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Magnesium is one of the materials that can be used as an implant for the human body. It is because the daily intake of 
magnesium for an adult is 240-420 mg/day. Also, the elastic modulus (41 – 45 GPa) and density (1.74 g/cm3) of magnesium 
is closer to that of natural bone. However, pure magnesium in the as-cast condition has a very fast corrosion rate, 
2,89mmPY in 0.9% NaCl solution. Accumulative roll bonding (ARB) is done in this recent study to improve the corrosion 
rate of pure magnesium. ARB is one of the severe plastic deformations (SPD) method, which provides the possibility to 
obtain high strained materials without a macroscopic change after a cyclic roll-bonding process (stacking, preheating and 
rolling). Magnesium is annealed at 250°C and 350°C for 25 minutes, and then the ARB process is done with variation; one, 
two, three and four cycles. The composition was tested using SEM-EDS, showing that the content of a pure magnesium 
plate (as annealed) is 99.77%. The grain size is observed using the optic microscope and measured by ImageJ, while the 
corrosion rate was measured with an electrochemical and immersion test. The result showed the smallest grain size achieved 
is 7.204 ± 1,185 µm and that the lowest corrosion rate is 0,0012mmPY. The polarization resistance determined the thickness 
and the ability of passivation area obtained with the increasing number of ARB cycles. The higher plastic deformation is 
recommended for improve the corrosion resistance of the metallic material for future works. 
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healed, so it does not need a follow-up operation to 
eliminate the implant from the body12-14. 

In 1878, the first clinical application was made by 
physician Edward C. Huse, where magnesium wire 
ligatures were used to stop bleeding vessels 
successfully10,14. However, a further study found that 
magnesium had a high corrosion rate, about 
2,89mmPY in 0.9% NaCl also had a limited 
mechanical property10. Magnesium degraded too 
quickly, and hydrogen gas in implant becomes the 
main concern for magnesium as an implant, compared 
to titanium and stainless steel15-18. 

Severe Plastic Deformation (SPD) is defined as a 
metal forming process that used an ultra-large plastic 
strain to create an ultrafine-grained metal19-23. 
Accumulative roll bonding (ARB) is one of SPD's 
processes that can produce ultrafine-grained metals by 
doing continuous rolling without changing the 
geometrical changes to the metals24-27. ARB was done 
by dividing the sheet into two pieces (of the 
same size) then cleaned the surface. After that, the 
sheets were stacked and rolled. The rolling can be done 

1 Introduction 
The use of biomaterial has been studied for medical 

application such as orthopedic implant for the human 
body1-5. The orthopedic implant can be used for a 
fracture in the ankle, wrist, hip, and knee. Plates, screws, 
nails, pins, wires, and staples are types of implants that 
can be implanted in the bone to maintain mechanical 
integrity over 12-18 weeks while the bone tissue heals6,7. 
In the 1990s, gold and ivory were used for replacements 
of cranial defects. This was done by Egyptians and 
Romans that used polymethyl methacrylate (PMMA) for 
cranial defects8,9. Ever since, the use of metals as 
biomaterials accepted6-9. There are two types of 
biomedical implant for the human body10-14, non-
degradable implant and biodegradable implant. The non-
biodegradable implant is a permanent implant inside the 
body with a risk of inflammation10,11. It also needs 
another operation to eliminate the implant from the 
body. At the same time, the biodegradable implant can 
degrade naturally inside the body after the tissue has 
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with more than a cycle to achieve an ultra-high plastic 
strain so that it can enhance the mechanical properties 
and corrosion resistance of the materials. Pure 
magnesium sheet can be rolled with the ARB process 
to achieve an ultra-fine grained28-32. The previous 
researcher stated that a grain size refinement could be 
done for magnesium to achieve a corrosion rate of less 
than 0.5 mmPY in simulated body fluid (SBF)33-37. The 
purpose of this study is to investigate the effect of ARB 
process on corrosion behavior. 
 

2 Materials and Methods 
The material used for the ARB process was pure 

magnesium ingot (99.77% Mg) which cut into a sheet 
with the size of 150 ൈ 34 ൈ 2.2 mm. The schematic 
illustration of the ARB process is shown in Fig. 1. 
The sheet was annealed under its recrystallization 
temperature, 400°C, for an hour. The specimens were 
as annealed pure magnesium sheet. The specimen  
was divided into two become 75 x 34 x 2.2 in size.  
The code system for specimens shown in Table 1. 

The surface of the pure mg sheet was ground with 
1000 grit abrasive paper then cleaned with acetone to 
remove the dirt. The two sheets were stacked with the 
help of copper wire on every corner of the sheet. Then 
the specimen was annealed in a furnace for 25 
minutes with the variation of temperature; 250°C and 
350°C. The ARB experiments were conducted with a 
±10 ton of "roll load" at a rolling speed of 26 rpm 
without lubrication. Percentage reduction of the 
specimens was 50 %, with the variation of cycles 
observed were 1, 2, 3 and 4 cycles. 

The microstructure of ARB processed pure 
magnesium sheets was observed by optical 
microscope and scanning electron microscopy (SEM). 
And for the corrosion behavior of ARB processed, 
pure magnesium sheets were investigated by two 
methods: immersion test, electrochemical test. The 
test was conducted in simulated body fluid (SBF) 
solution. Two kinds of electrochemical test, namely 
the potentiodynamic polarization test and 
electrochemical impedance spectroscopy (EIS) test, 
were carried out to compare corrosion resistance of 
pure magnesium sheet specimens. 
 
3 Results and Discussion 

The microstructural examination was conducted as 
annealed and as ARB processed pure magnesium 
specimens by optical microscopy and the grain size 
calculated by an ImageJ. The mean grain size of pure 
magnesium specimens shown in Table 2. From the 
data, it can be known that the grain size after one 
cycle of ARB significantly reduced to 21,591 ± 
13,118 µm with the help of the plastic deformation, 
which made the bigger size of grain shattered into the 
smaller one.  

Figures (2 and 3) shows optical microstructures of 
pure magnesium specimen before ARB (Figs. 2(a) 
and 3(a)) and ARB-processed for various cycles  
(Figs. 2(b) - (i) and 3(b) - (c)). The as-annealed 

 
Fig. 1 — Schematic process of ARB. 

 

Table 1 — Code System for Specimens 

Sample Code Temperature (oC) Cycle Reduction (%) 

Mg 0 400 as annealed 

250-S1S  

250 

1  

 

 

50 

250-S2S 2 

250-S3S 3 

250-S4S 4 

350-S1S  

350 

1 

350-S2S 2 

350-S3S 3 

350-S4S 4 

Table 2 — Grain Size of Pure Magnesium Plate 

Sample Code Mean Grain Size (µm) 
Mg 0 145,381 ± 16,843 

250-S1S 21,591 ± 13,118 
250-S2S 13,575 ± 6,149 
250-S3S 7,204 ± 1,185 
250-S4S 7,947 ± 1,948 
350-S1S 31,759 ± 16,152 
350-S2S 18,737 ± 8,859 
350-S3S 9,753 ± 2,752 
350-S4S 9,753 ± 2,752 
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samples contained equiaxed grain. As can be seen 
from Fig. 2(b), fine elongated grains are developed 
after one cycle of ARB. However, the microstructure 
is far from homogeneous, but as the number of ARB 
cycles increases, the microstructure becomes finer. 

Figure 4 shows a relationship between grain size 
and the increasing number of ARB cycles pure 
magnesium specimens. As seen in Table 2 and Fig. 4, 
the specimens in 250°C have a smaller grain size 
compared to specimens in 350°C. It is because if 

 
 

Fig. 2 — Optical microstructure of pure magnesium sheet before and after ARB process (a) as annealed, (b) 250-S1S, (c) 250-S2S, 
(d) 250-S3S, (e) 250-S4S, (f) 350-S1S, (g) 350-S2S, (h) 350-S3S, and (i) 350-S4S. 
 

 
 

Fig. 3 — SEM images before and after ARB process (a) as annealed (500X), (b) 250-S4S (1000X), and (c) 350-S4S (1000X). 
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ARB were performed at elevated temperatures, at 
which enough slip systems become active, rapid grain 
growth takes places, making it difficult to obtain 
ultrafine-grained microstructure in magnesium. 

Fig. 5 represents relationship between immersion 
times with corrosion rate of pure magnesium 
specimens. 

Fig. 6 represents relationship between ARB cycles 
and corrosion Rate measured by electrochemical test. 

For samples in 250°C temperature, the smallest 
grain size is achieved in the third cycles around 7,204 
± 1,185 µm meanwhile the biggest grain size is 
achieved by the first cycle around 21,591 ± 13,118 

µm. And for samples in 350°C temperature, the 
smallest grain is achieved in the third cycles  
around 9,753 ± 2,752 µm while the biggest grain  
size is achieved by the first cycle around 31,759 ± 
16,152 µm. 

As shown in Fig. 4, after the first pass, the grain 
size significantly reduced because of the shear strain 
induced by the ARB process. Hence, more ARB 
passes led to a slight decrease in grain size. Besides, 
the increase of grain size on the fourth cycles is 
because critical minimum grain size is achieved. 
Thus, the subsequent cycles do not have any 
important refining effects. This is attributed to the 
incomplete dynamic recrystallization followed by 
grain growth due to the residual accumulated strain 
energy. 

The corrosion rate of pure magnesium specimens 
can be calculated through an immersion test followed 
by a weight-loss method. Pure magnesium specimens 
were immersed in simulated body fluid (SBF) 
solution at 37°C temperature for 24 hours. Table 3 
shows a corrosion rate of pure magnesium specimens 
calculated using Equation 110:  

 

𝐶.𝑅.ൌ
ହଷସൈ௪

ൈ்ൈ
 ...(1) 

 
 

Fig. 4 — Relationship between ARB cycles and grain size of pure
magnesium specimens. 
 

 
 

Fig. 5 — Relationship between immersion times with corrosion
rate of pure magnesium specimens. 

 
 

Fig. 6 — Relationship between ARB cycles and corrosion Rate 
measured by electrochemical test. 
 

Tabel 3 — Corrosion Rate of Samples 

Sample 
Corrosion Rate (mmpy) 

2 hours 4 hours 8 hours 24 hours 
Mg 0 0,480293 0,292319 0,180302 0,077491 

250-S1S 0,009939 0,006470 0,003332 0,001926 
250-S2S 0,012433 0,008087 0,006412 0,003082 
250-S3S 0,012823 0,006704 0,004414 0,001994 
250-S4S 0,013486 0,008458 0,005125 0,002358 
350-S1S 0,01391 0,00869 0,00579 0,00253 
350-S2S 0,00476 0,00398 0,00348 0,0012 
350-S3S 0,01512 0,00869 0,00472 0,03414 
350-S4S 0,01123 0,0075 0,00472 0,00203 
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where, CR is corrosion rate (mpy), A is surface area 
(cm2), T is time (hours) and Dis density (g/cm3). 

From Table 4, a graph that shows the relationship 
between immersion time and corrosion rate can be 
illustrated in Fig. 5. It shows that the corrosion rate 
reduced with the increasing immersed time of 
specimens in SBF solution. Table 2 shows the lowest 
corrosion rate from specimens in 250°C is 250-S2S. 
The specimens were heated to 350°C temperature. 
This phenomenon can be affected by the degradation 
behavior, which is influenced by impurities in 
specimens and the physiological environments such 
as the concentration of HCO3- in SBF solution alters 
the corrosion rate of pure magnesium. The previous 
study showed the reaction between Ca2+ and HCO3- in 
SBF solution influenced the reaction between Mg2+ 
and HCO3- because it slowed down the formation of 
protective film on top of MgO/Mg(OH)2 layer10. 

Aside from the immersion test, an electrochemical 
test can be used to measure the corrosion rate of pure 
magnesium specimens. An electrochemical test was 
performed to get accurate electrochemical data of 
ARB processed pure magnesium. The relationship of 
ARB cycles and corrosion rate measured by the 
electrochemical test.  

As seen in Fig. 6 that the corrosion rate keeps 
increasing until the third cycles for both 250°C and 
350°C specimens. For specimens processed in 250°C 
temperature, the lowest corrosion rate is achieved by 
250-S4S for 0,05908 mmPY, while for specimens 
processed in 350°C temperature is achieved by 350-
S1S for 0,069444 mmPY. For the highest corrosion 
rate is achieved by 250-S3S for specimen processed 
in 250°C temperature and 350-S3S for specimens 
processed in 350°C temperature. 

The previous study use ARB process under 250°C 
and 350°C temperature for a pure magnesium sheet 
showed that the lowest residual stress achieved by 
specimens processed under 350°C temperature, which 
predicted that the corrosion rate for it would lower 

than specimens processed under 250°C temperature26. 
This statement supported by previous researcher that 
stated the corrosion rate would decrease with a 
decrease of residual stresses on the material34. 
Compared to the data from the previous researcher, 
this recent study showed that the specimens processed 
under 350°C has a higher corrosion rate than 250°C 
temperature. The previous researcher proposed the 
influence of residual stress on corrosion resistance is 
relatively less evident and outweighed by grain size34. 
The residual stresses could increase the anodic 
polarization current densities38-42. 

Figure 7 shows an accelerated anodic process could 
lead to reduced corrosion resistance. In theory, 
microscale residual stress can reduce the activation 
energy for an atom to leave the metal lattice and get 
into the solution. Based on the mean grain size that 
achieved, the third cycles specimen, 350-S3S, has the 
highest corrosion rate while it has the smallest mean 
grain size. This could happen because there was 
different friction between specimen and roll. Also, the 
velocity of rolling was not optimum, which caused the 
grain refinement did not happen homogenously. 

Table 4 — Result of Rp and Ru by EIS 

Sample Rp (ohm) Ru (ohm) 

250-S1S 3835 84,10 
250-S2S 2560 91,25 
250-S3S 3557 80,14 
250-S4S 4373 73,60 
350-S1S 6049 78,15 
350-S2S 2334 90,06 
350-S3S 3700 98,86 
350-S4S 1572 90,39 

 
 

Fig. 7 — Polarization curve of (a) 250°C, and (b) 350°C
temperature process. 
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The microstructural examination was conducted to 
observe a corrosion product on Mg 0, 350-S1S and 
350-S3S specimens. There is corrosion on the 
specimen's surface which shown by holes that existed. 
Also, the area was darker. In Fig. 8, the corrosion area 
was highlighted with a red circle. As shown, the 
corrosion product on the 350-S1S specimen's surface 
was produced more than Mg 0 specimen. Meanwhile, 
for the 350-S3S specimen, there were cavities on its 
surface, which is worse than those produced in Mg 0 
and 350-S1S specimens. From this, it is known that 
350-S3S produced the most corrosion product on its 
surface, which made it had a high corrosion rate, as 
shown in Fig. 8. 

An electrochemical impedance spectroscopy  
(EIS) test was done to know corrosion resistance 
through an impedance curve. Impedance curve, 
polarization resistance and solution resistance  
were the data that obtain from the EIS test. The 
polarization resistance determined the thickness and 
the ability of passivation area obtained with the 
increasing number of ARB cycles, which means the 
resulted strain will increase with the increasing 
number of ARB cycles43-45. Theoretically, the 
increasing number of ARB cycles will increase the 

value of equivalent strain and Rp value but decrease 
the corrosion rate. 

Figure 9 is a graph of Rp and equivalent strain in 
every cycle of the ARB process. The present data was 
compared to ECAP, and HPT processed sample46,47. 
As shown in Fig. 9, the influence of equivalent strain 
to Rp. For ARB processed in 250°C and HPT, ZK60 
had a similarity, which is the decrease of earlier 
cycles, but after the third cycles, the Rp value was 
increasing. Meanwhile, for ARB processed at 350°C 
and ECAP pure magnesium keep decreasing with the 
increasing number of cycles. The previous researcher 
stated the decreasing of Rp value with the increasing 
number of ECAP is because crystalline defects 
formed during the ECAP process accelerated the 
formation of passivation film, which triggered a 
corrosion reaction to take place. That is why the 
corrosion rate of ECAP pure magnesium specimens 
was lower than the as-cast one. 

Figures (10 and 11) are a Nyquist curve or an 
impedance curve of pure magnesium sheet before and 
after the ARB process. The impedance curve showed 

 

Fig. 8 — Optical microstructure of corrosion product (a) Mg 0
(50X), (b) Mg 0 (100X), (c) 350-S1S (50X), (d) 350-S1S (100X),
(e) 350-S3S (50X), and (f) 350-S3S (200X). 

 
Fig. 9 — Relationship between Rp and equivalent strain. 

 

 
 

Fig. 10 — Impedance curve of 250 °C specimens. 
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one capacitive loop that happened in a high 
frequency; it showed that Mg2+ dissolve in the 
solution then formed an oxide film on the surface. 
The previous researcher stated that the bigger the 
diameter loop on the curve, the higher number of 
ARB cycles and the lower of corrosion rate achieved. 

Figure 10 show that the 250-S4S specimen has the 
highest Rp value and the biggest diameter loop. This 
indicated that the 240-S4S specimen had the lowest 
corrosion rate compared to all specimens processed 
under 250°C temperature. While for specimens  
under 350°C ARB process, the highest Rp value  
and the biggest diameter loop achieved by the  
350-S1S specimen, which indicated that 350-S1S 
specimen had the lowest corrosion rate among 350°C 
specimens. 

Based on Fig. 11, it shows that specimen processed 
under 250°C temperature had a decrease Rp value and 
diameter loop until the second cycles, and after that, it 
keeps increasing. While for 350°C specimens, the 
decreasing of Rp value and diameter loop happened 
until the third cycles and increased on the fourth 
cycles. The decreasing of corrosion rate after it keeps 
increasing is caused by an ultrafine-grained structure 
that had just formed on those cycles. Severe plastic 
deformation could control the microstructure 
evolution and corrosion behavior, so the application 
for orthopedic could be controlled properly. The 
corrosion behavior of magnesium could be studied in 
detail using several solutions that could simulate the 
usage of magnesium in the body, such SBF and 
DMEM. Another severe plastic deformation 
techniques like high pressure torsion and equal 
channel angular pressing could be done to improve 
the ARB results. 
 

4 Conclusion 
Based on the result and discussion above, we can 

conclude that: The smallest grain size achieved by 
250-S3S for 7,204 ± 1,185 µm. The lowest corrosion 
rate achieved by 350-S2S for 0,0012mmPY. An 
optimum annealing temperature in the ARB process is 
at 350°C because it achieved the lowest corrosion rate 
in the second cycles.The polarization resistance 
determined the thickness and the ability of passivation 
area obtained with the increasing number of  
ARB cycles. The higher plastic deformation, such 
high-pressure torsion and equal channel angular 
pressing are recommended for improve the corrosion 
resistance of the metallic material for future works. 
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