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Corrosion behavior of Mg and Mg-Zn alloys in simulated body fluid
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Abstract: The corrosion behavior of Mg and Mg-Zn in simulated body fluid was studied. The mass loss of pure Mg, Mg-Zn-Zr and
Mg-Zn-Zr-Y in simulated body fluid was measured using photovoltaic scale meter. Corrosion rate was determined through

electrochemical tests. Finally, the corrosion mechanism was thermodynamically studied. The results show that the corrosion rate
decreases with the lapse of time for both pure Mg and Mg alloys. The purer the alloy, the better the corrosion resistance exhibits. The
corrosion behavior of Mg alloy is improved by the addition of trace Y.
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1 Introduction

Success has been made in the development of
various metal-based hard texture implants in the 20th
century. Metallic materials continue to play a crucial role
as biomaterials[1]. With a density of 1.74 g/em’,
magnesium is much denser than aluminum and steel[2].
The fracture toughness of magnesium is greater than that
of ceramics, while the elastic modulus and compressive
yield strength are closer to those of natural bone than the
case for other commonly used metallic implants.
Moreover, magnesium is essential to human metabolism
and is naturally found in bone tissue[3—8].

However, the extremely high chemical activity of
magnesium would lead to aggravated corrosion in
corrosive media containing Cl [9]. This work aims to
study the corrosion resistance of pure magnesium and
magnesium alloys in simulated body fluids(SBF), and
dynamically  their  corrosion

explores  thermo-

mechanism.
2 Experimental

99.9% pure magnesium (No.l), ZK60 (Mg-5.4Zn-

0.55Zr)(No.2) and Mg-5.6Zn-0.55Zr-0.9Y(No.3) were
used in the experiment. Samples were cut into cuboids
and polished by abrasive paper. After ultrasonic cleaning
in acetone for 10 min, the polished samples were soaked
in SBF for 10 d. The corrosion rate was measured by
mass loss and electrochemical methods after several
soaking periods. The temperature of SBF was maintained
at (37£0.5) ‘C and the ion concentrations in SBF are
listed in Table 1[10].

Table 1 Ton concentrations in simulated body fluid (mmol/L)

Na* K* Mg* Ca**
142.0 5.0 1.5 2.5
cr HCO3 HPO}” Neorg
147.8 42 1.0 0.5

A triple-electrode system was used in the
electrochemical measurement. 50 mL SBF with a pH
value of 7.4 was used as electrolyte. Saturated calomel,
platinum and the sample were set as reference, auxiliary
and working
measurement, the corroded surface of the sample was
polished, chemically etched and observed by
metallographic microscope. The substance generated on
the surface during corrosion was analyzed by XRD.

electrodes, respectively. After the
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3 Results and discussion

Fig.1 shows the mass of the samples measured in
different soaking periods. Generally, the mass changes
were very small for all the three types of samples. After
242 h soaking, pure magnesium exhibited the best
corrosion resistance with 0.9% mass loss, followed by
Mg-5.6Zn-0.55Zr-0.9Y with 1.7% mass loss and
Mg-5.4Zn-0.55Zr(ZK60) with 3.1% mass loss.
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Fig.1 Mass change of samples soaked in simulated body fluid

Black pits began to emerge on the surfaces of
samples No.2 and No.3 after soaking for 15 h, which
indicated the start of corrosion, while no similar signs
were observed for sample No.l. After 24 h of soaking,
pits emerged on sample No.l, and the corrosion of
samples No.2 and No.3 aggravated,
accompanied by the emergence of a black substance.
After 74 h, a white substance was observed on sample
No.1, while the corrosion of samples No.2 and No.3
continued to aggravate and there were black precipitates
on the surface.

Fig.2 shows the Tafel curves obtained in the
measurement. Generally, with higher corrosion potential

became

and lower corrosion current density, the corrosion rate
will be smaller, which means better corrosion resistance
of the material. Therefore, the current density, which
corresponds to the value at the crossing point of the
tangent lines of the two curves in each figure, can
indicate the electrochemical corrosion rate of the
measured sample.

Based on the curves shown in Fig.2, the measured
results can be converted into the corrosion currents and
current densities, as listed in Table 2, from which it is
obvious that sample No.l has the best corrosion
resistance, while sample No.2 performs poorly. However,
the corrosion resistance of sample No.2 increases by

56.4% with the addition of 0.9% Y.

Fig.3 shows the microstructures and morphologies
of the corroded surfaces of magnesium alloys after 170 h
soaking in SBF, under optical microscope.

As shown in the metallographic images, the micro-
structure of ZK60 was made up of homogeneous equiaxed
grains with fishbone structures on the boundaries,
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Fig.2 Tafel curves of samples: (a) Pure Mg; (b) ZK60; (c) Mg-
5.6Zn-0.55Zr-0.9Y

Table 2 Electrochemical corrosion rates of samples

Sample Corrosion  Effective Current
Nop lg(/mA)  current/ area/ per unit area/
) mA mm’ (mA-mm )
1 2.40 251.19 123.650 2.03
2 2.95 891.25 87.892 10.14
3 275 562.34 127.224 4.42
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Fig.3 Microstructures and morphologies after 170 h soaking in SBF: (a, b) Pure magnesium; (c, d) EK60; (e, f) Mg-5.6In-0.55Zr-

0.9Y

which could be inferred as eutectics. Around the
boundaries were dark areas, which were generally
considered to be caused mainly by segregation of Zr on
the boundaries.

Grain boundaries were hardly detected on Mg alloys
with the addition of Zn and Y. The microstructure
exhibited a network of a black compound, which was a
Zn-enriched phase. From Fig.3, it was observed that
sample No.1 had a very thin corrosion layer with a flat
boundary, which implied that corrosion centralized on
the surface, while sample No.2 and No.3 were seriously
corroded and corrosion mostly occurred in the boundary
area.

Fig.4 shows the variation of pH value during 170 h
of corrosion process. The pH value of pure Mg changed
slowly in the whole process, while that of ZK60 changed
quite fast with the pH value maintaining at 11.2 after
170 h.
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Fig.4 Change of pH value of SBF

After 170 h, a white substance was observed on the
surface of all samples. The composition of the substance
was analyzed by a D/MAX-1200 type diffractometer.
In organism environment, the corrosion of magnesium
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and its alloys is the process mainly caused by the
reaction: Mg+2H,0 — Mg(OH),+H, t , thus the solid
substance of the main corrosion product is Mg(OH),

(Fig.5).
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Fig.5 X-ray diffraction pattern of corrosion product

The equilibrium potential of magnesium is —2.34 V,
and that in conventional media is also very low.
Moreover, the oxide film of magnesium is generally
loose and porous, therefore, magnesium and its alloys
normally have fairly poor corrosion resistance. The
electrochemical corrosion of Mg and its alloys is mainly
the process of releasing hydrogen with its quick
dissolution and finally powdering in the form of spot or
plane corrosion[11-12]. The overall reaction for
magnesium in aqueous solutions is
Mg+2H,0—~Mg(OH),+H, * 1)
This reaction can be expressed as the summation of the
following fractional reactions:

Negative pole reaction:

Mg*+2e —~Mg )
Pole potential:

() =¢@<Mg2+/Mg>+%lna<Mg2*) 3)

Positive pole reaction:

2H,0+2e¢ =H, t +20H" 4)
Pole potential:

_RT ) p(Hy).
ZF - p®

o(+) = a(OH™)? (5)

Thus the electromotive force is

p=p(H)-p(-)=
2RT
ZF

(O] 2+ RT 2+
— Mg“" /Mg)———Ina(M —
¢~ (Mg” /Mg) 7F (Mg™)

RT . p(H,)
—  InY—==~
7F n pG) (6)

Ina(OH™) -

Assume p(H,)=p®, therefore,

© n RT 2. 2RT _
=—¢p Mg~ /Mg)———Ina(M ———Ina(OH )=
p=—¢ (Mg g)ZF a(g)ZF a(OH")
@ a2t RT 2+
-p- Mg~ /Mg)———[Ina(Mg”" ) —64.48]—
ZF
RT
4.6—pH 7
~i P (7)

According to Table 1, the concentration of Mg*" in
organisms is 1.5 mmol/L and considering the SBF as the
weak solution, we obtain a(Mg>)=2.7X 107, In the
above formula, R=8.314 4 J’K "“mol ', F=9.648 5x10*
C/mol, =311 K, Z=2, and ¢°(Mg"/Mg)=—2.363 V.

It is thus very clear, from the above formula, that
the electromotive force of the primary cell involved in
the corrosion has linear relations with the pH value, and
decreases with its rise, which means that, with the
increase of pH value, the driving force of corrosion
reaction falls down. As a result, the corrosion rate drops
and corrosion becomes slower and slower.

Zn is the major hardening element in Mg-Zn-Zr
alloy with the reinforcing phase MgZn that is
electrochemically negative. Zr can remarkably improve
the corrosion resistance of the Mg-Zn alloy due to the
high potential needed to release hydrogen. The addition
of Y increases the solubility of the matrix due to its high
solubility in Mg, which enables the harmful elements to
dissolve into the matrix and therefore slows down
corrosion.

Alloying is an essential step to improve mechanical
properties and corrosion resistance of magnesium
[13—14]. Protective coatings and surface treatments[15]
can also be applied to improve the corrosion resistance
and potentially improve biological compatibility and
biological activity of magnesium -based implants, which
will make magnesium alloys be likely to become the next
generation of hard texture materials with wide
applications.

4 Conclusions

1) After 242 h soaking in SBF, the mass loss rate of
pure magnesium is 0.9%, the best in corrosion resistance
among the measured materials, which indicates that
fewer impurities result in better corrosion resistance.

2) After 242 h soaking in SBF, Mg-Zn-Zr (ZK60)
has very serious mass loss, while that of
Mg-5.6Zn-0.55Zr-0.9Y alloy is merely 1.7%, which
means that the addition of the alloying element Y
improves the corrosion resistance of Mg-Zn alloys.

3) Under this experimental condition, the corrosion
current densities of pure Mg, ZK60 and Mg-5.6Zn-
0.55Zr-0.9Y are 2.03, 10.14 and 4.42 mA/mm’
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respectively.

4) With the time of soaking in SBF prolonging, the

pH value of the solution increases, which decreases the
electromotive force, leading to the reduction in corrosion

rate.
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