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Abstract

A stent is a medical device that acts as a scaffold to internally support weak or narrowed blood
vessels. Conventional stents are generally manufactured from biocompatible grades of stainless steel
and remain semi-permanently in the body with the possible risks of restenosis and thrombosis.
Magnesium, which has excellent biocompatibility and biodegradability, has recently been attracting
attention as a candidate material for bioabsorbable stents that gradually disappear over time. A
significant challenge to the application of magnesium to stent technology is the difficulty in
controlling its corrosion rate in-vivo. Following implantation in a blood vessel the stent will be
repeatedly subjected to tensile and compressive stresses due to the pulsatile blood flow induced by
the beating of the heart. This paper investigates the effects of stress and heat treatment on the
corrosion behaviour of pure magnesium. Corrosion testing and grain-size measurements were
conducted on pure magnesium samples which were subjected to tensile strain, compressive strain
and repeated tensile-compressive cyclic stress following heat treatment processing. It was observed
that mass loss of specimens with refined crystal grains was decreased by the application of strain or
cyclic stresses and annealing near the recrystallization temperature region. Conversely, heat
treatment in the high-temperature region increased mass loss in specimens with coarsened grains. It
is thus suggested that grain refinement improves corrosion resistance while grain coarsening
decreases resistance.

Keywords: corrosion behavior; pure magnesium; annealing; tensile strain; compressive strain; Cyclic
stress; Crystal grain size; twin crystals; dislocation

1. Introduction

Ischemic heart disease, also known as coronary heart disease, is caused by narrowing or clogging
of blood vessels in the heart due to arteriosclerosis or blood clots. The narrowing or blockage of blood
vessels prevents the heart from receiving oxygen and nutrients, causing symptoms such as chest pain
and, ultimately heart attack or heart failure. Percutaneous coronary intervention (PCI) is a treatment
for ischemic heart disease that uses a catheter to dilate the lesion inside the blood vessel [1]. In the
early phases of PCI, balloon catheters were used to perform angioplasty by inflating a balloon inside
the lesion; however, this procedure carried the risk of recoiling and restenosis of the blood vessel. To
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overcome these difficulties, a stent, which is a metal mesh tube-shaped device, was introduced. The
stent is inserted into the lesion, and a balloon attached to the tip of a catheter is inflated to dilate the
stenosis or blockage. The use of metallic stents has avoided the recoil of blood vessels, which has been
a problem in the past, and has secured and maintained sufficient vessel lumen. Initially, bare metal
stents (BMS) were used but problems such as restenosis and stent thrombosis led to investigations
into coating metal stents with antiproliferative or immunosuppressive agents to help to alleviate
these problems. These coated metal stents are usually referred to as Drug-eluting stents (DES) and
are characterized by the gradual dissolution of surface-applied drugs into the vessel, significantly
reducing the rate of in-stent restenosis [2—4]. Currently, DES with modifications such as thinner struts
or different drugs has become the standard of treatment in PCI.

Materials such as 316L stainless steel, cobalt-chromium alloys, and nickel-titanium alloys are
typically used in stent manufacture [5]. These conventional metallic stents will permanently remain
in blood vessels after the treatment period and run the risk of restenosis, delayed stent thrombosis,
and chronic inflammation, potentially emerging one to two years after implantation [3,4,6]. Due to
these complications, bioabsorbable stents that slowly disappear in the body are clearly an attractive
alternative, with magnesium as a candidate material for the next generation of bioabsorbable stents.
Attractive properties of magnesium include being rapidly absorbed by the body, being a bio-essential
element, and having a near-strength of human cortical bone (20 to 40 GPa). In addition, the corrosion
products produced by the electrochemical reaction Mg + 2H20 — Mg (OH)2+ H2 with magnesium
under physiological corrosive conditions would be safely absorbed and excreted into surrounding
tissues [7]. Since magnesium is biodegradable and biocompatible, if used as a stent material, it is
expected to decompose and be absorbed within the patient's body, eliminating the need for surgery
to remove it. As a result, it could reduce the patient's physical, mental, and economic burden. The
application of magnesium to stent technologies has been limited to date to its extremely fast corrosion
rate. Studies has shown that magnesium stents can completely disappear in vivo in approximately 4-
6 months [8,9]. Therefore, inhibiting and controlling the corrosion rate of magnesium has been a
challenge. Some studies have been conducted on the production of new magnesium alloys or coatings
to supplement corrosion resistance [10,11].

A stent undergoes significant plastic deformation during expansion at the lesion site [12]. In
addition, coronary arteries constantly expand and contract due to the pressure wave caused by the
beating of the heart. Thus, stents implanted in blood vessels are repeatedly subjected to slight tensile
and compressive stress during vessel movement [13]. In the past, cases of stent fracture due to cyclic
stress caused by pulsation after stent implantation have been reported [14].

One of the major candidate materials for bioabsorbable stents is pure magnesium. In this study,
we examine the corrosion behaviour of pure magnesium subjected to tensile and compressive strain
and tensile-compressive cyclic stress, focusing on mass loss and grain size.

2. Effect of Tensile Strain Conditions on Mass Loss
2.1. Materials and Methods

2.1.1. Specimens

Figure 1 shows the dimensions of the specimen used in the tensile test. Pure magnesium hot-
extruded round bars with a purity of 99.9% were used as a material for this study. The specimens
subjected to tensile strain were machined to the desired dimensions using a lathe with a 6 mm
diameter pure magnesium round bar. The center parallel of the specimen was subsequently polished
with water-resistant abrasive paper No. 800, 1000, and 2000 in that order. Table 1 shows the heat
treatment temperature conditions set for this study. In the heat treatment procedure, the specimen
was placed in an electric furnace, was rapidly raised to a predetermined temperature, held for 1 hour,
and then the furnace was cooled. After heat treatment, the specimens were ultrasonically cleaned
with acetone to give the final tensile test specimens..
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Figure 1. Pure magnesium specimens size for tensile strain.
Table 1. Annealing conditions for pure magnesium.
Annealing Time [h] 0 1
Temperature [K] none 473 513 573 613 673

2.1.2. Experimental Procedure

A universal testing machine was used for tensile testing. Initially two tensile strain values were
used, 0.05 and 0.1, however, it was found that specimens fractured with a tensile strain of less than
0.1. Therefore, upper value was reduced to slightly below 0.07. Tensile tests were conducted parallel
to the extrusion direction at room temperature at a 1 mm/min tensile speed. Table 2 shows the
corrosion immersion test conditions. After tensile testing, the central parallel portion of the specimen
was cut into five equal portions, and the surface of each cut specimen was polished with water-
resistant abrasive paper of 2000 grain size. After the mass of each cut specimen was measured, they
were immersed for 24 hours in a corrosion solution. The corrosion solution was a 0.9(mass%) sodium
chloride solution with a salinity equivalent to blood. The mass of the cut specimen after 24 hours of
immersion was measured again. Equation (1) illustrates how mass loss was calculated, while
equation (2) illustrates how the corrosion ratio was determined,

(Wo-W)

Mass Loss = S [mg/mm?] (1)

Wa-
Corrosion ratio = % [%] ()

where, W is the initial mass of the cut specimen, W is the mass after immersion, and S is the surface
area before corrosion. Figure 2 shows a schematic diagram of the observed surface of crystal grains.
Samples were prepared for grain observation by embedding the tensile strain specimens into an
epoxy resin. As shown in Figure 2, the specimen was wet polished using water-resistant abrasive
paper of 2000 grain size to expose its cylindrical side face. The specimens were then mirror polished
using abrasives with particle sizes of 3, 1, and 0.25 um mixed with suspension and lubricant. Crystal
grains were observed using an optical microscope on the polished specimens.

Table 2. Corrosion immersion test conditions.

Solution 0.9 (mass%) NaCl
Corrosion time [h] 24
Corrosive environment immersion
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Figure 2. Observed surface of crystal grain size.
2.2. Results and Discussions of Tensile Strain

2.2.1. Corrosion Immersion Test

Figure 3 shows the corrosion immersion test results of samples subjected to tensile strain. Figure
3 (I) shows the mass loss of the specimen at a tensile strain of 0.05 and (II) at a tensile strain of 0.07,
Figure 3 (II) the corrosion ratio of the specimen at a tensile strain of 0.05 and (IV) at a tensile strain
of 0.07. When comparing the amount of tensile strain, the mass loss of the specimens with a tensile
strain of 0.07 was less than that of those with a tensile strain of 0.05 without heat treatment and at a
temperature of 473 K.

On the other hand, at heat treatment temperatures from 513 K to 673 K, a tensile strain of 0.07
increased the amount of mass loss compared to a tensile strain of 0.05. In addition, the percentage
increase in mass loss was more considerable for specimens subjected to a 0.07 tensile strain than to a
0.05 tensile strain at heat treatment temperatures of 613 K and 673 K. When compared by heat
treatment temperature, the mass loss amount for a tensile strain of 0.05 reduced the most at a
temperature of 513 K, and the amount of mass loss for a tensile strain of 0.07 decreased the greatest
at a heat treatment temperature of 473 K. The amount of mass loss for both strains increased rapidly
from annealing temperatures above 573 K, with a maximum at 673 K.
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S ! 40 2
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Figure 3. Mass loss (I)(II) and corrosion ratio (III)(IV) of pure magnesium with tensile strain after 24(h) immersion
test. (I) = 0.05, (II) ¢ = 0.07, (III) €= 0.05, (IV) = 0.07.

2.2.2. Grain Size Observation

Figure 4 shows photographs of grain size observation at € = 0 and 0.05 tensile strain and heat
treatment temperatures at 513 K and 673 K. The grain size was smaller with a tensile strain of 0.05
than with & =0. The slip motion of dislocation occurs when the specimen is subjected to tensile strain.
In polycrystalline materials, grain boundaries act as diffusion or barriers to dislocation motion [15].
Dislocations accumulate inside the material as some slipped dislocations are immobilized at grain
boundaries, preventing subsequent dislocation motion. The interaction between accumulated and
moving dislocations gradually results in the dislocation density inside the material. It is considered
that regions of high dislocation density inside the material acted as grain boundaries since the
specimens with a tensile strain of 0.05 were observed with smaller grains than & = 0. As shown in
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Figure 3, the mass loss of the specimen with a tensile strain of 0.07 increased at heat treatment
temperatures from 513 K to 673 K. This suggests that dislocations inside the material affected the
corrosion resistance. Materials containing dislocations have larger cavities than the basis atomic
arrangement and, hence, the areas of dislocation are easily penetrated by hydrogen atoms in a
corrosive environment, thus leading to the adsorption of hydrogen atoms and dissolution of the
material [16]. Electrochemically, the metallic material at the anode undergoes progressive dissolution
due to a local decrease in equilibrium potential near the dislocation [17,18]. Hence, the specimen with
a tensile strain of 0.07 containing many dislocations was considered progressively corroded. It is
therefore suggested that dislocations inside the material under a corrosive environment could have
accelerated the corrosion rate without acting as grain boundaries.

When compared by heat treatment temperature, small grains were observed at a heat treatment
temperature of 513 K and coarse grains at 673 K. This is due to the change in crystalline structure
caused by heat treatment. Crystal grains were refined at the heat treatment temperature of 513 K,
near the recrystallization temperature of the material. In comparison, crystal grains were coarsened
at 673 K due to the grain growth caused by the high-temperature region. Figure 3 shows that at tensile
strain of 0.05 and 0.07, the mass loss mass of the specimen with a heat treatment temperature of 513
K was lower than that of the specimen at 673 K. This is considered to be due to grain refinement with
the specimen at the heat treatment temperature of 513 K, resulting in an increased number of grain
boundaries. Grain boundaries are the boundaries between grains with different crystal orientations,
which include latticed defects such as dislocations. Therefore, it is generally supposed that more grain
boundaries easily corrode [19]. However, it has been reported that grain boundaries alter corrosion
propagation and thus inhibit the growth of pitting corrosion [20-24]. In addition, uniform and dense
corrosion products are generated in materials with many grain boundaries. As corrosion progresses,
Mg(OH), corrosion products are produced on the magnesium surface [25-27]. Heterogeneity
between the Mg(OH), film and the material surface is reduced by the increased volume fraction of
grain boundaries per unit area of the material surface. As a result, the more grain boundaries there
are, the better adherent passive layers are formed on the material surface. The specimen at a heat
treatment temperature of 513 K were, thus, resistant to corrosion rate due to the formation of more
uniform and dense corrosion products than the specimen at 673 K. Hence, it could be suggested that
grain refinement acts to improve corrosion resistance.

I Direction of test
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Figure 4. Optical micrographs of pure magnesium. (a) 513K_e= 0, (b) 673K _e= 0, (c) 513K _tensile strain of 0.05
and (d) 673K _tensile strain of 0.05.

3. Effect of Compressive Strain Conditions on Mass Loss
3.1. Materials and Methods

3.1.1. Specimens

Compression test samples were made by polishing the cylindrical sides of pure magnesium
material in steps with water-resistant abrasive paper to a grain size of 2000 and then cutting them to
a height of 10 mm using a wire-cut electrical discharge machine to make cylindrical test pieces. In
addition, the compression test specimens were sanded on the cut surfaces with a grain size of 2000
waterproof abrasive paper. The compression specimens were then heat treated and ultrasonically
cleaned under the same conditions and procedures as the tensile specimens.

3.1.2. Experimental Procedure

A universal material testing machine similar to that used for tensile testing was used for the
compression tests. In this study, compression tests were carried out in the extrusion direction at room
temperature at compressive strains of 0.05 and 0.1 and a compression rate of 1 mm/min. The
specimens were deformed uniformly by compression and immersed under the same conditions as
those described for the tensile testing above. The mass loss and corrosion ratio were then calculated
using equations (1) and (2). The crystal grains of the specimens were observed for the conditions in
which the mass loss was most suppressed and for the conditions in which it was most increased.

3.2. Results and Discussions of Compressive Strain

3.2.1. Corrosion Immersion Test

Figure 5 shows the results of the corrosion immersion tests of compressive-strained samples.
Figure 5 (I) indicates the amount of mass loss of the specimen at a compressive strain of 0.05 and (II)
at a compressive strain of 0.1. Figure 5 (III) shows the corrosion rate of the specimen at a compressive
strain of 0.05 and (IV) at a compressive strain of 0.1. When comparing the amount of compressive
strain, the mass loss at 0.1 compressive strain was lower than that at 0.05 compressive strain for all
annealing temperatures. At the heat treatment temperatures from 473 K to 513 K, the mass loss at a
compressive strain of 0.05 was the lowest. On the other hand, the mass loss in-creased quickly after
the annealing at 613 K, showing the largest at 673 K. Mass loss in the high-temperature region
increased the most at an annealing temperature of 673 K and at a compressive strain of 0.05.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Mass loss (I), (II) and corrosion ratio (IIT), (IV) of pure magnesium with compressive strain after 24(h)
immersion test. (I) e=0.05, (I) = 0.1, (IIT) €= 0.05, (IV) &= 0.1.

3.2.2. Grain Size Observation

Figure 6 presents photographs of crystal grain size observations at ¢ = 0 and 0.05 compressive
strain and 513 K and 673 K annealing temperatures. Grain refinement was observed at 0.05
compressive strain when compared to e= 0. The effect of twinning deformation due to compressive
strain is considered to be the reason for the decrease of the mass loss in the specimen with 0.1
compressive strain. Deformation of magnesium with HCP structure at room temperature is prone to
(0001) basal slip [28]. Therefore, the inside of a pure magnesium round bar before compression
deformation is considered a basal plane microstructure parallel to the extrusion direction [29]. In
compressive deformation, 102} type twins are formed when the direction of loading is perpendicular
to the long axis (C axis) of the magnesium crystal [30,31]. Hence, it is suggested that the twinning
shown in Figure 6 (c) and (d) was observed because of the compression applied perpendicularly to
the basal plane structure parallel to the direction of extrusion. Several discussions have been held
about the effect of twins on the corrosion rate of magnesium [32]. Naing et al. have shown that
increasing twin density accelerates anodic metal dissolution [33].

On the other hand, it has been reported that areas with twin crystals generate a dense oxide layer,
thus improving corrosion resistance [34]. The surface energy in {102} type twins is higher than that
in (0001) planes owing to the lower coordination number of atoms. This result indicates {102} type
twins have higher oxidation activity, leading to rapid oxide film formation [35]. An increase in the
oxide film promotes the growth of the corrosion product layer (Mg(OH),) so that corrosion products
are better adsorbed [36]. As shown in Figure 5, the mass loss decreased at a compressive strain of 0.1.
It is suggested that this is due to the formation of many twins under compressive strain. Therefore, it
is suggested that twinning helps produce dense corrosion products to improve corrosion resistance.

Comparison by heat treatment temperature showed small grains at a heat treatment temperature
of 513 K and coarse grains at 673 K. From Figure 5, the mass loss of the specimens with compressive
strain of 0.05 and 0.1 increased significantly at the heat treatment temperature of 673 K rather than
513 K. These results were similar to those of the tensile strained test pieces. The grain boundaries are
considered to slow corrosion propagation and produce dense corrosion products on the material's
surface. As noted above, twins encourage the growth of corrosion products by forming oxide films.
Therefore, the boundary between the deformed and undeformed regions of twinning deformation is
considered to be equivalent to a grain boundary. Hence, the corrosion resistance of the specimens

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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with a heat treatment temperature at 513 K is considered to have been improved owing to grain
refinement.

(a)

I Direction of test

Figure 6. Optical micrographs of pure magnesium. (a) 513K_e= 0, (b) 673K _e= 0, (c) 513K_compressive strain of
0.05 and (d) 673K _compressive strain of 0.05.

3.3. Comparison of Tensile and Compressive Strain

When comparing the results from tensile and compressive strain, it is clear that the grain
conditions were different. It was observed that the crystal grains were uniformly refined under tensile
strain. Meanwhile, the grains in the compressive strain samples had a long grain shape, as if they
were crushed in the compression direction. This is considered to be mainly due to sliding
deformation in tensile strain and twinning deformation in compressive strain. The mass loss of the
tensile-strained specimens was higher at 0.07 than at 0.05 strain. In contrast, the mass loss in the
compressive strain samples was lower at 0.1 than at 0.05 strain. These results suggest that the sliding
deformation of dislocations is detrimental to corrosion resistance, whereas twinning acts to improve
corrosion resistance. When tensile and compressive strain were compared by heat treatment
temperature, the mass loss of samples subjected to either strain was not significantly different
between heat treatment temperatures of 473 K and 573 K.

However, the mass loss of the tensile-strained specimens was remarkably higher than the mass
loss of the compressive-strained specimens at heat treatment temperatures between 613 K and 673 K.
The annealing temperatures of 613K and 673K are considered high-temperature regions for grain
growth. The sliding motion of dislocations owing to tensile strain has been reported to exhibit
different mechanisms with fi-ne grains and coarse grains [37]. At first, the grain boundaries in fine
grains act as dis-location diffusion and dislocations caused by tensile strain are eliminated or
absorbed by the neighbouring grain boundaries [38]. As a result, dislocation mobility is reduced in
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fine grains containing many grain boundaries, leading to grain boundary slip. On the other hand,
dislocations accumulate, and dislocation density increases because of the high mobility of
dislocations in coarse grains. In addition, dislocations that are not eliminated remain inside the
material as subgrain boundaries since the grain boundaries are few [39]. Accumulated dislocations
could be considered to have accelerated the corrosion rate. From the above, the increase in dislocation
density by tensile strain has significantly affected corrosion resistance in the samples which were
coarse-grained by annealing at temperatures of 613 K and 673 K. Therefore, it is suggested that the
difference in the amount of mass loss between compressive and tensile strain was more remarkably
exhibited at higher annealing temperatures than at lower temperatures.

4. Effect of Cyclic Tensile-Compressive Stress Conditions on Mass Loss
4.1. Materials and Methods

4.1.1. Specimens

Figure 7 shows the dimensions of the specimens used in the fatigue tests. The fatigue specimens
were manufactured from pure magnesium and machined to the desired dimensions. The centre
parallel of the sample was then polished with water-resistant abrasive paper. Subsequently,
annealing was performed for 1 hour at two different temperatures: 513 K and 673 K.

61
R5§ (D(b
t——F =g &
15

Figure 7. Pure magnesium samples size for fatigue test.

4.1.2. Experimental Methods

Table 3 shows the fatigue test conditions used in this study. A preliminary fatigue test was
conducted at 40 MPa (approximately 40% of the compressive yield stress of magnesium) to select a
cyclic stress [40]. During the preliminary tests, it was found that samples at heat treatment
temperatures of 513 K and 673 K fractured or cracked. Based on the preliminary tests, the cyclic stress
in this study were subsequently set to 10, 20, and 30 MPa. Fatigue tests for the three stress conditions
were conducted at a -1 stress ratio and 2 million cycles. The central parallel portion of the specimen
after fatigue was cut into three equal portions. The mass loss was calculated after immersion under
the same conditions as during the tensile and compressive strain tests. Finally, the crystal grains
inside the material were observed.

Table 3. Cyclic tensile and compressive stress conditions.

Stress ratio -1
Environment atmosphere
Frequency [Hz] 20
Number of cycles [N] 2.0x107
Tensile stress [MPa] 10, 20, 30, 40
Compressive stress [MPa] 10, 20, 30, 40

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.2. Results and Discussions of Tensile-Compressive Stress

4.2.1. Corrosion Immersion Test

Figure 8 shows the mass loss at heat treatment temperatures of 513 K and 673 K and cyclic stress
of 0, 10, 20, 30, and 40 MPa. It is clear that the mass loss of the specimens subjected to cyclic stress
was reduced compared to specimens without cyclic stress at an annealing temperature of 513 K. Mass
loss was most suppressed at a cyclic stress of 20 MPa. At 673 K, the mass loss increased for the
specimens subjected to cyclic stress at 10 and 30 MPa more than for the non-cyclic specimens.
Conversely, mass loss was most suppressed at a cyclic stress of 40 MPa. The mass loss of specimens
subjected to cyclic stress at 0, 10, 20, and 30 MPa was significantly suppressed at 513 K. However, at
the cyclic stress of 40 MPa, the mass loss difference due to heat treatment temperature was
insignificant compared to other cyclic stresses. The reduced mass loss in pure magnesium heat-
treated at a temperature of 513 K was nearly the same as the corrosion immersion test for compressive
and tensile strain in the previous experiment. In the previous experiment, test pieces under strain of
a value just before fracture were less corrosion resistant. Nevertheless, the amount of mass loss was
significantly reduced under 40 MPa in the fatigue test.

04 ¢
035 [ [513K
T 03 f 673K
%D 025 F
% 02 F
£ 015
§ 0.1 F
0.05 F
- - — . m—

0 10 20 30 40
Cyeclic stress values [MPa]

Figure 8. Mass loss of pure magnesium at annealing temperatures of 513 and 673 K and cyclic stress of 0, 10, 20,
30, and 40 MPa after 24(h) immersion test.

4.2.2. Grain Size Observation

Figure 9 shows photographs of grain size observations at cyclic stresses of 0, 10, 20, 30, and 40
MPa and heat treatment temperatures of 513 K and 673 K. When compared by cyclic stress, the
specimens at heat treatment temperatures of 513 K and 673 K with a cyclic stress of 10 MPa showed
no change in crystal grains before and after the fatigue test. On the other hand, deformation twinning
was observed in some of the crystal grains of the specimens after fatigue testing at cyclic stress of 20,
30, and 40 MPa. Deformation twins were formed extensively with increasing cyclic stress.
Magnesium exhibits asymmetry and mechanical anisotropy since the slip system allows activity
during deformation, which is limited to basal slip. Particularly under reverse loading, mechanical
anisotropy could provide irreversible cyclic deformation [41]. The basal planes in extruded
magnesium materials tend to line up parallel to the extrusion direction. Therefore, it is considered
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that the pure magnesium round bars before the fatigue test had a microstructure with (0001) base
planes distributed parallel to the extrusion direction. Such an orientation is prone to extensive {102}
type twinning under compressive stress early in the fatigue test [28]. However, when the stress is
reversed to tensile, it is considered that some of the twin regions formed by the compressive stress
disappear since detwinning occurs. However, some twins remain inside the material since
detwinning is not completely reversible. The percentage of residual twins increases with the number
of cycles [42]. Therefore, partial twinning was observed in the specimen subjected to a cyclic stress of
20 MPa. Although, no obvious twinning was observed at the very low stress of 10 MPa cyclic stress.
Hence, the samples with a cyclic stress of 20 MPa are considered to have a lower mass loss than at 0
and 10 MPa owing to the action of the formed twin crystals. Under cyclic compressive and tensile
stresses, twinning-detwinning behaviour could cause plastic deformation even at stress less than the
yield strength [43,44]. In addition, the critical radial shear stress (CRSS) on the basal plane slip of pure
magnesium is approximately 0.5 MPa, which is considered to be easily slip-deformed [45-47]. Li et
al. have described how the number of twins increases with cyclic stress while the overall density is
low and not a major mode of deformation [48]. It also indicates that pyramidal slip could occur in
addition to basal slip and twinning-detwinning during high-cycle fatigue tests, as pyramidal slip con-
tributes to plastic deformation as the stresses inside the specimen increase. Another study has shown
that twinning formed by fatigue loading tests translates into dislocations [49]. Dislocations remain in
twinned and detwinned regions as a result of dislocation transformation. While the twin boundary
hinders dislocation motion, the continuous accumulation of dislocations gradually increases the
dislocation density [50]. High-stress amplitude dislocation density is higher than low-stress
amplitude [51]. From the above, slip deformation is the major deformation mode under cyclic stress
of large stress.

Furthermore, the dislocation density increases as the twinning is transformed into dislocations
caused by the twinning-detwinning deformation. If high dislocation density areas are created inside
the material by fatigue tests, the corrosion resistance is reduced [52]. Therefore, dislocations remained
inside the material at a stress of 30 MPa and significantly affected the corrosion rate, and this was
suggested to reduce the corrosion resistance more than the cyclic stress of 20 MPa. The dislocation
density in-creases under a fatigue test with high-stress amplitude. In particular, dislocations
accumulate near the grain boundary. As a result, small cracks are generated on the surface.
Dislocation is considered to be released by stress relaxation immediately after crack initiation [53].
Furthermore, the crack is not only likely to release the dislocation at the crack tip end during
propagation but also to penetrate existing defects and dis-locations [54].

When compared by annealing temperature, finer grains were observed at 513 K than at 673 K,
no matter what the cyclic stress. It is assumed that changes in grain size at temperatures of 513 K and
673 K are caused by heat treatment, as no differences in grain size were observed before and after the
fatigue test. The results were similar for compressive and tensile strain. Therefore, it was suggested
that pure magnesium's re-crystallization temperature is around 513 K, and its high-temperature
region is 673 K. As shown in Figure 8, the corrosion resistance of the specimens at a heat treatment
temperature of 513 K was significantly better than that of the specimens at 673 K with and without
cyclic stress. These results indicates that annealing has a significant effect on the corrosion resistance
of pure magnesium. Specifically, heat treatment near the re-crystallization temperature increases
corrosion resistance because an increase in the number of grain boundaries produces dense corrosion
products. Conversely, corrosion resistance could be reduced in the high-temperature region of grain
growth as the grain boundaries are decreased and dense corrosion products are not completed. In
contrast, the mass loss at 40 MPa cyclic stress, including cracks in the specimens, showed little
difference between the 513 K and 673 K annealing temperatures. This phenomenon is caused by the
release of dislocations accumulated at the twin boundaries within the grains by crack initiation.
Moreover, another factor could be considered to be the penetration of the dislocation by the crack
during crack growth. Hence, the specimens with a cyclic stress of 40 MPa showed lower mass loss
since the cracks de-creased dislocations inside the material. Specifically, the improvement of
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corrosion resistance as a result of the decline in dislocations was significant at 673 K. Therefore, it is
suggested that the effect of dislocations inside the material on the corrosion rate is higher for coarse
grains than for fine grains.
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Figure 9. Optical micrographs of pure magnesium. (a) 513K_cyclic stress of 0 MPa from Figure 3, (b) 513K _cyclic
stress of 10 MPa, (c) 513K _cyclic stress of 20 MPa, (d) 513K_cyclic stress of 30 MPa, (e) 513K_cyclic stress of 40
MPa, (f) 673K _cyclic stress of 0 MPa from Figure 3, (g) 673K_cyclic stress of 10MPa, (h) 673K_ cyclic stress of 20
MPa and (i) 673K _ cyclic stress of 30 MPa, (j) 673K _cyclic stress of 40MPa.

5. Conclusion

In this study, the effects of tensile and compressive strain, cyclic tensile-compressive stress and
heat treatment on the corrosion behaviour of pure magnesium round bars has been investigated. The
results obtained in this study are summarized below.

1. Samples with a tensile strain of 0.05 had fewer dislocations in the material than those with a
tensile strain of 0.07, which is considered to have reduced mass loss. Furthermore, the mass loss
of the specimens with small grain diameters at annealing temperatures around 500 K was lower
than that of the 673 K specimens with coarse grains. This phenomenon improved corrosion
resistance since grain boundaries increased and dense corrosion products were generated by the
recrystallization of the annealing process.

2. The specimens subjected to a compressive strain of 0.1 exhibited better corrosion resistance than
those at 0.05 strain due to the formation of twin crystals, producing denser corrosion products.
Additionally, the test pieces heat-treated at temperatures near 500 K had smaller diameter grains
than those treated at 673 K, and hence, the magnitude of mass loss decreased.

3.  Slip deformation of dislocations occurs mainly in tensile deformation of pure magnesium, while
twin deformation predominantly occurs in compressive de-formation. The growth of dislocation
density by tensile deformation has accelerated the corrosion rate of pure magnesium. In
particular, the results have shown that dislocations generated inside the coarse-grained material
have a higher effect on the corrosion resistance of the material than dislocations in the fine-
grained material. Twinning might be considered to act to improve the corrosion resistance of the
material regardless of the annealing temperature.

4. Twinning is formed inside the material when pure magnesium is subjected to cyclic compressive
and tensile stresses. Mass loss at a cyclic stress of 20 MPa is considered to have decreased because
of the action of the twin crystals formed. The specimens tested at a cyclic stress of 30 MPa had
increased mass loss due to the possibility of twinning-detwinning being converted to
dislocations in fatigue tests under high-stress amplitudes. Specimens that fail by fatigue testing
could have dislocations inside the material reduced because the dislocations are released or the
crack penetrates the dislocations during crack initiation. Thus, specimens subjected to a cyclic
stress of 40 MPa had improved corrosion resistance. Regardless of the cyclic stress, the test pieces
at an annealing temperature of 513 K showed better corrosion resistance than those at 673 K.
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