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Abstract: The main limitation to the clinical application of magnesium alloys is their too-fast
degradation rate in the physiological environment. Bio-corrosion behaviors of the ZE41A
magnesium alloy processed by multi-pass equal channel angular pressing (ECAP) were investigated
in Dulbecco's Modified Eagle Medium (DMEM) solution, in order to tailor the effect of grain
ultrafining on the biodegradation rate of the alloy implant. Hydrogen evolution tests indicated
that a large number of ECAP passes decreased the stable corrosion rate of the alloy after the initial
incubation period. Potentiodynamic polarization curves showed that more ECAP passes made the
corrosion potential nobler and the corrosion tendency lower. Corroded surfaces of the ECAPed alloy
indicated a higher resistance toward localized corrosion due to the homogeneous redistribution of
broken second phases on the ultrafine-grained Mg matrix. It suggests that grain ultrafining can
decrease the biodegradable rate of the magnesium alloy-containing rare-earth elements and tailor
the lifetime of the biodegradable material.
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1. Introduction

Several million people suffer from bone fractures annually, which have to be surgically fixed
by internal bone implants. Conventional inert metal implants (made of Ti alloys, stainless steels
and Co-Cr alloys) have several disadvantages such as stress shielding and additional surgical
intervention [1]. To overcome these drawbacks, biodegradable implants are of special interest for
clinical applications. Most of the current biodegradable implants are made of polymers, which have
relatively low strength and unpredictable degradation rates [2]. Therefore, magnesium and its alloys
have garnered more and more attention for their excellent biocompatibility, elastic modulus and
compressive yield strength, similar to those of human bone, and other positive effects on the growth
of new bone after implanting in a physiological environment [3–5].

Magnesium alloys as biodegradation implants had already been applied to orthopedic and
trauma surgery in the middle of the last century. However, the applications are seriously limited
due to the excessively rapid degradation rate in the physiological environment [6,7]. Previous
studies have shown that grain refinement can improve the corrosion resistance of some Mg alloys
in Cl´-containing solution [8,9]. Equal-channel angular pressing (ECAP) is an effective technique
to fabricate bulk ultrafine-grained (UFG) metallic materials with almost the same geometrical shape,
and exceptional mechanical or/and physical advantages [8,10,11]. Until now, only a few studies have
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been carried out to investigate the influence of ECAP on corrosion behaviors of magnesium and its
alloys [12,13]. The limited literatures present that these ECAP procedures endow some magnesium
alloys with higher corrosion resistance and better mechanical properties [8,9,14]. However, the
corrosion results in NaCl solution cannot be used to perfectly predict biodegradation behaviors of
magnesium alloys in the physiological environment. Therefore, particular attention should be paid
to reveal the effect of ECAP on the bio-corrosion behavior of Mg alloys, in order to reveal the effect of
grain ultrafining on the biodegradation rate of the alloy implant.

During the degradation of magnesium alloys, most alloying elements will dissolve into the
human body. Therefore, the magnesium alloy containing Al, Cd and heavy metals is not appropriate
for clinical application from the medical aspect [15]. The ZE41A magnesium alloy with low rare-earth
(RE) content is suitable to act a biodegradable material since some RE elements are proven to
be tolerated by the human body [14,16]. Our previous work showed that the ZE41A alloy after
multi-pass ECAP consists of UFG Mg matrix and homogeneously dispersed second-phase particles,
which contribute to better mechanical properties at room temperature and the higher corrosion
resistance in NaCl solutions [17,18]. Thus, the aim of this paper is to study the biodegradation
behavior of the ECAPed ZE41A alloy in a simulated body fluid, and then tailor the biodegradation
rate of the UFG magnesium alloy containing rare-earth elements.

2. Experimental Section

A commercial as-cast ZE41A (Mg-4.9Zn-1.4RE-0.7Zr) alloy was used to prepare bulk UFG
samples through a large number of ECAP passes. The multi-pass ECAP was conducted at 603 K
using a rotary-die having a channel angle of 90˝ and through route A [8]. The dimension of the
ECAP billet was 20 mm ˆ 20 mm ˆ 40 mm. These billets were continuously ECAP-fabricated from
eight to 60 passes to obtain the uniformly distributed and UFG microstructure. Three kinds of ZE41A
samples with various ECAP passes (eight, 16 and 60, respectively) were applied to investigate the
effect of microstructure evolution on the bio-corrosion behavior. The microstructure was observed by
means of Nikon Eclipse ME600 optical microscope(Nikon Instruments, Inc., Tokyo, Japan).

The degradation rate of the alloy during immersion can be monitored by the evolved hydrogen
volume, and this method is easy to implement and is not prone to errors inherent in the weight
loss method [19]. Herein, the ZE41A samples cut from the ECAP billets were immersed in 300 mL
Dulbecco’s modified eagle medium (DMEM) solution for 1–10 days at 310 K to study the hydrogen
evolution rate variation with the immersion time. The DMEM solution was made using DMEM Cell
Culture Media (without sodium bicarbonate, Merck Millipore Beijing Skywing technology Co., Ltd,
Beijing, China), sodium bicarbonate (reagent grade) and distilled water. The initial pH value of the
solution was 7.4, similar to that of human blood plasma.

Each sample was molded into epoxy resin with an exposed area for hydrogen evolution testing
and electrochemical measurement, while the working surface was ground with SiC emery papers
up to 2000 grit. The cylindrical test samples for eight and 16 ECAP passes had the diameter of
5 mm, while the exposed area of the plate samples for 60 ECAP passes was 7.6 mm ˆ 1.8 mm.
Hydrogen bubbles from each sample were collected into a burette, which detailed procedures have
been reported elsewhere [20]. The hydrogen evolution rate of the 60-pass sample was also measured
in 0.9 wt. % NaCl solution at room temperature as compared with the degradation performance in
DMEM solution. Potentiodynamic polarization curves of the samples immersed for four days were
measured in the simulated body fluid at 310 K, by means of an advanced electrochemical system of
PARSTAT 2273 (Princeton Applied Research, Oak Ridge, TN, USA),. The three-electrode system has a
saturated calomel electrode (SCE) as a reference and a platinum electrode as a counter and the sample
as a working electrode. The polarization scan started from ´2 V to ´1 V at a scan rate of 1 mV/s.

After immersion testing for 2–10 days, the samples were removed from the DMEM solution,
washed with distilled water and dried in air. The surfaces of the corroded samples were observed
by HIROX KH-7700 Digital Microscope (Hirox Asia Ltd., Hong Kong, China), before and after the



Metals 2016, 6, 3 3 of 7

corrosion products were removed. The corroded samples were cleaned with chromate acid (200 g/L
CrO3 + 10 g/L AgNO3) for 5 min to remove corrosion products.

3. Results and Discussion

3.1. Microstructure of the ECAP-Fabricated ZE41A Alloy

Figure 1 presents optical micrographs of the as-cast ZE41A alloy with various ECAP passes.
Primary microstructure of the as-cast alloy consists of equiaxed α-Mg grains and a small amount of
net-like second phases, which are distributed mainly at α-Mg grain boundaries. After various ECAP
passes, the microstructure of the alloy showed a continuous change with significant grain refinement
of the Mg phase and homogeneous redistribution of broken second phases. Large elongated grains
with a few percentages of ultrafine grains are observed for the eight-pass sample, and the second
phases begin breaking and dispersing in the Mg matrix. Dynamic recrystallization (DRX) has been
proven to be an efficient mechanism of grain refinement in the plastic deformation process [21].
After eight passes of ECAP, only small amounts of ultrafine grains are found due to incomplete
recrystallization. The grains of the 16-pass sample are further refined with a more homogeneous
dispersion of second phase particles. It shows that the percentage of ultrafine α-Mg grains increases
with the ECAP passes. The alloy with a large pass number of ECAP can cause complete DRX to
general equiaxed ultrafine grains. Hence, the 60-pass sample obtains UFG α-Mg grains (average size
of about 2.5 µm) and fine second-phase particles which are homogeneously dispersed.

Figure 1. Micrographs of the ZE41A alloy before and after multi-pass ECAP: (a) As-cast; (b) eight
passes; (c) 16 passes; (d) 60 passes.

Figure 2 presents the results of hydrogen evolution of the ECAPed samples immersed in DMEM
solution and the 60-pass sample immersed in 0.9 wt. % NaCl solutions. The degradation process of
the Mg alloy after multi-pass ECAP was time-dependent in the simulated body fluid. The hydrogen
evolution of the samples immersed in DMEM solution went through three stages: an incubation
period, a fast corrosion period and then a steady period. However, the 60-pass sample immersed in
0.9 wt. % NaCl solution basically shows a linear change. For those samples immersed in DMEM
solution, a decrement of the incubation period with the increase of the ECAP pass was observed. It
is probable due to the higher corrosive tendency of the Mg matrix acquiring lots of energy through
the EACP processing. According to the method from Shi and Atrens [22], the corrosion rates of
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the ECAPed samples in different immersion periods are summarized in Table 1. All three samples
immersed in DMEM solution show a close corrosion rate which is less than 1.4 mm/y in the first
period. The biggest corrosion rate is observed for the 60-pass sample in the fast corrosion period,
which results in the earliest entrance into the steady period. During the steady period, the 60-pass
sample shows the best corrosion resistance.

Figure 2. Hydrogen evolution diagrams of the ECAPed samples in DMEM solution.

Table 1. Corrosion rate of ECAPed samples in DMEM solution.

ECAP
Pass

Duration of
Incubation
Period (h)

Hydrogen Evolution Rate (mL/cm2/h) Corrosion Rate (mm/y)

Incubation
Period

Fast
Corrosion

Period

Steady
Period

Incubation
Period

Fast
Corrosion

Period

Steady
Period

8 120 0.019 1.38 0.075 1.04 75.48 4.10
16 96 0.022 1.45 0.050 1.20 79.30 2.73
60 5 0.025 2.60 0.045 1.37 142.20 2.46

Figure 3 presents potentiodynamic polarization curves of the ECAPed alloy after four days of
immersion in DMEM solution. Three samples with different ECAP passes have similar polarization
curves, indicating similar electrochemical corrosion behavior in the DMEM solution. Table 2 lists
corresponding parameters including the corrosion potential (Ecorr), the corrosion current density
(Icorr) and the corrosion rate (CRi) calculated from the polarization curves by Tafel extrapolation [22].
It shows that the increase of the ECAP pass makes the corrosion potential higher and the corrosion
tendency lower. After immersion for four days, the corrosion current density of the 16-pass sample
is the lowest but the 60-pass one is the biggest. Similar to the existing literature [22], the corrosion
rates evaluated from polarization curves are lower than those evaluated from hydrogen evolution.
Furthermore, the results of polarization measurement are consistent with the curves of hydrogen
evolution in Figure 2. It is because the 16-pass sample after four days of immersion is at the incubation
period but the 60-pass one is at the steady period. It seems that the anodic polarization plot of the
60-pass sample appears a passive zone.

Table 2. Parameters calculated from the potentiodynamic polarization curves in Figure 3.

ECAP Pass 8 16 60

Ecorr (mV SCE) ´1358.59 ´1352.57 ´1337.43
Icorr (mA/cm´2) 1.71 ˆ 10´2 1.46 ˆ 10´2 2.08 ˆ 10´2

CRi (mm/y) 0.39 0.33 0.47
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Figure 4 presents surface morphologies of the corroded samples after different immersion times
with/without corrosion products. It is obvious that pitting corrosion is the main corrosion type for
the eight-pass sample and the 16-pass one, and the difference between the two samples is the amount
and dimension of the corrosion pits. Several deep and obvious pits are observed for the eight-pass
sample, while the surface of the 16-pass sample shows more but smaller pits. A reasonable argument
can be deduced that the Mg matrix around second phases was corroded firstly, and the second-phase
particles could not be held by the matrix and dropped from the site with the progress of the corrosion,
thus leaving the pits after removing the corrosion products. Similar conditions and discussions can
be found in other reports [17,18]. Therefore, the smaller pits were formed in the 16-pass sample with
finer second-phase particles. It is notable that the 60-pass sample exhibits mainly a uniform corrosion.
After 60 ECAP passes, the alloy achieved a large amount of ultrafine grains and homogeneously
dispersed second-phase particles. It makes the pits in the 60-pass sample more uniform and smaller.

Figure 3. Potentiodynamic polarization curves of the ECAPed ZE41A alloy after immersion for four
days in DMEM solution.

Figure 4. Morphology of the ECAPed samples after immersion for (a) two days; (b) 10 days; and (c)
10 days without corrosion products.
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Considering that the degradation rate of Mg alloy in DMEM solution is one order of magnitude
higher than that in Hank’s solution [23], the corrosion rate of the 60-pass sample is significantly
smaller than that of as-cast ZE41A Mg alloy reported by other research [15]. Hence, ECAP is
an efficient method to improve the corrosion resistance of ZE41A Mg alloy in the physiological
environment and tailor the lifetime of the biodegradable implant. This finding indicates that desirable
retardation of the excessively rapid degradation of Mg alloys can be provided by grain ultrafining.
It suggests that there is value in further investigating such effects by broadening both the alloy base
and the processing techniques in order to control the appropriate biodegradation rate of Mg alloys
for the clinical application.

4. Conclusions

The bio-corrosion behavior of a rare-earth magnesium alloy processed by multi-pass ECAP was
investigated in a simulated body fluid. The present study shows that the biodegradation rate of the
ZE41A alloy in the DMEM solution can be significantly reduced by grain ultrafining. The results open
up a new possibility of tailoring the biodegradation of Mg alloys.

(1) The degradation process of the UFG Mg alloy was time-dependent in the simulated body fluid.
The ZE41A alloy via different ECAP passes went through an incubation period, a fast corrosion
period and then a steady period in DMEM solution. With the ECAP pass number increasing,
the incubation period was shortened and the biodegradation rate at the steady corrosion period
was decreased.

(2) The finer grains and more homogeneous second phases after more ECAP passes can improve the
bio-corrosion resistance of the magnesium alloy. It results in a higher resistance toward localized
corrosion and a lower biodegradation rate during the steady corrosion period. The UFG alloy
for 60 ECAP passes has excellent corrosion resistance in DMEM solution.

(3) ECAP should be taken into consideration as an efficient technique to control the bio-corrosion
rate of Mg alloys in the physiological environment and tailor the lifetime of the biodegradable
implant, owing to its significant ability to acquire bulk UFG materials with homogeneous
second phases.
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