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Abstrak

Struktur mikro dan perilaku korosi pada ZK60 yang mengalami deformasi plastis sangat tinggi (severe plastic
deformation, SPD) telah diselidiki dalam hal proses penghalusan butir dan pembentukan presipitasi. ECAP (equal
channel angular pressing) adalah salah satu teknik SPD yang terkenal karena keuntungannya untuk
mempromosikan dislokasi dan fragmentasi butir. Billet ZK60 dipotong menjadi bentuk silinder berdiameter 10 mm
untuk aplikasi material yang dapat terurai secara hayati. Proses ECAP dilakukan hingga dua lintasan dengan Route
Bc pada proses temperatur 250 °C. Uji kekerasan mikro dilakukan pada logam ZK60 olahan ECAP, dan pengamatan
struktur dilakukan dengan mikroskop optik dan mikroskop elektron transmisi. Perilaku korosi material diselidiki
melalui kurva polarisasi anodik. Proses ECAP mendorong akumulasi dislokasi secara efisien dan pembentukan
struktur berbutir sangat halus. Hal ini dapat meningkatkan karakteristik sifat mampu bentuk dari ZK60. Kekerasan
juga menunjukkan peningkatan yang signifikan selama proses ECAP karena tingkat deformasi yang tinggi. Perilaku
korosi dan pengamatan struktur mikro selama proses ECAP menunjukkan korelasi yang menyimpulkan bahwa
penghalusan butir dan pembentukan presipitasi mempengaruhi sifat elektrokimia. Elemen paduan seperti Zn dan Zr
mempromosikan film pelindung untuk korosi karena kemampuannya untuk perlindungan pitting. ECAP
meningkatkan pembentukan presipitasi untuk ketahanan terhadap korosi, keseragaman struktur mikro dan sifat
mampu bentuk material.

Kata Kunci: Proses deformasi plastis sangat tinggi, ZK60, presipitasi, korosi

Abstract

Microstructure and corrosion behavior of ZK60 subjected to SPD (severe plastic deformation) has been
investigated in terms of grain refinement process and precipitation formation. ECAP (equal channel angular
pressing) is one of the well-known SPD techniques due to its advantages to promote dislocation and grain
fragmentation. ZK60 billet was cut to a 10 mm diameter cylindrical shape for biodegradable material application.
ECAP process was carried out up to two passes by Route Bc at 250 C temperature process. Microhardness test
was performed at ECAP processed sample, and the microstructural observation was carried out using an optical
microscope and transmission electron microscope. The corrosion behavior of the material was investigated using an
anodic polarization curve. The ECAP process promotes dislocation accumulation efficiently and ultrafine-grained
structure formation. It may improve the formability characteristic of ZK60. The hardness also showed significant
increment during the ECAP process due to the high level of deformation. Corrosion behaviors and microstructure
observation during the ECAP process showed a correlation that concluded that grain refinement and precipitation
formation influenced the electrochemical properties. The alloying element such as Zn and Zr promoted the
protective film for corrosion due to their ability for pitting protection. ECAP improved the precipitation formation
for corrosion resistance, microstructure uniformity, and material formability.
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1. INTRODUCTION

Biomaterial application has been
investigated rapidly due to high demand in the
industrial health sector. Several biomaterial
candidates are titanium [1]-[3], stainless steel,
and alloy material [4]-[6]. The prospect
biomaterial can be used to replace the damage of
human body parts related to specific purposes
[1]-[2]. There are several unwanted
characteristics of  biomaterial, such as
inflammatory and irritation. Magnesium and
magnesium alloys have been investigated to
solve this problem due to their biodegradable
characteristics [7]-[11]. This material can support
the damaged tissue and control the healing time
of body parts due to its good biocompatibility
and excellent response to simulated body fluid
[8],[10]. Magnesium alloys have been used for
the industrial sector such as automotive and
electronics due to high strength, lower density,
and good formability [7]-[11]. It also can be used
as a biodegradable biomaterial implant due to its
non-toxic behavior. Still, magnesium alloys have
several disadvantages, such as difficulty to be
processed at low temperature due to its low
melting points and crystal structure. The
magnesium alloys also show low corrosion
resistance and are non-reactive to alkaline metals
[10]-[11].

Magnesium alloy can be tolerated in the
human body and sent out safely due to the
degradation level of the materials. However, the
corrosion rate of magnesium is faster than other
materials, such iron alloy as a highly active
material, and the gas bubbles problem has
occurred during the corrosion, which might
influence the human body due to high
inflammatory to the tissue [9],[11]. Magnesium
alloys were proposed to improve the material's
properties, but they have lower strength and less
inert; therefore, it needs to be improved by
materials treatments. High strength, good
ductility and degradation control of magnesium
alloy are required in the cardiovascular
application [12]-[16]. Elements additions and
material treatments are several ways to get the
specific target of the material application, which
influences materials' strength and corrosion
behaviour. The magnesium alloys exhibited
dislocation motions due to the limitation of the
slip plane [8],[10]-[11],[17]. This behaviour will
be influenced by plastic deformation applied to
the material [17]. Based on theoretical slip
systems [18], the plastic deformation will reach
homogeneous behaviour after applied on more
than four slip planes; however, the magnesium
alloy has a HCP (hexagonal closed pack) crystal

structure which basal slip systems. This
characteristic shows high ductility at room
temperature due to the twinning effect of plastic
deformation on the material.

The SPD (severe plastic deformation) is
well known to produce UFG (ultrafine-grained)
structures due to the grain refinement process
[19]. This technique can reduce the grain size
below two micrometres with low cycles by the
SPD process [19]-[20]. The SPD process will be
used on magnesium alloy to overcome its
disadvantages as a biodegradable biomaterial
[17]-[20]. The grain refinement process by the
SPD technique shows a unique microstructure
evolution and corrosion behaviour among high-
temperature metallic materials [17]-[18]. The
ECAP (equal channel angular pressing) as the
SPD technique exhibits an efficient process to
produce UFG structure material, especially for
biomaterial application [18].

Controlling  the  mechanical and
electrochemical properties can be done by
material processing such as the ECAP process.
The ECAP process promotes high strength and
homogeneous  structure by  precipitation
formation [21]-[22]. The ECAP process also
influences the mechanical properties and
corrosion behaviour of metallic material,
especially magnesium alloys [21]-[23]. Most
researchers have intended this matter [21]-[23],
especially on magnesium alloy corrosion
behaviour, but the biodegradable behaviour has
not been explained adequately. Several
parameters that influence the corrosion behaviour
are microstructure, temperature and pH value
[24]-[27].

ZK60 is a good biomaterial candidate for
cardiovascular application due to its good
biocompatibility and biomaterial requirements.
ZK60 contains Zn and Zr, which can be absorbed
into the human body without affecting the organs
[24]-[27]. This alloying element can improve the
corrosion resistance and mechanical properties.
ECAP is used to carry out the SPD process due to
their excellent characteristic to form the metallic
material, especially on ZK60 [24]. ECAP
promotes a high deformation level equal to
almost one equivalent strain and generates UFG
efficiently. No publication discussed the
corrosion behaviour of ZK60 in the view
precipitation formation in detail. This work aims
to study and investigate the effect of
microstructural evolution on the corrosion
behaviour of magnesium alloy ZK60 subjected
ECAP process in terms of grain refinement and
fine particles appearance, which focuses on
biomaterial implant application.
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2. MATERIALS AND METHODS

The magnesium alloy of ZK60 was used in
the ECAP (equal channel angular pressing)
process. The billet's dimension was cut 10 mm
diameter and 55 mm length, and then it was heat-
treated at 350 °C for 24 hours. The ECAP
process was carried at 110° inner angle and the
billet was processed by route B¢ up to two passes
with the pressing speed of 10 mm/minutes at
250 °C. The ECAP die was equipped with four
heater pins, which can distribute the heat at all
parts of the ECAP die. The billets were swab
with lubricants to avoid some friction during the
ECAP process. The ECAP process was carried
out using Autograph S00kN. Route B¢ was done
by rotating the billet as 90° every passing number.
The mechanical properties of solution treatment
and ECAP processed sample were measured
using the Vickers hardness test on the transverse
plane.
The microstructure was observed using optical
microscope and TEM (transmission electron
microscope) at the transverse plane. The
corrosion behaviour was measured using a
potentiodynamic polarization graph. The three-
electrode method, which contains reference
electrodes of platina, Ag/AgCl and saturated KCl,
was used to evaluate the corrosion behaviour
(Hokuto HZ5000).

3. RESULTS

As Figure 1 shows the ECAP (equal
channel angular pressing) processed billets up to
two passes, (a) solution treatment, (b) one pass
and (c) two passes ECAP. The dimension of
billets did not change in length and diameter after
the ECAP process. The ECAP process on ZK60
was carried out at higher than recrystallization
temperature. The processing temperature-induced
faster grain refinement and good formability of
material during the ECAP process.

(b)

10 mm
Figure 1. ECAP sample appearance of (a) as-solution treated,
(b) one pass ECAP, and (c) two passes ECAP
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Figure 2. Optical microscope observation on (a) as-solution
treated, (b) one pass ECAP, and (c) two passes ECAP.

The grain size of the solution-treated
sample is around 60 pum, as seen in Figure 2.
After the first ECAP pass, the outer part seems
more deformed than that of the inner parts and
the grain size decrease around 20 pm. The
deformation influences all the part of billets due
to high deformation after two passes ECAP and
the increment amount of crystal defect during the
second ECAP process. The billets also showed
high shear stress in the ZK60 after ECAP.
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Figure 3. Microhardness of as-solution treated, one pass
ECAP, and two passes ECAP

Figure 3 shows the microhardness of
solution treated, one pass and two passes of ZK
60. The hardness increases with increasing the
pass number of ECAP due to deformation and
shear stress on the sample during the ECAP
process. The hardness distribution seems to occur
due to the deformation level at the billet. In the
first pass of ECAP, the deformation appears
initially in the edge of the ECAP process due to
localization of deformation. After two passes, the
deformation  turns  the  structure = more
homogeneous in the ZK60 due to the short strain
hardening step during the ECAP process. The
saturation is happened in the magnesium sample
due to fast hardening [18], and it seems the
magnesium alloy also exhibited a similar
hardness behaviour. The ECAP process on
magnesium activated the grain boundary due to
the creep effect at room temperature. The creep
effect is correlated to dwell time at hardness
testing. It also confirmed that the hardness of
ECAP processed billets of ZK60 is associated
with the texture evolution of ZK60 during the
ECAP process. It also confirmed that the texture
showed softening during grain refinement at the
high-temperature ECAP process [24].

Figure 4 shows the structure of two passes
ECAP  processed samples wusing TEM
(transmission electron microscope). The average
grain size is reduced to nanometer area, and
delicate particle appearances can be seen clearly
due to recrystallization during the ECAP process
at 523 K. The TEM observation was carried in
the bright field, revealing the grain boundary
junctions, the fine particles and dislocation
motions.

Figure 4. Transmission electron image of (a) grain boundary
image; (b) dislocation appearance near precipitate; and (c)
dislocation inside grain

Figure 5 shows various second phase
particle appearance after the ECAP process. Due
to the high deformation applied at billets, the
second phase particles break up into fine particles.
Figure 6 shows the EDS (energy-dispersive X-
ray spectroscopy) result of the fine particles
containing O, Mg, Cu, Zn, and Zr, which is
associated with element of ZK60.
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Figure 5. Precipitation appearance inside grain in bar and
round shape, as pointed by red arrow
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Figure 6. TEM-EDS analysis in round particle with consist
of O, Mg, Cu, Zn, and Zr
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Figure 7. Potentiodynamic polarization curve of as-solution
treated, one pass ECAP, and two passes ECAP

Figure 7 shows the anodic
potentiodynamic graph of solution treated and
ECAP process sample drawn by potential and
current density. The corrosion potential of ZK60
shows positive value due to the protective layer
from the other elements [28]-[31]. After the
ECAP process, the protective layer decreases
eventually due to high stress and deformation on
the sample. By increasing the anodic value, the
protective layer may disappear in all samples due
to magnesium characteristics.
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Figure 8. Corrosion rate of as-solution treated, one pass
ECAP, and two passes ECAP

The protective layer can be broken down at a
higher potential called pitting potential; however,
the protective layer formation is associated by
corrosion current density [32]-[35]. Previous
research mentioned that influence of Zn alloying
element at magnesium matrix showed
localization corrosion by forming pitting on the
surface of the matrix [33]-[35]. The chlorine
solution promoted protective layer break down
due to the thickness of the layer, which means the
protection of the matrix does not remain
efficiently. By treating the material using the
ECAP process, it can be used to control the
corrosion rate of the materials. This anodic
potentiodynamic graph can be used to measure
the corrosion rate of materials, as can be seen in
Figure 8. The corrosion current density shows a
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lower value after the ECAP process, which is
associated with the corrosion rate of materials.
The solution treated sample shows higher
corrosion resistance than ECAP processed
sample due to zinc and zirconium at magnesium
matrix and small amounts of fine particles.

3.1 Discussion

The ECAP process is well known to produce
grain refinement of metallic material, especially
magnesium alloy, which can influence the
corrosion behaviour and mechanical properties.
The structure evolution was occurred by grain
refinement process which the grain size was
reduced in to submicrometer, and also associated
with the increasing of hardness value. Previous
research confirmed that the texture of ECAP
processed sample affect the mechanical
properties and corrosion behaviour [36]-[38]. The
homogeneous structure was achieved at a higher
level of deformation by ECAP. The finer
particles were appeared on the surface of
magnesium alloy due to the breaking up of
second phase particles due to the ECAP process.
This second phase, finer particles may attribute to
a hardness value. The large intermetallic particle
distributed uniformly in ECAP processed sample,
which can influence the corrosion behaviour,
especially the pitting formation. The schematic of
structural change can be seen in Figure 9.

As Received Solution Treatment Grain refinement

Figure 9. Grain refinement process on pure magnesium
through solution treatment.

The corrosion behaviour is affected by
structural change due to solution treatment and
high deformation level. The hot rolling and high-
pressure torsion process can also confirm these
results, which mentioned lower corrosion
resistance due to high deformation levels [39]-
[41]. It can be concluded that the ECAP process
of solution treated ZK60 can improve the
mechanical properties and modify the corrosion
behaviour for biodegradable materials.

4. CONCLUSIONS

Microstructure and corrosion behaviour of
ZK60 subjected to severe plastic deformation
(SPD) results can be summarized: Magnesium
alloy ZK60 was processed by ECAP, which
exhibited microstructure change and higher
mechanical properties; however, the corrosion
resistance decrease due to an aggressive

corrosion environment and a high level of
deformation. The homogeneous structure was
achieved at a higher deformation level due to the
repeatable process at the sample. The
deformation process also produces finer grain
and second phase particles which affect the
hardness value. The corrosion resistance value
decreases due to structure change associated with
the deformation level.
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