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Magnesium alloys are promising materials for the surgical implants due to their exceptional mechanical properties,
biocompatibility and biodegradability. Binary Mg-Zn and ternary Mg-Zn-Zr alloys are the most obvious candidates for further
design of biomaterials. However, they have to meet many requirements, including high strength and corrosion performance.
In this work, we demonstrate that the corrosion resistance of the alloy Mg-6Zn-0.5Zr (ZK60) can be controlled to a large
extent by its microstructure and distribution of phases, formed by thermomechanical treatment involving hot severe plastic
deformation (SPD). The two-step multi-axial isothermal forging (MIF) is employed to deform the alloy ZK60 to different
strains at 400°C and 300°C. The influence of microstructural parameters on the corrosion rate is demonstrated. It was found
that MIF leads to the microstructure refinement, increases the fraction of high-angle grain boundaries, and reduces the size
and distribution inhomogeneity of the second phases, thus promotes the formation of a reasonably uniform protective layer
at the surface, and increases the overall corrosion resistance of the investigated ZK60 alloy. The homogeneous microstructure
fabricated by MIF plays an important role for corrosion resistance since any heterogeneity or bi-modality of grain boundary
structure can lead to large gradients of the driving force for oxidation within the material, and, as a consequence, to the
difference in the spatial properties and the heterogeneity of the protective oxide film. With the observed reasonable corrosion
performance and excellent mechanical properties, the fine-grained alloy ZK60 manufactured by hot two-step MIF processing

has a great potential for bio-medical applications as a material for bio-resorbable implants or vascular stents.
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1. Introduction

Since recently magnesium is considered as a promising
candidate for use in surgical implants. Magnesium has many
superior characteristics required for biomaterials: first of
all — biocompatibility, non-toxicity and absence of allergic
or carcinogenic properties. However, the main feature and
a property of interest of magnesium in comparison with
other materials used in orthopedic practice — stainless
steel, titanium alloys, cobalt-based alloys, etc. — is its bio-
resorbability, which refers to the capacity to be absorbed
naturally into the human body. Thus, in orthopedic surgery,
after the consolidation of bone fragments, there is no need
for repeated surgical intervention to remove the implants,
which reduces the traumatic effect and increases the
efficiency of medical treatment. However, from a medical
point of view, it is desirable that a temporary implant is
present in the human body for more than 12 weeks, so that
the bone tissue is completely restored, and then it must
degrade gradually [1]. This poses a number of requirements
to the properties any temporary implant material must meet.
These include (i) mechanical properties, (ii) biocompatibility
and (iii) biodegradability with a desired rate.

Magnesium has a high specific strength and low elastic
modulus, which is close to that for the cortical bone layer.
Despite many advantages, the main factor impeding
applications of magnesium and its alloys as biomedical
materials is their high corrosion rate. Magnesium has a high
negative standard electrode potential of -2.34 V compared
to the normal hydrogen electrode potential (NHE) at 25°C
[2]. Tt corrodes much faster than other metallic materials,
especially in an aqueous medium containing chlorine Cl-
anions including naturally in the physiological fluids or
blood plasma of the human body. Since pure magnesium
does not meet the mutually exclusive requirements for the
properties necessary for medical applications, it is necessary
to develop an alloy with a suitable corrosion resistance and
to manage its microstructure for optimal performance. The
procedures, which can be employed to tailor the structure of
the magnesium alloys, are well known within the framework
of classical materials science and these include (i) changing
the chemical composition by alloying, (ii) changing the
microstructure by heat treatment and (iii) changing the
microstructure by preliminary plastic deformation (the forth
way — modifying the surface of the magnesium alloy — is
not considered in the present paper).
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Considering the chemical composition, the choice of
alloying elements is extremely limited by the requirements
of biocompatibility and technological feasibility. On the one
hand, this narrows the circle of applicants in the design of
alloys. On the other hand, it does not make it possible to realize
the maximum desired strength and ductility by chemical
design due to the specific of the resulting strengthening
phases, their morphology, distribution and chemical
composition [3]. The latter, in turn, are frequently the root
cause of poor corrosion properties [4,5]. Besides, secondary
phases and intermetallic compounds complicate further the
deformation processing (which is not simple for magnesium
anyway) aimed at microstructure refining and forming a
favorable crystallographic texture [6,7]. The use of rare earth
elements [8] or lithium [4] allows to significantly reduce the
corrosion rate and increase the mechanical properties [9,10],
but increases the risk of unexpected negative implications for
patients. Therefore, the active search for the optimal chemical
composition is still being continued up to date [11-14].

Binary magnesium alloys Mg-Zn, consisting entirely of
bio-compatible elements, are the most obvious candidates
for further design of biomaterials [15]. Although addition of
calcium helps improve the corrosion resistance of magnesium
alloys [16], the mechanical properties (tensile strength and
elongation) of Mg-Ca alloys are unsatisfactory for implants.
For instance, the strength and elongation in the cast Mg-1Ca
alloy are 71.38+3.01 MPa and 1.87+0.14%, respectively.
Corrosion resistance of these alloys also leave a lot to desire
[17,18]. Some Mg-Zn alloys can have a fine microstructure
leading to a good enough tensile strength about 250 MPa and
ductility (of 20% elongation) [19,20]. Taking into account a
good biocompatibility in vivo and non-toxicity, Mg-Zn alloys
appear to be viable candidates for use as biomedical materials
(e.g. as vascular stents) [21]. Many tertiary Mg-Zn-X
alloys exhibit improved mechanical properties with Zn
concentration of 1-6% and less than 1% of the additional
X-component. A very popular modifier of the structure of
Mg alloy is Zr, which acts as a grain-refining agent, alloy
purifier reducing the concentration of harmful Fe impurities
and strengthening element due to various Zr-containing
intermetallic compounds forming in Mg-Zn-Zr alloys [22].
For this reason, we have chosen the “classic” commercial
Mg-Zn-Zr alloy ZK60 for the present work.

The synergy of the classical processing-structure
(composition)-properties triad of materials science is
to provide the required level of a complex of functional
properties, including mechanical strength, plasticity and
fatigue endurance an [23,24], a sufficiently low rate of
bioresorption to maintain the integrity of the entire implant
design during osteosynthesis, with no toxicity and good
biocompatibility. The key properties that require in-depth
understanding and improvement for practical application in
medicine are the corrosive behavior of alloys with different
chemical composition and structural characteristics, as well
as fatigue strength in a corrosive environment. The increase in
strength and fatigue properties is usually achieved by alloying
due to solid solution and precipitation strengthening and/or
by grain refinement leading to Hall-Petch grain boundary

strengthening. The issue which has not been addressed
sufficiently to date is the influence of deformation treatment
on functional properties of Mg alloys.

Over the recent years, severe plastic deformation (SPD)
techniques have been shown quite efficient for modifying
the microstructure and strengthening of metallic materials
by grain refinement [25]. On the other hand, Vinogradov et
al. [26] have demonstrated that integrated SPD processing
involving direct extrusion combined with two equal channel
angular pressing passes is effective for improving the high
cycle fatigue performance of the ZK60 alloy in parallel with
enhanced galvanic corrosion resistance [27].

Thus, the objective of the present work is to determine
the effect of thermo-deformation treatment, involving
severe plastic deformation via one of the most effective bulk
materials processing — multistep isothermal forging (MIF),
on microstructure refinement for the corrosion resistance
of the popular magnesium alloy Mg-Zn-Zr, which is often
considered as a candidate for bio-medical applications.

2. Experimental procedure

The billets of the alloy ZK60 (nominal composition
Mg-6Zn-0.5Zr, in wt.%) with dimensions 70 x 70 x 170 mm’
were subjected to MIF at 400°C from a hot-pressed rod in T6
condition. On the second step, MIF was performed at 300°C.
During processing, the billet experienced six deformation
cycles on each step involving a sequence of settings and
drawings with axis changing as described in [28]. The total
true strain imparted on a working billet at the first step was
of 4.2 and 3.0 at the second. The last deformation cycle at
each step was ended by oil cooling. The pure 4N Mg and
coarse grain alloy ZK60 (both in the as-cast state) were used
for comparison.

The alloy microstructure was analyzed in the longitudinal
plane of the billets in the field emission gun scanning electron
microscope (SEM) Zeiss Sigma equipped with the electron
back scattering diftraction (EBSD) detector (EDAX/TSL) and
orientation image microscopy (OIM) software package. Prior
to microstructural analysis, the samples were mechanically
polished to a mirror-like finish and then electrolytically
polished in 90% ethanol + 10% nitric acid solution.

Various methods, which are widely used to characterize
corrosion properties and to investigate the mechanism of
corrosion processes, include a family of potentiostatic and
dynamic electrochemical methods, impedance spectroscopy,
etc. Due to the specific in Mg-rich alloys negative difference
effect (the electrochemical phenomenon that anodic
stimulation facilitates hydrogen discharge to a greater extent
than cathodic polarization [29]), significant errors can arise
in corrosion rate measurements when using traditional
electrochemical techniques [30]. Therefore, the weight-loss
rate method, which has been regarded as the most basic and
reliable method, is still used as a “golden standard” corrosion
test. Corrosion rate was measured by gravimetric method
whereby metal coupons were exposed to the test medium
(pure Salina, which is commonly used in a wide variety of
molecular and cellular biology applications) and measure the
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loss of weight of the material. The plate specimens with the
surface are of 650 -800 mm?* were grinded by a sand paper
down to #2500 grade, washed in the ultrasonic bath with
acetone, dried and weighted on the analytical balance with
the accuracy of 0.0001 g. They were then immersed into 0.9%
sodium chloride (NaCl) distilled water solution (pH=7.4)
for 24 h at 25°C and following removal, the specimens were
dried by hot air. The corrosion products were removed from
the surface by the solution containing 200 g of CrO,, 10 g
of AgNO, and 1000 cm® of distilled water at 20-25°C. The
specimens were then immediately weighted again.

The surface topology after corrosion testing was examined
by the confocal laser scanning microscope Olympus Lext
OLS4000 microscope complemented by SEM observations
using the Sigma and JEOL JCM-6000 microscopes. Powder
X-ray diffraction (XRD) analysis was performed on a
Shimadzu X-ray diffractometer (XRD-7000S) in the 6-26
mode, with a CuK  radiation source (40 kV and 40 mA)
aiming at identification of the secondary phases.

3. Results

Typical SEM images in back-scattered electron (BSE)
contrast revealing the grain structure of pure Mg, the
as-cast (reference) ZK60 and MIF-processed alloys are
shown in Fig. 1. Pure Mg and the as-cast alloy have a
rather homogeneous grain distribution, Fig. 1a, with grain
sizes determined by the standard intercept as shown in
Table 1. The cast ZK60 alloy is characterized by a coarse-
grain «-Mg matrix with second phases decorating grain
boundaries and triple junctions, as illustrated in Fig. 1b.
The XRD analysis identifies this major excess phase with
MgZn, (Fig. 2). The MIF-processed alloys exhibit partially
recrystallized fine-grained microstructure. Since MIF has
been performed at high (for Mg) homologous temperature,
the main mechanism of grain refinement is associated with
dynamic recrystallization (DRX) giving rise to very fine
equiaxed grains from 1 to 10 pm size. However, since DRX
has not been completed during the first step MIF processing
at 400°C it results in the very heterogeneous grain structure
consisting of fine recrystallized grains and coarse (several
tens or even hundred micrometers size) initial grains
embedded in the cloud of finer grains, Fig. 1c and 3a. The
bimodality of grain distribution in this case is particularly
clear from the EBSD maps shown in Fig. 3 revealing the
grain microstructure and in the inverse pole figure colors for

Table 1. Corrosion properties of Mg alloys tested

both MIF-processed samples. The microstructure after two
step MIF (at 400°C+300°C) was much more homogeneous
grain structure consisted of fine, equiaxed grains with a
volume fraction of 75% -80%, (Fig. 1d and 3b), although
it still cannot be regarded as a completely uniform. The
overall grain size distribution in all cases was found to be
log-normal with the mean values and errors show in Table 1.
Thus, the considerable grain refinement occurred due to
SPD as is reasonable expected and reported formerly also in
[28,31-33]. Besides, it has been found that the distribution
of Mg-Zn excess phases and precipitates is retained in the
MIF-processed billets, though the size of secondary phases is
much smaller that it is seen in Fig. 1b and their distribution
is more uniform.

Corrosion rates are shown in Table 1. One can see that
pure Mg demonstrates the worst corrosion resistance, which
is improved reasonably with Zn addition for the alloy ZK60.
In the as-cast condition, the alloy possesses the corrosion
resistance which is also far below expectations. However,
the corrosion properties improve progressively with grain
refinement and homogeneous structure formation in the hot-
MIF-fabricated specimens.

Fig. 1. SEM images showing the grain structure of pure Mg (a), ZK60
as-cast alloy (b), ZK60 alloy after MIF at 400°C (c) and ZK60 alloy
after two step MIF at 400°C followed by MIF at 300°C (d).

Alloy Grain size, d (um) Corrosion rate, (mm/year) Surface roughness (um)
Sa Sz Sq
Pure Mg (cast) 5000 +450 16.4+4.4 108 586 135
ZK60 (cast) 123+£12 4.6+0.9 n/a* n/a* n/a*
ZK60 MIF 400°C 7.1+£0.4 33+1.4 34 376 54
ZK60 MIF 400°C +300°C 5.0+0.3 2.6+0.5 32 266 42

*n/a — data is not available
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Fig. 2. Results of the XRD scan of the alloy ZK60 after MIF performed at 400°C.

Fig. 3. (Color online) Orientation image microscopy (EBSD) maps in
the inverse pole figure colors (the color legend is shown in the inset)
for the fine-grain ZK60 alloy after MIF at 400°C (a) and ZK60 alloy
after two step MIF at 400°C followed by MIF at 300°C (b).

The surface topology assessed by CLSM and SEM for
the specimens after immersion into Salina solution for
24 h is shown in Figs. 4 through 7, correspondingly. It can
be seen in CLSM images (a, b) that the corrosion products
deposited on the surface are heterogeneously distributed
and do not provide the full protection to the surface layer.
This is particularly true for pure Mg, which showed the
worst corrosion behavior. Upon obtaining the 3D surface
topology map by CLSM after corrosion product removal,
the surface roughness parameters Sa (the arithmetical mean
height), Sz (the maximum peak height defined as the sum of
the largest peak height value and the largest pit depth value
within the defined area), and Sq (the standard deviation of
heights) were calculated as summarized in Table 1. The very
rough surface in pure Mg is observed because some grains
were selectively etched, indicating possibly the orientation
effect of the corrosive attack showing that preferential
crystallography exists for primary corrosion degradation.
Once the magnesium or its alloy surface contacts with the
physiological solution, an electric double layer is formed.
The chloride ions available in the solution penetrate into the
electric double layer and electrochemically react with the alloy
matrix, causing pitting corrosion which obviously manifests
itself as the main degradation mechanism. It is most evident
for the alloy ZK60 in the as-cast condition, Fig. 5. The poor
corrosion performance of the as-cast alloy is explained by the

coarse excess phases distributed along the grain boundaries.
Being the anodic sites and causing the electrochemical cells
with the matrix they appear to be the preferred sites for the
localized corrosive attack. Finally, intergranular corrosive
grooves form on the surface of the as-cast alloy.

After the samples were removed from the test solution and
dried, the corrosion product protective layer is dehydrated,
forming a network of surface cracks, which are clearly visible
on all surfaces and which represent the typical degradation
pattern in this class of alloys [34]. Usually, the thicker the
corrosion product layer, the more severe the cracking is [34].
The morphology and distribution of corrosion products on
the surface of specimens after two versions of MIF processing
does not differ appreciably, c.f. Figs. 6 and 7 (a,b). However,
the finer grain alloy with a more uniform microstructure
demonstrates a remarkably lower corrosion resistance and
smaller surface roughness.

4, Discussion

Ullmann et al. [35] have shown that, in full agreement with
the early works [36,37], grain refinement in magnesium
alloys exerts a beneficial effect on corrosion properties
due to more uniform corrosion and a blurred area of
grain boundaries, in which the most active corrosion is
expected. The results obtained are also in good qualitative
agreement with the recent findings by Lin et al. [38] on
the alloy of the same nominal composition manufactured
by hot extrusion at different rates. It was observed that the
samples with the inhomogeneous microstructure (even
with a small volume fraction of non-recrystallized grains)
exhibited markedly worse corrosion resistance (although the
corrosion properties were characterized indirectly estimated
by electrochemical methods).

An interesting observation is that the high density of
grain boundaries in Magnesium can act as barriers against
the rapid spread of corrosion [39]. Mg alloys tend to form
a protective oxide layer inhibiting extensive oxidation
[40,41,42]. It has been recognized that the grain boundary is
the place that is particularly susceptible to easy oxidized and
that a high density of defects or grain boundaries promotes
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Fig. 4. CLSM images showing the surface of the pure Mg
specimens immediately after the corrosion test (a) and after
corrosion product removal (b). SEM images showing typical
surface morphology after environmental degradation (c) and
(d) at different magnifications. Note that some grains are
particularly prone to corrosive attack.

Fig. 5. CLSM images showing the surface of the as cast ZK60
alloy specimens immediately after the corrosion test (a) and after
corrosion product removal (b). SEM images showing typical surface
morphology after environmental degradation (c) and (d) at different
magnifications. Note the dominance of pits and intercrystalline
cracks.

the formation of an oxide film, which effectively prevents
the penetration of the corrosive medium. The bimodal
grain boundary structure leads to large differences in the
driving force for oxidation at different points of the material,
and, as a consequence, to the difference in the spatial
properties and the heterogeneity of the protective oxide

Fig. 6. CLSM images showing the surface of the MIF (400°C)
fabricated alloy ZK60 immediately after the corrosion test (a) and
after corrosion product removal (b). SEM images showing typical
surface morphology after environmental degradation (c) and (d) at
different magnifications. Note the dominance of network cracks in
the oxide film.
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Fig. 7. CLSM images showing the surface of the two step MIF (400°C
and 300°C) fabricated alloy ZK60 immediately after the corrosion test
(a) and after corrosion product removal (b). SEM images showing
typical surface morphology after environmental degradation (c)
and (d) at different magnifications. Note the dominance of network
cracks in the oxide film.

film. The latter, therefore, appear ineffective in protecting
against the aggressive environment, especially the regions
of large grains, particularly if they are favorably orientated.
Moreover, it is important that Lin et al. have demonstrated
that cyto-compatibility was also improved in samples with an
optimized homogeneous microstructure [38].
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With the reasonable corrosion performance and excellent
mechanical properties — monotonic yield stress of 230 MPa,
ultimate strength exceeding 320 MPa paired with superior
ductility over 30% and uniaxial fatigue limit of 110 MPa
[7,43], the fine-grained alloy ZK60 manufactured by hot
two-step MIF processing under the temperature decreasing
from 400°C to 300°C between the steps has a great potential
for bio-medical applications as a material for bio-resorbable
implants or vascular stents. It also has the potential for
genetic improvement of properties by purification of initial
components and alloy casting aiming at reduction of harmful
Fe, Cu and Ni spices in the alloy.

5. Summary and conclusions

The formation of the homogeneous fine-grain fully
recrystallized microstructure is essential for achieving the
superior bio-degradability paired with good cytotoxicity
and compatibility. Hot/warm severe plastic deformation
promoting active dynamic recrystallization appears to be
a viable tool to achieve this goal. For example, hot multi
axial isothermal forging exerts the significant favorable
influence on the corrosion behavior of Mg-Zn-Zr ZK60
alloy in the physiological NaCl solution. The formation of
the homogeneous, stable and corrosion-resistant passive
film on the surface of Mg-based alloys is still a challenge. The
microstructure refinement by SPD leading to the increasing
fraction of grain boundaries promotes the formation of
a reasonably uniform protective layer, reduces the size
and inhomogeneity of the second phase distribution and
increases the overall corrosion resistance of the investigated
ZXK60 alloy. However, the properties of this protective layer
are still far from being stable and further research is needed
to improve it to the acceptable level.
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