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Abstract

Magnesium alloys have inspired a significant amount of attention
from researchers all over the world for cardiovascular and
orthopedic applications due to their light weight, mechanical
integrity and degradation behavior. In this investigation, cast
manufactured binary, temary and quaternary magnesium alloys
were studied for their degradation behavior by potentiodynamic
polarization tests in phosphate buffer saline solution (PBS) and
PBS containing amino acids (cysteine, C and tryptophan, W) at 37
°C. Electrochemical impedance spectroscopy (EIS) tests were
performed to determine the charge transfer resistance and
immersion tests were performed to assess corrosion rate and
hydrogen evolution from the alloys. Furthermore, the surface
morphology and surface chemistry of the alloys were observed by
scanning electron microscopy (SEM) and X-ray diffraction (XRD).

Introduction

Biodegradable alloys are a group of materials, which once
implanted, negate further surgical procedures. The demand for
better and improved implants has led researchers to explore
different types of materials such as: polymers, ceramics, metals
and composites. Recently, interest in biodegradable magnesium
alloys has increased due to their light weight (low density, close to
human bone), mechanical integrity (high strength to weight ratio)
and biocompatibility (fourth most abundant cation in human body)
[1, 2, 3]. However, these alloys face major challenges with regard
to non-uniform corrosion, possibility of premature failure and
evolved hydrogen [4]. Alloying is one method of improving the
mechanical properties and corrosion resistance of Mg [4]. For
bioabsorbable applications, the alloying element must be non-toxic
and biocompatible [4, 5], so that the concentration of the dissolved
ions once implanted, would not substantially exceed the
concentration normally found in human blood [6]. The degradation
behavior of magnesium alloys is mainly affected by both intrinsic
(composition, microstructure, energy, etc.) and extrinsic factors
(temperature, pH, amino acids, chloride ions, etc.) [7].

It has been reported that the corrosion susceptibility of implants
may vary with the type of amino acid to which they are exposed
[8]. The general structure of amino acids is R~-CHINH,;)-COOH
[4, 9], which have a zwitterionic or ampholyte character that is
important for the adsorption of molecular species [9]. No
significant difference in corrosion susceptibility was observed on
exposing Nitinol to amino acids [8]. However, some titanium
alloys displayed a slight increase in corrosion susceptibility [9].
There has been little or no significant corrosion studies reported on
biodegradable magnesium alloys in amino acids. Chang et al.
performed corrosion studies on Mg-Li with amino acids and
reported it to have higher corrosion resistance {10]. Yamamoto and
Hiromoto studied the effect of amino acids on pure magnesium and
reported that amino acids reduced the barrier effect of insoluble

salt layer against dissolution of magnesium, which leads to faster
dissolution of Mg [11]).

In this paper, cast MgZn, MgZnCa and MgZnCaGd alloys were
studied for in-vitro corrosion properties. Potentiodynamic
polarization studies were performed in PBS and PBS containing
amino acids, in an attempt to explore their effect on the corrosion
behavior of the alloys. Besides, the alloys were also tested for its
hydrogen evolution in PBS and surface morphology.

Materials and methods

Cast MgiZn, Mgl1ZniCa and MglZn1CalGd (wt%) alloys were
prepared using high purity alloying elements. The alloys were
manufactured by melting the elements at 1000 °C under an inert
atmosphere (Argon) and casting in a water cooled copper mould.
The ramp-up time from room temperature to melting temperature
was 1 minute and alloys were further heat treated at 350 °C and
water quenched. The ingots were cut into cubes of dimensions
0.414x0.414x0.08 (inch), which were then mechanically polished
to achieve a roughness close to 0.05 microns using abrasives and
abrasive papers (Buehler) and lubricants (Sigma-Aldrich). Samples
were polished in four steps as shown in Table 1. The usage of
water based solutions was avoided during sample preparation, in
order to prevent the hydrolysis of the alloy. PBS (Sigma Aldrich)
and two amino acids (Acros Organics), cysteine (0.25 mM) and
tryptophan (0.042 mM) were used as electrolytes for corrosion
studies, with the latter at concentrations typically found in human
blood [4].

Table 1. Lubricants and abrasives used during sample preparation.

Surface Lubricant Abrasive
Carbimet® Ethanol SiC, 400 grit
Texmet® Ethé;;f::jg?'ll;ne Metadi® Paste, 9 ym
Texmet® Etl&alx;(::l;?zl;yll ;:ne Metadi® Paste, 3 um
Chemomet® Ethanol-Ethylene Masterpolish®, 0.05 pm

Glycol (3:1)
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Electrochemical testing

A typical three electrode (working, counter and reference)
corrosion cell interphased with a potentiostat was used, in which
the implant material (working electrode) is placed in deaerated
simulated physiological solution, PBS and PBS containing amino
acids (PBS+C and PBS+W). The potentiodynamic polarization
tests were performed in accordance with ASTM: G 102-89 [12] in
PBS (pH = 7.2) at 37 °C employing a GAMRY® potentiostat (G-
750). All tests were conducted at a scan rate of 1.0 mV/s. The



electrolyte was purged with high purity nitrogen for 30 minutes
prior to immersion of the sample, as well as continuously during
the corrosion test. The corrosion rate (CR) of the alloys was
determined by:

CR = (lor K. EW)/(p.A)

where, .. is the corrosion current (amps), K is a constant for the
corrosion rate (3272 mm/amp.cm.year), EW is the equivalent
weight in grams/equivalent, A is the sample area (0.28 cm?) and p
is the density (g/cm’) of the alloys calculated by Archimedes
principal (MgZn. 1.75; MgZnCa, 1.76; and MgZnCaGd, 1.85).

Electrochemical impedance spectroscopy (EIS) tests were also
performed to determine the effect of alloying elements on the
charge transfer resistance at 37 °C in PBS. All tests were
conducted in the frequency range from 1.0E-02 Hz to
1.0E+05 Hz with 10 points per decade.

Immersion test

Immersion tests were performed in accordance with ASTM G31-
72 [13]. Figure 1 show a schematic representation of the
immersion test, where samples were placed at the bottom of a
beaker filled with PBS, with a funnel placed above the sample. A
solution filled measuring cylinder was placed over the funnel to
collect and measure the hydrogen gas evolved as the solution was
displaced. The samples were soaked in 300 mL of PBS for 192
hours (9 days) at 37 °C. The hydrogen evolution (per square cm
surface area), weight gain and corrosion rate were evaluated during
the experiment, by taking the average of three measurements. The
samples were weighed before and after 24, 48, 72, 96, 120, 144,
168 and 192 hours. For each time interval, the sample was
removed from the PBS, rinsed in distilled water, air dried and then
weighed. Once the immersion test was completed, the samples
were cleaned by immersing in 180 g/1 of chromic acid for 20 min.
The weight gain (wt) in grams was calculated as follows [14]:

wt gain = (wt afier immersion - wt before immersion)/surface area

The corrosion rates were also calculated from the quantity of
hydrogen evolved and weight change during the immersion test.
The corrosion rate (CR, mm/year) was calculated as follows:

CR = (tW. 10)/(pAT)

where, t is a constant (8760 h), W is mass loss, g (mass before
immersion - mass after cleaning)/surface area, A is the surface area
before immersion (cm?), T is the immersion time (h) and p is the
sample density (g/cm’).
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Figure 1. Schematic representation of immersion test setup.

The surface morphology of the mechanically polished alloys
before and after corrosion tests was characterized by scanning
electron microscopy (SEM, JEOL JSN 6330F). The microstructure
phases were determined using XRD (Siemens 5000 D), where Cu-
K, radiation (wavelength, A = 1.54 A°) operating at 35 mA and 40
kV with a scan rate of 0.01 %/sec over a 2 theta from 20-90° were
used.

Resuits and Discussion

Figure 2 shows the XRD patterns of mechanically polished alloys.
The formation of binary phase precipitates was observed in all
alloys. The phases: Mg,Ca, MgZn,, MgsGd [15], were
instrumental for precipitation hardening. Zhou et al. reported that
MgZnCa alloys synthesized by twin-roll rapid solidification
technique produced a large number of precipitates, which
contributed to precipitation hardening [16]. Peng et al
manufactured Mg-Gd based alloys and reported superior
mechanical properties due to a microstructure composed of fine
metastable precipitates dispersed in the matrix [17].
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Figure 2. X-ray diffraction pattern of MgZn, MgZnCa and
MgZnCaGd.



The morphologies of the alloys before (inset) and after
potentiodynamic corrosion tests are compared in Figure 3. Stress
induced cracks were observed on the surface of all alloys subjected
to potentiodynamic polarization tests in PBS and PBS with amino
acids except for MgZn in PBS. MgZnCaGd developed a significant
amount of oxides in PBS with cysteine (Figure 2h). Similar
cracked corrosion products were reported by various researchers
with various Mg alloys [18, 19]. The adsorption of chloride ions on
the surface oxides of the alloy lead to the formation of Mg(OH),
via the hydrolysis of MgCl; (20]. Dissolution of MgCl,

subsequently exposing the underlying metal surface, which leads
to further dissolution of magnesium. At anodic sites, Mg*" ions are
produced; CI” ions diffuse to such sites in order to establish
electrical neutrality. MgCl, is formed in the pits and hydrolyzed
according to equation (1) producing hydrochloric acid and further
dissolution of Mg.

MgCl, +2H,0 —> Mg(OH), + 2HCI M

Figure 3. Scanning electron microscopy image of alloys after potentiodynamic corrosion: (a) MgZn, PBS (inset before corrosion); (b)
MgZn, PBS+C; (c) MgZn, PBS+W; (d) MgZnCa, PBS (inset before corrosion); (¢) MgZnCa, PBS+C; (f) MgZnCa, PBS+W; (g)
MgZnCaGd, PBS (inset before corrosion) (h) MgZnCaGd, PBS+C; and (i) MgZnCaGd, PBS+W.

At cathodic sites, water is reduced and hydrogen is evolved in
accordance with equation (2).

2H,0+2e—> HzT +20H~ @)

Mg +2H,0 — Mg(OH), + H, (overall reaction) (3)
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Hydrogen evolution [21] has been reported to result in the
formation of gas pockets adjacent to the implant, which delays
the healing of tissues and necrosis, equation (3).

Figure 4 (a), shows the volume per unit surface area of hydrogen
evolution from the magnesium alloys in PBS at 37 °C over a
period of 216 hours. It was observed that the similar volume of



hydrogen was released from all of the alloys during the first 24
hours (Figure 4 (a) inset). After 24 hours, more hydrogen was
released from MgZnCaGd, followed by MgZnCa and MgZn.
This may be attributed to the formation of four oxides with
MgZnCaGd, two of which are those of light metals Mg and Ca
(porous oxides of smaller volume) and those of heavy metals,
Zn and Gd (non-porous oxides of greater volume) [22]. Mg and
Ca oxidize at a rate nearly constant with time (linear equation)
whereas, Gd and Zn oxidize proportionally to the logarithm of
the time (parabolic equation) [22].

y=K1+4
» =Kyt +4,

(Linear equation)
{Parabolic equation)
The different oxidation rates of the four oxides induce stresses,

which result in the formation of surface cracks seen in the
photomicrographs of Figure 3.
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Figure 4. Immersion test of as-cast mechanically polished Mg
alloys immersed in PBS for 192 hours at 37 °C: (a) hydrogen
evolution volumes; (b) weight gain and (c) corrosion rate.

Figure 4 (b) shows the weight gain of the alloys as function of
immersion time. MgZnCa and MgZn exhibited the highest
weight gain followed by MgZnCaGd, which may be attributed
to the stress induced delamination of the oxide (passivating
layer) from the latter, as previously described. The highest
weight gain observed in the MgZnCa may be due to the
formation three oxides as compared with two for MgZn.

Figure 4 (¢) shows the corrosion rate of the alloys as a function
of immersion time in PBS at 37 °C. MgZnCaGd exhibited the
highest corrosion rate followed by MgZnCa and MgZn. This
may be attributed to the relative oxide porosity, cracking and
delamination of the oxides in case of the former, which expose
the metal to the electrolyte. The rates of corrosion can be
inferred from SEM photomicrographs of Figure 4 (c), where
there is evidence of uniform corrosion on MgZnCaGd as
compared with localized corrosion on MgZn and MgZnCa.

Figure 5 shows the SEM photomicrographs after immersion test
for 192 hours in PBS at 37 °C. It was observed that localized
corrosion initially occurred at grain boundary sites and then
propagated along the grain boundaries (arrows depict pits and
circles depict corrosion propagation).

Figure 5. SEM photomicrographs after 192 hours of immersion in

PBS: (a) MgZn; (b) MgZnCa and (c) MgZnCaGd.



EDS analysis on the surface of the alloys after immersion for
192 hours are shown in Table 2. The relative concentration of
Mg, O, P, K, Zn, Ca and Gd on the surface of the alloys
corresponds to the formation of a mixture of apatite, zinc
phosphate and calcium phosphate.

Table 2. EDS analysis on the surface of the alloys after
immersion in PBS for 192 hours.

Element percent, wt%

Alloys 4 —5 " P K 7Zn Ca  Gd
MgZn 740 184 46 02 27 - -
MgZnCa 848 102 17 03 20 LI -
MgZnCaGd 61.1 134 35 05 24 09 182

Figure 6, Nyquist plots revealed an increase in corrosion
resistance with the addition of Ca and Gd to MgZn. This could
be attributed to the formation of various oxides, which act as an
electric barrier. In the case of biodegradable alloys, initial
slower corrosion rates followed by uniform degradation are
desirable.
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Figure 6. Nyquist plots (log-log representation) for MgZn,
MgZnCa and MgZnCaGd in PBS at 37 °C.

Figure 7 shows typical polarization curves for MgZn, MgZnCa
and MgZnCaGd alloys, where passivation control occurred
between 0.001 - 0.002 A/cm” The rough appearance of the
anodic curves resulted from continuous breakdown (pitting
corrosion) and repassivation [18]. The corrosion parameters of
the alloys in PBS and PBS with amino acids are shown in Table
3. MgZn had the lowest corrosion rate in PBS (23.17 mm/year)
and exhibited the highest corrosion rate in PBS+W (130.11
mm/year). A similar trend was observed with MgZnCaGd,
where the corrosion rate increased in PBS with amino acids.
This could be attributed to the acid-base/polarity nature of
amino acids. Thus, further studies are required; with titanium
alloys, it was reported that amino acids are readily adsorbed
onto the surface of TiO, via their carboxyl groups by replacing
the basic hydroxyl group on a Ti site [9, 23].

MgZn had the highest corrosion potential, E,, (-1.4 V) in PBS,
followed by MgZnCaGd (-1.6 V) and MgZnCa (-1.7 V),
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indicating that MgZn is least susceptible to corrosion followed
by MgZnCaGd and MgZnCa.

Table 3. Average potentiodynamic polarization data from three
test values in PBS and PBS containing amino acids.

Alloys Eom V. Lo BA CR, mm/year
MgZn, PBS -14 2.8E-4 23
MgZnCa, PBS -1.7 6.3E-4 51
MgZnCaGd, PBS -1.6 5.3E-4 44
MgZn, PBS+C -1.7 7.9E-4 64
MgZnCa. PBS+C -1.7 4.7E-4 38
MgZnCaGd, PBS+C -1.6 19.7E-4 164
MgZn, PBS+W -1.7 16.0E-4 130
MgZnCa, PBS+W -1.7 3.5E-4 28
MgZnCaGd, PBS+W -1.6 18.7E-4 156
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Figure 7. Typical potentiodynamic polarization curves of as-cast
magnesium alloys in PBS (inset) and PBS containing amino
acids at 37 °C.

Conclusion

XRD depicted the presence of various binary phases, which may
improve the mechanical properties of the alloys. Stress induced
cracks developed on the surface of all alloys subjected to
accelerated corrosion test except for MgZn. Potentiodynamic
corrosion tests in PBS revealed that MgZnCa was the most
susceptible to corrosion followed by MgZnCaGd and MgZn. In
general, the corrosion rates of the magnesium alloys increased
when amino acids were added to PBS. Immersion corrosion tests
in PBS revealed that MgZnCaGd exhibited the highest corrosion
rate followed by MgZnCa and MgZn. However, it should be
noted that there was no significant difference in the corrosion
rates of MgZnCa and MgZnCaGd in PBS for either accelerated
or immersion corrosion tests. Photomicrographs of alloys
immersed in PBS revealed that localized corrosion initially
occurred at grain boundary sites, then, propagated along the
grain boundaries. Nyquist plots depicted an increase in corrosion
resistance with the addition of alloying elements, due to the
formation of various oxides.
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