Protein } ( C; ‘
) - Adsorptlon_ | Differentiation
Surface LY 3 '
Topography | p .
. - ECM
Cell Production
Adhesion :
Surface ( )
Mechanical - Apoptosis

Properties

Figure 2.1. Interaction between implant surface and biological system [9]



Figure given below, clearly illustates the time frame (in days) of the inflammation process and

cell involvement [9]. Coagulation (shortest stage), inflammation, migration/proliferation

(longest stage), and remodelling (last stage) are the main parts of the process. Formation of the

platelets, neutrophils, macrophages, fibroblats and lymphocytes can be seen.
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Figure 2.2. Time frame of inflammation and cell involvement [9]



Cell proliferation (growth and division at same time) can be defined as growing and dividing
of cells in order to produce 2 cells. Cell proliferation increase the total number of cells and
produce tissue growth. In general, inflammation can be defined as complicated response
(biological) of living body/tissue to stimulations (irritation, pathogen, damaging cells) and
protective response (blood vessels, immune cells). Regeneration can be defined as restoration

process and tissue growing process.

Re-epithelialization
EEE B e
Collagen synthesis
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INFLAMMATION PROLIFERATION REGENERATION
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TIME FRAME

Figure 2.3. Repair process [9]



In general, desription of the biodegradable metal is “group of metals, which are expected to
show corrosion gradually in vivo, with suitable tissue/organ response produced by the
electrochemical corrosion (biodegradation) products, which can be metabolized or absorbed by
the living cells, and then dissolve fully to assist with proper tissue healing without implant
residues.” Figure given below schematicaly illustrates the bone fracture repair (osteoblasts,

osteoclasts, bone trabecula etc). Also, chemical reactions and products can be seen in the figiire.
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Figure 2.4: Usage of bioabsorbable or biodegradable terms [11]



Figure given below, schematicaly illustrates the important parameters for the biodegradable
(bioabsorbable) metals. In general, the biodegradable metals must be biodegradable and
biocompatible (to cells, tissue, and humans). In the design of the biodegradable metals,
mechanical properties, physical properties, chemical properties, and biological properties must

be consider.
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Figure 2.5. Important parameters for biodegradable metals [11]



Figure given below shows the standard electrode potential values, which reflects the
biodegradation rate (hydrogen evolution or/and oxygen absorption), of the metallic elements.
As seen from the figiire, in some elements biodegradation is by hydrogen evolution and oxygen

absorption. In some elements biodegradation is only by oxygen absorption.
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Figure 2.6. Standard electrode potential-biodegradation relationship of metallic elements

Figure given below, illustrates the reactivity serie values of the pure metals in important
aqueous environments (water, strongoxidizing acids, steam, mineral acids, boiling water, cold

water).

React with cold water
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React with some
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Figure 2.7. Reactivity series of pure metals in various aqueous environments



Figure given below, illustrates the Pilling-Bedworth Ratio (Rps) and standard electrode
potential (V) values of the several metals. In general, there are three possibility according to the
Pilling-Bedworth ratio (Rpg)
e [eakage or cracking on the oxide film formation can be seen in the metals having
Pilling-Bedworth ratio (Rpg) higher than 2.0.
e Compressive-strengthened, compact oxide film formation can be seen in the metals
having Pilling-Bedworth ratio (Rpg) between 1.0-2.0.
e Loose and thin oxide film formation can be seen in the metals having Pilling-Bedworth

ratio (Rpg) lower than 1.0.
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Figure 2.8. Pilling-Bedworth ratio and standard electrode potentials of metals [11]
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Figure given below, shows the general classification of the metallic elements in the living
human body conditions.

e Major elements are: Ca, K, Na, and Mg.

e Trace elements are: Cr, Fe, Cu, Mn, Co, Mo, V, Ni, Zn, Li

e Nonesential but usefull elements are: Sn, Sr, Ge

¢ Nontoxic trace elements with unknown functions: Al, Bi, Ba, Au, Ag, Zr, W, RE

Cr, Cu, Fe,
Ni, V, Zn, Li

Elements

Sr, Sn, Ge

Nonessential
but useful elements

Nontoxic trace elements
with unknown function

Figure 2.9. Classification of metallic elements in the living human body [11]
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Figure given below, schematicaly illustrates the general mechanism (reaction steps) of the

biocorrosion at the biomedical implant-body fluid interface.

4

= BM [ media N M(OH),
[P=<) molccular layer apatite

Figure 2.10: Biocorrosion mechanism at implant-body fluid interface [17]

Figure given below, illustrates the biodegradation process and the mechanical properties of the
biomedical implant materials during the inflammation (7 days), repair (3-6 months) and

remodelling (years) stages.
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Figure 2.11: Biodegradation and mechanical properties of implant materials [17]
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2.2. ELECTROCHEMICAL CORROSION

Corrosion can be desribed as “attack on a material (usually metal) by electrochemical reaction
with its environment. There are (i) wet corrosion (environment is water), (ii) dry gas (chemical)
corrosion (at high temperatures) and (iii) corrosion in the salts/melt metals. There are several
types of corrosion such as: uniform (general) corrosion, galvanic (two-metal) corrosion, crevice
corrosion, pitting corrosion, intergranular corrosion (exfoliation), hydrogen damage,

dealloying, cavitation, erosion, fretting, stress corrosion.

Hydrogen damage
Surface cracks

Uniform

Blister
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- ‘ (:5
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Figure 2.12: Types of corrosion [14]



13

Fort he electrochemical corrosion to take place, a electrochemical corrosion cell must be
formed. A electrochemical corrosion cell consits of the following 4 parts: anode, cathode,

electrolyte (ionic conduction), and metallic path (electrical conduction).

Table given below, illustrates the standard electromotive force values of several metals. As seen
from the table, potassium (K) and sodium (Na are the most active metals, while gold (Au) is
the most noble metal. Iron (Fe) is in the relatively upper side of the table. Zinc (Zn) is at the

relatively lower side, while magnesium (Mg) is at the bottom of the table.

Table 2.1: Standars electromotive force potentials (reduction) [14]

Standard
Potential, e®
Reaction {volls vs. SHE)
Noble Au' 4 3e = Au +1.498
Cly + 2 = 2CI +1,358
0, + 4H" + de” = 2H,0 (pH O} +1.229
Pt + 3 = Pt +1.118
NO; + 4H* + 3¢° = NO + 2H,0 +0.957
0; + IH,0 + 4¢” = 40H (pH T)a +0.82
At + e = Ag +0.799
He™ + 267 = 2Hg +0,799
Fe'' + ¢ = R +0,771
0, + 2H,0 + 4~ = 40H (pH 14) +0.401
Cu*' + 2 = Cu +0.342
Sn* + 2 = Sn™ +0.15
2H' + 2¢ = H, 0.000
P + 22 = Pb —0.126
5™ + 2 = Sn 0138
Ni** + 2¢" = Ni ~0.250
Co*t + 26" = Co —0.277
Cd* + 26 = Cd ~0.403
IH,0 + 2e” = H; + 20H (pH ) —0.413
Fe™™ + 28 = Fe —0.447
Cr' + 3¢ = Cr ~0.744
Zn*t + 2% = Zn —0.762
IH,0 + 2¢” = H, + 20H (pH 14) —0.828
AP+ 3e = Al ~1.662
Mg* + 28 = Mg -2.372
Ma* + ¢ = Na —2.71

Active Kr+e =K —2.931




14

Table given below, illustrates the galvanic series of several metals in the seawater conditions
(dark boxes on the table show the active behaviour). As seen from the table, Mg is the most
active metal, while graphite and platinum are the most noble. Fe alloys are in the relatively

upper side of the table. Zn alloys are at the relatively lower side, while Mg alloys are at the

bottom of the table (very active).

Table 2.2: Galvanic series in seawater (dark boxes show active behaviour) [14]
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Pourbaix Stability Diagrams (pH-Potential Diagrams)
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Figure 2.13: Pourbaix diagram for water (stability and decomposition products) [14]

pH is very important parameter in water based solutions, and affects the equilibrium potentials
of possible reactions. Pourbaix stability diagrams (pH-potential diagrams) can be used in the
determination of the possibilities of the corrosion. The pH-potential diagrams are representation

of the Nernsts equation for the several reactions.

The aims of the pH-potential diagrams are;
¢ illustrates the directions of several reactions at specific potential and pH,
e calculation of the corrosion product compositions at several potential and pH
conditions,

¢ illustrates which potential and pH will decrease or stop the corrosion.
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Figure 2.14: Pourbaix diagrams a) aluminium, b) iron [14]
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2.3 LITERATURE REVIEW

Yang et al. [4], implanted zinc coronary stent metrials into the rabbits. The Zn alloy based stent
was not changed its integrity for up to 24 weeks and degraded 40 % after 52 weeks. There was

no any thrombosis, inflammation, or other cases in the rabbits.

Vojtech et al. [6] have prepared Zn-Mg alloys with 3 % Mg. The alloys were exhibited corrosion
rates (biodegradation) lower than the Mg.

Zhao et al. [7] have found that, Zn-Li alloy wire, which implanted into the aorta of rats has

suitable biocompatibility.

Bowen et al. [15] examined the in vivo corrosion behaviour of the Zn sample and found good
biocompatibility in the lumen of rats. They have stated that the corrosion rate is close to the

recommended bio-degradation rate for the scaffolds.

Drelich et al. [16] found that Zn wires in the murine artery shows stable corrosion up to a period
of 2 years. Zn stents could degrade in 12-24 months. Open-cell (interconnected) porous parts
can be manufactured by using the powder metallurgy. There are no solubility limitations in
powder metallurgy as compared with casting. Repeatability of the powder metallurgy method

is also superior.

Sadighikia et al. [18] have manufactured Zn foams with interconnected open-cellular porous
microstructure by using powder metallurgy based space holder (pore former) technique. They

used carbamide as a pore former.

Azizi et al. [19] fabricated and studied bulk/nonporous Zn-Al-Cu based alloy by using convent

ional powder metallurgy method.

Berent et al [20] studied cast Zn-Al-Si alloy specimens. Alloys based on the eutectic Zn-Al
composition are considered, as they show a higher melting temperature, lower corrosion rate,

and enhanced mechanical properties. Including of the Si to the Zn-Al based alloys not only
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stops the growth of microstructural phases at the interface but also increases the mechanical

properties.

Kafri et al. [21] studied metallic Zn-Fe alloy for biodegradable implant applications. Fe was
used as a cathodic alloying element in the Zn in order to adjust the biodegradation rate
(corrosion rate) by the micro-galvanic effect produced by secondary phases. Zn-Fe alloy
specimens were manufactured by casting. Electrochemical corrosion rate of the Zn-Fe alloy

specimens was higher than the pure Zn specimens.
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3. METHOD

In this study, iron (Fe), magnesium (Mg), and zinc (Zn) alloy specimens were fabricated by
using fine Zn powders, Fe powders and magnesium (Mg) powders. Iron (Fe), magnesium (Mg),
and zinc (Zn) alloy specimens were manufactured by conventional powder metallurgy-
mechanical alloying route, which consisted of powder mixing, mechanical alloying, pressing
and sintering stages. Compaction pressure was about 250-300 MPa. Sintering of the Fe alloy
specimens was carried out at 1200 °C under vacuum. Sintering of the Zn alloy specimens was
carried out at 310 °C under vacuum. Sintering of the Mg alloy specimens was carried out at
510 °C under vacuum. Figure 2.1 shows (a) ball mill (mechanical alloying) and hydraulic press,

and (b) sintering furnace and vacuum pump.

Figure 3.1: a) Ball mill and hydraulic press, b) sintering furnace
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In this study, zinc alloy specimens were manufactured by using Zn powders, Fe powders and
copper (Cu) powders. Zinc alloy specimens were manufactured by conventional powder
metallurgy-mechanical alloying method. Wide range of metal alloy compositions can be
fabricated by using mechanical alloying. There is no any phase diagram (solid solubility)
restrictions in the mechanical alloying (ball milling). Table given below shows the amounts of

alloying elements in the Zn alloys.

¢ [ron (Fe) was included in order to decreaase the biodegradation rate of the Zn. In general
biodegradation rate of the pure Zn is higher than bone healing time.

¢ [ron (Fe) was also included in order to enhance the mechanical properties of the Zn. In
general, pure zinc is very brittle metal.

e Copper (Cu) was included in order to enhance the mechanical properties of the Zn. In

general, pure zinc is very brittle metal. Cu also provides antibacterial properties to the

Zn.

Table 3.1: Amounts of alloying elements in the Zn alloys

Alloy Zn Fe Cu
Zn-5Fe 95 5
Zn-10Fe 90 10
Zn-15Fe 55 15
Zn-5Cu 95 5
Zn-10Cu 90 10
Zn-15Cu 85 15
Zn-15Fe-5Cu 80 15 5
Zn-10Fe-10Cu 80 10 10

Zn-5Fe-15Cu 80 5 15
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In this study, iron (Fe) alloy specimens were manufactured by using Fe powders, Zn powders
and magnesium (Mg) powders. Iron (Fe) alloy specimens were manufactured by conventional
powder metallurgy-mechanical alloying method. Wide range of metal alloy compositions can
be fabricated by using mechanical alloying. There is no any phase diagram (solid solubility)
restrictions in the mechanical alloying (ball milling). Table given below shows the amounts of

alloying elements in the Fe alloys.

e Zinc (Zn) was included in order to increase the biodegradation rate of the Fe. In general
biodegradation rate of the pure Fe is very low as compared with bone healing time.

e Magnesium (Mg) was also was included in order to increase the biodegradation rate of
the Fe. In general biodegradation rate of the pure Fe is very low as compared with bone

healing time.

Table 3.2: Amounts of alloying elements in the Fe alloys

Alloy Fe Zn Mg
Fe-5Zn 95 5
Fe-10Zn 90 10
Fe-15Zn 55 15
Fe-5Mg 95 5
Fe-10Mg 90 10
Fe-15Mg 85 15
Fe-157Zn-5Mg 80 15 5
Fe-10Zn-10Mg 80 10 10

Fe-5Zn-15Mg 80 5 15
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In this study, magnesium (Mg) alloy specimens were manufactured by using magnesium (Mg)
powders, Zn powders and iron (Fe) powders. Magnesium (Mg) alloy specimens were
manufactured by conventional powder metallurgy-mechanical alloying method. Wide range of
metal alloy compositions can be fabricated by using mechanical alloying. There is no any phase
diagram (solid solubility) restrictions in the mechanical alloying (ball milling). Table given

below shows the amounts of alloying elements in the Mg alloys.

e Zinc (Zn) was included in order to decrease the biodegradation rate of the Mg. In general
biodegradation rate of the pure Mg is very fast as compared with bone healing time.

¢ [ron (Fe) was also was included in order to decrease the biodegradation rate of the Mg.
In general biodegradation rate of the pure Mg is very low as compared with bone healing

time.

Table 3.3: Amounts of alloying elements in the non-porous Mg based specimens

Alloy Mg Zn Fe
Mg-5Zn 95 5
Mg-10Zn 90 10
Mg-15Zn 55 15
Mg-5SFe 95 5
Mg-10Fe 90 10
Mg-15Fe 85 15
Mg-15Zn-5Fe 80 15 5
Mg-10Zn-10Fe 80 10 10

Mg-5Zn-15Fe 80 5 15
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Characterization

Microstructure and Mechanical Properties

Microstructure (powder morphology, powder size, sintered microstructure, sinterability and
microstructural phases) of the Fe, Mg, and Zn alloy specimens was studied by optical

microscope and SEM.

Densities (% porosity) of the Fe, Mg, and Zn alloy specimens were determined by using

gravimetric (geometrical) method.

Mechanical properties of the Fe, Mg, and Zn alloy specimens were determined by destructive
compression tests (Devotrans, Turkey) and nondestructive ultrasonic tests. Compression-

tension device was employed to study the mechanical properties (Devotrans, Turkey).

Elastic modulus of the Fe, Mg, and Zn alloy specimens was also determined by non-destructive
ultrasonic testing (USM Go, General Electric). Measurements were carried out by pulse-echo

mode transducer having 4 MHz probe.
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Biodegradation Properties

In order to study the weight loss, the Zn alloy, Fe alloy, and Mg alloy specimens were dipped
inside the simulated body fluid (SBF) solution. Duration inside the SBF was up to four weeks.
Metal ion release (Zn, Mg, Fe, and other alloying elements) was measured by using ICP-MS
(Thermo Scientific). Gravimetric method was employed in order to measure the weight change
of the Zn alloy, Mg alloy, and Fe alloy specimens. pH of the SBF solution was adjusted to 6.50-
6.70.

Amounts of the chemical reagents were given below in g/L:
® NaCl: 8.10 g/L
e MgCl:0.16 g/L
o KCI:0.38 g/L
e CaClx:0.12 g/L
® NaHPO4: 0.05 g/L
® NaH>PO4: 0.50 g/L
® NaHCOs: 0.37 g/L
® NaxSOq4: 0.04 g/L
®  Glucose: 1.10 g/L

Electrochemical Corrosion Tests

Electrochemical corrosion tests were conducted in SBF (simulated (artificial) body fluid) using
a potentiostat (Interface 1000, Gamry). High density graphite was counter electrode (cathode),
saturated calomel electrode (SCE) was reference electrode and the Zn alloy, Mg alloy, Fe alloy
specimens were working electrode (anode). Evaluation of the corrosion results was carried out

by a computer software (Gamry)



25

4. RESULTS

Microsructure

In this study, biodegradable Fe, Zn, and Mg alloy specimens for temporary hard tissue implant
applications were fabricated by the pressing-sintering method by using Fe, Zn, and Mg
powders. Figure given below illustrates the SEM images of the fine and irregular shaped zinc

(Zn) powder, b) iron (Fe) powder, and ¢) magnesium (Mg) powders.

Figure 4.1: SEM picture of a) Zn powder, b) Fe powder, and ¢) Mg powder



26

Figure given below shows the optical microscope picture of the sintered zinc (Zn) alloy
specimen. As seen from the optical microscope picture, sintering was suitable (sintering
temperature and time). There is a suitable bonding between the powders. As seen from the

optical microscope picture, there is an uniform microstructure.

Figure 4.2: Optical microscope picture of sintered Zn-Fe alloy
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Figure given below shows the optical microscope picture of the sintered magnesium (Mg) alloy
specimen. As seen from the optical microscope picture, sintering was suitable (sintering
temperature and time). There is a suitable bonding between the powders. As seen from the

optical microscope picture, there is an uniform microstructure

Figure 4.3: Optical microscope picture of sintered Mg-Fe alloy specimen
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Figure given below shows the optical microscope picture of the sintered iron (Fe) alloy
specimen. As seen from the optical microscope picture, sintering was suitable (sintering
temperature and time). There is a suitable bonding between the powders. As seen from the
optical microscope picture, there is an uniform microstructure. The microstructure mainly

consists of austenite phase and ferrite phase. Also, there are some intermetallics at the grain

boundaries.
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Figure 4.4: Optical microscope picture of sintered Fe-Zn alloy specimen
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Figure given below shows the photographs of the sintered iron (Fe) alloy specimens. There is

no any shrinkage or any distortion in the shape of the Fe alloy specimens after the sintering.

~ I
:

Figure 4.5: Photographs of sintered a) Fe-Mg, and c¢) Fe-Zn alloy specimens
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Figure given below shows the photographs of the sintered magnesium (Mg) alloy specimens.

There is no any shrinkage or distortion in the shape of the Mg alloy specimen after sintering.

Figure 4.6: Photographs of sintered a) Mg-Fe, and ¢) Mg-Zn alloy specimens
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Figure given below shows the photographs of the sintered zinc (Zn) alloy specimens. There is

no any shrinkage or distortion in the shape of the Zn alloy specimen after sintering.

Figure 4.7: Photographs of sintered a) Zn-Fe, and c) Zn-Mg alloy specimens
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Mechanical Properties

Table given below illustrates the green density and sintered density values of the Zn alloy
specimens. As seen from the table given below, maximum density was obtained in the Zn-5Fe-
15Cu alloy specimen, while minimum density was obtained in the Zn-5Fe alloy. Fe and Cu

additions were increased the density of the Zn alloy specimens.

Table 4.1: Green and sintered density values of Zn specimens

Alloy Green Density Sintered Density
(g/cm?) (g/cm?)
Zn-5Fe 5.09 5.15
Zn-10Fe 5.15 5.20
Zn-15Fe 5.30 5.40
Zn-5Cu 5.11 5.17
Zn-10Cu 5.22 5.26
Zn-15Cu 537 5.46
Zn-15Fe-5Cu 541 5.48
Zn-10Fe-10Cu 5.39 5.45

Zn-5Fe-15Cu 544 5.50
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Table given below illustrates the green density and sintered density values of the Fe alloy
specimens. As seen from the table given below, maximum density was obtained in the Fe-5Zn
alloy specimen, while minimum density was obtained in the Fe-15Mg alloy. Zn and Mg

additions were decreased the density of the Fe alloy specimens.

Table 4.2 Green density and sintered density values of the Fe specimens

Alloy Green density Sintered density
(g/cm?) (g/em?)
Fe-5Zn 515 5.20
Fe-10Zn 510 5.12
Fe-15Zn 5.09 5.12
Fe-5SMg 491 5.00
Fe-10Mg 475 4.81
Fe-15Mg 4.67 4.72
Fe-15Zn-5Mg 5.00 5.02
Fe-10Zn-10Mg 4.82 4.85
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Table given below illustrates the green density and sintered density values of the Mg alloy
specimens. As seen from the table, maximum density was obtained in the Mg-5Zn-15Fe alloy
specimen, while minimum density was obtained in the Mg-5Zn alloy. Fe and Zn additions were

increased the density of the Mg alloy specimens, as expected.

Table 4.3: Green and sintered density values of Mg specimens

Alloy Green density Sintered density
(g/cm’) (g/cm’)
Mg-5Zn 1.60 1.62
Mg-10Zn 1.64 1.66
Mg-15Zn 1.67 1.70
Mg-5Fe 1.66 1.69
Mg-10Fe 1.70 1.73
Mg-15Fe 1.77 1.80
Mg-15Zn-5Fe 1.79 1.81
Mg-10Zn-10Fe 1.77 1.79




35

Table given below shows the ultrasonic (nondetsructive) and compression (destructive) elastic
modulus values of the sintered zinc (Zn) alloy specimens. Difference between compression test
values and ultrasonic test values was in the range of 5-10 %. As seen from the table, maximum
elastic modulus was obtained in the Zn-10Fe-10Cu alloy specimen, while minimum elastic
modulus was obtained in the Zn-5Fe alloy. Fe and Cu additions were increased the elastic

modulus of the specimens.

Table 4.4: Elastic modulus values of the Zn alloy specimens

Elastic modulus Elastic modulus
Alloy (GPa) (GPa)
Compression Ultrasonic
Zn-SFe 81 83
Zn-10Fe 83 85
Zn-15Fe 85 88
Zn-5Cu 83 82
Zn-10Cu 84 85
Zn-15Cu ’4 86
Zn-15Fe-5Cu 86 87
Zn-10Fe-10Cu ]7 88

Zn-5Fe-15Cu 85 84
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Table given below shows the ultrasonic (nondetsructive) and compression (destructive) elastic
modulus values of the sintered iron (Fe) alloy specimens. Difference between compression test
values and ultrasonic test values was in the range of 5-10 %. As seen from the table, maximum
elastic modulus was obtained in the Fe-5Zn alloy specimen, while minimum elastic modulus
was obtained in the Fe-15Mg alloy. Zn and Mg additions were decreased the elastic modulus

of the specimens, as expected.

Table 4.5: Elastic modulus values of the Fe alloy specimens

Elastic modulus Elastic modulus

Alloy (GPa) (GPa)
Compression Ultrasonic
Fe-5Zn 160 162
Fe-10Zn 157 159
Fe-15Zn 155 156
Fe-SMg 153 150
Fe-10Mg 150 151
Fe-15Mg 148 147
Fe-15Zn-5Mg 156 156
Fe-10Zn-10Mg 155 157

Fe-5Zn-15Mg 151 150
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Table given below shows the ultrasonic (nondetsructive) and compression (destructive) elastic
modulus values of the sintered magnesium (Mg) alloy specimens. Difference between
compression test values and ultrasonic test values was in the range of 5-10 %. As seen from the
table, maximum elastic modulus was obtained in the Mg-15Fe alloy specimen, while minimum
elastic modulus was obtained in the Mg-10Zn alloy. Zn and Fe additions were increased the

elastic modulus of the specimens, as expected.

Table 4.6: Elastic modulus values of the Mg alloy specimens

Elastic modulus Elastic modulus

Alloy (GPa) (GPa)
Compression Ultrasonic
Mg-5Zn 30 32
Mg-10Zn 31 30
Mg-15Zn 35 36
Mg-5Fe 33 31
Mg-10Fe 34 33
Mg-15Fe 40 40
Mg-15Zn-5Fe 39 41
Mg-10Zn-10Fe 40 42

Mg-5Zn-15Fe 43 44
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Table given below shows the change of the elastic modulus values of the zinc (Zn) alloy
specimens with immersion time in the simulated body fluid (SBF) solution. As seen from the
table, decrease of the elastic modulus of the Zn alloy specimens was in the range of 12-16 %

during 14 days of immersion period in SBF.

Table 4.7: Elastic modulus values of the Zn specimens with immersion time

Alloy 1 day 3day 7day 14 day
Zn-5Fe 81 80 75 70
Zn-10Fe 83 77 75 72
Zn-15Fe 85 82 80 75
Zn-5Cu 83 80 70 73
Zn-10Cu 34 83 81 79
Zn-15Cu ’4 84 81 80
Zn-15Fe-5Cu 86 84 82 81
Zn-10Fe-10Cu 87 86 83 82

Zn-5Fe-15Cu 35 82 80 79
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Table given below shows the change of the elastic modulus values of the iron (Fe) alloy
specimens with immersion time in the simulated body fluid (SBF) solution. As seen from the
table, decrease of the elastic modulus of the Fe alloy specimens was in the range of 6-15 %

during 14 days of immersion period in SBF.

Table 4.8: Elastic modulus values of the Fe specimens with immersion time

Alloy 1 day 3 day 7 day 14 day
Fe-5Zn 155 153 151 147
Fe-10Zn 157 154 152 150
Fe-15Zn 160 159 156 155
Fe-5Mg 153 153 150 148
Fe-10Mg 150 149 147 145
Fe-15Mg 148 148 146 142
Fe-15Zn-5Mg 156 154 153 150
Fe-10Zn-10Mg 155 151 150 148

Fe-5Zn-15Mg 151 151 147 146
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Table given below shows the change of the elastic modulus values of the magnesium (Mg) alloy
specimens with immersion time in the simulated body fluid (SBF) solution. As seen from the
table, decrease of the elastic modulus of the Mg alloy specimens was in the range of 10-25 %

during 14 days of immersion period in SBF.

Table 4.9: Elastic modulus values of the Mg specimens with immersion time

Alloy 1 day 3 day 7 day 14 day
Mg-5Zn 30 27 24 21
Mg-10Zn 31 29 26 20
Mg-15Zn 35 31 26 25
Mg-5Fe 33 30 25 24
Mg-10Fe 34 31 27 25
Mg-15Fe 40 37 34 31
Mg-15Zn-5Fe 39 37 35 30
Mg-10Zn-10Fe 40 38 36 31
Mg-5Zn-15Fe 41 37 32

43
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Biodegradation Properties

Biodegradation behaviour of the metal alloy specimens was studied by weight change and metal
ion release measurements in simulated body fluid solutions. Metal ion (Zn**, Cu**, Mg**and
Fe**/Fe’") release values from the specimens were increased with increasing immersion time in

the simulated body fluid (SBF) solution, as expected.

Table 4.10: Amounts of release of alloying elements from Zn alloys in the SBF

Alloy Zn Fe Cu
(ppm) (ppm) (ppm)

Zn-5Fe 206 12
Zn-10Fe 201 22
Zn-15Fe 200 25
Zn-5Cu 195 4
Zn-10Cu 193 7
Zn-15Cu 195 10
Zn-15Fe-5Cu 192 22 3
Zn-10Fe-10Cu 190 25 6
Zn-5Fe-15Cu 191 15 12

Table 4.11: Weight change of the Zn alloys in the SBF

Alloy Weight change
(%)
Zn-SFe 25
Zn-10Fe 23
Zn-15Fe 20
Zn-5Cu 22
Zn-10Cu 20
Zn-15Cu 16
Zn-15Fe-5Cu 18
Zn-10Fe-10Cu 15

Zn-5Fe-15Cu 14
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Figure given below illustrates the metal ion (Zn**, Mg?*, and Fe**/Fe*") release values from the

Fe alloy specimens in simulated body fluid (SBF) solutions.

Table 4.12: Amounts of release of alloying elements from Fe alloys in the SBF

Alloy Fe Zn Mg
(ppm) (ppm)  (ppm)

Fe-5Zn 65 5
Fe-10Zn 66 7
Fe-15Zn 70 8
Fe-5Mg 67 12
Fe-10Mg 70 16
Fe-15Mg 72 22
Fe-15Zn-5Mg 72 9 13
Fe-10Zn-10Mg 73 7 19
Fe-5Zn-15Mg 71 7 26

Table 4.13: Weight change of the Fe alloys in the SBF

Alloy Weight change
(%)
Fe-5Zn 2
Fe-10Zn 4
Fe-15Zn 5
Fe-5Mg 5
Fe-10Mg 10
Fe-15Mg 12
Fe-15Zn-5Mg 12
Fe-10Zn-10Mg 13

Fe-5Zn-15Mg 16
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Figure given below illustrates the metal ion (Zn**, Mg?*, and Fe**/Fe*") release values from the

Mg alloy specimens in simulated body fluid (SBF) solutions.

Table 4.14: Amounts of release of alloying elements from Mg alloys in the SBF

Alloy Mg Zn Fe
(ppm) (ppm)  (ppm)

Mg-5Zn 320 6
Mg-10Zn 310 6
Mg-15Zn 302 8
Mg-5Fe 311 1
Mg-10Fe 304 2
Mg-15Fe 294 2
Mg-15Zn-5Fe 293 6 1
Mg-10Zn-10Fe 292 5 1
Mg-5Zn-15Fe 293 5 2

Table 4.15: Weight change of the Mg alloys in the SBF

Alloy Weight change
(%)
Mg-5Zn 33
Mg-10Zn 30
Mg-15Zn 28
Mg-5Fe 31
Mg-10Fe 28
Mg-15Fe 25
Mg-15Zn-5Fe 24
Mg-10Zn-10Fe 23

Mg-5Zn-15Fe 20
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Electrochemical Corrosion Tests

In addition, the biodegradation behaviour of the alloys was studied by electrochemical
corrosion tests in the simulated body fluid solutions. Table given below shows the
electrochemical corrosion rate values of the different Zn alloys in the simulated body fluid

(SBF) solution.

Table 4.16: Corrosion rates of the Zn alloys in the SBF solution

Alloy Corrosion Rate
(mm/year)
Zn-5Fe 023
Zn-10Fe 0.22
Zn-15Fe 0.20
Zn-5Cu 021
Zn-10Cu 0.18
Zn-15Cu 017
Zn-15Fe-5Cu 0.14
Zn-10Fe-10Cu 0.14

Zn-5Fe-15Cu 0.13
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Table given below shows the electrochemical corrosion rate values of the different Fe alloys in

the simulated body fluid (SBF) solution.

Table 4.17: Corrosion rate values of the Fe alloys in the SBF solution

Alloy Corrosion Rate
(mm/year)

Fe-5Zn 0.01
Fe-10Zn 0.02
Fe-15Zn 0.05
Fe-5Mg 0.05
Fe-10Mg 0.11
Fe-15Mg 0.12
Fe-15Zn-5Mg 0.11
Fe-10Zn-10Mg 0.12

Fe-5Zn-15Mg 0.14
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Table given below shows the electrochemical corrosion rate values of the different Mg alloys

in the simulated body fluid (SBF) solution.

Table 4.18: Corrosion rate values of the Mg alloys in the SBF solution

Alloy Corrosion Rate
(mm/year)
Mg-5Zn 21
Mg-10Zn 1.8
Mg-15Zn 1.7
Mg-5SFe 20
Mg-10Fe 1.6
Mg-15Fe 13
Mg-15Zn-5Fe 13
Mg-10Zn-10Fe 14

Mg-57Zn-15Fe 12
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S. DISCUSSION

In the present study, biodegradable metal (Fe, Zn, and Mg) alloys for temporary biomedical
implant applications were fabricated and investigated. Biodegradable metal alloys (Fe, Zn, and
Mg) were fabricated by mechanical alloying-powder metallurgy method. Temporary
biomedical implants for hard tissue applications, must show elastic modulus close to bone (to
prevent stress-shielding effect), must show optimum biodegradation rate close to bone healing
rate, and must have suitable biocompatibility level. Initially, metal powders were processed in
ball mill (mechanical alloying), then polymer based binder was included, then the mixture was
compacted and green specimens were fabricated, and lastly the green specimens were sintered.
Electrochemical corrosion properties of the alloys were investigated in simulated body fluid
with potentiostat. In addition, metal ion (Fe, Zn, and Mg) release and weight change properties
of the alloys were investigated in simulated body fluid. In general, biomaterial is a systemically
and pharmacologically inert material manufactured for implantation within or incorporation
with living systems. In general, biomaterials are a group of advanced engineering materials. In
the periodic table, although approximately 3/4 of the elements are metal, small number metals
can be employed in the biomedical applications due to their low biocompatibility (materials
with low toxicity) which is attributed to their electrochemical corrosion. The term “biomaterial
can be desribed as nonliving material group employed in a biomedical device, aimed to interact
with biological organs/tissues. This definition, also can be changed as material group aimed to
interface with biological tissue/organs in order to repair, treat, heal or replace any living organ
or tissue. Biomaterials (biocompatible materials) are sysnthetic materials employed in the body
mainly for their mechanical properties, but not biological properties. In general,
biocompatibility can be defined as the behaviour/property of a material group, which shows a
suitable host response in a definite usage [9]. Biomedical implants can be described as a medical
device, which is manufactured by biomaterials, used in the living body. The biomedicsl
implants are employed in the lining body in order to replace or repair of damaged tissue/organs

[1-12].
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There was no any shrinkage or distortion in the shape of the Zn alloy, Mg alloy and Fe alloy

specimens after sintering process.

Densities of the specimens were determined by geometrical method. Maximum density was
obtained in the Zn-5Fe-15Cu alloy specimen, while minimum density was obtained in the Zn-
SFe alloy. Fe and Cu additions were increased the density of the Zn alloy specimens. Maximum
density was obtained in the Fe-5Zn alloy specimen, while minimum density was obtained in
the Fe-15Mg alloy. Zn and Mg additions were decreased the density of the Fe alloy specimens.
Maximum density was obtained in the Mg-5Zn-15Fe alloy specimen, while minimum density
was obtained in the Mg-5Zn alloy. Fe and Zn additions were increased the density of the Mg

alloy specimens.

Maximum elastic modulus was obtained in the Zn-10Fe-10Cu alloy specimen, while minimum
elastic modulus was obtained in the Zn-5Fe alloy. Fe and Cu additions were increased the elastic
modulus of the specimens. Maximum elastic modulus was obtained in the Fe-5Zn alloy
specimen, while minimum elastic modulus was obtained in the Fe-15Mg alloy. Zn and Mg
additions were decreased the elastic modulus of the specimens. Maximum elastic modulus was
obtained in the Mg-15Fe alloy specimen, while minimum elastic modulus was obtained in the

Mg-10Zn alloy. Zn and Fe additions were increased the elastic modulus of the specimens.

Change of the elastic modulus values of the magnesium (Mg), zinc (Zn), and iron (Fe) alloy
specimens with immersion time in the simulated body fluid (SBF) solution was determined.
Decrease of the elastic modulus of the Fe alloy specimens was in the range of 6-15 % during
14 days of immersion period in SBF. Decrease of the elastic modulus of the Zn alloy specimens
was in the range of 12-16 % during 14 days of immersion period in SBF. Decrease of the elastic
modulus of the Mg alloy specimens was in the range of 10-25 % during 14 days of immersion

period in SBF.



49

Figure given below shows the Pourbaix diagram (E-pH diagram) of the zinc (Zn). As shown

from the figure, Zn and Zn alloys can show biodegradation at the body conditions, as expected.
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Figure 5.1: Pourbaix diagram of Zn [13]

Figure given below shows the Pourbaix diagram (E-pH diagram) of the iron (Fe). As shown

from the figure, Fe and Fe alloys can show biodegradation at the body conditions, as expected.
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Figure 5.2: Pourbaix diagram of Fe [14]
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Magnesium (Mg) is a very active metal and body fluids can easily dissolves the Mg and Mg
alloys. Figure given below illustrates the Pourbaix diagram of the magnesium (Mg)[14]. As

shown from the figure, Mg alloys can show biodegradation at the body conditions, as expected.
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Figure 5.3: Pourbaix diagram of the Mg [14]
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6. CONCLUSION AND RECOMMENDATIONS

In the present study, biodegradable metal (Fe, Zn, and Mg) alloys for temporary biomedical
implant applications were fabricated and investigated. Biodegradable metal alloys (Fe, Zn, and
Mg) were fabricated by mechanical alloying-powder metallurgy method. Temporary
biomedical implants for hard tissue applications, must show elastic modulus close to bone (to
prevent stress-shielding effect), must show optimum biodegradation rate close to bone healing
rate, and must have suitable biocompatibility level. Initially, metal powders were processed in
ball mill (mechanical alloying), then polymer based binder was included, then the mixture was
compacted and green specimens were fabricated, and lastly the green specimens were sintered.
Electrochemical corrosion properties of the alloys were investigated in simulated body fluid
with potentiostat. In addition, metal ion (Fe, Zn, and Mg) release and weight change properties

of the alloys were investigated in simulated body fluid.

Biomaterial is a systemically and pharmacologically inert material manufactured for
implantation within or incorporation with living systems. Biomaterials are a group of advanced
engineering materials. In the periodic table, although approximately 3/4 of the elements are
metal, small number metals can be employed in the biomedical applications due to their low
biocompatibility (materials with low toxicity) which is attributed to their electrochemical
corrosion. The term “biomaterial (biocompatible materials)” can be desribed as nonliving
material group employed in a biomedical device, aimed to interact with biological
organs/tissues. This definition, also can be changed as material group aimed to interface with
biological tissue/organs in order to repair, treat, heal or replace any living organ or tissue. In
general, the biomaterials (biocompatible materials) are sysnthetic materials employed in the
body mainly for their mechanical properties, but not biological properties. In general,
biocompatibility can be defined as the behaviour/property of a material group, which shows a
suitable host response in a definite usage [9]. Biomedical implants can be described as a medical
device, which is manufactured by biomaterials, used in the living body. The biomedicsl
implants are employed in the lining body in order to replace or repair of damaged tissue/organs

[1-12].
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General Conclusions:

® As the biodegradation rate is low or moderate, Zn and Zn alloys should be used as a

biodegradable temporaty screw or plate in the bone healing (bone fracture) applications.

¢ As the biodegradation rate is very high or high, Mg allyoys are more suitable for soft

tissue applications or scaffold material in the tissue engineering applications.

e As the biodegradation rate is very low or low, Fe and Fe alloys are more suitable to the

orthopaedic implant (shoulder, total knee or total hip) applications.
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