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1. Introduction

Magnesium (Mg) is the fourth most abundant cation in the human body [Fekry & El-Sherief,
2009]. It is very abundant in the Earth being considered the fourth highest, following iron,
oxygen and silicon. The raw ores of Mg are dolomite (MgCO;.CaCO3) and magnesite
(MgCO:s3), and Mg is the second most abundant metal in seawater following sodium. It is
therefore a comparatively low cost material. Magnesium is the lightest of all metals in
practical use, and has a density (1.74 g cm?3) of about two thirds of aluminum and only one
quarter that of iron. Pure magnesium metal has useful properties such as shielding against
electromagnetic waves, vibration damping, dent resistance, machinability and low toxicity
in humans, in addition to its recyclability as it has a lower specific heat and a lower melting
point than other metals. On the other hand, magnesium has shortcomings such as
insufficient strength, elongation and heat resistance as well as being subject to corrosion. To
put Mg to practical use, it is necessary to deal with its shortcomings and improve its
performance through alloying with various elements. Alloying magnesium improves its
strength, heat resistance and creep resistance (creep is defined as deformation at a high
temperature and under load). However, the addition of alloying elements modifies the
corrosion behavior of magnesium in such a way that it can be beneficial or deleterious.

Some advantages of magnesium alloys are their high stiffness-to-weight ratio, great ease of
machinability, good casting qualities suitable for high pressure die-casting, high damping
capacity and good weldability under controlled atmosphere. Magnesium can form
intermetallic phases with most alloying elements, the stability of this phase increases with
the electronegativity of the other element [Kainer, 2003]. Aluminum (Al) had already
become the most important alloying element for significantly increasing the tensile strength,
specifically by forming the intermetallic phase Mg;7Al>. Similar effects can be achieved with
zinc (Zn) and manganese (Mn), while the addition of silver (Ag) leads to improve high-
temperature strength. The identification of magnesium alloys is standardized worldwide in
the ASTM norm; each alloy is marked with letters indicating the main alloy elements,
followed by the rounded figures of each (usually two) weight in percentage terms. The last
letter in each identification number indicates the stage of development of the alloy.
However, according to the elemental composition two major magnesium alloy systems are
available to the designer. The first includes alloys containing 2 - 10 wt% Al, combined with
minor additions of zinc and manganese. These alloys are widely available at moderate cost,
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Abbreviation letter Alloying element Abbreviation letter Alloying element
A Aluminum N Nickel
B Bismuth P Lead
C Copper Q Silver
D Cadmium R Chromium
E Rare earths S Silicon
F Iron T Tin
H Thorium W Yttrium
K Zirconium Y Antimony
L Lithium Z Zinc
M Manganese

Table 1. ASTM codes for magnesium’s alloying elements

and maintain their room-temperature mechanical properties up to 95° to 120° C. Beyond
this, increase in temperature adversely affects mechanical properties and the corrosion
properties deteriorate rapidly. The most important alloys of this group are AZ-, AM- and AS
- Mg based systems. The second group consists of magnesium alloyed with various
elements (rare earths, zinc, thorium, and silver) except aluminum, all containing a small but
effective zirconium content that imparts a fine grain structure and thus improved
mechanical properties. These alloys generally possess much better elevated-temperature
properties, but they are more costly. The most important alloys of this group are ZE, HK
and ZK [Kainer, 2003].

Magnesium alloys as potential biodegradable material provides both biocompatibility and
suitable mechanical properties [Song, 2007]. Mg2* is an essential element and present in
large amounts in the human body. It is the fourth most abundant cation in the human body,
with an estimated 1 mol of magnesium stored in the body of a normal 70 kg adult, with
approximately half of the total physiological magnesium stored in bone tissue [Song & song,
2007]. The presence of magnesium in the bone system is beneficial to bone strength and
growth. Magnesium alloys have specific density (1.74-2 g/cm?) and Young’'s modulus (41-
45 GPa) most close to those (1.8-2.1 g/cm?3, 3-20 GPa) of human body’s bone. Therefore, in
orthopedic and bone repairing or replacement applications magnesium alloys are
particularly superior to any other metallic or polymer implants in terms of physical and
mechanical properties, as the dissimilarity in Young’s modulus between an implant and
natural bone can result in stress shielding effects, leading to concentration of stress at the
interface between the bone and implant reducing stimulation of new bone growth and
decreasing implant stability [Song, 2007].

On the other side, magnesium is 1.6 and 4.5 times less dense than aluminum and steel,
respectively. Moreover, magnesium is essential to human metabolism and is naturally
found in bone tissue [Fekry & El-Sherief, 2009]. Biodegradable implant materials in the
human body can be gradually dissolved, absorbed, consumed or excreted, so there is no
need for the secondary surgery to remove implants after the surgery regions have healed.
Metallic materials continue to play an essential role as biomaterials to assist with the repair
or replacement of bone tissue that has become diseased or damaged. Thus, it is projected
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that magnesium and its alloys be applied as lightweight, degradable, load bearing
orthopedic implants, which would remain present in the body and maintain mechanical
integrity over a time scale of 12-18 weeks while the bone tissue heals, eventually being
replaced by natural tissue [Staiger et al., 2006]. Also, magnesium has a high negative
standard electrode potential (-2.37 V at 25 °C) and thus is corroded relatively faster than
other metallic materials, especially in ClI- containing aqueous environment, indicating that
magnesium can degrade/or be corroded in a human body environment. Thus interface
problems such as interface loosening and inflammation can be resolved and the second
removal surgical operation for the case of bone screws and plates can be avoided. Thus, Mg
alloy can gradually be dissolved and adsorbed after implanting [Revell et al., 2004; Zreiqat
et al., 2002; Yamasaki, 2002 & 2003]. A suitable degradation rate is critical to a biodegradable
Mg implant before the tissue has been sufficiently recovered or healed [Witte, 2005]. After
the recovery or healing, the implant should be gradually dissolved, consumed or absorbed
by the human body. In fact, with recent developments and understandings of corrosion and
prevention of Mg alloy, controlling the corrosion performance of Mg alloy should be
possible now [Yamasaki, 2003; Song & Atrens, 2003]. Extruded Mg alloys as AZ91E and
AZ31E are getting more and more widely used because of their considerably high plasticity
in comparison with the die-cast Mg alloys [Zenner & Renner, 2002]. Several studies [Song,
2007; Witte et al. 2008; Song et al., 1999] have shown that the corrosion behavior of Mg alloys
is significantly dependent on the alloying elements and the microstructure.

Glucosamine (CsH13NOs) is an amino sugar. All of the glucosamine forms originated from
shellfish, Some carrier molecules are needed (such as sulphate or HCI ) because raw
glucosamine is unstable by itself - it needs to be bound to the sulfate or HCI carrier in order
to be stored for any period of time. Glucosamine sulfate is a naturally occurring chemical
compound found in the human body. It is used by the body to produce a variety of other
chemicals that are involved in building tendons, ligaments, cartilage, and the thick fluid that
surrounds joints. Glucosamine sulfate used in dietary supplements does not always come
from natural sources. It can also be made in a laboratory. Glucosamine sulfate is commonly
used for arthritis. Scientists have studied it extensively for this use [Giordano et al., 2009].
Osteoarthritis (OA) is the most common form of arthritis that can affect the hands, hips,
shoulders and knees. In OA, the cartilage that protects the ends of the bones breaks down
and becomes thin. This results in more joint friction, pain, and stiffness. Researchers think
that taking glucosamine supplements may either increase the cartilage and fluid
surrounding joints or help to prevent breakdown of these substances, or may be both.
Supplemental glucosamine may help to prevent cartilage degeneration and treat arthritis.
This chapter reviews the biological performance of magnesium based alloys (biodegradable
materials for temporary implant) as AZ91D alloy in simulated body fluid (SBF), AZ31E
alloy in Ringer’s and AZ31E, AZ91E in Hank’s solution at 37 °C that have been used as
orthopedic biomaterials. Their corrosion behavior was studied by the analysis of corrosion
resistance variation with immersion time, using electrochemical impedance spectroscopy
(EIS) tests and corrosion current density using potentiodynamic polarization technique. The
results were confirmed by scanning electron micrographs. The aim is to explore possible
routes to improve limiting factors such as the corrosion resistance and improve integration
of the implant with tissue, and ultimately highlights the need for further research. It is
aimed to find the best magnesium alloy with low cost and low corrosion rate as implant in
human body. Furthermore, the feasibility to slow down the biodegradation (i.e. corrosion)
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of magnesium alloys to solve the rapidly corroding magnesium implant problems was
demonstrated by studying the effect of adding glucosamine sulphate to Hank's solution on
the corrosion behavior of AZ31 alloy. This line of research was still under consideration.

2. The main problem and how to solve?

Recently, a number of studies had been carried out to investigate the corrosion behavior of
magnesium alloy in artificial physiological fluids. However, most of them were considering
an Al containing Mg alloy [Witte et al. 2006]. Most alloying elements will dissolve into the
human body during the magnesium alloy degradation. Magnesium alloys did not perform
well due to inappropriately high corrosion rates [Song & Song, 2007]. The screws and plates
made of these magnesium alloys corroded too quickly due to high impurities of the alloys
and as a consequence, subcutaneous gas cavities appeared in treated patients [Song & Song,
2007]. However, slower corrosion rates are needed for magnesium alloys to be suitable as a
potential biomaterial [Witte et al. 2005]. Mn and Zn were selected to develop a Mg-Zn-Mn
magnesium alloy for biomedical application due to the good biocompatibility of Zn and Mn
elements [Zhang et al. 2009]. The development of biodegradable implants is one of the most
important research areas in medical science [Song & Song, 2007, Mani et al., 2007].
Compared with traditional permanent implants, biodegradable materials will not cause
permanent physical irritation or chronic inflammatory discomfort. Mg or its alloys are non-
toxic to the human body.

Thus in this study, it was observed that corrosion resistance for AZ91D in Simulated body
fluid increase with increasing time of immersion until 35 h. Also, it found to increase for
AZ31E in Ringer’s solution increases with increasing immersion time till 100 h of
immersion. Also, the corrosion resistance of AZ91E and AZ31E alloys increase with
immersion time in Hank’s solution for 100 h. However, the corrosion resistance of AZ31E
alloy is much better than AZ91E alloy at all times of immersion. All results are confirmed by
scanning electron micrographs. Also, by addition of Glucosamine as inhibitor for corrosion
of AZ31E in Hank’s solution, it was evaluated that total resistance Rt or relative thickness
1/Cr of the film formed are higher compared to the values in absence of glucosamine.
However, the best corrosion inhibition is observed by addition of 0.01 mM Glucosamine and
this was confirmed by SEM images.

3. Experimental

A die cast magnesium aluminum alloy (AZ91D) with composition (wt%): 9.0 Al, 0.67 Zn,
0.33 Mn, 0.03 Cu, 0.01 Si, 0.005 Fe, 0.002 Ni, 0.0008 Be and balance Mg, an extruded
magnesium aluminum alloys with chemical composition (wt%): 2.8 Al, 0.96 Zn, 0.28 Mn,
0.0017 Cu, 0.0111 Fe, 0.0007 Ni, 0.0001 Be and balance Mg for AZ31E and 9.0 Al, 0.7 Zn, 0.13
Mn, 0.03 Cu, 0.01 Si, 0.006 Fe, 0.004 Ni, 0.0007 Be and balance Mg for AZ91E. All donated
from Department of mining, Metallurgy and Materials Engineering, Laval University,
Canada. The sample was divided into small coupons. Each coupon was welded to an
electrical wire and fixed with Araldite epoxy resin in a glass tube leaving cross-sectional
area of the specimen 0.2 cm? for AZ91D alloy and 0.196 cm? for both AZ91E and AZ31E
alloys. The solutions used were simulated biological fluid (SBF), recommended by Cigada,
which contains (g/1): NaCl 8.74, NaHCOs3 0.35, Na,HPO, 0.06, NaH,PO,4 0.06 [Fekry & El-
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Sherief, 2009], Ringer’s solution (RS) (g/1): NaCl 8.6, CaCl, 0.33, KCl 0.3, Hank's balanced
salt solution with composition (g/1): NaCl 8.00, NaHCO; 0.35, Na,HPO, 0.0477, KH2PO4
0.06, KCI 0.40, D-Glucose 1.0 [Ghoneim et al.,, 2010]. The pH of the solution was 7.4.
Glucosamine sulphate (Cs His NO5)2504.2KCl and all solutions are prepared using triply
distilled water. The surface of the test electrode was mechanically polished by emery papers
with 400 up to 1000 grit to ensure the same surface roughness, degreasing in acetone, rinsing
with ethanol and drying in air. The cell used was a typical three-electrode one fitted with a
large platinum sheet of size 15%20x2mm as a counter electrode (CE), saturated calomel
(SCE) as a reference electrode (RE) and the alloy as the working electrode (WE). The
impedance diagrams were recorded at the free immersion potential (OCP) by applying a 10
mV sinusoidal potential through a frequency domain from 100 kHz down to 100 mHz. The
EIS was recorded after reading a steady state open-circuit potential. The polarization scans
were carried out at a rate of 1 mV/s over the potential range from -2.5 to 0 mV vs. saturated
calomel electrode (SCE). Prior to the potential sweep, the electrode was left under open-
circuit in the respective solution until a steady free corrosion potential was recorded.
Corrosion current, icorr, which is equivalent to the corrosion rate is given by the intersection
of the Tafel lines extrapolation. In the weight loss measurements, the treated samples were
weighed before and after the immersion in Hank's solution in absence and in presence of
different concentrations of glucosamine sulphate. The instrument wused is the
electrochemical workstation IM6e Zahner-elektrik, GmbH, (Kronach, Germany).The
electrochemical and weight loss experiments were always carried inside an air thermostat
which was kept at 37°C, unless otherwise stated. The SEM micrographs were collected using
a JEOL JXA-840A electron probe microanalyzer.

4. Results and discussion

4.1 Electrochemical impedance measurements

4.1.1 AZ91D alloy in simulated body fluid (SBF)

The EIS scans as Bode plots in Fig. 1a-c. for AZ91D alloy in dependence on the immersion
time were recorded in the test solution for 35 h. The diagrams show resistive regions at high
and low frequencies and capacitive contribution at intermediate frequencies. The impedance
(1Z]) as well as the phase shift (0) of AZ91D alloy is clearly found to depend on immersion
time. It is of inertest to observe that an increase in time of immersion, from 0 to 1.5 h (Fig.
1a), continuously increases the |Z | value whilst Onmax is nearly constant.

However, at 2.0 to 10 h (Fig. 1b), the impedance value increases but not sharply. At higher
immersion time 15-35 h (Fig. 1c), an increase in the immersion time increases the |Z| value
whilst Omax gradually decreases with a concomitant shift to lower frequencies. This trend is
most likely a result of a decrease in the surface film capacitance commensurate with a
decrease in the adsorbed amount of anions forming SBF as Cl,, HCO; , H,PO, or HPO,?
on the electrode surface [Fekry & El-Sherief, 2010]. The results in general reveal two clear
trends concerning the number of peaks observed in the patterns of the phase shift. The first
one is for the behavior of AZ91D alloy at time of immersion from 0 to 5 h, where the Bode
plots display only one maximum phase lag (Fig. 1a, b). The second trend is for the alloy at
immersion time from 10 to 35 h where another peak of phase lag appears at the low
frequency region (Fig. 1c).
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Fig. 1. a-c. Bode plots of AZ91D alloy as a function of immersion time in SBF at 37 °C.

The impedance data were thus simulated to the appropriate equivalent circuit for the
cases with one time constant (Fig. 2a) and the others exhibiting two time constants (Fig.
2b), respectively. This is the simulation that gave a reasonable fit using the minimum
amount of circuit components. Generally, the impedance response of an actively
corroding metal in an aqueous solution is well simulated by the classic parallel resistor
capacitor (RiC;) combination in series with the solution resistance (Rs) between the
specimen and the RE. In this model a charge transfer resistance (Ri) is in parallel with the
double layer capacitance (C;), as depicted in Fig. 2a. In this case, the electrode surface is
covered with a passive film R; and Cj, the film resistance and capacitance, respectively.
On the other hand, for the impedance diagrams with two time constants the appropriate
equivalent model consists of two circuits in series from R;C; and RoC; parallel
combination and the two are in series with Rs. In this way C; is related to contribution
from the capacitance of the outer layer and the faradaic reaction therein and C; pertains to
the inner layer, while R; and R; are the respective resistances of the outer and inner layers
constituting the surface film, respectively [Wu et al., 2008]. Analysis of the experimental
spectra were made by best fitting to the corresponding equivalent circuit using Thales
software provided with the workstation where the dispersion formula suitable to each
model was used [Fekry, 2009]. In this complex formula an empirical exponent (a) varying
between 0 and 1, is introduced to account for the deviation from the ideal capacitive
behavior due to surface inhomogeneties, roughness factors and adsorption effects [Fekry,
2009]. In all cases, good conformity between theoretical and experimental was obtained
for the whole frequency range.
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The experimental values are correlated to the theoretical impedance parameters of the
equivalent model shown in Fig. 3. It was found that film healing and thickening (Rr)
becomes effective by increasing time of immersion in SBF solution leading to a quasi-steady
state thickness at longer times (1/Cr). This is caused by the formation of adherent corrosion
products on the sample surface as Mg(OH), which is precipitated from the solution during
the corrosion of magnesium alloys due to saturation and localized alkalization [Gu et al.,
2009]. Metal ions released from corrodible alloys to the surrounding tissues, may cause
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Fig. 2. Equivalent circuit model representing (a) one, and (b) two time constants for an
electrode/electrolyte solution interface.
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Fig. 3. The total resistance (Rt) and relative thickness (1/Cr) for AZ91D alloy as a function of
immersion time in SBF at 37 oC.
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biological responses in short term or prolonged periods. The toxicity of a metallic material is
governed not only by its composition and toxicity of the component elements but also by its
corrosion and wear resistance [Gu et al., 2009]. In a saline environment, magnesium-based
alloys would be degraded to magnesium chloride, oxide, sulphate or phosphate [Fekry & El-
Sherief., 2009] and the same occur in SBF. Also, magnesium carbonate precipitated on the
surface of magnesium alloy improved the corrosion resistance of magnesium alloy in the
case of atmospheric corrosion [Jonsson et al., 2007]. For chloride ions, in poorly buffered
chloride solutions, they reveal low corrosion rates due to the formation of a partially
protective Mg(OH); layer. Also, phosphates inhibit dissolution of the oxide film and raise
the corrosion potentials with increasing immersion time [Narayanan & Seshadri, 2007].
Phosphate is formed on the oxide surface and prevents dissolution. Generally, SBF improves
slightly the corrosion resistance of AZ91D alloy with time.

It should be also emphasized that formation of a complete surface layer of oxidation
products looks to be very difficult. This can be confirmed by SEM examination of AZ91D
alloy surface after 35 h immersion in the respective SBF (pH 7.4) as shown in Fig. 4
compared to that of the polished sample (blank) at magnifications of 1000x. As can be seen,
the micrograph for blank consists from uniform distribution, however, after immersion; it
shows microcracks [Heakal et al., 2009 & 2009] which determine the existence of film
vulnerable region. The relatively fine B-phase (Mgi7Aly) precipitated at the outer portions of
the platelets has light appearance with a shiny white color. However, flower-like MnAl,
intermetallic inclusions [Pardo et al., 2008] are also found deposited on some few areas from
the surface.

s0pm U ®1000 5 S0pm ' 1000
Blank After 35 h immersion

Fig. 4. SEM images of AZ91D alloy in air after polishing (blank) and in SBF at 37 °C after 35
h of immersion.

4.1.2 AZ31E alloy in Ringer’s Solution (RS)

The EIS scans as Bode plots, in Fig. 5a-c, for AZ31E alloy, as function of the immersion time,
were recorded in the test solution for 100 h. The diagrams show resistive regions at high
frequencies. The impedance (|Z|) as well as the phase shift (0) of AZ31E alloy is clearly
dependent on immersion time. It is of inertest to observe that an increase in the time of
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immersion, from 0 to 4.0 h (Fig. 5a), gradually increases the |Z| value, whereas Onmax is
nearly constant. From 8.0 to 20 h (Fig. 5b), the impedance and Om.x values increase
gradually. For larger immersion time from 30-70 h (Fig. 5c), both |Z| value and Omax
increase sharply. The results in general show that Bode plots display two maximum phase
lags. Fig. 6, as an example for 1h immersion of AZ31E alloy, manifested two depressed
capacitive semicircles, typical of Randles element, at higher and lower frequencies regions,
separated by an inductive loop at intermediate frequencies. Inductive loops can be
explained by the occurrence of an adsorbed intermediate on the surface. The experimental
data were consistent with the involvement of the intermediate species Mg* in magnesium
dissolution at film imperfections or on a film-free surface. At such sites, magnesium is first
oxidised electrochemically to the intermediate species Mg*, and then the intermediate
species react chemically with water to produce hydrogen and Mg?2*. The presence of Cl- ions
increases the film free area, and accelerates the electrochemical reaction rate from
magnesium metal to Mg* [Song et al., 1997]. The capacitive semicircle at higher frequencies
is attributed to the redox Mg-Mg* reaction since it was assumed to be the rate determining
step in the charge transfer process. Therefore, the resistance value obtained from intercepts
of the first capacitive semicircle with real axis corresponds to the charge transfer resistance.
On the other hand, the second capacitive semicircle could be attributed to the fast
complementary corrosion reaction. The curve manifested that addition of chloride ions leads
to increase in the size of the capacitive semicircles with immersion time, an indication of
increasing the resistances and decreasing the corrosion rate. The increase in resistivity arises
from the change in chemical composition of the surface film due to incorporation of Cl- ions
into the film especially through defect sites with low ionic resistance.
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Fig. 5. a-c. Bode plots of AZ31E alloy as a function of immersion time in RS at 37 °C.
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The impedance data were thus simulated to the appropriate equivalent circuit for the case
with two time constants (Fig. 7). The model includes the solution resistance Rs, a series
combination of resistance, R, and inductance, L, in parallel with charge transfer resistance
(Re)1, and the constant phase element (CPE;). In the high frequency limit, the inductive
contribution to the overall impedance is insignificant. Therefore, the Nyquist plot of the
impedance is a semicircle characteristic of the parallel arrangement of the double layer
capacitance and charge transfer resistance corresponding to the corrosion reaction.
Contribution to the total impedance at intermediate frequencies comes mainly from the
charge transfer resistance and inductive component in parallel. The inductor arising from
adsorption effects could be defined as (L = Rt) , where 7 is the relaxation time for adsorption
on the electrode surface. The low frequency locus displays the characteristics of parallel RC
circuit. This circuit includes another constant phase element (CPE;) which is placed in
parallel to charge transfer resistance element (Ri)1. The (R.)1value is a measure of charge
transfer resistance corresponding to the Mg*-Mg2* reaction. The CPE is used in this model
to compensate for non-homogeneity in the system and is defined by two values, Q and a.

—e— AZIMIE/1.0h

ZUicent

4 5 8

Z Il qent

(]
[3]

Fig. 6. Nyquist plot after 1 h of immersion in RS at 37 °C.

— Q| Q
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Fig. 7. Equivalent circuit model representing two series time constants for an
electrode/ electrolyte solution interface.
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The impedance of CPE is represented by Zcpg = Q-1(iw)~%, where i = (-1)1/2, ® is frequency
in rad s-1, ® =2nf and f is the frequency in Hz. If a equals one, the impedance of CPE is
identical to that of a capacitor, Zc = (iwC)= and in this case Q gives a pure capacitance (C).
For non-homogeneous systems, a values range from 0.9-1. Computer fitting of the spectrum
allows evolution of the elements of the circuit analogue. The aim of the fitting procedure is
to find those values of the parameters which best describe the data. The experimental and
computer fit results are given in Table 2. It was found that the fit results were consistent
with the experimental data within 5% error.

As shown in Table 2, film healing and thickening becomes effective by increasing the time of
immersion in Ringer’s solution, leading to a quasi-steady state thickness at longer times.
This is caused by the formation of adherent corrosion products on the sample surface as
Mg(OH), which is precipitated from the solution during the corrosion of magnesium alloys
due to saturation and localized alkalization [Fekry & El-Sherief, 2009]. This is confirmed by
measuring the pH of Ringer’s solution after completing the experiment, which becomes 11.0.
Calcium could improve both the corrosion resistance in NaCl solution and the mechanical
properties of magnesium alloy. Moreover, Ca is a major component in human bone and can
accelerate the bone growth [Azza et al., 2010]. It was thought that the presence of Ca ion
benefits the bone healing. However, for chloride ions, low corrosion rates were obtained due
to the formation of a partially protective Mg(OH), layer. The growth of the polarization
resistance with the immersion time is consistent with the continual decrease of the bio-
corrosion rate.

SEM examination of AZ31E alloy surface after 100 h immersion in the same RS is shown in
Fig. 8, as compared to that of the uniform distribution for polished sample (blank). After
immersion; it shows microcracks [Fekry & El-Sherief, 2009], which indicate the existence of a
vulnerable film. There are plenty of visible corrosion products on the surface of AZ31 after
100 h immersion.

Time Rs / (Ree)1 / Q1/ R/ L (Ret)2/ Q2/

Hour Qcm2 Qcm? uF cm-2 Yooem2 Q cm? puF cm-2 @
0.00 0.18 5.29 4169 098 5345 0.032 5.40 154.3 0.94
0.50 0.18 531 311.2 098 54.90 0.035 5.67 90.05 0.94

1.00 0.18 5.32 299.3 096 56.27 0.040 5.89 89.13 0.95
2.00 0.18 5.32 172.1 097 6049 0.044 6.01 86.79 0.97
4.00 0.18 5.33 161.9 097 6735 0.051 6.29 81.07  0.96
8.00 0.19 5.35 1577 099 7336  0.055 7.34 72.45 0.93
12.00 0.19 5.37 147.6 099 86.83 0.059 8.37 69.95 0.95

16.00 0.19 5.38 146.9 098 1052  0.061 9.01 55.87 0.94
20.00 0.19 5.38 143.8 099 106.2 0.061 9.06 45.21 0.98
30.00 0.22 6.37 139.8 099 2483 0.145 249 41.14 0.97
45.00 0.39 6.40 135.5 098 258.7 0.147 25.1 30.30 0.97

70.00 0.58 6.45 132.8 099 3075 0.151 30.6 17.15 0.97
100.00 0.59 6.53 116.3 099 4051 0.154 36.8 14.23 0.98

Table 2. Impedance parameters of AZ31E alloy in RS at 37 °C.
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before immersion after 100 h immersion

Fig. 8. SEM images of (a) Ti-6Al-4V alloy and (b) AZ31E in air after polishing (blank) and in
RS at 37 °C after 100 h of immersion.

4.1.3 AZ31E and AZ91E alloy in Hank’s Solution (HS)

Electrochemical impedance (EIS) is a technique with small perturbative signal and the
surface damage of the sample is very little. In these experiments, the immersion of the two
magnesium alloys was carried out continuously in Hank's solution which is used to
simulate the biochemical reaction of the magnesium alloys in human physiological
conditions. The specimens were suspended in Hank's solution up to 100 hour. The EIS scans
as Bode plots at different immersion times are given in Fig. 9 (a,b) & 10 (a,b) for AZ31and
AZ91 respectively. It can be seen that these diagrams for both alloys show resistive regions
at high and low frequencies and capacitive contribution at intermediate frequencies. It is of
interest to observe that an increase in time of immersion, from 0 to 10 h (Fig. 9a) for AZ31E
and (Fig. 10a, b) for AZ91E, continuously increases the |Z| and 0 values. That is, as shown
in (Fig. 9), Omax increases with time from 260 at 0 h to 65°¢ at 10 h of immersion for AZ31E
alloy. However, at higher immersion time from 20 to 100 h (Fig. 9b) for AZ31E, the
impedance value increases and Omax value gradually decreases but not sharply (from ~ 65° to
580) with a concomitant shift to lower frequencies. For AZ91E alloy (Fig. 10), Omax increases
with time from 220 at 0 h to 28° at 100 h of immersion that is nearly constant. However, at
any immersion time the values of |Z| or Omax is always higher for AZ31E alloy as compared
to AZ91E alloy, suggesting that AZ31E alloy is much more passive than AZ91E alloy in the
test solution. Also |Z | values increase with increasing immersion time for both tested alloys
as shown in Fig. 9 and 10. This trend is due to a decrease in the surface film capacitance
which is directly proportional to the decrease in the adsorbed amount of aggressive anions

as CI’ [Heakal et al., 2009].

The Bode format of Fig. 9&10 confirms the presence of two time constants as there are two
maximum phase lags appears at medium frequencies (MF), and low frequencies (LF). On
the other hand, for the impedance diagrams with two time constants the appropriate
equivalent model, shown in Fig. 2b, is the most appropriate one. Analysis of the
experimental spectra was made by best fitting to the corresponding equivalent circuit using
Thales software provided with the workstation where the dispersion formula suitable to
each model was used [Fekry & El-Sherief, 2009].
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Fig. 9. a,b. Bode plots of AZ31E alloy as a function of immersion time in Hank’s solution at
37 °C.
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Fig. 10. a,b. Bode plots of AZ91E alloy as a function of immersion time in Hank’s solution at
37 °C.

For this model the electrode impedance is represented by the following transfer function
[Ameer et al., 2009]:

Ry R,

ot + 1)
1+RCy(jo)™ 1+ RyCy(jw)™

Z(w)= R

The above formula takes into account the deviation from the ideal RC behavior and
considers, for a more realistic approach that each oxide layer as non-homogeneous. Thereby,
the impedance associated with the capacitance of each layer is described by a constant phase
element (CPE).

In all cases, good conformity between theoretical and experimental was obtained for the
whole frequency range with an average error of 3%. The experimental values are correlated
to the theoretical impedance parameters of the equivalent model, the data were presented in
Tables 3&4 for AZ31E and AZ91E alloys, respectively. As given in Tables 3&4, R; is nearly
the same for both alloys. It was also seen that R;, R, values increases and C;, C; values
decreases for both tested alloys with immersion time, that is film healing and thickening
becomes effective by increasing time of immersion in Hank's solution leading to a quasi-
steady state thickness at longer times. This is caused by the formation of adherent corrosion
products on the sample surface including, magnesium hydroxide, as well as phosphates and
carbonates [Wang et al., 2008]. They are precipitated from the solution during the corrosion
of magnesium alloys due to saturation and localized alkalization [Gu et al., 2009]. Metal ions
released from corrodible alloys to the surrounding tissues may cause biological responses in
short term or prolonged periods. The toxicity of a metallic material is governed not only by
its composition and toxicity of the component elements but also by its corrosion and wear
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resistance [Gu et al.,, 2009]. In a saline environment, magnesium-based alloys would be
degraded to magnesium chloride, oxide, sulphate or phosphate [Fekry & El-Sherief, 2009]
and the same occur in Hank's solution. Also, magnesium carbonate precipitated on the
surface of magnesium alloy improved the corrosion resistance of magnesium alloy in the
case of atmospheric corrosion. For chloride ions, in poorly buffered chloride solutions, they
reveal low corrosion rates due to the formation of a partially protective Mg(OH), layer.
Also, phosphates formed on the oxide surface inhibit dissolution of the oxide film with
increasing immersion time [Narayanan & Seshadri, 2007]. For the values of the empirical
exponent (a) given in Tables 3 & 4, it is seen that it is higher for AZ31E (~ 0.88 - 0.93) than
that of AZ91E (~ 0.71 - 0.79) alloy. It is near to the ideal value (a = 1) for AZ31E alloy. Also,
as given in Tables 3 & 4, R; or R, values at any given time is higher for AZ31E alloy than
that for AZ91E alloy. This confirms that AZ31E is more resistant than AZ91E alloy in Hank’s
solution. Generally, Hank's solution improves slightly the corrosion resistance of AZ91E and
AZ31E alloys with time.

Time Rs / Ri/ G/ a R>/ G/ a
hour Q cm? Q cm? uF cm-2 ! Q cm? pF cm-2 2
0.00 221 2.10 90.3 0.88 17.9 24.7 0.88
0.25 2.20 2.14 87.5 0.89 225 23.5 0.89
0.50 1.97 2.32 81.3 0.89 25.2 22.2 0.88
1.00 2.10 2.38 78.5 0.87 40.3 21.8 0.90
4.00 2.15 9.66 714 0.87 105.4 19.2 0.90
10.00 2.65 37.77 67.1 0.91 482.3 18.7 0.89
20.00 2.85 65.18 65.8 0.89 584.9 17.8 0.92
40.00 242 82.11 63.9 0.91 667.9 17.1 0.92
70.00 2.61 126.23 61.7 0.91 867.7 16.7 0.92
100.00 3.00 197.35 59.0 0.90 985.0 16.4 0.93

Table 3. Impedance Parameters of AZ31E alloy in Hank’s solution at 37°C.

Time Rs / Ri/ G/ Ro/ G/
hour Q cm? Q cm? puF cm-2 o Q cm? uF cm-2 @
0.00 2.60 1.04 150.8 0.75 8.5 50.3 0.71
0.25 2.03 1.16 143.1 0.78 8.7 47.8 0.74
0.50 1.91 1.25 135.6 0.76 8.8 43.2 0.75
1.00 1.82 1.47 122.0 0.78 11.0 35.5 0.72
4.00 1.27 1.64 117.1 0.75 11.8 32.1 0.72
10.00 2.65 1.79 111.0 0.77 13.8 29.9 0.75
20.00 2.67 1.99 105.5 0.76 15.7 27.5 0.75
40.00 2.71 213 101.3 0.77 18.2 25.1 0.74
70.00 2.69 218 97.1 0.76 32.6 21.4 0.72
100.00 2.03 2.55 85.7 0.79 43.1 21.0 0.74

Table 4. Impedance Parameters of AZ91E alloy in Hank’s solution at 37°C.

It should be noted that the alloying elements Al and Zn tend to have a stabilizing effect on
the protective film formed on Mg alloy. Indeed, without these alloying elements, pure
magnesium experiences a much faster biodegradation under similar testing conditions
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[Song & Song, 2007]. The previous electrochemical results show that the corrosion resistance
of AZ31 is much higher than that of AZ91 alloy. The results may be caused by the different
distribution of alloying elements in microscopic scale and the microstructure of alloys,
which are the fundamental reasons for the metal corrosion morphology and corrosion
resistance.

In the literature [Ballerini et al., 2005], it was found that the heterogeneous microstructure of
AZ91 stimulates a localized corrosion morphology that is dictated by the distribution of
microgalvanic coupling with the Mgi7Al;» intermetallic particles in the matrix. The content
of Al in the second-phase particles [Azza et al., 2010] might be the f phase (Mgi7 Aly), the
electrode potential of the f phase is higher than the matrix; therefore, it will form microcells
with the adjacent matrix and accelerate the corrosion process. Because the Al content in
AZ91 is higher than that of AZ31, the content of f phase of AZ91 will be higher than that of
AZ31 and the number of corrosion microcells of AZ91 is also larger than that of AZ31, as a
result, the corrosion resistance of AZ91 is lower than that of AZ31.

The corrosion behavior of the Mg alloys is determined by the important aspects include
composition, porosity, grain size, and amount and distribution of p phase. Fig. 11 represents
the surface morphologies of AZ91 and AZ31 magnesium alloys, the microstructure of AZ31
magnesium alloy shows a nearly continuous network of grain boundary phase (Mgi7Al12).
However, AZ91 contains a few amounts of 3-phase. The phase was more stable in NaCl and
was more inert to corrosion. The phase corrodes due to the tendency for the corrosion rate
of the B-phase to be accelerated by microgalvanic coupling between the a-phase and the -
phase. The phase mainly served as a galvanic cathode and accelerated the corrosion process
of the matrix if the volume fraction of (-phase was small; however, for a high volume
fraction, the phase might act as an anodic barrier to inhibit the overall corrosion of the alloy.
Song et al [Song & Atrens, 1999, 2003 & 2007] showed that the p phase plays a dual role, it
can act either as a barrier or as a galvanic anode depending on its content, size and
distribution. When the mass fraction of (Mg 17 Al 12) p phase is high, the grain size of
magnesium alloy is small, and the f phase distributes continuously on the matrix a phase, so
it may play the role of a barrier layer to deter corrosion as shown in the Figure for AZ31. On
the contrary, if the grain size is larger and the distance between f phases is enlarged,
galvanic corrosion may occur and cause the decline of the corrosion resistance (for AZ91).

AF9]

-
P

Fig. 11. Surface morphologies of AZ91 and AZ31 magnesium alloys.

Glucosamine is an amino-monosaccharide produced in the body. Glucosamine sulphate acts
mainly as a substrate for biosynthesis of mucopolysaccharides and biopolymers of joints
and bones and, thus, contributes to restoration of damaged cartilage. About 90% of
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glucosamine administered orally as a glucosamine salt gets absorbed from the small
intestine and from there it is transported to the liver. Healthy men have serum glucosamine
concentration of 0.04 mmol/L when they are not consuming supplemental glucosamine
[Ghoneim et al., 2010]. Ingestion of recommended oral doses of glucosamine in humans
achieves serum levels of approximately 0.06 mmol/L [Anderson et al., 2005], its oral
administration at very large doses (5000-15,000 mg/kg body weight) is well tolerated
without documented toxicity. It is not presently known how much of an ingested dose is
taken up in the joints in humans. Most relevant clinical trials have used glucosamine
sulphate in 1500mg, once a day for 12 weeks [Giordano et al., 2009], this is a prescription
drug in most European and non-European countries.

Thus, it is intended in this part to study the effect of adding glucosamine sulphate to Hank's
solution on the electrochemical behavior of the biodegrable AZ31 alloy, which is much
better than AZ91 alloy against corrosion. Fig. 12 Shows EIS results probed after 4h
immersion in Hank's solution in presence of various concentrations of glucosamine sulphate
in the range from 0.01 to 10 mM, and presented as Bode and Nyquist plots, the spectra are
dominated by the capacitance of the HF time constant. The general features of the plots are
not substantially different from those obtained in absence of glucosamine. This suggests that
the presence of glucosamine in the solution do not alter the reaction responsible for
corrosion. The Nyquist format in Fig. 12 confirms the presence of two well defined
depressed semicircles at high and medium frequency regions. In all solutions the
impedance, |Z| value decrease with increasing added glucosamine concentration, however
the 10 mM shows a critical concentration which has higher resistance compared to that of
1.0 and 0.1 mM glucosamine solution. However, 0.01 mM Glucosamine concentration is
much better than 10 mM concentration.
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Fig. 12. Bode and Nyquist plots of AZ31E alloy as a function of concentration for
Glucosamine in Hank’s solution at 37 oC.
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The total resistance (Rt) and the relative thickness (1/Cr) for AZ31 alloy in Hank's
solution in presence of 10 and 0.01 mM glucosamine solutions as a function of the
immersion time are presented in Fig. 13. The impedance data were simulated to the
equivalent circuit represented in Fig. 2b. Both values increase with immersion time. Also,
the total resistance Rt and the relative thickness 1/Cr of the film formed on the alloy
show always higher values compared to the values in absence of glucosamine as
illustrated in Fig. 13.

This was confirmed by Scanning electron microscope (SEM) images shown in Fig. 14a-c.
Fig. 14c shows a smoother film adsorbed on the alloy surface for 0.01 mM than that formed
on 10 mM concentration Fig. 14b. Also the two are much better than the blank shown in
Fig. 14a.
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Fig. 13. The total resistance (Rr) and relative thickness (1/Cr) for AZ31E alloy with and
without Glucoseamine as a function of immersion time in Hank’s solution at 37 oC.
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(b) after 100 h immersion in 10 mM Glucosamine containing Hank’s solution

50 pm 1000 x

(c) after 100 h immersion in 0.01 mM Glucosamine containing Hank’s solution

Fig. 14. SEM micrographs for AZ31E alloy after 100 h of immersion in Hank’s solution (a)
without Glucosamine (b) with 10 mM Glucosamine and (c) with 0.01 mM Glucosamine.
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4.2 Potentiodynamic measurements
Anodic dissolution and passivation behavior of AZ91 and AZ31 alloys were studied in

Hank's solution using potentiodynamic polarization measurements (Fig. 14) at a scan rate of
1.0 m V s1. Prior to the potential scan the electrode was left under open circuit conditions in
the respective solution for 100 h until a steady free corrosion potential value was recorded.
Basically, the two alloys exhibit the same curve shape, no active-passive transition peak can
discerned in the anodic trace, but a passivation plateau extending to a large domain of
potential is observed. The corrosion potential (Ecorr) and corrosion current density (icorr) were
calculated from the intersection of the anodic and cathodic Tafel lines extrapolation. The
values of icorr were 0.01 and 0.58 mA cm2for AZ31 and AZ91 respectively. It can be acquired
from these experiments that the corrosion resistance of AZ31 alloy is much higher than
AZ91. This means that AZ31 has a superior anticorrosion performance in Hank's solution.
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Fig. 15. Potentiodynamic polarization curves for AZ91E and AZ31E alloys in Hank's
solution, at 37 °C .

Figure 16 shows the anodic and cathodic scans of AZ31 alloy immersed for 100 h in Hank's
solution in absence and in presence of various concentrations of glucosamine sulphate in the
range from 0.01 to 10 mM. The polarization curves reveal clearly that the solution
concentration affects both the cathodic and anodic overpotentials, where there is a
remarkable shift in the position of the Tafel plots mainly towards more positive values with
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decreasing glucosamine concentration. However, 10 mM glucosamine is considered as a
critical concentration. The calculated values of icor were 0.005, 0.003, 0.001 mA /cm? for 0.1
mM, 10 mM, 0.0lmM glucosamine solution, respectively. These results indicate that
addition of glucosamine had a pronounced inhibition effect on the corrosion current, it acts
by merely blocking the reaction sites of the metal surface without changing the anodic and
cathodic reaction mechanisms. This inhibition is attributed to strong adsorption of
molecular species through the active centers as NHz* and OH- or oxygen heteroatom [Fekry
& Mohamed, 2010]. It has been observed that adsorption mainly depends on the presence of
n-electrons in C=C, electron pairs on heteroatoms as oxygen or nitrogen, which induce
greater adsorption of glucosamine onto the surface of the alloy.
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Fig. 16. Potentiodynamic polarization curves for AZ31E alloy as a function of concentration
of glucosamine in Hank's Solution at 37°C .

Generally, the polarization results are in agreement with those obtained from EIS, and
suggest that the quality of the spontaneously formed film, as a protective layer against
corrosion, improves greatly at lower glucosamine concentration. Finally, for magnesium
alloys to be used as biodegradable implant materials, their degradation rates should not
exceed the rate of healing of the affected tissue, and also the degradation products should not
be more than the body's acceptable absorption level. The present study has shown that the
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biodegradation rate of alloy AZ31 in Hank's solution can be significantly reduced by adding
glucosamine sulphate to the solution on the basis of the observed corrosion retardation.

5. Conclusions

This work reviews the biological performance of magnesium based alloys (biodegradable
materials for temporary implant) as AZ91D alloy in simulated body fluid (SBF), AZ31E
alloy in Ringer’s and AZ31E, AZ91E in Hank's solution at 37 °C that have been used as
orthopedic biomaterials. Their corrosion behavior was studied by the analysis of corrosion
resistance variation with immersion time, using electrochemical impedance spectroscopy
(EIS) tests and corrosion current density using potentiodynamic polarization technique. The
results were confirmed by scanning electron micrographs.
The aim is to explore possible routes to improve limiting factors such as the corrosion
resistance and improve integration of the implant with tissue, and ultimately highlights the
need for further research. It is aimed to find the best magnesium alloy with low cost and low
corrosion rate as implant in human body. Furthermore, the feasibility to slow down the
biodegradation (i.e. corrosion) of magnesium alloys to solve the rapidly corroding
magnesium implant problems was demonstrated by studying the effect of adding
glucosamine sulphate to Hank's solution on the corrosion behavior of AZ31 alloy.

It was observed that:

1. The corrosion resistance for AZ91D in Simulated body fluid increase with increasing
time of immersion until 35 h. It was found to be better than the blank (AZ91D alloy
before immersion). It was found that film healing and thickening (increasing Rr value)
becomes effective by increasing time of immersion in SBF solution leading to a quasi-
steady state thickness at longer times. Generally, SBF improves slightly the corrosion
resistance of AZ91D alloy with time.

2. Corrosion resistance found to increase for AZ31E in Ringer’s solution with increasing
immersion time till 100 h. This is caused by the formation of adherent corrosion
products on the sample surface as Mg(OH), which is precipitated from the solution
during the corrosion of magnesium alloys due to saturation and localized alkalization.
This is confirmed by measuring the pH of Ringer’s solution after completing the
experiment, which becomes 11.0. Also, Ca could improve both the corrosion resistance
in NaCl solution and the mechanical properties of magnesium alloy, it is a major
component in human bone and can accelerate the bone growth. The growth of the
polarization resistance with the immersion time is consistent with the continual
decrease of the bio-corrosion rate.

3. The corrosion resistance of AZ91E and AZ31E alloys increase with immersion time in
Hank’s solution for 100 h. However, the corrosion resistance of AZ31E alloy is much
better than AZ91E alloy at all times of immersion.

4. All results are confirmed by scanning electron micrographs and potentiodynamic
polarization tests. Thus, AZ31E was found to be the best alloy.

5. By addition of Glucosamine as inhibitor for corrosion of AZ31E in Hank’s solution, it
was evaluated that total resistance Rt or relative thickness 1/Cr of the film formed are
higher compared to the values in absence of glucosamine. However, the best corrosion
inhibition is observed by addition of 0.01 mM Glucosamine and this was confirmed by
SEM images.
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6. Thus, AZ31E alloy can be used as temporary implant in human body. It is low in its cost
and will dissolve after a time that is the bone become healed. It doesn’t need to do
another surgery to remove it from human body; it is non-toxic to human body. Thus,
Mg alloy can gradually be dissolved and adsorbed after implanting.

7. The previous electrochemical results show that the corrosion resistance of AZ31 is much
higher than that of AZ91 alloy. The results may be caused by the different distribution
of alloying elements in microscopic scale and the microstructure of alloys, which are the
fundamental reasons for the metal corrosion morphology and corrosion resistance.
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