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Preface |iii 

PREFACE 
 

 

Thanks to Allah SWT, because of the help of Allah Metalurgi Magazine, Volume 37 

Number 1, April 2022, could present five articles. 

 

The first article results from Tiya Khairina Izzati and colleagues' research activities on 

The Effect of Heat Treatment and Surface Anodization on Wear and Friction Coefficient of 

2024 Aluminum Using Pin-on-Disk Method. Syahwira Taqwa Triadi presented the second 

article, Dynamic Plastic Deformation Induced by Repetitive Hammering on Cr-Mn Austenitic 

Stainless Steel. Moch Syaiful Anwar and his colleagues presented Grain Growth Kinetics of 

Austenitic Stainless Steel 316L and the Relations between Grain Sizes and Hardness under 

Isothermal Conditions in the following article. For the fourth article, Eko Sulistiyono and his 

colleagues discussed the Effectiveness of Magnesium and Lithium Separation from Seawater 

Using a Sodium Silicate Precipitation Process. The fifth article, written by Eka Fitri 

Wulandari and colleagues, discussed The Effect of Voltage and Time in the Synthesis of 

Manganese Dioxide from Manganese Sulfate Precursor. 

 

Hopefully, the publication of this volume of Metalurgi Magazine will benefit the 

advancement of research in Indonesia. 

 
 
 
  

 EDITORIAL 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv | Metalurgi, V 37.1.2022, ISSN 0126-3188 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Abstract  | v  

METALURGI 
ISSN 0126 – 3188                                                                                                                             Vol. 37 No. 1 April 2022 
Keywords sourced from articles. This abstract is reproduced without permission or fee. 

 
UDC (OXDCF) 621.402 
 
Tiya Khairina Izzatia, , Aristo Nugraha Putraa, Budi Hartono Setiamargab, Yorina Sarah Francoise Lantangb* (aMaterial 
Science and Engineering Program Study, b Material Science and Engineering Research Group, Faculty of Mechanical and 
Aerospace Engineering, Bandung Institute of Technology )  
 
 
Metalurgi, Vol. 37 No. 1 April 2022 
 
 
The Effect of Heat Treatment and Surface Anodication on Wear and Friction Coefficient of 2024 Aluminum Using Pin-on-
disk Method 
 
 
The use of aluminum alloys as a material for engineering components that rub against each other is increasing, so it is 
important to know the friction characteristics of these aluminum alloys. In this study, 2024 aluminum was given heat 
treatment with variations in aging time or an anodization process. Then, the wear and friction coefficient tests were 
carried out using a pin tool on the disc. The effect of aging time and surface anodization on wear tests are carried out to 
determine the amount of wear, and the coefficient of friction test is carried out to determine the coefficient of friction of 
the material when it rubs against a pin made of AISI 52100 steel. The coefficient of friction test is carried out by adding 
lubrication type as a parameter. The test results showed that the aluminum alloy given heat treatment had better 
resistance than that not heat treated. This is because the heat treatment creates precipitates that can increase aluminum’s 
hardness and wear resistance. Whereas for anodized aluminum alloy, the alumina layer can act as an abrasive grain 
when continuously given a high enough friction and load. Hence the wear testing mode changes from dry sliding wear to 
three-body abrasive wear and decreased wear resistance. From the friction coefficient test results, the aging time affects 
the hardness of the aluminum alloy, which leads to the value of the coefficient of friction. The harder the aluminum alloy 
surface, the smaller the coefficient of friction obtained. Furthermore, applying lubricant to the aluminum alloy will also 
decrease the value of the friction coefficient of the alloy. Lubricating oil will provide a more significant reduction in 
friction coefficient than air. Finally, the anodizing surface on the aluminum alloy will act as a lubricant reservoir when it 
occurs. 
 
Keywords: 2024 Aluminum, wear resistance, coefficient of friction, pin-on-disk test 
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Engineering, Bandung Institute of Technology) 

 
 
 
Metalurgi, Vol. 37 No. 1 April 2022 
 
 
 
Dynamic Plastic Deformation Induced by Repetitive Hammering on Cr-Mn Austenitic Stainless Steel 
 
 
Austenitic stainless steels have advantages, such as high ductility and good corrosion resistance. The cold working 
process can increase the hardness and strength of the material. However, because a metastable austenite phase occurs in 
that material, there is a phase change of γ austenite to α’-martensite and ε-martensite, which will reduce the ductility and 
its corrosion resistance. The strengthening process with DPD (dynamic plastic deformation) can prevent the formation of 
martensitic phases through repeated impact at high strain rates. This study analyzed microstructures and hardness 
evaluation on Cr-Mn austenitic stainless steel due to dynamic plastic deformation through the repetitive hammering 
method. Repetitive hammering with a strain rate of 6,2 s-1 on Cr-Mn austenitic stainless steels was carried out on five 
specimens with variations in the impact of 50, 100, 150, 250, and 350 times with impact energy of 486 J/cm2; 2.207 
J/cm2; 2.569 J/cm2; 6.070 J/cm2; and 11.330 J/cm2 respectively. Microstructure, hardness, and XRD (x-ray diffraction) 
analyses were carried out on Cr-Mn austenitic stainless steels before and after repetitive hammering. Metallography was 
carried out to observe the microstructure using an optical microscope. The hardness was tested through the Rockwell A 
hardness test. XRD examination was used to identify the phases formed and indications of nano-twins. The repetitive 
hammering process up to 350 times has succeeded in increasing hardness from 53.5 HRA to 71.6 HRA. Plastic 
deformation introduced by repetitive hammering produced slip bands, cross bands, wavy bands, and an indication of 
nano-twins formation and increased hardness. 
 
Keywords: DPD (dynamic plastic deformation), repetitive hammering, nano-twins, Cr-Mn austenitic stainless steel, SFE 
(stacking fault energy) 
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Metalurgi, Vol. 37 No. 1 April 2022 
 
 
Grain Growth Kinetics of Austenitic Stainless Steel 316L and the Relations Between Grain Sizes and Hardness under 
Isothermal Conditions 
 
 
The 316L austenitic stainless steel is usually used in nuclear power plant. This steel has an austenitic phase at room 
temperature, and it can change grain size after being exposed at high temperatures. This study aims to investigate grain 
growth behavior and hardness of 316L austenitic stainless steel after cold-rolled and annealing to 1100 °C with holding 
times of 0, 900, 1800, 2700, 3600 s. The result showed that the grain growth of 316L austenitic stainless steel usually 
occurs. Austenite grain size of 316L increased with increasing holding time, resulting in hardness decreases. 
Experimental grain growth of 316L austenitic stainless steel shows no significant difference from the prediction, with an 
error of about 0.7. The highest Micro Vickers hardness is found at a grain size of 14.93 µm. 
 
 
Keywords: Austenitic stainless steel 316L, grain growth kinetics, hardness, modeling 
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Dewayanib (aDepartments of Metallurgical and Materials Engineering, University of Indonesia, b Research Center for 
Metallurgy, National Research and Innovation Agency) 
 
 
Metalurgi, Vol. 37 No. 1 April 2022 
 
 
Effectiveness of the Separation of Magnesium and Lithium from Seawater with Sodium Silicate Precipitation Process 
 
 
The purpose of this experiment was to separate magnesium ions and lithium ions from seawater in order to obtain a 
lithium concentrate solution product free of magnesium using a sodium silicate precipitation process. The sample used in 
this experiment was seawater from the Ancol Lagoon Area in North Jakarta. The seawater used has a high Mg/Li ratio of 
10521 and contains 0.1674 ppm lithium ions and 1761 ppm magnesium ions. Before initial processing, seawater with 
high magnesium levels is not suitable as a raw material for the manufacture of lithium carbonate (active battery 
ingredient). The variables in the study were the addition of sodium silicate solution in amounts corresponding to 13, 27, 
40, 53, 67, 80, 93, and 107% stoichiometry of magnesium ion. One step and multiple stages were used to add sodium 
silicate solution. The experimental results show that the addition of sodium silicate with 80% stoichiometry is the most 
effective, as indicated by a decrease in the Mg/Li ratio from 10521 to 64. The limitation of this study is that many lithium 
ions are still precipitated with magnesium silicate during the precipitation process, so the lithium ions lost in the filtrate 
reached 82.26% in the single-stage process. As a result, a multi-stage process with six processing steps was used. At 
single-stage optimum conditions, the sodium silicate addition was 1/6 of the volume of sodium silicate solution. The 
multi-stage process results could reduce lithium-ion loss in the filtrate from 82.26% to 76.54%. According to the findings 
of this study, the sodium silicate precipitation process was ineffective in separating lithium and magnesium ions from 
seawater in both single and multi-stage processes. 
 
 
Keywords: Magnesium ion separation, lithium ion separation, sodium silicate residue, seawater 
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The Effect of Voltage and Time in Synthesis of Manganese Dioxide from Manganese Sulfate Precursor 
 
 
The utilization of manganese dioxide (MnO2) as a cathode material for lithium-ion batteries has attracted considerable 
attention due to its high theoretical storage capacity of 615 mAh/g. In this study, the synthesis of MnO2 was carried out 
from manganese sulfate (MnSO4) precursor, a pregnant solution from the leaching process of manganese ore from 
Trenggalek Regency. The electrolysis method has been used in this synthesis of MnO2 in an electrochemical cell 
consisting of two graphite electrodes with dimensions of (16 x 5 x 0.3) cm. The purpose of this study is to determine the 
effect of voltage and time on particles produced of MnO2, the phase and crystal structure by MnO2, and its morphological 
microstructure. The electrolysis process was carried out in 2,000 ml of MnSO4 solution under constant stirring at 60 °C 
with DC voltage varied by 2, 4, 6, and 8 volt and time run by 4, 8, 12, and 16 hours. The precipitates formed at the anode 
were separated, then the particles were dried at 110oC for 2 hours. The composition of MnO2 was analyzed by XRF (x-
ray fluorescence), the phase and crystal structure were evaluated by XRD (x-ray diffraction), and the morphological 
microstructure was captured by SEM (scanning electron microscope). The results revealed that the highest mass gain of 
MnO2  produced is 31.63 grams which are electrolyzed at 8 volts for 16 hours. The highest purity of MnO2 is 89.23% 
which is electrolyzed at 2 volts for 16 hours. The particles produced were α-MnO2 with a tetragonal crystal system and 
nearly spherical with size particles ranging from 136.01-202.48 and 144-352 nm. 
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Abstract 
The use of aluminum alloys as a material for engineering components that rub against each other is increasing, so it 

is important to know the friction characteristics of these aluminum alloys. In this study, 2024 aluminum was given 

heat treatment with variations in aging time or an anodization process. Then, the wear and friction coefficient tests 

were carried out using a pin tool on the disc. The effect of aging time and surface anodization on wear tests are 

carried out to determine the amount of wear, and the coefficient of friction test is carried out to determine the 

coefficient of friction of the material when it rubs against a pin made of AISI 52100 steel. The coefficient of friction 

test is carried out by adding lubrication type as a parameter. The test results showed that the aluminum alloy given 

heat treatment had better resistance than that not heat treated. This is because the heat treatment creates 

precipitates that can increase aluminum’s hardness and wear resistance. Whereas for anodized aluminum alloy, the 

alumina layer can act as an abrasive grain when continuously given a high enough friction and load. Hence the 

wear testing mode changes from dry sliding wear to three-body abrasive wear and decreased wear resistance. From 

the friction coefficient test results, the aging time affects the hardness of the aluminum alloy, which leads to the 

value of the coefficient of friction. The harder the aluminum alloy surface, the smaller the coefficient of friction 

obtained. Furthermore, applying lubricant to the aluminum alloy will also decrease the value of the friction 

coefficient of the alloy. Lubricating oil will provide a more significant reduction in friction coefficient than air. 

Finally, the anodizing surface on the aluminum alloy will act as a lubricant reservoir when it occurs.  

 

Keywords: Aluminum 2024, wear resistance, coefficient of friction, pin-on-disk test 

 

1. INTRODUCTION 
Technological advancements in engineering 

components constantly need suiting material to 

function efficiently. Aluminum alloys are one of 

the most widespread base materials and have had 

an important role in the aerospace and 

automotive industry [1]. Aluminum has a lower 

density than ferrous metal’s [2]. Furthermore, 

aluminum’s melting point is much lower than 

that of ferrous metal. The low melting point 

lowers aluminium’s the processing energy and 

costs, and its low density makes aluminum-based 

components lightweight [3].   

    The 2xxx series aluminum alloys are one of 

the most commonly used alloys in the industry. 

This series incorporates copper (Cu) and 

magnesium (Mg) as alloying metals to get new 

and better properties [4]. The presence of Cu and 

Mg provides higher strength for aluminum alloy 

due to the precipitation strengthening 

phenomenon [5]. Precipitation strengthening is 

one of the most common strengthening methods 

in aluminum alloys. Precipitation strengthening 

occurs when alloys are subjected to a specific 

heat treatment; the different heat treatment 

processes will yield different strengthening 

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
https://ejurnalmaterialmetalurgi.lipi.go.id/
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results. The presence of precipitate also increases 

the hardness of the material [6].  

    Furthermore, increasing the hardness of 

aluminum alloys can also be done by surface 

treatment such as anodization. Anodization 

creates an oxide layer on the surface that will 

increase the hardness of the aluminum surface [7]. 

The oxide layer formation has been proven 

effective in tribological applications, as it can act 

as a reservoir for lubricants, thus increasing the 

friction and wearability of the component [8]. 

    The increase of hardness in aluminum alloys, 

heat treatment and anodizing provides the alloys 

with better wearability [9]. This is why aluminum 

alloys are commonly used in applications such as 

cylinder block components and piston insert rings, 

which require good tribological properties [10]. 

Wearability is a very critical property in 

tribological applications. By thoroughly 

engineering wearability, it is estimated that one 

can save 1,6% of GDP, which equals more than 

100 billion USD yearly in the United States [11]. 

Nevertheless, material choice is not the only 

variable determining wearability. Velocity and 

load are also important variables of wearability 

[12].  

    Moreover, two surfaces that rub against each 

other produce frictional force, which is 

determined by the friction coefficient. Frictional 

forces are sometimes wanted in one application 

but need to be minimalized in another. Thus, it is 

important to decide on the alloy’s friction 

coefficient value so that it can be well-suited 

according to the application demands. Therefore, 

research needs to be conducted to determine 

these coefficient values. 

    This research observes the effect of the aging 

time and anodization on the wearability and 

friction coefficient. The tests are conducted with 

the pin-on-disk method. 

 

2. MATERIALS AND METHODS 
2.1 Materials 

    The aluminum alloy used in this research was 

2024 aluminum (2024 Al) plate provided by PT 

GMF Aero Asia. Table 1 shows the chemical 

composition of 2024 Al. The 2024 Al sample 

used was in the form of a 65×65×2 mm plate. 

The sample plate was subjected to heat treatment 

or anodization before being tested for wearability 

and friction coefficient. There are five samples of 

2024 Al, each subjected to different treatments. 

The first sample was not subjected to any 

treatment, coded T0. 

 

 

 

The samples coded T3, T6, and T9 were 

subjected to various heat treatment processes. 

 
Table 1. Chemical composition of 2024 aluminum  

Element % Weight 

Al 97.508 

Cr 0.003 

Cu 1.394 

Fe 0.221 

Mg 0.531 

Mn 0.160 

Si 0.097 

Ti 0.025 

Zn 0.042 

Ni 0.005 

Sn 0.003 

Sb 0.008 

 

The sample TA was subjected to anodization. 

 

2.2 Sample Preparation 

    The sample used in this experiment was in the 

form of a 65×65×2 mm plate. To accommodate 

the shape and dimension of the samples in order 

to be fit in the pin-on-disk test equipment, the 

sample was cut into 20×20×2 mm.  

 

 
Figure 1. Sample being held by a 3D printed sample holder 

 

    Next, the sample holder was made using a 3D 

printer from PLA material. The sample was 

fixated on the sample holder using an M2 bolt 

and ring, as shown in Fig. 1. 

 

2.3 Heat Treatment  and Anodization 

    In the heat treatment, heating was done to form 

supersaturated solid solution, followed by 

artificial aging. Both processes were done using 

SAKAE electrical furnace provided by PT GMF 

Aeroasia. There were three 2024 Al samples 

subjected to heat treatment with variation aging 

time. All three samples were heated at 490 ℃ for 

35 minutes. After that, the samples were rapidly 

cooled to room temperature to form a 

supersaturated solid solution. Then, the samples 

were artificially aged at 190 ℃ for 3 hours for T3, 

6 hours for T6, and 9 hours for T9. 

    The TA sample was anodized in H2CrO4 

solution for 55 minutes at 35 oC. Then, the 

sample was sealed at 90 oC for 28 minutes. 
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2.4 Hardness Test 

    The hardness test was conducted using the 

Mituyo Rockwell hardness testing machine, 

provided by PT GMF AeroAsia, at room 

temperature using a steel ball indentor (1/16 in) 

and 100 kgf load.  

 

2.5 Wear Test 

    A wear test was performed using 540 grams of 

load and an average rotational speed of 1370-

1400 rpm for 120 minutes.  

 

 
Figure 2. Pin-on-disk wear test machine 

 

    The test machine used a 150Watt DC motor 

and was powered by AC electricity, thus creating 

fluctuation in rotational speed at 1370-1400 rpm 

range. Nonetheless, the deviation in test results 

was still relatively negligible. The wear test 

machine used was a pin-on-disk test machine 

designed by an undergraduate student of 

Materials Engineering, Institut Teknologi 

Bandung, as shown in Fig. 2. The pin used in the 

test was 5 mm in diameter, made from AISI 

52100 steel ball. 

    Sample mass loss was used to calculate sample 

wear. The greater the mass loss, the greater the 

wear. As a result, sample weighing must be done 

with care. 

 

2.6 Coefficient of Friction Test 

    In this experiment, the coefficient of friction 

was determined from the friction test using the 

previous pin-on-disk test machine. 

 
Figure 3. Coefficient of friction test tool 

 

    Calibration was carried out as an empirical 

approach to this friction test. The purpose of this 

step was to obtain valid data from the friction test. 

In this test, the frictional force between the 

sample and the pin will cause a deflection in the 

arm (Fig. 3). The amount of deflection was then 

converted into the coefficient of friction. In the 

tool calibration process, the frictional force will 

be replaced by the weight of the load, which will 

cause deflection. Several additional tools were 

needed to support the calibration process, such as 

pulleys, steel wires, wire clamps, load containers, 

level indicators, dial indicators, and loads with 

varied values (the load is weighed, and the time 

is recorded). Then, the tool was prepared 

according to the scheme in Fig. 3. 

    This research was carried out with a fixed load 

of 100 grams with variations in lubricant: water 

lubricant, oil lubricant, and without lubricant. 

The lubricant oil used in this test was AHM Oil 

MPX 2 (SAE 10W-30) engine oil. Before testing, 

all samples except the anodized sample were 

sanded with 800 grit sandpaper to uniform the 

surface roughness of the samples. The anodized 

sample was not sanded because the sanding 

process would remove the anodized layer formed 

on the sample surface. 

 

3. RESULT AND DISCUSSION  
    Figure 4 shows that after three hours of aging, 

the hardness value of 2024 Al increased to     

60.3 HRB. The hardness value, however, 

decreased with increasing aging time of 6 and 9 

hours. Over aging occurs when aging is 

performed for between 6 and 9 

hours.
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Figure 4. The hardness value (HRB) of 2024 Al with various 

aging time  

 

    The increase in hardness when the aging time 

was carried out for 3 hours was due to the 

strengthening of the precipitate, which hindered 

the dislocation motion. At this maximum 

hardness value, the precipitate is in a semi-
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coherent phase. This semi-coherent arrangement 

of atoms will produce a significant lattice 

distortion, so a greater force is needed for the 

dislocations to move through the existing strain 

field. If aging is left longer, for example, 6 hours 

and 9 hours, the precipitate atoms will have time 

to arrange themselves into a more stable phase, 

namely the incoherent phase. In this phase, the 

lattice distortion is reduced so the strain field that 

arises is smaller. This phenomenon will cause 

decreasing the hardness value. This finding is 

also in line with the study [14], where the 

hardness will increase until it reaches a maximum 

and then decrease if we hold the aging process 

longer. 

 

3.1 Wear Test Results 

    The wear test in this study was carried out by 

providing a load of 540 grams. The average 

rotational speed was in the range of 1370-1400 

rpm for 120 minutes. The wear test uses a 150-

watt DC dynamo.  

    Figure 5 shows that the anodized material has 

the greatest mass loss. Several things can cause 

this; first, the oxide layer formed is not optimal, 

so this layer is easily damaged when subjected to 

continuous friction. The cause of the non-optimal 

layer formation is the high anodization 

temperature so that the pores formed are large 

and coarse, and the structure of the oxide layer 

formed is random [13]. The second point, using 

an indenter as a ball, causes the pressure on the 

surface to be significant. The sliding motion 

makes the easily damaged oxide layer more 

easily lost and eroded. The damaged oxide layer 

can become wear debris and then become 

abrasive. The wear debris is between the pins, 

forming a three-body abrasive wear mechanism 

[13]-[14].  
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Figure 5. Average mass loss of 2024 Al with various 

treatments 

 

    The last point is that a continuous oscillating 

load on the same path supported by abrasive 

materials can create fatigue wear which causes 

micro-cracks on the surface so more material 

wears out. According to research [8], where the 

hard alumina layer becomes wear debris, it can 

cause micro-cracks so that wear occurs more 

quickly, as in [14], where the abrasive wear 

mechanism also occurs.It can be seen in Fig. 6 

that the wear value is inversely proportional to 

the hardness value of the heat-treated 2024 Al.  
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Figure 6. Effect of hardness value on mass loss in heat 

treated 2024 Al 

 

    The material with the highest hardness value 

will have the lowest wear value. According to the 

study [15], the heat-treated 2024 Al will increase 

their wear resistance and are directly proportional 

to their hardness. 

 
3.2 Friction Coefficient Test Results 

    As explained in section 2.6, the pin-on-disk 

coefficient of friction test tool is calibrated before 

testing the coefficient of friction. Varied masses 

are weighed and converted to weight, and the 

resulting deflection values are recorded. The 

calibration process results will be plotted into a 

graph, and linear regression is performed on the 

calibration curve to obtain the calibration 

equation. 

    By using linear regression, the linear equation 

of the curve is obtained, namely: 

 (1) 

    Where x is the deflection in mm and F is 

friction in N. Then, the frictional force is 

converted to a coefficient of friction using the 

following equation. 

 (2) 

 

    It can be seen in Fig. 7 that the 2024 Al with 

different aging times without using lubricants 

have different coefficients of friction. This shows 

that the aging time carried out on 2024 Al will 

affect the value of the coefficient of friction. As 
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explained in the previous sub-chapter, the aging 

time on 2024 Al will affect its hardness value. 
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Figure 7. Graph of 2024 Al coefficeint of friction value  

 

    As shown in Fig. 8, the 2024 Al with an aging 

time of 3 hours has the highest hardness value 

and the lowest coefficient of friction. The harder 

the alloy surface, the smaller the coefficient of 

friction obtained, and vice versa. Material with 

lower hardness will make the penetration of the 

pin caused by normal forces deeper than the 

harder material. 

    Thus, in softer materials, the real contact area 

of the pin that rubs against the 2024 Al will be 

greater. When the contact area becomes wider, 

the adhesion force on the contact surface 

becomes greater, and it causes the friction that 

occurs will be even greater. 
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Figure 8. Hardness and coefficient of friction unlubricated 

2024 Al curve 

 

    It can be seen in Fig. 7 that the coefficient of 

friction of the anodized 2024 Al has a different 

value than the other four samples. It means that 

the anodized surface will affect the coefficient of 

friction for 2024 Al. The coefficient of friction 

for the anodized 2024 Al is higher than the others. 

It is because the surface of the anodized is not 

polished. It is feared that this process can remove 

the anodizing layer that has formed. Thus, the 

surface roughness of the 2024 Al anodized will 

be different, and the coefficient of friction will be 

higher than the others. It can also be seen that the 

friction coefficient value of anodized 2024 Al 

lubricated during testing had a much lower 

coefficient of friction than the other four samples. 

It could be seen that applying lubricants could 

significantly reduce the coefficient of friction 

compared to the others. That happens because the 

presence of an anodized layer in the form of a 

pore can be a place for storing lubricants. Thus, 

the lubrication process at the contact of the two 

materials that takes will be better than in samples 

that do not have pores as a lubricant reservoir 

[14].  

                                  

4. CONCLUSION 
    The wear resistance and coefficient of friction 

of 2024 Al are obtained by testing with the pin-

on-disk tool. Heat treatment will affect the 

hardness value of 2024 Al. The highest hardness 

value of 2024 Al that have gone through the heat 

treatment process is achieved by giving aging 

treatment for 3 hours around 60.3 HRB. The 

2024 Al with the highest hardness value has the 

best wear resistance value (lowest mass loss) and 

the lowest friction coefficient. The wear 

resistance and hardness are directly proportional. 

When the hardness increases, the wear resistance 

of 2024 Al will also increase. Furthermore, the 

friction coefficient of 2024 Al is inversely 

proportional to its hardness value; the harder the 

2024 Al, the lower the friction coefficient value. 

Imperfect formation of the anodizing layer will 

cause the wear resistance to be lower. 

The addition of lubricants can reduce the 

friction coefficient of 2024 Al. Lubricating oil 

will reduce the coefficient of friction more 

significantly than water lubricants. This is 

because the oil's viscosity is around 170 cP, 

while the viscosity of water at the same 

temperature is only about 1,0005 cP. Lubricants 

with higher viscosity will produce a thicker layer 

at the contact between the two surfaces. 

Therefore, the oil can create a thick layer on the 

contact surface so that the non-uniformity of the 

surface is not too influential when the friction 

occurs. The presence of a shaped oxidation layer 

will be useful as a lubricant reservoir so that the 

coefficient of friction of the anodized 2024 Al 

and added with lubricant will produce the 

smallest value. 
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Abstract 
Austenitic stainless steels have advantages, such as high ductility and good corrosion resistance. The cold working 

process can increase the hardness and strength of the material. However, because a metastable austenite phase 

occurs in that material, there is a phase change of γ austenite to α’-martensite and ε-martensite, which will reduce 

the ductility and its corrosion resistance. The strengthening process with DPD (dynamic plastic deformation) can 

prevent the formation of martensitic phases through repeated impact at high strain rates. This study analyzed 

microstructures and hardness evaluation on Cr-Mn austenitic stainless steel due to dynamic plastic deformation 

through the repetitive hammering method. Repetitive hammering with a strain rate of 6,2 s-1 on Cr-Mn austenitic 

stainless steels was carried out on five specimens with variations in the impact of 50, 100, 150, 250, and 350 times 

with impact energy of 486 J/cm2; 2.207 J/cm2; 2.569 J/cm2; 6.070 J/cm2; and 11.330 J/cm2 respectively. 

Microstructure, hardness, and XRD (x-ray diffraction) analyses were carried out on Cr-Mn austenitic stainless 

steels before and after repetitive hammering. Metallography was carried out to observe the microstructure using an 

optical microscope. The hardness was tested through the Rockwell A hardness test. XRD examination was used to 

identify the phases formed and indications of nano-twins. The repetitive hammering process up to 350 times has 

succeeded in increasing hardness from 53.5 HRA to 71.6 HRA. Plastic deformation introduced by repetitive 

hammering produced slip bands, cross bands, wavy bands, and an indication of nano-twins formation and increased 

hardness. 

 

Keywords: DPD (dynamic plastic deformation), repetitive hammering, nano-twins, Cr-Mn austenitic stainless steel, 

SFE (stacking fault energy) 

1. INTRODUCTION 
    Austenitic stainless steel is widely used due to 

its good corrosion resistance, formability, and 

weldability. However, austenitic stainless steel 

relatively has low mechanical properties 

compared to other types of steel (around 100-400 

MPa) due to its FCC (face center cubic) structure 

[1]–[4]. To enhance its mechanical properties, 

cold working is commonly used on austenitic 

stainless steel to create high strength martensite 

phase. However, martensite formation on the 

austenitic stainless steel could reduce its 

corrosion resistance [5]-[6].  

    In the previous study carried out on the 316L 

austenitic stainless steel [7], a high strain rate is 

needed to prevent the formation of the martensite 

phase and maintain austenitic stainless steel with 

high ductility and good corrosion resistance [7]-

[8]. With a high strain rate, the phenomenon is 

mechanical twinning with the formation of nano-

twin grains in austenitic stainless steels [7], [9]. 

The volume fraction of the nano-twin is about 

8% in austenitic stainless steels, increasing the 

yield strength of the material by more than 25% 

[11]. One method for forming nano-twin is 

dynamic plastic deformation (DPD) [7], [11]-[14].  

    The formation of the nano-twin will be 

influenced by the material’s SFE (stacking fault 

energy) value. The mechanical twinning 

phenomenon will be activated if the stacking 

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
https://ejurnalmaterialmetalurgi.lipi.go.id/
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fault energy is between 20 to 50 mJ/m2, below 

which martensite formation is more accessible 

[15]. In addition, austenitic stainless steel 

material has a metastable austenite phase that is 

easily transformed into martensite when cold 

working at temperatures farther away from Md30 

[16]- [17]. Md30 is the temperature at which 50% 

martensite is formed after 30% true strain. Thus, 

as the temperature gets colder and closer to the 

Md30 temperature, the austenite is more stable 

and difficult to transform into α'-martensite or ε-

martensite in austenitic stainless steels  [16]. 

    In this study, dynamic plastic deformation 

DPD was carried out using low-cost laboratory-

made repetitive hammering, which has the 

working principle of repeatedly dropping the load 

on the specimen. Then we will study dynamic 

plastic deformation treatment through the 

repetitive hammering method on austenitic Cr-

Mn stainless steel material with manganese as a 

substitute of nickel as an austenite former [18]. 

After the repetitive hammering process, its 

microstructure and hardness were analyzed to 

prove the strengthening mechanism of the Cr-Mn 

austenitic stainless steel through this treatment. 

 

2. MATERIALS AND METHODS 
2.1 Materials 

    Cr-Mn austenitic stainless steel with 10% Mn 

and 13% Cr was used in this study.  

 
Table 1. Actual chemical composition of Cr-Mn austenitic 

stainless steel 
Elements (wt%) 

C Si S P Mn Ni Cr Fe 

0.058 0.36 0.017 0.049 10.468 1.26 13.63 73.22 

 

The specimen's chemical composition was 

characterized through OES (optical emission 

spectroscopy), as shown in Table 1. 

 

2.2 Methods 

    The following equations (1) and (2) are used to 

calculate the value of SFE (stacking fault energy) 

[4], [8], [18], and Md30 temperature [16]-[17]. 

SFE (mJ/m2) = 2,2 + 1,9Ni– 2,9Si + 0,77Mo + 

0,5Mn + 40C – 0,016Cr – 3,6N 
(1) 

Md30, Angel = 413 – 462 (C+N) – 9.2Si – 8.1Mn 

– 13.7Cr – 9.5Ni – 18.5Mo 
(2) 

 

    Solution annealing treatment was conducted to 

eliminate the deformation process on the as-

received specimen at 1050 °C for 2 hours [19]. 

After solution annealing treatment, dynamic 

plastic deformation was conducted through the 

repetitive hammering method. Repetitive 

hammering with a strain rate of 6.2 s-1 on Cr-Mn 

austenitic stainless steels was carried out on five 

specimens with variations in the impact of 50, 

100, 150, 250, and 350 times using 4.95 kg load 

mass as shown in the scheme in Fig. 1.  

 

 
Figure 1. Repetitive hammering process 

 

    Hammering energy ( ) and true strain ( ) on 

each specimen were calculated through equations 

(3) and (4). With, n = hammering cycle number, 

m = load (4.95 kg), g = gravity constant, h = 

Hammering drop height (1 m), dan s = specimen 

contact area, = specimen's initial thickness, = 

specimen's final thickness 

 

 

 
 

(3) 

 
 

(4) 

    Microstructure observation was conducted 

through the metallography examination. The 

specimens were polished and etched with aqua 

regia etchant to reveal their microstructure. Then, 

a hardness test was done with Rockwell A 

hardness test. Lastly, the XRD (x-ray diffraction) 

examination analyzed the specimen's existing 

phase. 

 

3. RESULT AND DISCUSSION  
    The OES (optical emission spectroscopy) 

characterization results in Table 1, the material 

used belongs to the low alloy austenitic stainless-

steel Cr-Mn. The composition of Ni as a 

stabilizer of austenite is relatively low, but the 

function of Ni is replaced by Mn so that the 

composition is relatively high. Reducing the 

composition of Ni by 1% must be replaced by 

adding 2% Mn to achieve austenite stability [20]–

[24]. 

    The Md30 and  SFE (stacking fault energy) 

values are 99.2 °C and 0.0109 J/cm2, respectively, 

indicating the very low possibility of martensite 

formation at room temperature during 

deformation [16]. 
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    Microplastic deformation marks and twinning 

were already observed on the as-received 

microstructure, indicating that the materials were 

already plastically deformed. Microplastic 

deformation twinning was successfully reduced 

with solution annealing treatment due to 

recrystallization, as shown in Fig. 2. 

  

 
                     (a)                                               (b) 

Figure 2. Microstructure of (a) as received and (b) after 

solution annealing with aqua regia etchant low alloy 

austenitic stainless-steel Cr-Mn 

     

    Based on energy calculation and dimensional 

measurement on the austenitic stainless-steel Cr-

Mn before and after repetitive hammering, more 

hammering from 50 to 350 cycles increase the 

hammering energy, reduce specimen thickness, 

and increase the true strain, as shown in Table. 2.  

Hammering energy achieved is much higher than 

the required (SFE) of materials (0.0109 J/cm2) 

calculated using Equation 1. 

 
Table 2. Hammering energy and true strain of low alloy 

austenitic stainless-steel Cr-Mn after repetitive hammering 

Cycle 

(n) 

Hammering 

Energy 

(J/cm2) 

Initial 

thickness 

(mm) 

Final 

thickness 

(mm) 

True 

Strain 

50 486 

9.30 

9.00 0.03 

100 2207 8.67 0.07 

150 2569 8.14 0.13 

250 6070 7.74 0.18 

350 11330 6.88 0.30 

 

    Increased the true strain of materials is the 

primary indicator of a higher degree of plastic 

deformation due to higher hammering energy. 

After repetitive hammering, slip band and cross-

band were observed on the microstructure of the 

486 J/cm2 hammering energy or 50 hammering 

cycle. The density of the slip band was increased 

along with the greater hammering energy. 

Furthermore, the wavy band was observed on 

austenitic stainless steel Cr-Mn microstructure 

that received higher hammering energy as in 150 

Hammering Cycle (2569 J/cm2 Hammering 

Energy) and 350 Hammering Cycle (11330 J/cm2 

Hammering Energy), while twinning phenomena 

were observed on all of austenitic stainless steel 

Cr-Mn. Slip bands and cross-band were easily 

formed on the austenitic stainless steel that 

received repetitive hammering due to its low SFE 

value; thus, both slip bands and cross-band will 

be formed on the material that experienced lower 

hammering energy [25]–[28]. 

 

 
                   (a)                                             (b) 

Figure 3. Microstructure of 50 hammering cycle (486 J/cm2 

hammering energy) and (b) 150 hammering cycle (2569 

J/cm2 hammering energy) with aqua regia etchant 

 

After repetitive hammering, plastic deformation 

on the specimen was confirmed by a 

metallography examination that showed a higher 

degree of slip-band and twinning inside the 

structure grain on the specimen that received 

higher hammering energy, as shown in Fig. 3 and 

Fig. 4.  
 

 
Figure 4. Microstructure of low alloy austenitic stainless-

steel Cr-Mn 350 hammering cycle (11330 J/cm2 hammering 

energy) with aqua regia etchant 

 

    In contrast, a higher SFE is needed to create a 

wavy band could explain why it is only observed 

on the higher hammering energy, such as on the 

2569 J/cm2 hammering energy. 

    The formation of the slip, cross, and wavy 

bands could obstruct the dislocation movement 

and cause strain hardening [29]–[31]. This 

phenomenon was observed in the hardness test 

result shown in Table 3.  The hardness of the 

stainless steel that was already reduced due to 

solution annealing treatment from 58 to 53.5 

HRA will be increased up to 71.6 HRA after the 

repetitive hammering process and following the 

increment of true strain, as shown in Fig. 5. 
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    The XRD analysis in Fig. 6 shows a decreasing 

austenitic peak (γ-111) intensity from 907 at the 

as-received to 542 at the material with 350 

hammering cycles (11030 J/cm2 hammering 

energy).  

 
Table 3. Hardness test result of as received, after solution 

annealing and after repetitive hammering low alloy 

austenitic stainless-steel Cr-Mn 

Specimen / Cycle 

(n) 

Hammering 

Energy 

(J/cm2) 

True 

Strain 

Hardness 

(HRA) 

As Received - - 58±1.57 

After Solution 

Annealing 
- - 53.5±0.85 

50 486 0.03 54.3 ± 0.81 

100 2207 0.07 58 ± 1.60 

150 2569 0.13 62.2 ± 0.55 

250 6070 0.18 67.6 ± 0.38 

350 11330 0.30 71.6 ± 0.36 

 

    The decreased intensity indicated the 

formation of the lattice distortion that formed the 

slip band [11], [29], [32]-[33]. Also, with 

hammering energy of 2.207 J/cm2, the ε and α' 

martensite phases appear due to relatively low 

SFE value in the austenitic stainless steel Cr-Mn 

specimen (10.9 mJ/m2) with the strain rate of 6.2 

s-1 [16]. 

0.00 0.05 0.10 0.15 0.20 0.25 0.30

50

55

60

65

70

75

H
a

rd
n

e
s
s
 (

H
R

A
)

True Strain (εt)  
Figure 5. Hardness vs. true strain curve of low alloy 

austenitic stainless steel Cr-Mn after repetitive hammering 

 

    Also, with hammering energy of 2.207 J/cm2, 

the ε and α' martensite phases appear due to 

relatively low SFE value in the austenitic 

stainless steel Cr-Mn specimen (10.9 mJ/m2) with 

the strain rate of 6.2 s-1 [16]. 

    Table 4 shows the impact energy of 11,330 

J/cm2, an increased FWHM (full width at half 

maximum) value from 0.452 to 0.483 compared 

to the initial material at hkl (111), indicates a 

widening and shift of the diffraction peaks caused 

by the formation of nano-twins measuring about 

5 nm and the increasing density of stacking faults 

[33]-[34]. 

 

    Nano-twin and stacking faults are planar 

defects that cause lattice parameters to change. 

Therefore, it causes a strain field to cause a shift 

and widening of the diffraction peak [9], [35]-

[36]. 
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Figure 6. XRD result on as-received material, 100 

hammering cycle (2207 J/cm2 hammering energy), 250(6070 

J/cm2 hammering energy), and 350 hammering cycle (11330 

J/cm2 hammering energy) low alloy austenitic stainless-steel 

Cr-Mn 

 

    The formation of nano-twins can occur due to 

mechanical twinning in the repetitive hammering 

process. 

 
Table 4. FWHM of as-received material, 100 hammering 

cycle (2207 J/cm2 hammering energy), 250(6070 J/cm2 

hammering energy), and 350 hammering cycle (11330 J/cm2 

hammering energy) low alloy austenitic stainless steel Cr-

Mn 

Austenitic 

SS Cr-Mn  

Treatment 
2θ Hkl FWHM 

Solution 

annealing 

43.4 (111) 0.452 
50.3 (200) 0.675 
74.4 (220) 1.024 

Hammering 

energy 

2207 J/cm2 

44.4 (111) 0.479 
46.9 (110) -0.050 
64.0 (102) 1.066 
81.5 (211) 0.708 

Hammering 

energy 

6070 J/cm2 

43.9 (111) 0.411 
51.0 (200) 1.211 
74.9 (220) 0.921 

Hammering 

energy 

11330 

J/cm2 

43.9 (111) 0.483 
51.0 (200) 1.538 

75.0 (220) 1.192 
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    At the same time, the stacking faults can 

appear because the SFE value of the austenitic 

Cr-Mn stainless steel of 10.9 mJ/m2 is relatively 

low. Thus, it is easier to form more stacking 

faults on the Cr-Mn austenitic stainless steel 

along with the given deformation widening of the 

diffraction peaks on the material from the 

repetitive hammering with the energy 11330 

J/cm2. The XRD analysis supports the 

microstructure analysis results. It shows that the 

increase in hardness in Cr-Mn austenitic stainless 

steels resulting from repetitive hammering is 

caused by strain hardening and an indication of 

mechanical twinning that forms nano-twin grains 

stacking faults. The sign of the presence of nano-

twin shows the success of the dynamic plastic 

deformation process using repetitive hammering 

[33]-[34]. 

  

4. CONCLUSIONS 
    Repetitive hammering process up to 350 

hammering cycles (11030 J/cm2 hammering 

energy) can cause the formation of slip band, 

cross band, and wavy band with the indication of 

the nano-twin presence on the Cr-Mn austenitic 

stainless steel. The repetitive hammering process 

also increased the hardness from 53.5 HRA to 

71.6 HRA, which shows the success of 

strengthening Cr-Mn austenitic stainless steel 

through the dynamic plastic deformation induced 

by repetitive hammering. 
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Abstract 
The 316L austenitic stainless steel is usually used in nuclear power plant. This steel has an austenitic phase at room 

temperature, and it can change grain size after being exposed at high temperatures. This study aims to investigate 

grain growth behavior and hardness of 316L austenitic stainless steel after cold-rolled and annealing to 1100 °C 

with holding times of 0, 900, 1800, 2700, 3600 s. The result showed that the grain growth of 316L austenitic 

stainless steel usually occurs. Austenite grain size of 316L increased with increasing holding time, resulting in 

hardness decreases. Experimental grain growth of 316L austenitic stainless steel shows no significant difference 

from the prediction, with an error of about 0.7. The highest Micro Vickers hardness is found at a grain size of 14.93 

µm. 

 

Keywords: Austenitic stainless steel 316L, grain growth kinetics, hardness, modeling 

 

1. INTRODUCTION 
    Due to its mechanical properties such as high 

tensile strength, good ductility, and high 

corrosion resistance, 316L austenitic stainless 

steel has many applications in industry and is 

commonly used as a structural material in nuclear 

power plants [1]. Austenite grain size and 

microstructure grain growth play an important 

role in determining mechanical properties [2]. 

For example, the hardness of steel decreases with 

increasing grain size. To increase the material’s 

hardness, the grain boundaries must be increased 

to make the grains as small as possible. Grain 

boundaries prevents movement of dislocations 

due to  lack of continuity of the slip plane from 

one grain to another, and dislocations 

propagating to other grains must change the 

direction of movement [3]. 

    Previous studies have been conducted on grain 

growth in austenitic stainless steels. Järvenpaa et 

al., [4] found that the finer the grain size of 

austenitic stainless steels, the higher the yield 

strength. Li et al., [5] studied the effect of cold 

rolling on the mechanical properties of 304N 

stainless steel. They found that the higher the  

cold  reduction, the more strained martensite was 

formed, which increased strength  but decreased 

elongation. Bedjati et al., [6] studied the effect of 

annealing temperature on the grain size of 

austenitic stainless steel Ni-free. They used cold 

rolling with a high rolling reduction of about 

80% and then reverse annealed at 900 °C for 100 

seconds to obtain ultra-fine and nano-sized 

austenite grain. Nano/ultra-fine grain size 

provides ultra-high-strength and excellent 

elongation. Jiang et al., [7] investigated the 

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
https://ejurnalmaterialmetalurgi.lipi.go.id/
mailto:msyifulan04@gmail.com


 

16 | Metalurgi, V. 37.1.2022, P-ISSN 0126-3188, E-ISSN 2443-3926/ 15-20 

microstructure and mechanical properties of high 

nitrogen austenitic stainless steel after aging at 

900 °C for 0 to 50 hours. They stated that the 

presence of intergranular Cr2N precipitation 

caused the Vickers hardness value to decrease 

and the Vickers hardness value to increase due to 

increased Cr2N precipitation, the formation of 

cellular Cr2N, and the intermetallic phase. 

Thikonova et al., [8] stated that the strength of 

metallic materials increases with ductility 

decreases. The controlled thermomechanical 

treatment includes post-deformation annealing 

resulting in a beneficial effect on the 

microstructure. Wang et al., [9] presented an air-

coupled probe for grain size characterization of 

316L stainless steel using  Rayleigh wave 

attenuation. Matt et al., [10] stated that the 

Arrhenius equation could predict the grain size of 

austenitic stainless steels by examining the 

behavior of materials at high temperatures. It was 

argued that the appearance of abnormal grain in 

the high-temperature region would absorb the 

surrounding grain, and the sediments generated at 

the grain boundary could be realized through the 

modified Arrhenius equation. 

    However, to the best of the author’s 

knowledge, studies on grain growth of 316L 

austenitic stainless steels due to cold rolling 

under low reduction have not yet been conducted. 

This study was designed to predict austenite grain 

size using the grain growth equation and the 

relationship between hardness and grain size. 

 

2. MATERIALS AND METHODS 
    In this experiment, Steel SS316L was used. 

Table 1 shows the chemical composition of the 

steel. The steel was cold-rolled with a reduction 

of 22%. It is then heated in a tube furnace using 

gaseous hydrogen at a temperature of 1100 °C 

and at a heating rate of 5 °C/min with holding 

times of 900, 1800, 2700, and 3600 s before 

quenching in the cooling zone. 

    The microstructure was observed in the steel 

sample using an optical microscope. The steel is 

polished by conventional metallographic methods 

and etched in aqua regia (80% HCl and 20% 

HNO3) for 1 min to reveal the boundaries of the 

austenite grains. Austenite grain size was 

determined by the mean linear intercept method. 

A hardness test was then performed on a Vickers 

micromachine with a load of 0.3 N. 

 
Tabel 1. Chemical composition of 316L ASS (wt.%) 

C Si Mn P S Ni Cr Mo Fe 

0.012 0.3 1.67 0.035 <0.005 9.45 17.33 2.1 Bal. 

 

3. RESULTS AND DISCUSSION 
    Figure 1 shows the microstructure of austenite 

grain of 316L after 22% reduction of cold rolling. 

This figure shows that the grain is not elongated 

after cold rolling, and many precipitates showed 

a dot in black spread out in the austenite matrix 

and grain boundary.   

 
Figure 1. Microstructure of austenite grain boundaries of 

SS 316L after cold rolling. Aqua regia etchant 

    Figures 2(a)-2(e) reveal that the annealing twin 

formed in each condition.  

 
Table 2. Grain size of SS 316L under different holding time 

at 1100 °C 
Holding time 

(s) 
0 900 1800 2700 3600 

Grain size 

(µm) 
14.93 23.56 26.18 28.97 29.28 

 

Annealing twin occurs due to the cold-rolling 

process followed by heat treatment as a result of 

rearranging the atoms during the grain growth 

process [11].  

 

   
                     (a)                                            (b) 

   
                      (c)                                              (d) 

                        
                                             (e) 

Figure 2. Microstructure of austenite grain boundaries under 

different heat treatment conditions of SS 316L at 1100 °C 

with the time (s); (a) 0, (b) 900, (c) 1800, (d) 2700, (e) 3600. 

Aqua regia etchant 
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Grain sizes for all annealing conditions are given 

in Table 2. 

    The results show that SS 316L grains grow as 

the holding time increases. Figure 3 depicts the 

experimental results for changes in grain size 

under all annealing conditions. 

 

 
Figure 3. Austenite grain size of SS 316L under different 

holding times at 1100 °C 

 

Table 3 shows experimental results on grain 

sizes and hardness of SS 316L annealed under 

different holding times at 1100 °C.  

 
Table 3. Experimental result on grain size and hardness of 

SS 316L annealed under different holding time at 1100 °C 
Holding time 

(s) 
0 900 1800 2700 3600 

Hardness micro-

Vickers (HV) 
149,4 148,6 148,1 147,3 146,8 

 

    Figure 4 shows that the hardness of the steel 

increases as the grain refinement degree increases. 

(d-0.5). It is because steels with small grain sizes 

have more grain boundaries, inhibiting the 

dislocation movement. Hence, it is difficult for 

the dislocation to move because it needs more 

energy to move across the grain boundary due to 

differences in atomic orientation. The data were 

obtained by the Hall-Petch relationship, that the 

hardness of the annealed steel decreases with 

grain size increases [12]. 
 

 
Figure 4. Relationship between grain size, d-0,5 and hardness 

value in SS 316L 

    Figure 5 compares the hardness value of SS 

316L in this study to other steels based on 

previous research. The hardness of most steels 

increases as the value of d-0.5 grain size 

increases. The steel type also influences the 

hardness value. Stainless steel 316L, for example, 

has a higher hardness value than FeCoNiMn but 

a lower hardness value than FeCoNiCrPd steel, 

253 MA, FeCo-NiCrMn, and CoNiMn. It means 

that a high concentration of Cr, W, V, Mo, Ti, Nb, 

and Mn can increase steel hardness on the exact 

value of d-0.5 grain size [13]. 

 

 
Figure 5. Hardness value of different type of steel under 

different annealing condition 

 

    Different pre-treatment and annealing 

treatments can result in an other kind of 

precipitate and affect the hardness of steel [12]. 

    The average grain growth of steel is often 

expressed by the following empirical Equation 1 

[14]. 

 

                                                            (1) 

 

Where D is the average grain size at time t, t is 

holding time, n is the grain growth exponent, and 

K is the temperature dependence. The value of n 

depends on the grain growth mechanism [15]. 

Based on the basic theory of grain growth, the 

predicted values of n are usually greater than or 

equal to 2 [16]. However, previous studies 

indicated that the value of n for austenitic 

stainless steel is around 0.128 to 0.443 [17].  

    Equation 1 describes the nature of grain 

growth when D is greater than the initial grain 

size (D0). However, the neglect of D0 can affect 

the value of the grain growth exponent. So, the 

influence of D0 on the grain growth behavior 

should be considered, and the equation was 

developed in Equation 2. 

 

                                     (2) 
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The relationship between the constant K and 

temperature follows the Arrhenius equation in 

Equation 3. 

 

                                            (3) 

 

Where K0 is the experimental parameter, Qgg is 

the activation energy of grain growth, R is the 

molar gas constant of 8.314 J/molK, and T is the 

heating temperature. 

Equations 2 and 3 can be combined to form 

a new equation as expressed in Equation 4. 

 

                            (4) 

 

The grain growth activation energy  (Qgg) of 

SS316L steel used in this study was data from the 

Barbosa study with a Qgg value of 320,000 [18].  

    Equation 5 was obtained by the logarithmic 

transformation of Equation 4. 

 

                   (5) 

 

    The constant values of n and K0 are calculated 

with Microsoft Excel's Solver. As a result, the 

optimal values for n and K0 are 5.78 and 

1.35x1017. The value of n in this study is similar 

to the basic grain growth theory. The difference 

between the simulated value and the study result 

is determined by calculating the SSE (sum of 

squares error). The resulting SSE value  is 0.7. 

This indicates that the simulation error value is 

0.7, and the simulation is close to the study 

results. Then, the empirical model of steel grain 

growth can be expressed as  Equation 6. 

 

         (6) 

 
Figure 6. Comparison grain size resulting from experiment 

and prediction in SS 316L 

 

    Figure 6 is a comparison of the measured grain 

size and the predicted grain size. This figure 

shows that the measured grain size strongly 

conforms with the modeling results. The research 

model produces a sloping graph, and it is because 

the research model has a significant value of n. 

An important value of n indicates the resistance 

due to sediments that impede grain growth. As 

the value of n increases, the simulation graph is 

skewed, indicating that the grain growth rate is 

not constant and the grain growth rate is 

decreasing. The constant value of K0 depends on 

the composition and process of the steel [19]. 

Therefore, the obtained n and K0 constant values 

can predict grain growth of 316L austenitic 

stainless steel after cold rolling with a 22% 

reduction.  

                                  

4. CONCLUSION 
    From the test results, it can be concluded that 

the effect of annealing holding time on the grain 

growth behavior and hardness of SS316L after 

low reduction cold rolling can be concluded: 

Growth of austenite grains usually occurs with 

longer holding times. When the annealing 

holding time was lengthened, the crystal grain 

size became slightly coarser, and the hardness 

decreased somewhat. The slight difference in 

crystal grain size and hardness at each annealing 

holding time is due to the slight reduction in cold 

rolling of 316L austenitic stainless steel. An 

empirical formula for predicting austenite grain 

growth at different retention times is obtained, 

and the prediction results end the experiment 

with an error of 0.7. 
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Abstract 
The purpose of this experiment was to separate magnesium ions and lithium ions from seawater in order to obtain a 

lithium concentrate solution product free of magnesium using a sodium silicate precipitation process. The sample 

used in this experiment was seawater from the Ancol Lagoon Area in North Jakarta. The seawater used has a high 

Mg/Li ratio of 10521 and contains 0.1674 ppm lithium ions and 1761 ppm magnesium ions. Before initial 

processing, seawater with high magnesium levels is not suitable as a raw material for the manufacture of lithium 

carbonate (active battery ingredient). The variables in the study were the addition of sodium silicate solution in 

amounts corresponding to 13, 27, 40, 53, 67, 80, 93, and 107% stoichiometry of magnesium ion. One step and 

multiple stages were used to add sodium silicate solution. The experimental results show that the addition of sodium 

silicate with 80% stoichiometry is the most effective, as indicated by a decrease in the Mg/Li ratio from 10521 to 64. 

The limitation of this study is that many lithium ions are still precipitated with magnesium silicate during the 

precipitation process, so the lithium ions lost in the filtrate reached 82.26% in the single-stage process. As a result, 

a multi-stage process with six processing steps was used. At single-stage optimum conditions, the sodium silicate 

addition was 1/6 of the volume of sodium silicate solution. The multi-stage process results could reduce lithium-ion 

loss in the filtrate from 82.26% to 76.54%. According to the findings of this study, the sodium silicate precipitation 

process was ineffective in separating lithium and magnesium ions from seawater in both single and multi-stage 

processes. 

Keywords: Magnesium ion separation, lithium ion separation, sodium silicate residue, seawater 

 

1. INTRODUCTION 
    Seawater in unlimited quantities is one of the 

future natural resource potentials. The volume of 

seawater in the hemisphere is estimated to be   

1.3 x 1018 tons, with a mineral content of 3.3%. 

Thus, the amount of minerals found in seawater 

around the world is estimated to be 3 x 1016 tons 

[1]. According to data from the 2015 USGS 

Mineral Commodity Summaries, the following 

cations are eligible for development from 

seawater mineral resources: Na, Ca, Mg, K, Li, 

Sr, Br, B, and U [1]. Based on the analysis of 

samples from various seawater regions around 

the world, the lithium potential is estimated to be 

230 billion tons. While the world's known lithium 

reserves on land total only 14 million tons [2], 

When lithium reserves are compared, the ocean 

has 16,429 more lithium reserves than the land.    

    To ensure the availability of lithium raw 

materials, lithium extraction process technology 

must be developed while considering the 

potential of lithium from seawater resources. The 

adsorption method is commonly used in the 

research and development of lithium raw 

materials from marine natural resources. In 

contrast, lithium research and development on 

land typically employs the precipitation method 

for brine water and an alkaline digester for rocks 

[3]. One of the seawater lithium extraction 

studies using the adsorption method is 

manganese dioxide-based adsorbs. Research with 

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
https://ejurnalmaterialmetalurgi.lipi.go.id/
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manganese adsorption materials includes: 

adsorbing with sieve MnO2.0,5 H2O [4], with a 

mixture of lithium manganese dioxide and 

chitosan granules [5] and using λ -MnO2 material 

in the form of hexagonal crystals [6]. The results 

of the three experiments showed that the 

adsorption capacity for the combination of MnO2 

with chitosan was 54.65 mg/g Li+ ions [5], the λ 

-MnO2 hexagonal crystalline material was 24.7 

mg/g Li+ ions [6]. The sieve MnO2 ion material, 

5 H2O is 10.05 mg/g Li+ ion [4]. In addition to 

the adsorption process, a continuous electrical 

pumping membrane process was developed with 

the results of increasing the lithium concentration 

from 0.1-0.2 ppm to 9013.43 ppm [7]. The 

electrolysis process using the Pulsed 

Electrochemical Intercalation method obtained 

lithium ion selectivity results of 1.8 x 104 [8], the 

process two-stage precipitation using NaOH, 

Na2CO3, and HCl with the product yield of 

Li2CO3 content above 99% [9] and the separation 

process using metal aluminum foil [10]. 

    Indonesia, a maritime country in the form of an 

archipelago, has the second longest beach in the 

world [11]. Therefore, mastery of seawater 

treatment technology into useful products must 

be done. Currently, the use of mineral resources 

from seawater in Indonesia is only in salt 

production. The total salt production in Indonesia 

from 44 regions in Indonesia was 2,915,461.17 

tons in 2016 [11]. Until now, there has been no 

use of seawater in Indonesia to produce lithium 

carbonate products. Constraints faced in the 

process of extracting lithium from seawater 

resources are the very high ratio of lithium to 

magnesium (ratio Mg/li) and low levels of 

lithium from seawater. For example, the lithium 

content of seawater on the Lamongan beach is 

0.17 ppm [12]. Based on the theory, with a low 

lithium content of about 0.18 ppm and an Mg/li 

ratio above 7000, it is challenging to be 

economically processed into lithium carbonate 

products [13]. 

In this research, the process of separating 

lithium ions and magnesium ions from seawater 

will be carried out using the sodium silicate 

precipitation process. In previous experiments 

with bittern as raw material from salt pond waste, 

the results obtained were only able to take up 

about 20% lithium ions, and the Mg/Li ratio was 

1033 [12]. The precipitation process is one of the 

most straightforward and most practical lithium 

and magnesium ion separation processes [14]. In 

several methods, separating lithium ions and 

magnesium ions in brine water with the 

precipitation process showed promising results. 

The separation process for lithium and 

magnesium ions includes the precipitation 

process with the following materials: aluminum 

metal powder and sodium sulfate [15], oxalic 

acid and sodium carbonate with brine water 

Bledug Kuwu as raw material [16], ammonium 

phosphate for lithium anolyte concentrate as raw 

material [17], and the precipitation process with 

sodium metasilicate as precipitating agent [18]. 

    The separation of magnesium ions and lithium 

ions will do to obtain a filtrate containing only 

lithium ions and no magnesium ions. This filtrate 

will be use as a raw material in the production of 

lithium carbonate. Lithium carbonate is a key 

ingredient in the production of lithium batteries. 

  

2. MATERIALS AND METHODS  
    In this experiment, the precipitation process 

carried out the separation of lithium ions and 

magnesium ions in seawater. In this study, the 

principle of separating lithium ions and 

magnesium ions in seawater is the process of 

precipitation of magnesium ions with sodium 

silicate to produce magnesium silicate deposits. 

The reaction of sodium silicate with magnesium 

ion occurs in various possibilities, based on a 

literature study on the reaction of sodium silicate 

with magnesium ion as in the manufacture of 

synthetic talc, by reaction [19]. 

 
4 (Na2SiO3) + 3 (MgCl2) + 2 HCl + m H2O == Si4Mg3O11.n 

H2O + 8 NaCl + (m-n+1)H2O (1) 

 

    From reaction (1), a solid magnesium silicate 

and a filtrate free of magnesium ions were 

obtained. The effectiveness of the precipitation 

process can be seen from the decrease in the ratio 

of Mg/li ions in the filtrate due to a decrease in 

magnesium ions in the filtrate. In addition to 

reducing the ratio of magnesium to lithium ions, 

the percentage of lithium ions removed in the 

filtrate was also considered. The rate of lithium 

ions lost is formulated as follows: 

 
X (%)     =   {( A – B)/A } * 100 %  ……… (1) 

 
Descriptions: 

X = Percentage ion remove  

A = Mass ion in Raw Material 

B =Mass ion in Filtrate after precipitation of sodium 

silicate 

 

2.1 Materials  

    In this experiment, the seawater was taken 

from the Ancol Beach Lagoon, Jakarta, Indonesia. 

The ICP-OES (inductively coupled plasma-

optical emission spectroscopy) analysis was 

carried out to identify seawater’s chemical 

composition of seawater as shown in Table 1. 
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The precipitant was a sodium silicate solution 

derived from this study’s water glass dilution 

process. The water glass used was sold in the 

market as a very thick solution containing a high 

concentration of sodium silicate.  

 
Tabel 1. Chemical composition of seawater and sodium 

silicate ( ppm) 

Element Seawater Sodium Silicate 

Magnesium (Mg) 1761 37.73 

Sodium (Na) 4932 27126 

Lithium (Li) 0.1674 - 

Potassium (K) 243 201 

Calcium (Ca) 421 54 

Boron (B) 5,16 131 

Ratio Mg/li 10521 - 

 

2.2 Methods  

    In this experiment, the seawater performed a 

filtration process to remove solid impurities. The 

seawater of Jakarta Bay has high levels of nitrate, 

phosphate, and excessive algae growth [20]. In 

the filtration process, sufficient activated carbon 

was added to seawater to obtain clear seawater. 

After getting a clear solution, the precipitation 

process was prepared.  

    The precipitation process was carried out by 

adding sodium silicate solution calculated based 

on the stoichiometry of the magnesium ion. The 

stoichiometric variables are 13, 27, 40, 53, 67, 80, 

93, and 107%. Precipitation experiments with 

sodium silicate solution were carried out at room 

temperature (without heating), a processing time 

of 5 minutes, and a stirring speed of 300 rpm. 

After the precipitation process was carried out, 

the residual solid and filtrate were obtained, and 

then the separation process was carried out. The 

filtrate obtained was then measured in volume 

and analyzed for ion concentration using ICP-

OES. The solids obtained are then measured by 

weight, and the drying process is carried out. The 

obtained solids were then analyzed by XRD (x-

ray diffraction). After analyzing the filtrate and 

solids, the data was investigated to get the best 

condition of the experiment.  

In the sodium silicate precipitation experiment, 

two processes were carried out, namely single-

stage and multi-stage processes (Figure 1). In the 

first stage, a single-stage process is carried out, 

namely the sodium silicate precipitation process 

which is given in one stage of the process. After 

knowing the optimum conditions for the single-

stage process with the addition of 80% 

stoichiometric sodium silicate, a multistage 

process was carried out under these conditions. In 

this experiment, the multistage process was 

carried out six times. The addition of sodium 

silicate at each stage of the multistage process is 

1/6 of 80% stoichiometric sodium silicate. So 

that each stage was added 13.33 % stoichiometric 

sodium silicate.  

 
 

Figure 1. The progression of stage in this study 

         

    Based on the data from the ICP-OES analysis 

before the precipitation process (Table 1) and the 

ICP-OES analysis after the precipitation process 

(Table 3), a comparison ratio of elemental 

concentrations can be made. The formula for the 

ratio of the concentration of elements is as 

follows: 

 
R    =  ( CA  /  CB  )  …………………. (2) 

 
Descriptions: 

R   = Ratio Concentration 

CA = Concentration Filtrate Product  

CB = Concentration seawater   

 

 

3. RESULT AND DISCUSSION 
3.1 Single-Stage Process   

    Magnesium ions in seawater react with sodium 

silicate to form a white precipitate during the 

separation of magnesium ions and lithium ions 

from seawater. The white precipitate is formed 

by the reaction of magnesium ions and silicate 

ions, which results in the formation of a new 

compound of magnesium silicate that is insoluble 

in water. 
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3.1.1 Ratio Mg/Li in Filtrate after   

Precipitation  

    The sodium silicate precipitation process was 

carried out in this study with variable sodium 

silicate addition. Figure 2 depicts the effect of 

sodium silicate on the Mg/Li ratio. In addition to 

up to 40% sodium silicate, the stoichiometric 

separation of lithium-ion and magnesium ions did 

not produce an effective separation. This is due to 

the lack of a significant decrease in the Mg/Li 

ratio. With the addition of 40% stoichiometric 

sodium silicate, the Mg/Li ratio increased to 

11417. 

    With more than 40% stoichiometric sodium 

silicate, the Mg/Li ratio decreased to 3426; with 

53% stoichiometric sodium silicate, the Mg/Li 

ratio decreased to 306; and with 67% 

stoichiometric sodium silicate, the Mg/Li ratio 

decreased to 306 (Fig 2). 

 
Figure 2. Effect of the addition of sodium silicate on the 

Mg/Li ratio in the single-stage precipitation process 

 

    The Mg/Li ratio dropped to 3426 with more 

than 40% stoichiometric sodium silicate. The 

Mg/Li ratio was reduced to 306 after the addition 

of 53% stoichiometric sodium silicate and then 

67% stoichiometric sodium silicate (Fig 2). The 

addition of 60 mL sodium silicate, or 80% 

stoichiometry, produced the best results; the 

Mg/Li ratio was 64. The Mg/Li ratio did not fall 

below 64 in the sodium silicate range of 80% 

stoichiometric to 107% stoichiometric. Instead, it 

was increased to 152 by adding 93% 

stoichiometric sodium silicate (Fig 2). According 

to the experimental results, the Mg/Li ratio 

decreases not only as a result of reduced 

magnesium ions in the filtrate, but also as a result 

of reduced lithium ions in the filtrate. 

 

 

 

 

 

3.1.2 The Percentage of Ion Removal in 

Filtrate after Precipitation (Single- 

Stage) 

    The sodium silicate precipitation process, 

which can reduce the Mg/Li ratio from 10521 to 

64, opens the door to the possibility of extracting 

lithium from seawater. Previous research 

concluded that lithium resources with Mg/Li 

ratios greater than 7000 are impossible to extract 

[13]. 

    In addition to the Mg/Li ratio factor, the mass 

percentage of lithium ions removed from the 

filtrate after the precipitation process is shown. 

The sodium silicate precipitation experiment 

results show that the concentration of lithium 

ions and magnesium ions decreases as 

magnesium ions precipitate to form magnesium 

silicate solids. The experimental results with the 

variable addition of sodium silicate show that the 

addition of sodium silicate up to 40% increases 

the mass removal of lithium and magnesium ions. 

With the addition of 40% stoichiometric sodium 

silicate, the number of lithium ions removed 

increased to 74.93% and magnesium ions 

decreased to 72.79%. (Fig 3). 

     

 
 
Figure 3. Effect of the addition of sodium silicate on the 

percent ion remove infiltrate in the single-stage precipitation 

process 

 

The precipitated magnesium ion increased when 

the sodium silicate concentration was increased 

above 40%. Meanwhile, the lithium-ion 

concentration did not decrease significantly, so 

the process of separating lithium and magnesium 

ions became visible. The percentage of lithium-

ion loss increased slightly to 77% after the 

addition of 53% stoichiometric sodium silicate. 

When sodium silicate was added to the optimum 

point of 80% stoichiometry, it became 82.26% 

(Fig 3). The percentage of magnesium ions in 

sodium silicate above 40% still increased, with 

the addition of 53% sodium silicate resulting in 

92.49% precipitated magnesium ion, and the 
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optimum addition of sodium silicate was 80% 

magnesium ion precipitated to 99.89% (Fig. 3). 

    The sodium silicate precipitation process 

successfully precipitated magnesium ions, 

according to the experimental results; the 

optimum results showed that 99.89% of 

magnesium ions were present in the solid-state, 

which precipitated into magnesium silicate 

according to the reaction (1). However, because 

many lithium ions are bound in solid magnesium 

silicate as a gel during this precipitation process, 

lithium ions are removed in the filtrate up to 

82.26%. According to a literature review, 

magnesium silicate is formed by the precipitation 

of sodium silicate with magnesium ions in the 

form of a tetrahedral-octahedral gel. The 

tetrahedral-octahedral gel can bind lithium ions 

to form a formulation similar to hectorite [21]. 

This demonstrates that solid magnesium silicate 

has adsorbed lithium ions, as evidenced by the 

relatively high percentage of lithium in the 

filtrate. The lithium-ion concentration in the 

filtrate is found to be relatively low, at 0.1674 

ppm. 

 

3.2 Multi-Stage Process 

    The single-stage experiment yielded the best 

results for removing 99.98% magnesium ions and 

82.26% lithium ions from the filtrate. The sodium 

silicate precipitation process, which can reduce 

the Mg/Li ratio from 10521 to 64, opens the door 

to the possibility of extracting lithium from 

seawater. 

    The six-stage experiment was carried out in 

reference to the previous single-stage process's 

optimal condition. The goal of the multi-stage 

experiment was to reduce lithium ion loss and 

increase magnesium ion removal in the filtrate, 

so that the separation of magnesium and lithium 

ions in the filtrate improved and the Mg/Li ratio 

decreased. The optimum condition for adding 

sodium silicate based on the results of the single-

stage experiment was 80% stoichiometry or 60 

ml of sodium silicate solution. As a result, in a 

multi-stage experiment, 10 ml of sodium silicate 

was added to the filtrate per step (6 stages) to 

ensure that the chemical precipitation process ran 

smoothly. Previous researchers had never 

conducted multi-stage experiments in seawater 

using sodium silicate chemical precipitation 

techniques. Assume the multi-stage process is 

effective in significantly reducing lithium ion 

loss in the filtrate. In that case, further research 

will be conducted to optimize the multi-stage 

process. 

 

3.2.1 Ratio Mg/Li in Filtrate after 

Precipitation 

    According to the Mg/Li ratio, the multi-stage 

process yields a higher Mg/Li ratio than the 

single-stage process. The Mg/li ratio was 64 in 

the single-stage process and 110 in the multi-

stage process. This indicates that the multi-stage 

process has lower selectivity for magnesium and 

lithium ions than the single-stage process. 

    Figure 4 shows that the Mg/li ratio decreases 

dramatically with each step of the multistage 

sodium silicate process, from stage 1 (13.33% 

stoichiometric sodium silicate) to stage 4 

(53.33% stoichiometric sodium silicate). The 

decrease in the Mg/li ratio is very small in the 

multistage process at stages 5 (66.66% 

stoichiometric sodium silicate) and 6 (80% 

stoichiometric sodium silicate). Because the 

number of magnesium ions in the filtrate is 

already deficient at stages 4, 5, and 6, only a 

small amount of magnesium ions can be taken up 

again with the addition of sodium silicate in the 

next stage. 

 
Figure 4. The effect of the addition of sodium silicate on the 

Mg/Li ratio in the multi-stage sodium silicate precipitation 

process 

 

When the multi-stage experiment results were 

compared to the single-stage investigation, the 

multi-stage process produced a higher Mg/Li 

ratio than the single-stage process. 

 

3.2.2 The Percentage of Ion Removal in   

Filtrate after Precipitation (Multi-Stage) 

    The multistage process in this experiment was 

carried out in six steps, with each step adding 10 

ml of sodium silicate solution, bringing the total 

to 60 ml (80% stoichiometric). This is based on a 

single-stage experiment in which the addition of 

60 ml of sodium silicate (80% stoichiometric) 

produced the best results, with the percent 

lithium-ion loss reaching 82.26% (Fig 2).  
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    The results of the multi-stage experiment 

showed that the percentage of lithium ions lost 

increased significantly from the first to fourth 

stages. The number of lithium ions lost in the 

fourth stage was 75.41% (Fig 4).  

 

 
 

Figure 5. Effect of the addition of sodium silicate on the 

percentage of ion removal infiltrate in the multi-stage 

precipitation process 

 

    The lithium-ion removal process in the first to 

fourth stages is also consistent with the 

magnesium ion precipitation process, in which 

the precipitated magnesium ion reaches 99.50% 

purity in the fourth stage (Fig. 5). The 

experimental results at stages 5 (66.66 percent 

Stoichiometric Sodium Silicate) and 6 (80 

percent Stoichiometric Sodium Silicate) revealed 

that the percentage of lithium ions reduced in the 

process fell to 76.54 percent at the end of the 

precipitation process (Fig 5). When compared to 

the single-stage process, the multi-stage process 

reduced lithium-ion removal from 82.26 percent 

(Fig. 2) to 76.54 percent (Fig. 5). The multi-stage 

process could only precipitate 99.67 percent 

magnesium ions (Fig. 5), which was less than the 

single-stage experiment, which could precipitate 

up to 99.89% magnesium ions.  

Because the results of the multi-stage 

investigation were slightly better than the single-

stage process, it is necessary to develop different 

process technology to reduce the lithium removal 

from the filtrate after precipitation. 

 

3.3 The comparison of Associated Elements 

of Filtrate after Precipitation Process for 

Single-Stage and Multi-Stage Products 

    After obtaining the filtrate product from the 

single-stage and multistage processes, an ICP-

OES (inductively coupled plasma-optical 

emission spectrometry) analysis of the elemental 

content in the filtrate was performed in the study. 

This paper compares the element concentrations 

determined by ICP-OES analysis of the 

precipitation filtrate to the results of ICP-OES 

analysis on seawater in Table 1. After learning 

the results of each element's ICP-OES analysis in 

seawater and filtrate products in Table 2. 

Following the precipitation process, the 

magnesium content of seawater was determined 

to be 1761 (Table 1) ppm to 2.08 ppm for the 

single-stage precipitation process and 4.91 ppm 

for the multi-stage precipitation process based on 

the filtrate results.  

 
Tabel 2. Chemical composition of seawater and sodium 

silicate ( ppm) 

Element Single-Stage Multi-Stage 

Magnesium (Mg) 2.08 4.91 

Sodium (Na) 4957 5773 

Lithium (Li) 0.0324 0.0447 

Potassium (K) 148 172 

Calcium (Ca) 8 29 

Boron (B) 1.98 1.53 

Ratio Mg/li 64 110 

 

    Because the magnesium content requirement is 

173 ppm, the resulting filtrate has the potential to 

be a lithium carbonate product based on the 

shallow magnesium content. However, due to the 

low lithium recovery, processing it into 17,350 

ppm lithium concentrate is difficult. According to 

the literature, the concentrate solution for 

crystallization of lithium carbonate must contain 

17.350 ppm lithium-ion and 173 ppm magnesium 

ion [22]. The ICP-OES analysis revealed that, 

with the exception of the element sodium, all ions 

in the filtrate decreased in concentration after the 

sodium silicate precipitation process. 

     

 
Figure 6. Comparison of the concentration of elements 

infiltrates after the precipitation process between a single-

stage and multi-stages (80 % stoichiometric sodium silicate) 
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The sodium element in the filtrate product results 

from sodium silicate precipitation; the sodium 

content rises due to ion exchange during the 

precipitation process, particularly magnesium and 

calcium ions. 

    The ion analysis results show that the multi-

stage process is more profitable, as evidenced by 

an increase in the content of lithium ions in the 

filtrates. With the six-stage method, a lithium 

concentration ratio after precipitation of about 

0.267 was obtained in the multi-stage process. In 

the single-stage experiment, the lithium 

concentration ratio was 0.193. (Fig. 6). However, 

the magnesium element increased in the filtrate 

with the multi-stage methods, rising from a ratio 

concentration of 0.00118 (single-stage) to 

0.00279 (multi-stages) (Fig. 6). The increase in 

magnesium ions in the filtrate increased the Mg/li 

ratio from 64 in the single-stage process to 110 in 

the multi-stages (Fig. 5). According to the 

experimental results, the technology for 

extracting lithium concentrate from seawater 

using the sodium silicate reagent is extremely 

difficult. Until now, the process of extracting 

lithium from seawater has been developed using 

various methods in combination. No industry has 

been able to economically extract lithium from 

the sea. Lithium is extracted commercially from 

brine water with a low Mg/Li ratio all over the 

world. Salar de Atacama in Chile, for example, 

has a Mg/Li ratio of 6.4, Salar Del Hombre 

Muerto in Argentina has a Mg/Li ratio of 1.4, and 

Silver Peak in the United States has a Mg/Li ratio 

of 1.4 [14]. 

 

3.4 The comparison of Solid Product 

3.4.1 Percent Solid after Precipitation 

    The results of the process with variable sodium 

silicate addition show that the more sodium 

silicate added, the more white precipitate is 

formed. According to the experimental data, the 

addition of sodium silicate from 13% to 67% 

stoichiometric shows a significant increase. 

There was a decrease in the formation of white 

magnesium silicate precipitate with the addition 

of between 67% and 80% stoichiometric. Figure 

7 shows that the accumulation of 67 percent 

stoichiometric solids yielded 27.46% and the 

accumulation of 80% stoichiometric solids 

yielded 24.25%. 

Because 100% stoichiometric sodium silicate 

with a magnesium ion has not been achieved, 

there should be no decrease in solids recovery 

based on the stoichiometric sodium silicate with a 

magnesium ion addition of between 67% 

stoichiometric to 80% stoichiometric. Several 

possibilities exist, including the reaction of 

sodium silicate and calcium ions to form calcium 

silicate in the mineral wollastonite [23]. The 

second possibility is that some magnesium ions 

become trapped in the gel and do not react with 

the other sodium silicates. 

 
 

Figure 7. The effect of adding sodium silicate to the single-

stage precipitation process on the increase in percent solid 

 

    The solids formed in a multi-stage process are 

similar to those formed in a single-stage process 

(Fig. 8). 

 
 

Figure 8. The effect of the addition of sodium silicate on the 

multi-stage precipitation process on the increase in percent 

solid 

 

    Figure 8 shows that the maximum solid 

percent formed in the multi-stage process is 

24.72%, while in the single-stage process the 

percent solid obtained is 24.25% (Fig 6). The 

comparison of multi-stage and single-stage 

experimental results shows that the single-stage 

process stores relatively more lithium, 

magnesium, and other ions than the multi-stage 

process.  
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3.4.2 The Phase of Solid Product 

    XRD (x-ray diffraction) analysis was 

performed on solids resulting from single-stage 

and multi-stage precipitation processes.  

 

 
 

Figure 9. Comparison of XRD analysis results on solid 

products resulting from sodium silicate precipitation with 

single-stage and multi-stage processes 

 

XRD analysis revealed that solid magnesium 

silicate formed peaks at 27.38°, 31.70°, 45.44°, 

56.44°, 66.16°, 75.30°, and 83.93° (Fig 9). By 

looking at the peak point, the analysis carried out 

with the Match Three program shows five 

possible compounds with the cations Magnesium, 

Calcium, Sodium, and Silica. These compounds 

include Enstantite, Pseudo Wollanstonite, Halite, 

Periclase, and Cristobalite. Figure 9 shows that 

the solid form with the single-stage process is 

still an amorphous compound; in the multistage 

process it is a crystalline compound with visible 

peaks. From the results of the Match Three 

analysis, it can be seen that the composition of 

the solid compounds.  

    The results of XRD analysis show that the 

composition of compounds differs between the 

single-stage and multi-stage processes, with the 

single-stage process dominated by silica and the 

multi-stage process dominated by magnesium 

silica. In general, the component composition of 

the solid product is similar to that of talc, with 

SiO2 content of 59.6% and MgO 19.3% in 

single-stage production (Table 3). 

 
Tabel 3. Compound arrangement based on Match Three 

analysis 

Compound Single-

Stage 

Multi-

Stage 

[96-901-1582] MgO3Si Enstantite 19.3 81.2 

[96-1010955] O2Si Silicon Oxyde 

Cristobalite 

59.6 0.5 

[96-901-1223] CaO3Si Pseudo 
Wollanstonite – 4 A 

20.0 6.8 

[96-432-0810] Cl Na Halite 0.1 6.4 

[96-101-3203] Mg O Periclase   1.1 5.2 

 

From the results of the XRD analysis, it can 

be seen that the reactions that occur in the 

precipitation process of sodium silicate and 

seawater are as follows in the equations below. 

 
Na2SiO3  + Mg2+  ===  MgO3Si (Enstantite)  +  2  Na+…(2) 

 

Na2SiO3  + Mg2+  === MgO (Periclase) + SiO2 

(Chrystobalite) + 2 Na+ …(3) 

 

Na2SiO3  +   Ca2+   ===  CaO3Si (Pseudo Wollanstonite) + 2 

Na+ …(4) 

 

    Talc compounds found in Turkey have a 

chemical structure of Mg3(Si2O5)2(OH)2. 

Theoretically, it has a chemical composition of 

63.5 wt.% of SiO2, and 31.7 wt.% of MgO, and 

4.8 wt.% of H2O [24]. From the results of solids 

characterization, it can be seen that there is a 

possibility that the solids can be used as raw 

material for synthetic talc. 

 

4. CONCLUSIONS 
    The goal of this experiment is to separate 

magnesium ions from seawater in order to 

liberate a lithium solution from magnesium ions. 

The precipitation experiment results revealed that 

the addition of 80 percent stoichiometric sodium 

silicate resulted in the most effective separation 

of lithium and magnesium ions. The Mg/Li ratio 

in the filtrate was reduced from 10521 before 

precipitation to 64 after precipitation, which was 

the most effective result. When lithium and 

magnesium ions are separated using the sodium 

silicate precipitation process, the removed 

lithium from the filtrate is 82,26%. The multi-

stage process could only reduce the amount of 

lithium-ion lost in the filtrate from 82.26% to 

76.54%. According to the findings of this study, 

the sodium silicate precipitation process was 

ineffective in separating lithium and magnesium 

ions from seawater in both single-stage and 

multi-stage processes. Because the obtained 

solids have a chemical structure similar to talc, 

solid products could be used as basic ingredients 

in the pharmaceutical industry. 
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Abstract 
The utilization of manganese dioxide (MnO2) as a cathode material for lithium-ion batteries has attracted 

considerable attention due to its high theoretical storage capacity of 615 mAh/g. In this study, the synthesis of MnO2 

was carried out from manganese sulfate (MnSO4) precursor, a pregnant solution from the leaching process of 

manganese ore from Trenggalek Regency. The electrolysis method has been used in this synthesis of MnO2 in an 

electrochemical cell consisting of two graphite electrodes with dimensions of (16 x 5 x 0.3) cm. The purpose of this 

study is to determine the effect of voltsage and time on particles produced of MnO2, the phase and crystal structure 

by MnO2, and its morphological microstructure. The electrolysis process was carried out in 2,000 ml of MnSO4 

solution under constant stirring at 60 °C with DC voltsage varied by 2, 4, 6, and 8 volts and time run by 4, 8, 12, 

and 16 hours. The precipitates formed at the anode were separated, then the particles were dried at 110oC for 2 

hours. The composition of MnO2 was analyzed by XRF (x-ray fluorescence), the phase and crystal structure were 

evaluated by XRD (x-ray diffraction), and the morphological microstructure was captured by SEM (scanning 

electron microscope). The results revealed that the highest mass gain of MnO2  produced is 31.63 grams which are 

electrolyzed at 8 voltss for 16 hours. The highest purity of MnO2 is 89.23% which is electrolyzed at 2 voltss for 16 

hours. The particles produced were α-MnO2 with a tetragonal crystal system and nearly spherical with size particles 

ranging from 136.01-202.48 and 144-352 nm. 

 

Keywords: Manganese sulfate, manganese dioxide, electrolysis, crystal structure, polymorphy 

 

1. INTRODUCTION 
    Manganese mineral is one of Indonesia’s 

natural resources. The manganese mineral 

occurs in nature commonly as pyrolusite 

(MnO2) and psilomelane (BaH2O2.Mn5O10). 

According to the United States Geological 

Survey (USGS), about 85-90% of manganese 

use in the world is applied to the metallurgical 

industry. In comparison the remaining 10% is 

applied to the non-metallurgical industry. 

According to the Geological Agency, in 2015, 

Indonesia had 61,631,820 tons of manganese 

ore resources and 87,236,536 tons of manganese 

ore reserves spread across several regions in 

Indonesia [1]. Trenggalek Regency in East Java 

Province has one the best quality of manganese 

ores [2].  

    Manganese ore in Trenggalek Regency is 

found as pyrolusite with a Grade A quality that 

contains above 40% MnO2 [3]-[4]. The 

compositions of manganese ore from the 

Trenggalek Regency are shown in Table 1, 

which shows that the MnO2 level in manganese 

ore from Trenggalek Regency is about 46.03% 

[5]. However, the manganese ore from 

Trenggalek Regency has not been used 

optimally [2],[4]. Therefore, further research is 

needed to get the desired product, especially 

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
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using MnO2 as cathode material for lithium-ion 

batteries. 

 
Table 1. XRF analysis results of manganese ore from 

Trenggalek Regency [5] 

Compounds Wt. % 

Manganese (MnO2) 

Silica (SiO2) 

Iron Oxide (Fe2O3) 

Calcium (CaO) 

Barium (BaO) 

Phosphor (P2O5) 

46.03 

48.73 

3.77 

1.10 

0.46 

0.56 

 

    Lithium-ion batteries have been widely 

developed because of their advantages; a high 

energy efficiency of about 75-90%, long cycle 

life of about 500-2000 cycles, and low self-

discharge of about 5-10% per month [6]. Cobalt 

has been commonly used in commercial lithium-

ion batteries, known as LCO (lithium cobalt 

oxide). However, the development of LCOs is 

hampered due to their high cost and 

environmental issues, which are considered 

unfriendly to the environment [7]. Various 

oxides of transition metals have been studied as 

alternative cathode materials for lithium-ion 

batteries. From the different transition metal 

oxide, manganese dioxide (MnO2) has attracted 

so much attention to be used as a cathode 

material for lithium-ion batteries due to its high 

storage capacity of 615 mAh/g [8], which is 

expected to fulfill the demands of high 

performance of lithium-ion batteries. Manganese 

dioxide is also considered to have the potential to 

be used as a lithium-ion battery cathode because 

of its abundant natural resources [9]. 

    Manganese dioxide has various polymorphic 

crystal structures, including β-, α-, δ-, and γ- 

MnO2. The electrochemical properties of 

manganese dioxide depend on the crystal 

structure and morphology of the oxide. From the 

various polymorphic crystal structures of 

manganese dioxide, α-MnO2 has special attention 

as a cathode material for lithium-ion batteries 

due to the presence of a 2x2 tunnel in its crystal 

lattice, which is considered to facilitate 

accommodation and transport for the inclusion of 

lithium ions [10].  

MnO2 particles can be prepared by the 

electrolysis method. The electrolysis method was 

chosen in this study due to its uncomplicated 

process compared with hydrothermal, sol-gel, 

sonochemical, and other methods. Widiyastuti et 

al., [11] reported that -MnO2 had been 

successfully prepared from the KmnO4 solution 

by electrolysis method using two carbon 

electrodes with 2 voltss applied. The particles 

were rod-like in shape with a diameter of 493.22 

nm. In this study, the synthesis of MnO2 by 

electrolysis method will be developed from 

manganese sulfate (MnSO4) precursor, which is a 

pregnant leach solution from the leaching process 

of manganese ore from Trenggalek Regency. The 

Electrolysis process was carried out with 

variations of voltsage and time to determine its 

effect on the mass gain of obtained MnO2 and to 

determine the polymorphic crystal structure and 

the morphology of obtained MnO2. 

  

2. MATERIALS AND METHODS  
    A pregnant leach solution of manganese 

sulfate (MnSO4) produced by the leaching 

process of manganese ore from Trenggalek 

Regency was used as a precursor in this study. 

This process was carried out in an 

electrochemical cell consisting of two graphite 

electrodes with dimensions of (16 x 5 x 0.3) cm. 

The schematic of the electrolytic cell is shown in 

Fig.1. The electrodes were set in parallel with the 

anode connected to (+) and the cathode 

connected to (-) polar of the DC power supply. 

The distance between anode and cathode was 5 

cm, and both anode and cathode were immersed 

into MnSO4 solution with a final depth of 8 cm. 

    The sample was first filtered and then analyzed 

by ICP-OES (inductively couple plasma-optical 

emission spectroscopy) to determine the 

compositions of MnSO4 solution before being 

processed by the electrolysis method. The 

electrolysis process was carried out in 2000 ml of 

MnSO4 solution under constant stirring at 60oC 

with DC voltsage varied by 2, 4, 6, and 8 voltss 

and time varied by 4, 8, 12, and 16 hours. The 

precipitates formed at the anode were separated, 

then the particles were dried at 110 °C for 2 

hours to get a powder of MnO2. At the end of the 

experiment, the product was weighed to 

determine the mass gain of obtained MnO2. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. The schematic of electrolytic cells 

 

The compositions of MnO2 were then analyzed 

by XRF (x-ray fluorescence), the phase and 
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crystal structure were also evaluated by XRD (x-

ray diffraction), and the morphological 

microstructure was captured by SEM (scanning 

electron microscope) for further analysis. 
 

3. RESULT AND DISCUSSION 
    The ICP-OES (inductively couple plasma-

optical emission spectroscopy) results of MnSO4 

solution before processed by electrolysis method 

are shown in Table 2 which shows that the 

manganese (Mn) level in MnSO4 solution is 

384.033 ppm. 
Table 2. MnSO4 initial composition analyzed by ICP-OES 
Element ppm Element ppm 

Ag 

Al 

Ca 

Co 

Cr 

Cu 

0.01178 

0.36621 

3.32535 

0.03355 

0.08665 

0.21774 

Fe 

K 

Mg 

Mn 

Na 

Ni 

0.05516 

0.05516 

1.02671 

384.033 

0.99584 

0.07297 

 

    In a synthesis of MnO2 prepared by the 

electrolysis method, electrical energy is 

converted directly into chemical energy, which is 

stored in the products of the reaction. When the 

current is passed through the MnSO4 solution, the 

reaction will occur as an anodic and cathodic 

reaction. The anodic reaction would be processed 

in three steps, as shown in Equations (1)-(3). The 

cathodic reaction and the overall reaction can be 

written as shown in Equation (4)-(5) [12]. During 

the reaction, manganese is deposited at the anode 

as MnO2. 

 
Mn2+ + 2H2O ⇌ MnO2 + 4H+ + 2e- (1) 

MnO2 + Mn2+ + 2H2O ⇌ 2MnOOH + 2H+ (2) 

MnOOH ⇌ MnO2 + H+ + e- (3) 

2H+ + 2e- ⇌ H2 (4) 

MnSO4 + 2H2O ⇌ MnO2 + H2SO4 + H2 (5) 

 

     The color transformation of MnSO4 solution 

can observe the synthesis of MnO2. The color 

of MnSO4 was pink before electrolysis; and 

then it turned black. It happens due to the 

decreasing Mn content in MnSO4 solution 

during the electrolysis process. The most 

significant color transformation of MnSO4 is in 

a condition of 8 voltss applied for 16 hours, as 

shown in Fig. 2. During the electrolysis process, 

bubbles are also formed at cathode due to the 

hydrogen that occurs in cathodic reaction as 

written in Equation 4. 

 

 

   
(a)                                        (b) 

Figure 2. MnSO4 solution processed by electrolysis method: 

(a) before processed, (b) after processed  

 

    MnSO4 solutions were then analyzed again by 

ICP-OES to determine the compositions of 

MnSO4 after being prepared by electrolysis. The 

ICP-OES results of MnSO4 are shown in Table 3, 

which indicates that the Mn level in MnSO4 is 

142.232 ppm.  
 

Table 3. ICP-OES analysis results of MnSO4 solution after 

processed by electrolysis method at 2 volts for 16 hours 
Element ppm Element ppm 

Ag 

Al 

Ca 

Co 

Cr 

Cu 

0.15151 

0.59212 

3.24400 

0.03123 

0.16532 

0.14877 

Fe 

K 

Mg 

Mn 

Na 

Ni 

0.40623 

0.63093 

0.96942 

    142.232 

1.41810 

0.12794 

 

    It decreases due to reactions during the 

electrolysis process, which transform the Mn to 

MnO2 deposited, and it also causes the increasing 

of other elements in solution. 

 

 
Figure 3. Manganese dioxide prepared by electrolysis 

method 

 

    The precipitates formed at anode were 

separated, then the particles were dried to get a 

powder of MnO2. The obtained MnO2 prepared 

by electrolysis is a solid black as shown in Fig. 3. 
 

3.1 Synthesis of MnO2 in Various Voltsage  

Prepared by Electrolysis 

    The electrolysis process was carried out with 

various voltsages applied by 2, 4, 6, and 8 voltss. 

The effect of voltsage on the mass gain of MnO2 

produced by electrolysis is shown in Fig. 4. It is 

expected that increasing the voltsage of 

electrolysis will lead to an increased mass gain of 

MnO2.  
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According to the results, the mass gain of MnO2 

produced by the electrolysis method is directly 

proportional to the voltsage applied. 

 
Figure 4. The effect of voltsage on mass gain of MnO2 

prepared by electrolysis 

 

The voltsage used in electrolysis will affect 

the amount of current, as written in Equation 6.  

 

V=i x r                (6) 

 

V is voltsage in volts (V), i is current in 

ampere (A), and r is resistance in ohm. The 

higher voltsage will increase the amount of 

current passing through the electrolyte, which 

will also lead to a rise in the rate of particles 

produced at the anode. It has been well-known, 

as stated in Faraday’s law, that the amount of 

particles produced is directly proportional to the 

current passing through the electrolyte, which is 

written in Equation 7. 

 

W =                (7) 

 

    Where w is the mass of species produced at the 

electrode in gram (g), e is equivalent weight in 

gram/mol, I is the current in ampere (A), and F is 

Faraday constant which is equal to 96,500 

coulombs. 1F is the charge required to dissolve 

1g equivalent of the anode. 

 

3.2 Synthesis of MnO2 in Various Time 

Prepared by Electrolysis 

    The electrolysis process was carried out with 

time varied by 4, 8, 12, and 16 hours. As shown 

in Fig. 5, the mass gain of MnO2 produced 

increases during electrolysis for a longer time. 

The highest mass gain of MnO2 is prepared for 

16 hours, and the lowest is prepared for 4 hours. 

It is expected that increasing the time of 

electrolysis will lead to an increased amount of 

particles produced. 

    According to the results, the mass gain of 

MnO2 produced by the electrolysis process is 

directly proportional to the electrolysis time. The 

longer time of electrolysis will lead to an increase 

in the rate of particles produced at the anode, and 

therefore, it will also increase the mass gain of 

MnO2. As stated in Faraday’s law, it is also 

suitable that the amount of particles produced in 

the electrolysis process is directly proportional to 

the electrolysis time, as written in Equation 7. 

 

 
Figure 5. The effect of time on mass gain of MnO2 prepared 

by electrolysis 

 

    This result is also similar to the previous study, 

Hidayat et al., [13] reported that electrolysis of 

MnO2 from battery waste produces 0.0341 gram 

MnO2 at 20 minutes and 0.1045 gram at 60 

minutes. Both were electrolyzed at 5 voltss. It 

means that increasing the time of electrolysis will 

also increase the mass gain of MnO2. 

 

3.3 XRF Analysis Results 

    The compositions of obtained MnO2 were 

analyzed by XRF (x-ray fluorescence). The XRF 

characterization was done on MnO2 particles 

prepared at 2 voltss for 16 hours.  

 
Table 4. XRF results of MnO2 particles prepared by 

electrolysis at 2 volts for 16 hours 
Compounds % Compounds % 

K2O 

MoO3 

TiO2 

MnO2 

Fe2O3 

V2O5 

0.118 

0.026 

0.014 

89.231 

2.567 

0.050 

NiO 

SO3 

SiO2 

CaO 

Cr2O3 

0 

1.025 

6.664 

0.148 

0.155 

 

    According to the results, in Table 4, the level 

of MnO2 is 89.231%. It indicates that the 

electrolysis process can potentially increase the 

MnO2 level. 

    The lower MnO2 level indicated that the 

impurity level in MnO2 is still relatively high, and 

it will decrease the performance of MnO2 as a 

cathode material for lithium-ion batteries. 

Therefore, MnO2 needed for producing lithium-

ion batteries must have high purity. According to 

the Ministry of Energy and Mineral Resources 

Republic of Indonesia No. 25 the year 2018, the 
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minimum purity of MnO2 processed by the 

electrolysis method is 90% [14], which has not 

been achieved in this study of synthesis of MnO2. 
 

3.4 XRD Analysis Results 

    The polymorphic crystal structure of obtained 

MnO2 was analyzed by XRD (x-ray diffraction). 

The XRD characterization was done to particles 

of MnO2 prepared with various voltsages applied 

by 2, 4, 6, and 8 voltss for 16 hours. The XRD 

patterns of MnO2 particles prepared with multiple 

conditions are shown in Figure 6. The XRD 

patterns for all samples are compared to the 

ICDD (international center for diffraction data) 

database using the PANalytical HighScore Plus 

application to determine the polymorphic crystal 

structure. As shown in Figure 6, all the 

diffraction peaks of particles are in good 

agreement with ICCD database No. 00-044-0141, 

which is the standard value of α-MnO2. 

According to ICDD database No. 00-044-014, α-

MnO2 has a tetragonal crystal system. 

    The electrochemical properties of MnO2 

strongly depend on its crystal structure and 

morphology of the oxide.  As stated by Yang et 

al., [10], α-MnO2 has the greatest electrochemical 

properties of other forms due to the presence of a 

2x2 tunnel in its crystal lattice, affecting its 

storage capacity. Therefore, it's great to be used 

as cathode material for lithium-ion batteries since 

they require a high storage capacity.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 6. XRD pattern of MnO2 particles prepared by 

electrolysis at various voltsages for 16 hours compared to 

ICDD data base No. 00-044-0141 

 

    The patterns for all samples have five 

characteristic peaks at 2 = 37°, 42°, 56° which 

matches with the value of α-MnO2. However, 

there are also other peaks which match with the 

ICDD No. 96-900-0047 database that belongs to 

graphite. Graphite is an inert electrode, but also a 

very brittle compound due to its perpendicular 

planes. Therefore, the existence of graphite in 

XRD patterns for all samples is expected to come 

from the electrodes when the deposits at the 

anode were being separated since graphite is a 

very brittle compound. As shown in Figure 6, the 

peaks that belong to impurity increased along 

with the higher voltsage. It also shows that all the 

XRD patterns have a different intensity which is 

the higher intensity is found in the XRD pattern 

of MnO2 prepared at 2 voltss for 16 hours, and 

the lowest one found in the XRD pattern of 

MnO2 prepared with 8 voltss applied for 16 hours. 

    According to the results, the XRD patterns do 

not exhibit well-defined peaks along with the 

higher voltsage. Nursiti et al., [15] and 

Widiyastuti et al., [11] also reported the same 

result in a previous study of synthesis of MnO2 

prepared by electrolysis from KMnO4 solution; 

both said that the XRD patterns exhibit well-

defined peaks at particles prepared at the lower 

voltsage. It indicated a poor crystalline of these 

materials. Increasing the voltsage only lead to  

increasing the production rate of MnO2 particles 

as it has been known that the amount of particles 

deposited at electrodes in the electrolysis process 

is directly proportional to the current as stated in 

Faraday’s law. The current, in this case, is also 

directly proportional to the voltsage. 

 

3.5 SEM Analysis Results   

    The morphology of obtained MnO2 was 

analyzed by SEM (scanning electron 

microscope). The SEM characterization was done 

to obtain MnO2 with the highest purity of MnO2, 

which is electrolyzed at 2 voltss for 16 hours, and 

the lowest one, which is electrolyzed at 8 voltss 

for 16 hours to see the difference. The SEM 

results of obtained MnO2 with 2 volts voltsage 

applied are shown in Fig. 7. At a magnification of 

5,000x, it is clearly shown that the particles are 

not agglomerated. However, the morphology of 

particles is slightly difficult to be observed. The 

image likely indicates that the particles may have 

a nearly spherical morphology. At a 

magnification of 20,000x, as shown in Fig. 7(b), 

the particles of MnO2 have a size ranging from 

136.01-202.48 nm. 
 

   
(a)                                          (b) 

Figure 7. SEM image of MnO2 particles prepared by 

electrolysis method with 2 volts applied for 16 hours at (a) 

magnification of 5,000x and (b) magnification of 20,000x 
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The SEM results of obtained MnO2 with 2 

volts applied for 16 hours are shown in Figure 8. 

At a magnification of 5,000x, the particles appear 

as many agglomerates of very nearly spherical. 

On the other hand, at a magnification of 20,000x 

as shown in Fig. 8(b), it shows that the particles 

have a nearly spherical shape morphology with a 

size ranging from 144-352 nm. According to the 

results, it is clearly shown that the particles of 

MnO2 prepared with 2 volts applied to have a 

smaller particle size compared to the particle size 

of MnO2 equipped with 8 volts applied. This 

result is similar to the previous study, Viscarini et 

al., [16] have been reported that the particles 

prepared by electrolysis of KMnO4 solution at 2 

volts have a larger particle size area than the 

particles prepared at the higher voltage. 

According to the results, it can be noted that 

increasing the voltage during electrolysis, in this 

case, will also increase the particle size of 

obtained MnO2. The particle size of obtained 

MnO2 will also influence the quality of MnO2 as 

cathode material for lithium-ion batteries; the 

smaller particle size makes a surface area more 

prominent. A larger surface area will also make 

the storage capacity of MnO2 become larger. 

Therefore, it improves the quality of MnO2 as 

cathode material for lithium-ion batteries. 

 

  
        (a)                                        (b) 

Figure 8. SEM image of MnO2 particles prepared by 

electrolysis method with 8 volts applied for 16 hours at (a) 

magnification of 5,000x and (b) magnification of 20,000x 

 

4. CONCLUSION 
    Manganese dioxide has been successfully 

prepared at various voltage and times by 

electrolysis of MnSO4 using two graphite 

electrodes. The highest amount of obtained MnO2 

is 31.63 grams which are electrolyzed at 8 volts 

for 16 hours. The highest purity of obtained 

MnO2 is 89.23% which is electrolyzed at 2 volts 

for 16 hours. The particles have nearly spherical 

shape morphology with size ranging from 

136.01-202.48 nm which is electrolyzed at 2 

volts for 16 hours and 144-352 nm which is 

electrolyzed at 8 volts for 16 hours. The particles 

produced were α-MnO2 with a tetragonal crystal 

system. 
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