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PREFACE 
 
 

Thanks to Allah SWT, the Metalurgi Journal, Volume 37 Number 3, December 2022, 
could present six articles. 

 
Miftakhur Rohmah and colleagues conducted research on the Effect of Nickel Addition and 
Quench-Temper Process on Mechanical and Corrosion Properties of ASTM A588 Weathering 
Steel. The second paper, Anodizing-Electrodeposition Hybrid Coating by Using Synthesized 
Natrium Silicate and Zirconium Oxide on the Surface Magnesium AZ31B, was presented by 
Aprilia Erryani and colleagues. Aptri Mira and colleagues presented Morphology and 
Resistivity Values of Fluorine-Doped Tin Oxide (FTO) Using Local Dimethyl Tin Dichloride 
(DMTC) Precursors from Indonesia. Mochamad Afriansyah Zunaidi and his colleagues 
discussed The Iron Removal Process from Nickel Pregnant Leach Solution Using Sodium 
Hydroxide in the fourth article. Gyan Prameswara and his colleagues talked about Optimizing 
the Laterite Ore Grinding Process with A Ball Mill Using the Response Surface Method. 
Resetiana Dwi Desiati and colleagues discussed the Structure, Mechanical Properties, and 
Oxidation Resistance of Mn-Rich Fe-Mn-Al Alloys in their six article. 
 

The publication of this volume in the Metalurgi Journal should, hopefully, help to 
advance research in Indonesia. 

 
 
  
 EDITORIAL 
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Effect of Nickel Addition and Quench-Temper Process on Mechanical and Corrosion Properties of ASTM 
A588 Weathering Steel 
 
 
Mechanical improvement and "self-protection" properties are mainly needed to develop weather-resistant steel 
materials. In this study, A588 steel was given thermomechanical treatment (hot-rolling) followed by a 
quenching-tempering process. The A588 steel is modified by adding 1, 2, and 3 wt.% nickel to the primary 
alloy. Steel is made using a hot rolling process at 1050 ℃ for 1 hour with 70% thickness reduction. The 
sample is heat-treated at 850 ℃ temperature for 1 hour and quenched in water, oil, and open air. The 
tempering process is conducted at 400 ℃ for 30 minutes. The metallography test confirmed the final 
microstructural and compared it with CCT (continuous cooling transformation) by Jmatpro simulation result. 
The fast cooling (water and oil quenchant) followed by the tempering process produces tempered martensite, 
ferrite, and pearlite, while the air-cooled forms a ferrite-pearlite. The cooling rate significantly affects strength 
and hardness and the nickel addition on hardness, and both factors have no significant on ductility. The 
sample owns the highest tensile strength value (~1226 MPa) with 1 %Ni, and the highest ductility value 
(around 17.1–27.43%) is obtained by air cooling. With 3% Ni, the corrosion rate decreases to 0.072 MPY with 
-432.5 mV for corrosion potential and 0.12µA/cm-2 for current density.    
 
Keywords: A588, tempered martensite, cooling medium, nickel addition, quench-temper  
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 

 
 
 
 
 
 
 
 
 

 



xxvi | Metalurgi, V 37.3.2022, P-ISSN 0126-3188, E-ISSN 2443-3926 

METALURGI 
ISSN 0126 – 3188                                                                                                Vol. 37 No. 3 December  2022 
Keywords sourced from articles. This abstract is reproduced without permission or fee. 
 
UDC (OXDCF) 669.723 
 
Aprilia Erryania, Bunga Rani Elviraa, Syifa Ranggayoni Nurbaitib, Amalia Syahiddahb, Hafsah Mujahidahb, 
Yudi NugrahaThahaa, Esmar Budib (aResearch Center for Metallurgy National Research and Innovation 
Agency, bFisika, Universitas Negeri Jakarta) 

 
 

Metalurgi, Vol. 37 No. 3 December  2022 
 
 
Anodizing-Electrodeposition Hybrid Coating by Using Synthesized Natrium Silicate and Zirconium Oxide on 
The Surface Magnesium AZ31B 
 
 
In this study, sodium silicate was synthesized, and zirconia was characterized as a 
suspension solution for anodization and electrodeposition processes. The results of the 
FTIR (fourier transform infrared) synthesis demonstrated the success of producing 
Na2SiO3 with the appearance of absorption from functional groups such as silanol (Si-OH) 
and siloxane (Si-O-Si) According to the SEM (scanning electron microscope) data, each 
batch contains oxygen, sodium, and silicon, indicating that Na2SiO3 was successfully 
synthesized without any detectable impurities. SEM images revealed that the calcination of 
ZrOCl2.8H2O was dominated by zircon elements, with batch 3 having the highest zircon 
content at 88.81%. The XRD (x-ray diffraction) results show that ZrO2 (monoclinic) 
dominates, with Cl2 present in batches 1 and 3. As a result, the ZrO2 used without 
calcination is in batch 3. Anodizing and electrodeposition processes can be performed in 
three ways: a. anodizing, b. two steps (anodizing-electrodeposition), and c. one step hybrid 
(anodizing and electrodeposition) with the addition of Al2O3 and Na2O7SiO3 elements to 
the electrolyte. After coating, the surface of magnesium appears to be a pale white line. 
SEM images revealed that all three methods are coated and contain elements such as O, 
Na, Mg, Zr, Si, K, and Al in method c. The three samples also revealed that the sanding 
process was not optimal and that the Zr particles on the surface were not evenly 
distributed. 
 
Keywords: Anodizing, electrodeposition, ZrO2, sodium silicate, magnesium 
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Metalurgi, Vol. 37 No. 3 December  2022 
 
 
Morphology and Resistivity Values of Fluorine-Doped Tin Oxide (FTO) Using Indonesian Local Dimethyl 
Tin Dichloride (DMTC) Precursors 
 
 
TCO (transparent conductive oxide) is the main component for solar cell fabrication. One of the promising 
types of TCO is FTO (fluorine-doped tin oxide). The method used in depositing the conductive layer of FTO 
is spray pyrolysis with an ultrasonic nebulizer. The precursor used is a local Indonesian product, DMTC 
(dimethyltin dichloride) with doping ammonium fluoride (NH4F). The variable that used in this study were 
variations in deposition time (5, 10, 15, 20, and 25 minutes) with a fixed substrate temperature at 300 °C and 
doping variations (un-doped, 2 wt.% doped, and 8 wt.% doped) to see the effect of adding F doping to the 
precursor solution. The resistivity values with a variation of deposition time 5, 10, 15, 20, and 25 minutes (2 
wt.% doped) are 0.218x100; 0.449x10-1; 1,567x10-2; 0.676x10-2 0.377x10-2 Ω.cm. For doping variations (un-
doped, 2 wt.% doped, and 8 wt.% doped) the values are 0.883x10-2; 0.377x10-2; 0.506x10-3 Ω.cm. The 
resistivity values tend to decrease with an increase in deposition time and doping addition, resulting in 
enhanced conductivity. The grain size will increase as deposition time and doping are both increased. In this 
study, the optimal resistivity value of 0.377x10-2.cm was obtained at a deposition time of 25 minutes with 2 
wt.% doping.    
   
 
Keywords: FTO (fluorine-doped tin oxide), DMTC (dimethyltin dichloride), deposition time, doping, 
resistivity 
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Iron Removal Process from Nickel Pregnant Leach Solution Using Sodium Hydroxide 
 
 
Indonesia is a country that has abundant mineral resources, including nickel resources in laterite ore. Nickel 
demand has risen significantly because of the need for nickel precursors for battery production. Nickel 
laterite can be processed via the hydrometallurgical route to obtain nickel precursor by leaching the laterite 
ore with an acid solution to produce a nickel-rich solution or PLS (pregnant leach solutions). This nickel-
rich solution is then precipitated with a base solution to produce MHP hydroxides (mixed hydroxides 
precipitate). MHP is the primary product containing nickel and cobalt for the production of lithium battery 
material. PLS often contains iron impurities, which dissolve when the ore is leached. As a result, the iron 
must be separated in order to produce high-purity MHP. To address this issue, synthetic PLS with nickel, 
cobalt, and iron were created, and their concentration was simulated to match the general PLS composition. 
The experiment revealed that iron could be precipitated in two stages using 2.5 M NaOH solution at solution 
pH of 3 and 3.5. At a higher pH, nickel and cobalt can be precipitated. To investigate the effect of pH and 
temperature on the yield of nickel and cobalt precipitation, precipitation was carried out at pH 7, 8, and 9 
and temperatures of 70, 80, and 90 °C. The results show that the highest yield was obtained at a pH of 9 and 
a temperature of 90 °C, with nickel and cobalt precipitation yields of 99.03% and 98.78%, respectively. 
 
Keywords: MHP (mixed hydroxide precipitate), iron removal, pH, temperature, precipitate 
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Optimization of Laterite Ore Grinding Process Using Ball Mill with Response Surface Method 
 
 
This study used a CCD (central composite design) of RSM to determine the dependence and interaction 
between several operating conditions that affect the grinding process using a ball mill, such as the number of 
balls, grinding duration, and rotational speed, on particle size at 80% product mass (P80) and mineral 
liberation (response surface method). The grinding process was carried out in a cylindrical ball mill with a 
diameter and length of 18.6 cm and 21.5 cm, respectively, as well as a steel ball with a diameter of 2.5 cm 
and a weight of 100 grams/ball. A sieve aperture of 180-600 microns is used to analyze the particle size 
distribution. The optimum data for the grinding process was obtained with the smallest response value of P80 
(513.294 μm). It was known that the number of balls and grinding duration significantly affected the 
reduction of the P80 value in the sample. The model that can describe the influence of process variables on 
the P80 value was obtained with good accuracy. The elemental concentration and the XRD (x-ray diffraction) 
pattern were used to determine the mineral content of the sample. Minerals with a lower hardness scale are 
more easily liberated and exposed. The initial material's P80 value was 1560.89 μm, while the P80 grinding 
process was reduced to 513.29 μm under optimal conditions.    
 
Keywords: CCD (central composite design), grinding, RSM (response surface method), laterite, nickel 
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Structure, Mechanical Properties, and Oxidation Resistance of Mn-Rich Fe-Mn-Al Alloys 
 
 
In this study, Mn-rich Fe-Mn-Al alloys with different Al content (Al = 0, 3, and 5 wt.%) were fabricated from 
ferromanganese lumps using a conventional powder metallurgy technique. The samples were compacted in 1 
cm steel dies using a load of 8 tons and then sintered at 1100 °C for 2 h in a tubular furnace under a vacuum 
condition of around 0.5 mbar. To evaluate the effect of Al addition to Fe-Mn-Al alloy, the Archimedes 
principle and Vickers hardness were applied to estimate the density and hardness of the compact alloys. 
Moreover, the high-temperature oxidation resistance of the alloy was evaluated at 800 °C for 8 cycles. The 
structure of the alloy before and after oxidation was studied using XRD (x-ray diffractometer) and SEM-EDS 
(scanning electron microscope-energy dispersive spectrometry). The XRD analysis results show that the 
FeMn-0Al alloy is mainly composed Fe3Mn7 phase, with the presence of FeAl phase at 3 wt.% Al, and 
Al8Mn5 phase at 5 wt.% Al. The density and hardness of Fe-Mn-Al alloys decreased with the increased Al 
content. Fe-Mn-Al alloy without Al addition exhibits poor oxidation resistance since the first cycle of the test. 
The results of the microstructural analysis showed that although the alloy with the addition of 3 wt.% Al 
showed less mass gain after being exposed for 8 cycles at 800 °C, the Fe-Mn-Al alloy with 5 wt.% tended to 
be more resistant to oxidation and had no cracking defects. The structure of the oxide formed on the surface 
of the alloy is composed of two layers (ie; outer and inner layer) which are affected by each alloy 
composition.    
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Abstract 
Mechanical improvement and "self-protection" properties are mainly needed to develop weather-resistant steel 
materials. In this study, A588 steel was given thermomechanical treatment (hot-rolling) followed by a quenching-
tempering process. The A588 steel is modified by adding 1, 2, and 3 wt.% nickel to the primary alloy. Steel is made 
using a hot rolling process at 1050 ℃ for 1 hour with 70% thickness reduction. The sample is heat-treated at 
850 ℃ temperature for 1 hour and quenched in water, oil, and open air. The tempering process is conducted at 
400 ℃ for 30 minutes. The metallography test confirmed the final microstructural and compared it with CCT 
(continuous cooling transformation) by Jmatpro simulation result. The fast cooling (water and oil quenchant) followed 
by the tempering process produces tempered martensite, ferrite, and pearlite, while the air-cooled forms a ferrite-
pearlite. The cooling rate significantly affects strength and hardness and the nickel addition on hardness, and both 
factors have no significant on ductility. The sample owns the highest tensile strength value (~1226 MPa) with 
1 %Ni, and the highest ductility value (around 17.1–27.43%) is obtained by air cooling. With 3% Ni, the corrosion 
rate decreases to 0.072 MPY with -432.5 mV for corrosion potential and 0.12µA/cm-2 for current density.    
 
Keywords: A588, tempered martensite, cooling medium, nickel addition, quench-temper  
 
1. INTRODUCTION 

Nowadays, WS (weathering steel) is 
progressively popular in demand. Good 
weldability, high strength, and good resistance to 
atmospheric corrosion due to the patina layer 
formed are the reasons for many enthusiasts of 
weather-resistant steel materials. WS is designed 
as low-alloy steel because the carbon level is kept 
under 0.2%, and the total amount of alloying 
elements of Cu, P, Cr, Ni, Mn, and Si did not 
exceed 5% [1]. As a used connection for bridge 
steel structures, high-strength bolts are 
predominantly made of medium carbon alloy 
steel, and weathering steel is rarely used. 
Therefore, it is urgent to develop special high-
strength bolts for the atmospheric environment. 
The national steel industry is expected to produce 

WS using local raw materials, independently. 
Alternative sources of high-grade iron ore, such 
as laterite ore processed into laterite steel, are 
critical to meeting Indonesia's demand for 
weathering steel. 

The nickel content of traditional WS is 
generally less than 0.4%. The last study affirmed 
that the Ni addition of up to 1% in the 
conventional WS will reduce the hot shortness 
during the rolling process and improve the 
corrosion resistance [2]. Cheng et. al., [3] 
claimed that nickel not exceeding 3.5% induces 
fine crystalline formation-compact rust and 
increases the ratio of α/γ FeOOH in acidic and 
marine atmospheric. Therefore, the weathering 
steel design not only focuses on its weathering 
characteristics but should also comprehensively 

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
https://ejurnalmaterialmetalurgi.lipi.go.id/
mailto:miftakhur.rohmah@brin.go.id
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consider the strength, elasticity, and ease of 
processing.  

 To achieve the desired combination of 
strength and elasticity, WS must be quenched and 
tempered with minimal residual stress, distortion, 
and crack formation. Quenching effectiveness is 
dependent on the steel composition, type of 
quenchant, or the quenchant use condition [4]. 
Also, the tempering temperature is one of the 
critical roles of microstructural evolution, carbide 
formation, and coarsening behavior, which 
influences the mechanical properties [5]-[6]. 
Tempering temperature, holding time, and 
cooling rate from the tempering temperature 
significantly affect steel’s final properties. As the 
previous study, the low temperature (150 ℃) of 
the tempering process caused the fine carbide 
deposition and the phase transformation of 
martensite to bainite in small quantities, so it is 
no significant impact on strength and elongation 
[7]. Besides that, the influence of alloying 
elements on mechanical and corrosion behavior 
is convoluted. Chen et. al., [8] inferred that high 
tempering temperature causes the carbide 
forming element (Cr dan Mn) to be enriched in 
the cementite, while the non-carbide forming 
element (Ni) is rejected from the cementite. 

Although the mechanical properties of WS 
can be estimated from the composition, the effect 
of quench-temper has few reported previously. 
Atapek et. al., [9] showed that the steel-tempered 
microstructure directly affects corrosion. When 
these steel are immersed in NaCl solution, the 
anodic dissolution starts along the amorphous 
grain boundary within the martensitic matrix. 
Martensite has a deleterious effect on 
electrochemical corrosion due to residual stress 
and the formation of micro-galvanic corrosion 
between martensite and the other phase [10]. 

In this study, the quench-temper experiment 
was carried out on the A-588 modified. Media 
quenchant variation was investigated, 
corresponding to the relationship between 
microstructure, mechanical, and corrosion 
properties. The primary purpose of this 
experiment is to provide proper media quenching 
at specific compositions and the development of 
high-strength steel to broaden its industrial 
application. 

 
2. MATERIALS AND METHODS 

Lateritic steel was created through the 
refining and re-melting of NPI (nickel pig iron). 
Scraps and alloying elements (ferromanganese, 
ferrosilicon, nickel, copper, vanadium, and 
tungsten) were melted in an induction furnace at 
1700 - 1800 °C. The primary composition was 

based on the ASTM A-588 standard. The 
alloying effect was determined by modifying the 
molten metal by adding 1, 2, and 3 wt.% Ni to 
the primary alloy composition. Table 1 shows the 
chemical composition obtained from an OES 
(optical emission spectroscopy) test. 

 
Table 1. Chemical composition of ASTM A588 (wt.%) 
Elements  Samples Code 

A B C D 
C 0.177 0.177 0.161 0.161 
Al 0.02 0.05 0.19 0.016 
S 0.0026 0.0024 0.0030 0.0024 
Cr 0.49 0.49 0.50 0.51 
Mn 1.08 1.06 1.01 1.07 
Ni 0.41 1.21 1.95 2.91 
P 0.011 0.001 0.014 0.001 

Cu 0.32 0.34 0.32 0.32 
Si 0.43 0.41 0.32 0.37 
V 0.064 0.064 0.062 0.062 
Fe Bal. Bal. Bal. Bal. 

 
Casted ingot steel was homogenized at 

900 ℃ for a few hours to remove a dendritic 
structure. The ingot was cut into 10 x 5 x 1 cm3 
of dimension, which is then used as rolling 
samples. The hot rolling process was performed 
by heating at 1050 ℃ for 1 hour. The hot rolling 
was carried out in 2 cycles to obtain a thickness 
reduction of 70% and a final plate thickness of 
0.3 cm. Then, the samples were given a heat-
treatment process by austenitized at 850 ℃ for 1 
hour and subsequently quenched into different 
media to obtain martensite structure. The 
quenching media used are water, oil, and open air. 
Jmat-Pro software predicted the martensitic start 
temperature. In addition, the martensite and 
bainite start were estimated by Eq.1-2 [11]-[12]. 
The tempering process was conducted at 400 ℃ 
for 30 minutes. The sequence of heat treatment 
processes was schematically shown in Fig. 1. 

 
Figure 1. Schematic diagram of heat treatment process on 
modified laterite steel A-588 

A metallographic test was used for 
confirmed the microstructure. Before the test, the 
samples were prepared by cut into 5 x 5 mm, 
mounted with epoxy resin, wet-ground with SiC 
papers (80-1200 grit gradually), and polished 
with alumina slurry (5 and 1 µm).  After 
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obtaining a like mirror surface without a scratch, 
they were etched with a picral solution to reveal 
microstructure. The volume fraction of the phase 
was determined using the systematic manual 
Point Count method, prescribed in the ASTM 
standard E562.  

 
The tensile and hardness test was used to 

determine mechanical properties. The hardness 
measurement was carried out by the Brinell 
method with 1000 kgf of indentation for 10 
seconds. The samples were prepared according to 
the ASTM E8 standard for the tensile test. 

A polarization test confirmed the corrosion 
properties in NaCl 3.5% solution at room 
temperature. The test was conducted at the cell-
system electrode. The three electrodes consist of 
SCE (saturated calomel) as a reference, the 
Platine wire as counter, and the sample as a 
working electrode. The swept potential was used 
from -200 to +200 mV with 1mV/s of scan rate. 

 

3. RESULT AND DISCUSSION  
3.1 CCT Diagram of Laterite Nickel-Based 

A588 Alloy Steel 
The CCT (continuous cooling 

transformation) diagram shows the possibility of 
each alloy forming a different phase: austenite, 
ferrite, pearlite, bainite, and martensite. The 
phase distribution in all samples depends on the 
cooling rate, temperature, and holding time. CCT 
diagram images from the simulation of the 
JMatPro software are shown in Fig. 2. 

From the CCT diagram in Fig. 2, the Ni 
addition significantly affects the ferrite phase 
(black line) formed and has little impact on other 
phases such as pearlite (light green line), bainite 
(blue line), retained austenite (dark green line) 
and martensite (thin purple line). The ferrite and 
retained austenite phases were formed with a 
cooling rate of 1 to 5 in sample A (Fig. 2(a)) and 
underwent a significant shift in sample D (Figure 
2d). In Sample A, the starting line for the ferrite 
and austenite formation lies in the same period 
(cooling rate region 1).  

 

Figure 2. CCT (continuous cooling transformation) diagrams for: (a) Sample A (0.41 wt.% Ni); (b) Sample B (1 wt.% Ni); (c) 
Sample C (2 wt.% Ni); (d) Sample D (3 wt.% Ni) 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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As the Ni content increased from Sample B to 
Sample D, ferrite and austenite formation moved 
at different timescales and tended longer. The 
addition of 3 wt.% Ni shifted the ferrite and 
austenite areas towards the slower cooling rate 
line and increased the bainite area. As a result, 
ferrite and retained austenite will only form heat 
treatment in the cooling rate region 2 of sample D. 
This shift in the ferrite area towards the slower 
cooling rate line indicates that increasing the Ni 
content expands the austenite area. 

Nickel is a stabilizer of austenite and can 
reduce the critical cooling rate of bainite 
formation [13]. Mo, Cr, and Ni are responsible 
for broadening the bainitic transformation region 
and obtaining bainitic fraction after quenching 
[14]. The presence of nickel shifts the CCT curve 
to the right, thus delaying the reaction of ferrite, 
pearlite, and bainite [7]. In this simulation, the 
addition of Ni will affect the formation of bainite 
with a range of cooling rates towards a slower 
cooling rate, which is around 0.6 ℃/s to 100 ℃/s.  
For the martensite formation, the addition of Ni 
in each sample resulted in a change in area by 
shifting the initial line of transformation to a 
lower temperature. Ms (Martensite Start) was 
calculated to be 398 ℃ for sample A and 
decreased to 355 ℃ for sample D. This indiciated 
that the low-temperature bainite was successfully 
attained by increasing the nickel [15]. Based on 
the CCT results, the initial temperatures of 
martensite and bainite are shown in Table 2.  
 
Table 2. The calculated of martensite and bainite start 
temperature in A588 steel from JMatPro software simulation 

Sample 
Code 

Ni content 
(wt.%) 

Martensite 
Start (℃) 

Bainite 
Start (℃) 

A 0.41 398 553 
B 1.21 383 539 
C 1.95 378 540 
D 2.91 355 523 

 
 

3.2 Microstructure Analysis 
The microstructure of A588 steel based on 

nickel laterite with variations in cooling is shown 
in Fig. 3. Figure 3 shows the effect of media 
quenchant (water, oil, and open-air cooling) on 
the A588 microstructure after the quench-temper 
process. In general, the microstructure of the 
water-oil quenched subsequently a tempered 
process was consisting of tempered martensite or 
bainite (finer needle lathe-like structure), fine 
pearlite (black color lamellar structure), and 
ferrite (white light color). The microstructure of 
water quench (Fig. 3(a)) consists of 24% ferrite, 
57% tempered martensite, and 19% pearlite, 
whereas the oil quench (Fig. 3(b)) consists of 
62% tempered martensite, 22% ferrite, and 16% 

pearlite. This difference in phase fraction results 
in higher strength values and lower ductility than 
air cooling. 

 

 
(a) 

 
(b) 

ferrite

pearlite

 
(c)  

Figure 3. Microstructure of A588 steel with a composition 
of 0.42% Ni after quench-temper process with cooling 
media of (a) water, (b) oil, and (c) open air. Etching with 
Picral solution 

 
The tempered martensite, which consists of 

recrystallization ferrite (equiaxed α phase) and 
cementite phase, is formed as a result of single-
phase martensite (BCT-body centered tetragonal) 
saturated with carbon undergoing a reaction due 
to low energy activation for diffusion during 
reheating process [16]-[17]. As a result of the 
tempered martensite formation, the mechanical 
properties are not as hard as martensite but more 
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ductile than martensite [17]. As tempered at 
400 ℃, the ferrite increases due to the reduction 
in the martensite phase and facilitates the fine 
pearlite precipitation. Quench media is closely 
related to cooling rate and residual stresses 
formed due to carbon supersaturated solute atoms 
during cooling [18]. The water and oil quenchant 
leads to rising in cooling rate more than air 
cooling and accelerates the austenite 
decomposition into martensite form (tetragonal 
structure) with diffusion-less transformation. But, 
slow cooling within the materials leads to the 
laminar phases of pearlite, bainite, and ferrite 
[19]. In lower C concentration (0.17 wt.%C), 
tempering 400 °C will improve the ductility and 
young modulus due to the different shear 
modulus of tempered martensite, which 
simultaneously leads to generating the prevalent 
unstable martensite structure, ferrite, cementite, 
and a carbide precipitate, which associated with 
the change in lattice distortion (BCT to BCC-
body centered cubic lattice). 

However, as the carbide particle expands 
during the dislocation process under tensile force, 
the shearing stress rises as well [20]. Oil-
tempered martensite has a different form than 

water-cooled tempered martensite. It is because 
the cooling rate of oil is slightly slower than that 
of water. As a result, this affects the 
transformation time of austenite into martensite 
so that the resulting martensite becomes larger 
and tends to form blocks. Like the water 
quenched, austenite does not have enough time to 
transform into the ferrite phase. As a result, the 
final martensite is smaller than the martensite 
with oil cooling [7]. The tempered martensite 
was not visible (Fig. 3(c)) on decreasing the 
cooling rate of heat treatment i.e., with open-air 
cooling. The tempering process does not alter the 
microstructure of ferrite and pearlite. 

Figure 4 shows the nickel content effect on 
the microstructure of A588 steel. In general, the 
microstructure consisted of tempered martensite 
(bainite form or needle-like structure in the black 
part), ferrite, and pearlite. As increasing the 
nickel, the grain size increased and the irregular 
block of bainite was observed (Figs. 4(c)-4(d)) 
[15]. With the increase of nickel level, the coarse  
austenite was more likely formed and provided a 
driving force for the bainite growth. Therefore, 
there is a large amount of bainite in the sample 
with 3% Ni [15],[21].  

 
Figure 4. The effect of nickel level of (a) 0.41%, (b) 1%, (c) 2%, and 3% after water quench and followed by tempering at 400 ℃. 
Etching with Picral solution 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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The bainite structure is formed as a result of 
austenite transformation during water quench 
(according to Fig. 2) while martensite is 
transformed to tempered martensite (mixture of 
ferrite+cementite) during tempering at 400 ℃. 
 
3.2 Mechanical Properties 

The mechanical properties of A588 with 
nickel addition in varying quench was 
successfully represented by tensile and hardness 
test. The tensile result is shown in Fig. 5, and the 
hardness result is shown in Fig. 6.  

  

 
(a) 

 
(b) 

Figure 5. Effect of nickel and quenchant medium on (a) 
ultimate tensile strength and (b) elongation of A588 steel 
 
Based on Figure 5, the cooling medium 
significantly affects the strength value in A588, 
while the nickel addition is slightly affected. 
The fast cooling, i.e. water quench, produces 
the highest strength value compared to other 
cooling media, is 1060 Mpa for 0.41% Ni, 
1226.67 for 1% Ni, 1203.33 MPa for 2% Ni, 
and 1004.33 MPa for 3% Ni. The strength 
increases considerably with the cooling rate 
during quenching. By reducing the martensite 
transformation temperature and producing 
enormous martensite (high volume phase), 
nickel is a common austenite stabilizer which 

subsequently increases strength in an indirect 
manner [22]. Also, UTS can be strengthened 
using a substitusional solid solution. This result 
follows the simulation using JMAtPro software 
that the faster the cooling rate, the less perfect 
the sample will diffuse and resulting in the 
presence of a martensite phase [16]. 
 

 
Figure 6. Effect nickel and quenchant medium on hardness 
of A588 steel 
 

In opposition, the excessive nickel could also 
increase the stability of retained austenite, 
increase carbon’s activity coefficient, and further 
decrease strength [23]. With fast cooling, the 
nickel addition improves the strength to 1226.67 
MPa for water quenched and 996.67 MPa for oil 
quenched.  

In addition, the rule of ductility is inversely 
proportional to the value of tensile strength. As 
increase the cooling rate, the elongation 
decreases. The air-quenched sample had the 
highest elongation the other, which is 17.1–
27.43%. Air-quench allows the austenite phase to 
diffuse more entirely to have a more ductile 
phase and form a ferrite-pearlite phase. The 
tempered martensite did not carry excellent 
strength and microhardness, but its plasticity and 
toughness are relatively better [16]. 

In low alloy, the tempering process induces 
the decomposition of tempered martensite, static 
recovery of dislocation, and residual stress 
released. The ductility after quenching is close to 
the air cooling value. Besides that, the nickel 
addition causes a slight decrease in the ductility 
value due to the high fraction of martensite.  

In Figure 6, the water and oil quenched 
samples had a similar hardness of above 340 
BHN, and the air-quenched sample had a lower 
hardness of 240-330 BHN. The hardness results 
have a similar pattern to the strength value. 
During the 400 ℃ tempering process, the 
diffusion kinetics of atoms is feasible, which 
results in a moderate rate of softening effect [18].  

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
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The results obtained for tensile and hardness 
are subjected to statistical analysis using the 
ANOVA (analysis of variance) - two ways factor 
with a 5% significance level.  
 
Table 3. Result of ANOVA-two way for strength  

DF Sum of 
Squares 

Mean 
Square F Value P 

Value 
Nickel 
Addition  

3 13160.84 4386.95 0.694 0.588 

Cooling 
Medium  

2 258914.02 129457.01 20.486 0.002 

Error 6 37916.13 6319.35 
  

Total 11 309990.99 
   

 
The F-critical is 4.757 for nickel addition and 

5.143 for the cooling medium factor. If the F-
value < F-critical, the nickel addition or cooling 
medium aspect is not affected. On the contrary, if 
the F-value > F-critical, the nickel addition or 
cooling medium significantly affects the 
properties. 
 
Table 4. Result of ANOVA-two way for elongation  

DF Sum of 
Squares 

Mean 
Square F Value P Value 

Nickel 
Addition 

3 45.74 15.25 3.278 0.101 

Cooling 
Medium 

2 45.44 22.72 4.884 0.055 

Error 6 27.91 4.65 
  

Total 11 119.09 
   

 
The ANOVA results in Table 3-5 show that 

the nickel addition does not significantly affect 
the strength, but the cooling medium factor is 
worked substantially on. It is indicated that the 
microstructure differences after the quench-
temper have to involve the strength value 
considerably, while the grain size does not. In 
addition, elongation is not significantly affected 
by cooling media and nickel addition.  
 
Table 5. Result of ANOVA-two way for hardness  

DF Sum of 
Squares 

Mean 
Square F Value P 

Value 
Nickel 
Addition 

3 5325.98 1775.33 4.864 0.048 

Cooling 
Medium 

2 18815.03 9407.51 25.774 0.001 

Error 6 2189.97 364.99 
  

Total 11 26330.98 
   

 
 
The ductility value of the oil-water quench 

sample is almost equivalent to that of air cooling. 
The hardness is greatly influenced by cooling and 
nickel level differences. 
 
3.3 Corrosion Properties in 3.5% NaCl 

The corrosion behavior of steel mainly 
depends on chemical composition and 

microstructure. The corrosion of tempered A588 
steel in 3.5 wt% NaCl solution was examined 

using the Tafel extrapolation technique, shown in 
Fig 7. The electrochemical parameter obtained 
from the extrapolation of anodic and cathodic 
Tafel fit lines are listed at Table 6.  

From Figure 7(a), the nickel addition in 
tempered A588 steel shifted the curve upward 
and remarkably changed the corrosion potential 
(Ecorr) – current corrosion (Icorr). 

 
Table 6. The fitted value of the polarization paramater of 
A588 
 Beta 

(x10-3 
V/dec) 

Ecorr 
(mV) 

Icorr 
(µA/cm2) 

Corrosion 
Rate (mpy) 

0.41% Ni - 
Water quench 

533.8 -528.0 5.343 
 

2.879 

1% Ni - water 
quench 

618.7 -471.8 4.940 2.697 

2% Ni - water 
quench 

481.7 -424.6 3.336 1.944 

3% Ni - water 
quench 

26.26 -432,5 0.12 0.072 

0.41% Ni - Oil 
quench 

58.19 -508.9 7.728 4.504 

0.41% Ni - Air 
Quench 

38.13 -427.6 1.443 0.841 

 

 
(a) 

 
(b) 

 
Figure 7. Effect of (a) nickel addition and (b) cooling 
media on the polarization curve of A588 steel 
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The corrosion current density (Icorr) 
decreased from 5.343 µA/cm2 to 0.12 µA/cm2 

with the nickel addition of up to 3%. With the 
increase of nickel level, the mixed-corrosion 
potential tends to be more positive, and further, 
the corrosion rate became slower. The less 
positive potential probably indicates the higher 
ability of 3%Ni in developing a thicker layer of 
corrosion product compared to 0.41% Ni [24].  
Besides that, the grain size of the bainite phase 
(Figs. 4(a)-4(d)) also works on the corrosion rate. 
The more refined martensite structure could 
improve corrosion resistance [25]. 

The cooling medium influences the 
polarization curve shifting according to Fig. 7(b). 
As the cooling rate increase, the curve moves 
downward and Icorr becomes more negative. It 
indicates that the corrosion rate increases from 
0.841 to 4.504 mpy as the cooling rate 
accelerates. The pearlite was preferably corroded, 
and the lamellar Fe3C inside the pearlite/bainite 
structure could push forward the Fe2+ dissolution 
because the pearlite’s zero current potential is 
more negative than ferrite. After the pearlite 
phase was totally corroded, the corrosion entered 
the ferrite phase from the ferrite/pearlite phase 
boundary. It was noticed that the multiphase 
formed a micro-galvanic between martensite 
island with bainite-ferrite couple corrosion and 
advanced the higher corrosion [25]. Compared 
with bainite and martensite, pearlite has better 
corrosion resistance. 

The difference in volume fraction of each 
phase in the oil and water quenched sample 
causes differences in the corrosion rate. 
Tempered martensite of volume fraction plays a 
vital role in the corrosion mechanism, and the 
martensite phase is less noble than the bainite 
phase. The corrosion is preferred to occur at the 
interface and the lath of tempered martensite with 
high grain boundary [26]-[27]. The oil-quenched 
sample has a higher martensite volume fraction 
(Fig. 3(a)-3(b)), so the corrosion is more 
aggressive than a water-quench sample. 

 
4. CONCLUSION 

The combined effects of nickel addition and 
the quench-temper method on the mechanical and 
corrosion properties of A-588 steel were 
examined in this study. Nickel is a typical 
austenite stabilizer that indirectly boosts strength 
by lowering the martensite transformation 
temperature and creating large martensite. 
Bainite's and martensite's temperature is often 
lowered when nickel is added up to 3%, to 355 
for Ms and 523 for Bs, respectively. Due to the 
out-diffusion of carbon, the ferrite fraction 

increases as the temperature is tempered to 400 
by rapid cooling (water and oil quenchant). Its 
favors the formation of fine cementite (tempered 
martensite). The air quench-temper method was 
used to create the ferrite-pearlite structure. The 
tensile strength value and the ductility rule have 
an inverse relationship. The water quench 
prepared the strongest specimens, and its strength 
increases with the addition of 1% nickel (1226.67 
MPa), but it drops to 1004.33 MPa when an 
excess of 3% nickel is applied due to the 
increased retained austenite. The elongation (%) 
decreased as the cooling rate increased, typically 
17.43-14.73 for oil quench, 18.3-16.1 for water 
quench, and 27.43-17.1 for open-air cooling. The 
addition of nickel had no impact on the strength 
and elongation, according to the results of the 
ANOVA statistical test; however, the change of 
the cooling medium significantly impacted the 
tensile properties (P values 0.588 and 0.101). The 
hardness of the water- and oil-quenched samples 
were both above 340 BHN, while the hardness of 
the air-quenched sample was between 240 and 
330 BHN. Both factors have a significant impact 
on hardness. 
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Abstract 

In this study, sodium silicate was synthesized, and zirconia was characterized as a suspension solution for 
anodization and electrodeposition processes. The results of the FTIR (fourier transform infrared) synthesis 
demonstrated the success of producing Na2SiO3 with the appearance of absorption from functional groups such as 
silanol (Si-OH) and siloxane (Si-O-Si) According to the SEM (scanning electron microscope) data, each batch 
contains oxygen, sodium, and silicon, indicating that Na2SiO3 was successfully synthesized without any detectable 
impurities. SEM images revealed that the calcination of ZrOCl2.8H2O was dominated by zircon elements, with batch 
3 having the highest zircon content at 88.81%. The XRD (x-ray diffraction) results show that ZrO2 (monoclinic) 
dominates, with Cl2 present in batches 1 and 3. As a result, the ZrO2 used without calcination is in batch 3. 
Anodizing and electrodeposition processes can be performed in three ways: a. anodizing, b. two steps (anodizing-
electrodeposition), and c. one step hybrid (anodizing and electrodeposition) with the addition of Al2O3 and 
Na2O7SiO3 elements to the electrolyte. After coating, the surface of magnesium appears to be a pale white line. SEM 
images revealed that all three methods are coated and contain elements such as O, Na, Mg, Zr, Si, K, and Al in 
method c. The three samples also revealed that the sanding process was not optimal and that the Zr particles on the 
surface were not evenly distributed. 
 
Keywords: Anodizing, electrodeposition, ZrO2, sodium silicate, magnesium  
 
1. INTRODUCTION 

Biomaterials are materials that have direct 
contact with biological systems in living things, 
these materials are required to have several 
requirements, including not causing adverse 
effects on the body, having corrosion 
resistance, and having good strength [1]. In 
their application, biomaterials are used to 
replace or restore the function of bone 
components that have failed or been damaged. 
[2]. Several biomedical components such as 
artificial joints, implants, and drug delivery 
systems require the use of materials with 
biocompatible and biodegradable properties, 
thus requiring the development of new 

biomaterials that can be used for these 
applications [3]-[4]. In recent years, all 
attention has focused on biodegradable 
materials that serve to provide temporary 
support for fractures and will dissolve in the 
human body without harming their health [5]. 

Implants are a type of biomaterial used to 
replace bone tissue that has been damaged or is 
no longer functional as a result of disease or 
accident [6]. The term biodegradable on 
implants refers to the material's ability to 
corrode or degrade in the human body [7]. 

At present, magnesium metal (Mg) and its 
alloys are of concern because they are the right 
materials for implant applications that can be 
degraded in the body gradually, beneficial in 
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their absorption, if excessive levels can be 
excreted (excreted) through urine [8]-[11]. The 
release of Mg2+ ions into the body can help the 
growth of bone tissue and speed up healing 
time. Mg has good biocompatibility, low 
density, high specific strength, and a modulus 
of elasticity that is almost the same as a bone 
so that it can avoid stress shielding on bone 
[12]-[13]. 

Magnesium is the lightest metal that can be 
degraded through corrosion that occurs in body 
fluids [9]. However, its high solubility is also a 
weakness for magnesium, which can corrode 
rapidly in physiological pH (7.4-7.6) and high 
chloride physiological environment, so 
mechanical properties decrease before healing 
and new tissue growth [14]-[16]. 

Proper surface treatment can increase the 
wear and corrosion resistance of the substrate 
[17]. There are several surface treatment 
techniques developed to protect magnesium 
and its alloys. These techniques include 
chemical conversion coating, electrodeposition, 
anodizing, gas-phase deposition, organic 
coating, and sol-gel techniques [18].  

The coating methods used in this research 
are anodizing and electrodeposition 
(electrodeposition). Anodizing can produce a 
passive film on the magnesium surface. The 
passive layer formed can reduce the corrosion 
rate of magnesium [19]. This method is very 
simple compared to other methods, so it 
reduced processing time. The coating results 
have a strong adhesion between the coating 
and the substrate, so it is good at controlling 
the corrosion rate of magnesium. [20]. 

In the electrodeposition process, charged 
particles or polymer macromolecules in 
suspension will move toward the electrode 
under the influence of an electric field [21]. 
The quality of the coating is determined by the 
length of time and the stress of the coating 
used. The longer the coating time, the 
thickness of the layer formed will increase 
[22]-[23]. 

An electrolyte solution containing a 
mixture of chemical compounds is required to 
carry out the anodizing and electrodeposition 
processes. The chemical compound 
ZrOCl2.8H2O was calcined and silica was 
synthesized in this study. Zirconia can improve 
osteointegration and inhibit bacterial growth 
on the implant surface [24]. The calcination 
and synthesis processes were repeated three 
times in this study to determine suitable 
variables in the anodizing and 
electrodeposition processes. This research can 

prove that the synthesis of Na2SiO3 and the 
calcination of ZrO2 can be used as a coating on 
magnesium through anodizing and 
electrodeposition processes. As a result, the 
purpose of this study was to investigate the 
effect of chemical compounds in suspension 
solution on magnesium coating using the 
electrodeposition method. The electrolyte 
solution and ZrO2 electrodeposition coating 
process is expected to reduce corrosion while 
inhibiting the formation of a bacterial layer on 
the implant surface. 

 
2. MATERIALS AND METHODS 
2.1 Material Preparation 
      Magnesium AZ31B is the material used in 
this study. The following step is to make 
Na2SiO3 by dissolving 16 gr of NaOH in 100 
ml of distilled water. A hotplate at 100 °C was 
used to heat 82.5 ml of the solution with 10 g 
of silica until crystals formed. Table 1 shows 
that the synthesis was performed three 
different times. Following that, all samples 
were heated for 30 minutes in a 500 °C furnace. 

 
   Table 1. Time in the synthesis process  

Sample Time (minute) 
Bacth 1 120  
Bacth 2 40  
Bacth 3 25  

 
Three experiments conditions for zircon 

calcination were carried out, as shown in 
Table 2. 

 
Table 2. Content in the calcination zircon 

Sample Zircon (g) Citric  
Acid (g) 

Batch 1 3  1  
Bacth 2 3  0.5  
Bacth 3 3  0 

 
To form a sol-gel, all materials were 

dissolved in 50 ml of distilled water in batches 
1 and 2. After all the samples were ready, they 
were heated for 90 minutes in a muffle 
furnace at 200 °C and then for 3 hours in a 
muffle furnace at 700 °C. 

 
Table 3. Suspended electrolytic for batch 1  

Process Contents 

Anodizing 

20 g Na2SiO3 
3 g ZrO2 
7 g NaOH 
7 g KF 
7 g NaF 
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Following the calcination and synthesis processes, 
the results can be used as an electrolyte solution. 
To begin anodizing and electrodeposition, a 
suspended electrolyte is prepared. 

 
Table 4. Suspended electrolytic for batch 2 

Process Contents 

Anodizing 

20 g Na2SiO3 
3 g ZrO2 
7 g NaOH 
7 g KF 
7 g NaF 

Electrodeposition 0.5 g Al2O3 
0,2 g Na2HPO4 

 
The materials used to make the electrolyte 
solution are listed in Tables 3, 4, and 5. For both 
processes, all ingredients are dissolved in 500 mL 
of distilled water. 

 
Table 5. Suspended electrolytic for batch 3 

Process Contents 

Anodizing 

20 g Na2SiO3 
3 g ZrO2 
7 g NaOH 
7 g KF 
7 g NaF 

Electrodeposition 
0.5 g Al2O3 
0,25 g Na2HPO4 
0.5 g Na2O7SO3 

 
The anodization and electrodeposition process 
begins with two platinum anodes facing each 
other and a magnesium cathode. The three 
experiments were completed in 30 minutes 
using a rectifier. 
 
2.1 SEM (Scanning Electron Microscope) 
      The surface topography and structural 
defects of the composite structure are 
examined using a SEM (scanning electron 
microscope). The SEM is a JEOL JSM6390A 
model. To determine the distribution of ZrO2 
in composites, SEM is supplemented by EDS 
(energy dispersive spectroscopy). Before 
testing, composite samples were coated with 
suspension. 
 
2.2 FTIR (Fourier Transform Infrared) 

The infrared absorption or emission spectra 
of solid, liquid, or gaseous substances can be 
obtained using the FTIR (fourier transform 
infrared) technique. FTIR's basic operation is to 
identify compounds, detect functional groups, 
and analyze desired mixtures and samples. In 
general, FTIR is frequently used to 
quantitatively and qualitatively identify organic 
compounds. FTIR is used in quantitative 
research to determine the concentration of 
analytes in a sample. FTIR was performed by 

Bruker in the wavenumber range 4000-350 cm-1 
to identify the presence of functional groups on 
the sample with spectra resolution of 4 cm-1, 45 
scans, and Blackman-Harris 3-Term 
apodization. 
 
2.3 XRD (X-Ray Diffraction) 
      XRD (x-ray diffraction) is used for 
material characterization and quality control of 
crystalline or non-crystalline materials such as 
powders, solid blocks, thin films or liquids. 
XRD is also used to determine composition 
and determine elements. From the XRD results 
it will be known which structure is formed. 
The working principle of the XRD tool is to 
use x-ray crystals which will then appear in a 
material to see the structure of the material. 
XRD test was performed by Smartlab Rigaku, 
carried out at 2θ from 20° to 90°. XRD 
measurements were operated at 15 mA and 40 
kV using Cu Kα radiation. 

 
3. RESULT AND DISCUSSION  
3.1 Analysis Results SEM of Synthesis  

Na2SiO3 
      The synthesis of Na2SiO3 from SiO2 can 
be seen from the SEM (scanning electron 
microscope) and EDS (energy dispersive 
spectrometry) images. The difference in 
heating time in the sol-gel process did not 
significantly affect the composition of 
Na2SiO3. The difference is seen in the shape 
of the crystals. 
      In batch 1 (Fig. 1(a)) the crystal form is 
the most lumpy and coarser. This is caused by 
unstable heating, making the process take a 
long time. In batch 2 (Fig. 2(b)), the crystal 
form is relatively finer than batch 1, however, 
the surface looks more porous than batch 2. In 
batch 3 (Fig. 3(c)), the crystal form is 
relatively cleaner and smoother than the two 
previous batches. This is because the heating 
is done at the right time and gets a good 
texture. The test results in all batches showed 
the detected water content. That's because, the 
nature of Na2SiO3 which is hygroscopic. 

The results of qualitative analysis using 
EDS (Table 6) showed that pure sodium 
silicate was successfully synthesized in this 
experiment. This is indicated by the absence 
of impurities in the form of C or carbon atoms 
and impurity metals in all batches. It also 
shows that the length of time and temperature 
in the heating process did not affect the 
success of the synthesis. But it affects the 
shape of the synthesized crystal. When NaOH 
melts at high temperatures, it completely 
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dissociates to form Na+ ions and OH- ions. 
The high electronegativity of the O atom in 
SiO2 makes more Si electropositive, resulting 
in the formation of an unstable [SiO2OH]- 
intermediate and dehydrogenation. 
 

 
(a)  

 
(b) 

 
(c) 

Figure 1. SEM images of Na₂SiO₃ synthesis at (a) 
Batch 1, (b) Batch 2, and (c) Batch 3 

 
Melting at 500 °C is based on the melting 

point of NaOH, which is 318 °C, at which 
point NaOH completely dissociates to form 
Na+ and OH- ions. NaOH was chosen because 
it has a lower melting point than Na2SiO3 
around 851 °C, allowing for the formation of 
sodium silicate at lower temperatures [25]. 

 
   Tabel 6. EDS of synthesized Na2SiO3 

 Batch 1 Batch 2 Batch 3 

Element Mass% Mass% Mass% 

O      K 51.8177 50.6603 58.1238 

Na    K 33.6874 36.8691 29.7613 

Si      K 14.4949 12.4506 12.1149 

 
The second OH- ion will form a water 

molecule by bonding with hydrogen, and two 
Na+ ions will balance the negative charge of 
SiO3

2- ions to form sodium silicate [26]. 

      The EDS data obtained revealed differences 
in the content of each sample, with batch 1 
containing 37.14% O elements, 40.35% Na 
elements, and 22.50% Si elements. In batch 2, 
the EDS results contain 38.70% O elements, 
44.87% Na elements, and 16.42% Si elements. 
Batch 3 contains 50.51% element O, 34.69% Na, 
and 12.79% Si. 
 
3.2 Analysis Results FTIR of Synthesis 

Na2SiO3 
The results of the analysis of sodium 

silicate with FTIR are shown in peaks chart. 
The results of the FTIR test on 3 batches did 
not show a significant difference in the wave 
pattern. The analysis of the FTIR results was 
carried out by characterizing the wave number 
range of 500-3500 cm-1 to determine the 
functional group of the main peak. 

 

 
 

Figure 2. FTIR test results for Na2SiO3 synthesis at (a) 
Batch 3, (b) Batch 2, and (c) Batch 1 
 

Silica absorption patterns that appear 
generally are silanol (≡Si-OH) and siloxane  
(≡Si-O-Si≡) groups. The absorption pattern 
obtained has a pattern that is quite similar to the 
results of research on the synthesis of Na2SiO3 

conducted by Linda where the absorption band 
results obtained at wave numbers 432.64 cm-1, 
and 457.32 cm-1 shows the bending vibration of 
the siloxane group (≡Si-O-Si≡). The absorption 
band at wavenumber at 1055.93 cm-1 show the 
Si-O asymmetric stretch vibration of siloxane 
(≡Si-O-Si≡), and the absorption band at 
wavenumber at  2974.25 cm-1, and 2974.41 cm-

1 indicates the -OH group of silanol (≡Si-OH) 
and H2O [25]. 

The FTIR results show that SiO2 is formed. 
The reaction that occurs for the formation of 
SiO2 is as follows: 

50 µm 

50 µm 

50 
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C, H, and Si + 3O2→CO2(g) + 2H2O(g) + 
SiO2(s) 

as well as a condensation of silanol groups 
(≡Si-OH) such as: 

2≡Si-OH ≡ Si-O-Si ≡ + H2O [27] 
Variations in heating time had no effect on the 
synthesis of Na2SiO3. As shown in Fig. 2, the 
absorption peak of the synthesized Na2SiO3 is 
relatively constant across all time variations. 
 
3.3 Analysis Results SEM of Calcination 

ZrO2 

      Figure 3 shows the SEM (scanning electron 
microscope) images from ZrO2 calcination. 

 

 
(a) 

 
(b) 

 
(c) 

 
Figure 3. SEM results of ZrO₂ synthesis at (a) Batch 1, 
(b) Batch 2, and (c) Batch 3 
 

In Figures 3(a) and 3(b), the solid crystal 
form is almost identical, which is like a lump.  

 
Tabel 7. EDS of synthesized ZrO2 

 Batch 1 Batch 2 Batch 3 

Element Mass% Mass% Mass% 

O     K 14.3314 56.4202 11.1863 

Zr     L 85.6686 43.5798 88.8137 

In contrast to Fig. 3(c), where only 
ZrOCl2.8H2O is seen in the form of crystals-like 

chunks that are longer and scattered. According 
to the results of the EDS test, there were no 
impurities in the three batches tested, and the 
ZrO2 had been calcined. 

 The ZrO2 calcination process from 
ZrOCl2.8H2O was carried out with three 
different citric acid contents (can be seen in the 
method). The EDS results (Table 7) for each 
batch show a different amount of ZrO2. Batch 
2 produces the most oxide of ZrO2 (56.42%). 
Batches 1 and 3 were only 14.33% and 11.18%, 
respectively. According to the EDS results, the 
optimal amount of citric acid used to produce 
better calcination of ZrO2 is 0.5 gram for 3 
grams of ZrOCl2.8.H2O. The EDS results are 
also supported by XRD data, which will be 
discussed in the following sub-chapter. 

 

 
 

Figure 4. XRD pattern of syntesized ZrO₂ 
 
      The ZrO2 phase of the calcination results 
described previously in SEM images and EDS 
can be clarified using XRD measurements. 
Batches 1 and 3 of ZrOCl2.xH2O calcination 
still left Cl2. The presence of Cl2 indicates that 
the calcination results of batches 1 and 3 are 
still incomplete due to the presence of Cl2 
impurities. There is no Cl2 impurity in batch 2. 
Furthermore, ZrO2 from batch 2 will be used in 
the Mg coating process. 
 
3.5 Process Anodizing Electrodeposition   
      Analysis Results 

The hybrid coating process is accomplished 
through two methods, the first of which is 
accomplished in two stages (anodizing 
followed by electrodeposition). The second 
method, anodizing-electrodeposition, was 
carried out concurrently. 
      Figure 5(a) shows anodized magnesium 
AZ31B with a porous surface in several places; 
the striped structure is caused by the grounding 
process, which is not smooth and flat. 

50 µm 

50 µm 

50 µm 
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Magnesium AZ31B is well anodized, as shown 
in Fig. 5(a). The presence of elements O, Na, 
Mg, and Si was discovered using EDS data. 

 

 
(a) 

 

  
(b) 

 

 
(c) 

Figure 5. Photos of SEM results for the following 
processes; (a) Anodizing (b) Anodizing-electrodeposition 
in two step (c) Anodizing-electrodeposition hybrid 
 
      Following that, a two-stage coating process 
was carried out in which the surface of 
Magnesium AZ31B was anodized for 35 
minutes to produce a porous structure. After 
Magnesium AZ31B had dried at room 
temperature, the process was resumed. The 
coating process was then continued for 35 
minutes using the electrophoretic deposition 
method with ZrO2. The dried product appears 
slightly blackened and pale whitish in color, 
indicating that it has been coated with 
Magnesium AZ31B. 
      Figure 5(b) shows anodized magnesium 
AZ31B. The ribbed structure is caused by the 
non-smooth and flat grounding process of 
Magnesium AZ31B. In several places, the 
surface is porous. Magnesium AZ31B is well 
anodized, as shown in Fig. 5(b), despite the fact 
that not many Zr particles are evenly distributed 
on the Mg surface during the electrodeposition 

process due to the large particle size of ZrO2. 
ZrO2 must be measured on a nanoscale to 
achieve optimal electrodeposition results [28]. 
      In Figure 5(c), the coating was applied in a 
single step, with anodizing and electrophoretic 
deposition occurring concurrently for 30 
minutes at a constant electric current of 1 A. 
Because of the rectifier used, the coating does 
not function as intended. The rectifier used has 
a maximum capacity of 15 volts and 1 amp 
current. The rectifier did not reach that number 
during the experiment using a variable volt with 
5 volts, 10 volts, and 15 volts because the 
current generated was very large. Changing the 
variables into a suspension solution requires the 
addition of the chemical compounds Na2O7SiO3 
and Al2O3. 
      The coating process has an effect on the 
surface of Magnesium AZ31B when the dry 
color changes slightly to black and a pale white 
line appears. The surface of Magnesium AZ31B 
forms a porous layer in several places, 
indicating that it is well anodized, despite the 
fact that not many Zr particles are evenly 
distributed on the Mg surface during the 
electrodeposition process, as shown in Fig. 5(c). 
Many factors can contribute to this, including a 
coarse sanding process for Mg and zircon 
particles that are not yet nanoscale.               
      The two-stage coating process produces 
better results than the one-stage coating process. 
Figure 5(b) shows that the pores formed by the 
anodizing results and the ZrO2 attached to the 
magnesium surface are becoming more evenly 
distributed across the entire surface. When 
compared to a single-stage coating process, less 
adhering ZrO2 occurs because fewer pores or 
oxide layers are formed (Fig. 5(c)). 

 
Tabel 8. EDS of hybrid coating magnesium AZ31B 

Element Mass% 

O      k 14.9482 

Na    k 10.6089 

Mg    k 68.5592 

Al     k* 2.4567 

Si      k 1.707 

K      k 1.353 

Zr     k* 0.3647 

 
      The two-stage coating process achieves 
better results on the surface coating of 
Magnesium AZ31B. Oxide formed on the 
surface of the AZ31B magnesium substrate 
while forming a porous surface. With an 
oxidant layer and pores on the surface, ZrO2 

anodized 
 

anodized 
 

 
 

anodized 
 

 

50 µm 

50 µm 

50 µm 
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adheres more easily and is more evenly 
distributed on the surface during the 
electrodeposition process. According to the 
EDS results, several elements were detected on 
the surface of Magnesium AZ31B, which are 
listed in Table 6. 
 
4. CONCLUSION 
      Using synthesized Na2SiO3 and ZrO2, 
anodizing electrodeposition hybrid coating on 
the surface of Magnesium AZ31B was 
successfully completed. The synthesis of 
Na2SiO3 yielded nearly identical results in all 
three batches, with only the crystal form 
differing. This result indicated the presence of 
silanol and siloxane groups. Batch 2 
calcination yields the best ZrO2 calcination 
results in the absence of Cl2 impurities. 
      The two-stage coating process outperforms 
the one-stage coating process. Because the 
two-stage coating process maximizes the 
formation of the oxide layer, ZrO2 in the 
electrodeposition process adheres better and is 
more evenly distributed on the surface. 
However, producing ZrO2 with a smaller size 
(nm scale) is required so that ZrO2 can be more 
easily attached to the magnesium surface. 
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Abstract 
TCO (transparent conductive oxide) is the main component for solar cell fabrication. One of the promising types of 
TCO is FTO (fluorine-doped tin oxide). The method used in depositing the conductive layer of FTO is spray 
pyrolysis with an ultrasonic nebulizer. The precursor used is a local Indonesian product, DMTC (dimethyltin 
dichloride) with doping ammonium fluoride (NH4F). The variable that used in this study were variations in 
deposition time (5, 10, 15, 20, and 25 minutes) with a fixed substrate temperature at 300 °C and doping variations 
(un-doped, 2 wt.% doped, and 8 wt.% doped) to see the effect of adding F doping to the precursor solution. The 
resistivity values with a variation of deposition time 5, 10, 15, 20, and 25 minutes (2 wt.% doped) are 0.218x100; 
0.449x10-1; 1,567x10-2; 0.676x10-2 0.377x10-2 Ω.cm. For doping variations (un-doped, 2 wt.% doped, and 8 wt.% 
doped) the values are 0.883x10-2; 0.377x10-2; 0.506x10-3 Ω.cm. The resistivity values tend to decrease with an 
increase in deposition time and doping addition, resulting in enhanced conductivity. The grain size will increase as 
deposition time and doping are both increased. In this study, the optimal resistivity value of 0.377x10-2.cm was 
obtained at a deposition time of 25 minutes with 2 wt.% doping.    
 
Keywords: FTO (fluorine-doped tin oxide), DMTC (dimethyltin dichloride), deposition time, doping, resistivity  
 
1. INTRODUCTION 

Indonesia is an archipelagic country located 
on the equator and in a ring of fire, so it has 
potential sustainable power such as wind, solar, 
and geothermal. The angle of the sunlight is 
shallow on the equator, so the solar energy that 
falls per unit area is more extensive. The 
utilization of solar energy can be used as an 
alternative energy source in overcoming the 
energy crisis because it enhances sustainability 
and reduces pollution. The radiant light from the 
sun can generate electricity by utilizing solar cell 
technology. DSSC (dye-sensitized solar cell) is 
among the solar cells that can be used which is  

simple and flexible so that it can be used in 
various applications, and its fabrication requires 
low costs [1]. 

In DSSC manufacturing, one of several main 
components needed is a TCO (transparent 
conductive oxide) or transparent conductive 
glass. Tin oxide (SnO2) is a semiconductor with 
good electrical and optical performance, so it is 
extensively utilized as a transparent conductor for 
various applications [2]. SnO2 has been 
developed as a result of its low production costs, 
its resistance to atmospheric conditions [3], and 
responsiveness to several gase [4]. The optical 
and electrical performance of the tin oxide film 
could be improved thru doping with ITO (indium 
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tin oxide) [5], ATO (antimony tin oxide) [6], or 
FTO (fluorine tin oxide) [7]. The most common 
tin oxide film commercialized is ITO. However, 
the material cost for ITO is extremely limited and 
expensive, so FTO is an alternative to ITO 
because it is less expensive [4] and requires more 
accessible raw materials. The electrical properties 
of tin oxide film are highly dependent on oxygen 
stoichiometry [3]. Various types of deposition 
techniques are chemical vapor deposition [8], 
sputtering [9], sol-gel method [10], spin coating 
[11], and spray pyrolysis [12].  

The most widely used precursors in FTO 
manufacturing are SnCl2.2H2O (dihydrated tin 
(II) chloride) [13]-[14] and SnCl4.5H2O (Tin (IV) 
chloride pentahydrate) [15]. Several previous 
studies have conducted experiments using DMTC 
(dimethyltin dichloride) precursors, but most 
used CVD (chemical vapor deposition) method in 
their research. Mannie, G.J.A studied the surface 
characteristics of tin oxide thin films through 
CVD method utilizing TTC (tin tetrachloride) 
precursors, DMTC, and MBTC (monobutyl tin 
trichloride) [8]. Van Mol et. al., [16] studied the 
decomposition of DMTC in pure N2 using a 
CSTR reactor at T = 370-630 °C and p = 1 bar. 
He observed the production of methane, ethane, 
ethylene, and propane by FTIR and QMS during 
the decomposition of DMTC at 500 °C and found 
no evidence of the presence of HCl and CH3Cl. 

This research used a local product precursor 
produced in Indonesia as DMTC as an alternative 
precursor to make FTO conductive layer utilizing 
the ultrasonic spray pyrolysis nebulizer technique. 
In this investigation, the influence of deposition 
time and fluorine (NH4F) doping on the 
morphology and physical properties of the FTO 
conductive layer was determined. 

 
2. MATERIALS AND METHODS 

The first stage of this research was to wash 
the substrate glass (soda lime glass) gradually. 
First, the substrate is cleaned using detergent to 
eliminate grease and dirt. Then it is placed within 
a beaker filled with acetone and vibrated using an 
ultrasonic cleaner for 15 minutes, dried, and put 
in a storage container. 

The precursor solution was made by mixing 
0.9 M of Indonesian C2H6Cl2Sn (dimethyl tin 
dichloride) with 86 ml of distilled water for 30 
minutes. The solution was then treated for 30 
minutes with various concentrations of 
ammonium fluoride (98%, Merck Ltd., Germany). 
The method chosen for depositing the solution in 
this study was spray pyrolysis using an ultrasonic 
nebulizer (GEA Medical 402A1) at a speed of ± 
30 ml / 10 minutes and a distance of 10 cm. 

Spray pyrolysis, in particular, is one of the 
promising deposition techniques because it is 
simple, reliable, and economical [17]. The 
variations used in this study were deposition 
times of 5, 10, 15, 20, and 25 minutes at 300 °C 
temperature. The morphology of this FTO 
(fluorine tin oxide) thin layer was characterized 
utilizing a SEM-EDS (scanning electron 
microscope-energy dispersive spectrometry) 
(JEOL-JSM 6390A) while the electrical 
parameter, such as resistivity, was measured 
using a four-point probe (FPP5000). 

 
3. RESULT AND DISCUSSION  
3.1 Deposition Time Effect 

SEM (scanning electron microscope) analysis 
in Fig. 1 shows that adding deposition time will 
result in significant morphological changes. 

Figure 1(a) reveals that after 5 minutes of 
deposition, the surface morphology of the layer is 
flat and smooth. It consists of small refined grains 
with a particle size diameter in the range of 39.40-
53.81 nm. The particle size diameter increased to 
46.65-100.32, 82.07-34.40, and 99.04-150.31 nm 
as deposition time was increased to 10, 15, and 20 
minutes. The granules become denser and more 
interconnected as the porosity is significantly 
decreased. The largest particle size was obtained 
at the deposition time of 25 minutes. According to 
Table 1, the diameter of the particles was between 
604.37 and 832.01 nm. The particle size will grow 
as deposition time increases.  After allowing new 
nucleation to form, adjacent grains start to collide, 
causing an increase in internal stress that is 
reduced by the forming of a more excellent 
crystalline structure [18]. 

 
Table 1. The particle size of the FTO conductive layer with 
variations in deposition time with a doping ratio of 2 wt.% 
and a substrate temperature of 300 °C using SEM analysis 

Time (minutes) Particle Size (nm) 
5 37.95 - 53.81 
10 46.65 - 100.32 
15 82.07 - 134.40 
20 99.04 - 146.48 
25 604.37 - 832.01 

 
According to the semi-qualitative and semi-

quantitative EDS (energy dispersive spectrometry) 
analysis, the conductive FTO (fluorine tin oxide) 
layer depicted in Figure 2 contains O and Sn, 
which are obtained from the precursor solution of 
dimethyl tin dichloride. (C2H6Cl2Sn). In contrast, 
Mg, Ca, Na, Si are derived from substrate 
constituent elements (glass soda-lime) [19]. The 
presence of a glass element in the film indicates 
that the positioning process has not occurred 
completely. Figure 2 depicts a semi-quantitative 



 

Morphology and Resistivity Values of Fluorine-Doped Tin .../ Aptri Mira Rizki | 107 

analysis showing that the FTO thin layer consists 
primarily of SnO2. 

Figure 2 indicates that the concentrations of 
Sn and O fluctuate. Sn elements are dominant 
from time to time because Sn elements with larger 
molecular weights tend to stick more to the 
substrate than the F dopant when given heating 
treatment and at a longer deposition process. This 
phenomenon proves that as the deposition time 
getting longer, the higher the probability that the F 
dopant in the form of gas will experience two 

conditions when the substrate is heated, namely, 
some of the F dopant sticks to the substrate and 
the other evaporates into the air [20]. The F 
content appears undetectable by the semi-
quantitative EDS test because the F content is 
minimal. This finding is in agreement with the 
experiment performed by Bilgin et. al., [21], that 
the F doping element only functions as a catalyst 
to produce SnO2 compounds with better structure 
and quantity. 

 

 

 

 
(a) (b) 

  
(c) (d) 

 

(e) 
Figure 1. Morphology of SnO2 thin layer, doping ratio 2 wt.% and substrate temperature 300 °C with variation of deposition time; 
(a) 5, (b) 10, (c) 15, (d) 20, and (e) 25 minutes 

Figure 3 is a cross-sectional SEM image of 
the FTO conductive layer (top side) and glass 
substrate (bottom side), resulting from deposition 
on the substrate within 20 and 25 minutes. From 
Figure 3, it can be seen that the layer thickness is 
560-600 nm at 20 minutes and the layer thickness 
is 1.28-1.36 μm at 25 minutes. With increasing 
deposition time, the collision of elemental fluorine 
ions on SnO2 will continue. The longer the 
collision, the thicker the surface layer will be [22]. 
There was a linear relationship between the 

thickness and the deposition time between 20 and 
25 minutes. This result is consistent with the 
report from previous authors [23]-[24].  
 
Table 2. Resistivity values with varying deposition time, 
doping ratio 2 wt.% and substrate temperature 300 °C 

Time (minutes) Resistivity (Ω.cm) 
5 0.218x100 

10 0.449x10-1 
15 1.567x10-1 
20 0.676x10-2 
25 0.377x10-2 
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The resistivity of the SnO2 thin layer versus 
deposition time is shown in Table 2. The 
resistivity value decreases as deposition time 
increases. This finding suggests that the 
conductivity value improves with increasing 
deposition time. Generally, an increase in the 
thickness of a thin layer causes the resistivity to 
decrease [25]. Conductivity is the ability of a 
material to conduct electric current. It is the 

inverse of electrical resistivity. Therefore, 
increasing the thickness of the thin layer increases 
its conductivity. As deposition time increases, the 
SnO2 particles become denser, thereby lowering 
porosity, and the interconnection becomes more 
interconnected, electronic transfer between 
particles becomes smoother, and the resistivity is 
considerably decreased [26]. 

 

 
 

 

 
 

(a) (b) 

  
(c) (d) 

 

(e) 
Figure 2. Semi-qualitative graph of EDS of the FTO conductive layer at deposition time variations with a doping ratio of 2 wt.% 
and a substrate temperature of 300 °C using EDS-SEM analysis (a) 5, (b) 10, (c) 15, (d) 20, and (e) 25 minutes 
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3.2 Doping Effect 
Figure 4 depicts the surface morphology of 

FTO thin films with varying doping levels, coated 
for 25 minutes and 300 °C substrate. The surface 
morphology of the non-doped layer has a particle 
size diameter of 99.66-228.04 nm. There was an 
increase in the particle size diameter to 496.06-
596.01 and 868.00-1290.00 nm with the addition 
of 2 wt.% and 8 wt.%, respectively, as shown in 
Table 3. 

According to the SEM analysis, the surface 
morphology of the undoped thin layer consists of 

small grains, whereas the particle size increases 
with the addition of doping. According to research 
conducted by P. Yao [27] and D. Tatar [28], the 
grain size increases as the doping level rises. The 
results are consistent with these findings. The 
morphology of the crystals gets bigger with 
increasing doping levels because the crystals are 
getting denser, and there is an agglomeration 
process [29]. The agglomeration process involves 
the accumulation of nanoparticle-sized solids in 
order to produce larger crystals. 

 

 

 

 
(a) (b) 

Figure 3. Cross-sectional view of the FTO thin layer, doping ratio 2 wt.% And substrate temperature 300 °C with varying 
deposition time (a) 20, and (b) 25 minutes 
 

  
(a) (b) 

 

(c) 
Figure 4. Morphology of the SnO2 thin layer, deposition time of 25 minutes and substrate temperature of 300 °C with doping 
variations; (a) undoped, (b) 2 wt.%, (c) 8 wt.% 
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EDS analysis of chemical content of thin 
films in Fig. 5 shows that the elements of Sn and 
O are more dominant in thin films. However, 
element F was not detected in the thin layer. 
Gaseous Element F is difficult to identify with 
EDS. Furthermore, the small concentration of this 
element in the original solution may limit the 
detection of this element. Figure 5 shows that the 
incorporation of F increases the number of Sn 
elements. Since the diameter of the fluorine ion 
(F−: 0.133 nm) is nearly identical to oxygen (O2−: 
0.132 nm), a rise in the Sn/O ratio shows the 
effective doping of F through to the lattice as 
either an interstitial or an oxygen substitution [7], 
[21]. 

According to Table 4, NH4F addition will 
impact the resistivity of the thin layer. The 
undoped film has a greater resistivity value than 
the doped layer. As doping increases, the 
resistivity value lowers. According to prior studies, 
the doping amount effects the stoichiometric of 
the SnO2 thin layer. As the doping level increases, 
the thin film becomes nonstoichiometric, wherein 
fluorine atoms with ionic surface mobility 
scattered on the specimen surface increase with 

doping, causing the grain size to increase, grain 
boundaries decrease so that the electrical 
properties increase [28].  
 
Table 3. The particle size of the conductive FTO layer with 
the effect of adding doping, deposition time of 25 minutes, 
and substrate temperature of 300 °C using SEM analysis 

Doping Particle Size (nm) 
Undoped  99.66 – 228.04  
2 wt.% 496.06 – 596.01 
8 wt.% 868.00 – 1290.00 

 
This is in accordance with previous studies, 

which demonstrates that the resistance drops with 
increasing doping concentrations after doping 
with 30 F/Sn atomic% but then increases at 
doping levels greater than 70 F/Sn atomic%  [30]-
[31]. 

 
Table 4. The results of the resistivity test for doping 
variations with a deposition time of 25 minutes and a 
substrate temperature of 300 °C 

Doping Resistivity (Ω.cm) 
0 wt.% 0.883 x 10-2 
2 wt.% 0.377 x 10-2 
8 wt.% 0.506 x 10-3 

 

 
 

 

 
(a) (b) 

 
 

(c) 
Figure 5. Semi-qualitative graph of EDS of the conductive FTO layer at doping variations with a deposition time of 25 minutes 
and a substrate temperature of 300 °C using EDS-SEM analysis (a) Undoped, (b) 2 wt.%, and (c) 8 wt .% 
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4. CONCLUSION 
FTO (flourine tin oxide) conductive layer 

production by spray pyrolysis method utilizing an 
ultrasonic nebulizer generated a comparatively 
good layer with the smallest resistivity value of 
0.377x10-2 Ω.cm at a time deposition of 25 
minutes and 2 wt.% doping. As deposition time 
increases, the larger the grain size will be, which 
causes the conductive layer to be thicker. The 
effect of increasing the thickness of the 
conductive layer will result in a decrease in the 
resistivity value so that better conductive 
properties will be obtained. 
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Abstract 

Indonesia is a country that has abundant mineral resources, including nickel resources in laterite ore. Nickel 
demand has risen significantly because of the need for nickel precursors for battery production. Nickel laterite can 
be processed via the hydrometallurgical route to obtain nickel precursor by leaching the laterite ore with an acid 
solution to produce a nickel-rich solution or PLS (pregnant leach solutions). This nickel-rich solution is then 
precipitated with a base solution to produce MHP hydroxides (mixed hydroxides precipitate). MHP is the primary 
product containing nickel and cobalt for the production of lithium battery material. PLS often contains iron 
impurities, which dissolve when the ore is leached. As a result, the iron must be separated in order to produce high-
purity MHP. To address this issue, synthetic PLS with nickel, cobalt, and iron were created, and their concentration 
was simulated to match the general PLS composition. The experiment revealed that iron could be precipitated in 
two stages using 2.5 M NaOH solution at solution pH of 3 and 3.5. At a higher pH, nickel and cobalt can be 
precipitated. To investigate the effect of pH and temperature on the yield of nickel and cobalt precipitation, 
precipitation was carried out at pH 7, 8, and 9 and temperatures of 70, 80, and 90 °C. The results show that the 
highest yield was obtained at a pH of 9 and a temperature of 90 °C, with nickel and cobalt precipitation yields of 
99.03% and 98.78%, respectively. 
 
Keywords: MHP (mixed hydroxide precipitate), iron removal, pH, temperature, precipitate 
 
1. INTRODUCTION 

Indonesia is a country that has a wealth of 
natural resources and abundant mineral resources 
[1]. Many minerals have the potential to 
transform into nickel, such as sulfide compounds 
and oxide compounds (laterite ores) [2]. However, 
the dwindling amount of nickel sulfide reserves 
can be a problem to face in the future. Therefore, 
it is necessary to use laterite as a nickel source, 
although laterite ore contains lower nickel 
content than sulfide ore. Laterite nickel 
processing can be carried out through 
pyrometallurgical or hydrometallurgical 
processes [3]. In the nickel processing industry, 
hydrometallurgical nickel ore processing lines 
include the Caron Process, HPAL (high-pressure 

acid leaching), AL (agitation leaching), and HL 
(heap leaching) [4]. 

The intermediate product from the leaching 
process is usually called a PLS (pregnant 
leaching solution). The PLS is then processed by 
precipitation method to produce the final product,  
generally in the form of a MHP (mixture of 
hydroxide precipitate) or a MSP (mixture of 
sulfide precipitation). The PLS from the leaching 
process could also be processed before the 
precipitation process via a solvent extraction 
route to separate the dissolved metal into a 
different solution to produce higher-purity PLS 
[5]-[6]. MHP is a commercially proven technique 
[7]; MHP has a nickel content of around 3,8%-
34%, while MSP is about 55%. MHP has 
received a lot of attention because it has several 
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advantages over the MSP method, such as easier 
precipitation to obtain nickel and cobalt as 
concentrates and a more accessible nickel and 
cobalt extraction process [8]-[9]. However, 
obtaining MHP precipitate with high nickel and 
cobalt content is challenging because there are 
too many impurities.  

In this study, the MHP precipitation method 
was used, which previously carried out an iron 
removal process so that the precipitated nickel 
and cobalt could be free from iron compounds 
[10]. 

 
2. MATERIALS AND METHODS 

The synthetic PLS (pregnant leaching 
solution) was prepared by first diluting a certain 
amount of nickel sulfate hexahydrate, cobalt 
sulfate heptahydrate, and iron sulfate separately 
in aquademin in an acidic condition. The 
solutions were mixed and diluted with aquademin 
to get 5 liters of PLS. The synthetic PLS was 
taken as much as 5 ml and diluted in a volumetric 
flask up to 100x dilution to be analyzed for 
elemental content using ICP-OES (inductively 
coupled plasma-optical emission spectrometry). 
Then the iron removal process was carried out 
using 2.5 M NaOH with a two-step process 
where the first stage was carried out until the pH 
of the solution reached 3 and the second stage 
until the pH of the solution got 3.5. Each of these 
stages is conducted for 1 hour. Then, the MHP 
(mixed hydroxide precipitate) precipitation 
process was carried out for 1 hour with 
temperature variations of 70, 80, and 90 °C and 
pH variations of 7, 8, and 9. 

The obtained MHP was then dried at 110 °C 
for 6 hours in an oven. Furthermore, the MHP 
formed was weighed using a digital balance and 
analyzed using XRF (x-ray fluorescence) S2 
PUMA to determine the elemental composition 
in the mixtures. XRD (x-ray diffraction) 
Shimadzu type 7000 analysis was carried out to 
determine the phases, and SEM (scanning 
electron microscope) analysis was also conducted 
to determine the morphology of the nickel 
hydroxide formed. 

 
3. RESULT AND DISCUSSION  

The experiment was conducted using a 
synthetic mixture of nickel sulfate hexahydrate, 
cobalt sulfate heptahydrate, and iron (III) sulfate 
in this study. The solution was created with a Fe, 
Ni, and Co ratio of 30:20:1. The synthetic PLS 
(pregnant leaching solution) was created by 
dissolving 267.86 g of ferric sulfate, 222.74 g of 
nickel sulfate hexahydrate, and 11.91 g of cobalt 
sulfate heptahydrate in 5 L of 0.2 M sulfuric acid 

to yield PLS with iron concentrations of 15 g/L, 
10 g/L, and 0.5 g/L, respectively. The conditions 
for making this synthetic PLS solution adopted 
the research conducted by Topkaya [12], which 
carried out multi-step leaching of nickel limonite 
ore using a leaching agent in the form of sulfuric 
acid with nickel extraction in the range 85%-89%, 
cobalt extraction about 57%-71% and iron 
extraction around 68%-79%. Furthermore, the 
AAS (atomic absorption spectrometry) instrument 
first analyzed the PLS to determine the actual 
concentration of iron, cobalt, and nickel in the 
process, and the results are listed in Table 1. 

 
 Table 1. AAS analysis for synthetic PLS 

Element g/L 

Nickel (Ni) 9.488 
Cobalt (Co) 0.4937 
Iron (Fe) 11.91 

 
The iron removal process was carried out in two 
stages by adding 2.5 M NaOH at 80 °C and 
stirring at 450 rpm for 1 hour. In the process of 
iron removal stage 1; 45 mL of 2.5 M NaOH was 
added to 200 mL PLS until the pH in the solution 
was up to 3. The result from the iron removal 
process stage 1 is that iron could be selectively 
precipitated in the process. The iron concentration 
in the PLS after stage 1 could be reduced up to 
99.53%, with nickel and cobalt concentration only 
slightly reduced to 1.265% and 0.546%, 
respectively. For the process of iron removal stage 
2; 15 mL, NaOH 2.5 M was added to the solution 
to raise the pH to 3.5. The accumulated reduction 
value of iron concentration in the PLS from stages 
1 and 2 is 99.95%, with the concentration of 
nickel and cobalt only decreasing by 1.311% and 
1.357%, respectively. The primary purpose of the 
iron removal process is to neutralize acid and 
precipitate iron as much as possible because iron 
is the impurity with the highest content in PLS. 
 
3.1 Color Change in the Precipitation Process 

In the MHP (mixed hydroxide precipitate) 
precipitation process, several phenomena were 
observed, such as a color change from light green 
to transparent, as shown in Fig. 1.  
 
Table 2. Results of ICP-OES analysis of PLS solution after 
precipitation of MHP 

Element g/L 
Nickel (Ni) 0.9234 
Cobalt (Co) 0,0006 

 
      Figure 1 depicts the color changes experienced 
by the solution prior to and after the MHP 
precipitation process. This color change indicates 
that a lot of nickel and cobalt contained in the PLS 
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solution have been precipitated so that the 
solution only had a small amount of nickel and 
cobalt, as shown in Table 2. 
 

 
(a) 

 
(b) 

Figure 1. (a) PLS before MHP precipitation process, (b) PLS 
after MHP precipitation process 
 
3.2 Precipitation of MHP with Various 

Temperature 
      One of the factors that can influence the MHP 
precipitation process is temperature. Temperature 
variations were carried out in the MHP 
precipitation process at 70, 80, and 90 °C with a 
precipitation time of 3 hours and added NaOH 2.5 
M 45 mL, 15 mL, and 5 mL, 
respectively.

 
Figure 2. Effect of temperature on element precipitation 
 
The results show that at 70 °C, the lowest nickel 
and cobalt content precipitated in the MHP was 
57.86% and 29.11%, respectively. At 90 °C, the 
highest value of nickel and cobalt content 
precipitated was 99.014% and 98.768%, 

respectively. The relationship between nickel and 
cobalt content deposited on MHP can be seen in 
Fig. 2. 

Based on Figure 2, it can be seen that the nickel 
and cobalt deposited in the MHP increased with 
increasing temperature. The higher the 
temperature of the precipitation process, the 
higher the recovery of nickel and cobalt 
precipitated [12]. The higher the temperature used, 
the higher the kinetic energy of the molecules of 
substances in the solution that will react so that 
the more molecules of substances that have 
energy more significant than the more 
signification energy, the more effective collisions 
occur, which will increase the reaction rate [12]. 
The higher the reaction rate, the faster the reaction 
will occur, so more nickel and cobalt will 
precipitate [11]. Based on the data obtained, it can 
be seen that temperature influences the MHP 
precipitation process, with the optimum 
temperature obtained at 90 °C. 
 
3.3 Precipitation of MHP with Various pH 
      This research was also carried out with pH 
variations in the MHP precipitation process.  

 
Figure 3. Effect of pH on element precipitation 

 
With a precipitation time of 3 hours, the pH 
variations used were 7, 8, and 9. According to the 
research findings, the lowest nickel and cobalt 
content in the precipitate was obtained at pH 7, 
57.86% and 29.10%, respectively. The highest 
nickel and cobalt concentrations in the precipitate 
were obtained at pH 9, namely 99.02% and 
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98.78%, respectively. If the pH variation is plotted 
against the nickel and cobalt precipitates recovery, 
a curve is shown in Fig. 3. 
      Based on Figure 3, it can be seen that the 
value of nickel and cobalt deposits in MHP 
increases with increasing pH. The higher the pH 
used, the higher the recovery of nickel and cobalt 
deposits; this is to research conducted by 
Oustadakis et. al., [12] which showed that 
increasing pH resulted in more significant 
precipitation of metal hydroxides. 
 
3.4 XRF (X-Ray Fluorescence) Analysis on 

MHP (Mixed Hidroxide Precipitate) 
      The result of XRF (x-ray fluorescence) 
analysis of MHP residues at pH 9 and a 
temperature of 90 °C can be seen in Table 3. XRF 
analysis was conducted to determine the levels of 
nickel and cobalt formed after the MHP 
precipitation process. The result has a low Fe 
content because the iron was removed first in the 
previous processes. These results show that the 
nickel and cobalt content of the produced MHP is 
very high, while the iron content is very low. The 
iron content in the MHP XRF analysis indicates 
that the iron removal process was successful in 
removing the majority of the Fe in the solution. 
          
Table 3. XRF Analysis for MHP synthesized a pH of 9 and 
temperature of 90 °C 

Element Wt.% 

Nickel (Ni) 61.467 
Cobalt (Co) 1.560 
Ferum (Fe) 0.003 

 
3.5 XRD Analysis on MHP (Mixed Hydroxide 

Precipitate) 
      MHP compounds were also analyzed using 
XRD to determine the nickel and cobalt 
compounds formed after the MHP precipitation 
process.  

 
Figure 4. X-ray diffraction pattern for MHP (mixed 
hydroxide precipitate) 
 

The XRD diffraction pattern was analyzed with 
the ICSD (inorganic crystal structure database) 
standard using the HSP (high score plus) software 
to identify Ni(OH)2 and Co(OH)2 compounds. The 
tested samples obtained that the comparison 
image of the X-ray diffraction pattern of the 
experimental MHP samples had similarities with 
the x-ray diffraction pattern based on the ICSD 
No. Standard. 98-002-4015 and ICSD No. 98-
008-8940, the diffraction pattern of Ni(OH)2 and 
Co(OH)2 compounds. The XRD analysis was 
carried out with the range of 2θ angle of 10°-80°. 
The sample found typical peaks of Ni(OH)2 at 2θ 
(°) = 19, 33, 38, 52, 59, 62 and 70 and found 
peaks of Co(OH)2 at 2θ (°) = 19, 32, 38, 51, 58, 
61 and 69. The higher the peak produced, the 
more compounds formed. Figure 4 shows a 
comparison image of x-ray diffraction at MHP, 
the result of precipitation at pH 9, and a 
temperature of 90 °C. 
 
3.6 SEM (Scanning Electron Microscope) 

Analysis on Ni(OH)2 
      The results of the SEM (scanning electron 
microscope) analysis of the MHP are illustrated in 
Fig. 5. SEM micrographs show that the formation 
of nickel hydroxide particles occurs through the 
aggregation of small particles. The incorporation 
mechanism of growing nickel hydroxide crystals 
has also been studied previously by Jones [13]. 
Elemental mapping in MHP is carried out to 
determine the compounds in MHP through SEM-
EDS (energy dispersive spectrometry) analysis 
(Fig. 6).  
 

 
 
Figure 5. Morphology of Ni(OH)2 at 90 °C temperature and 
pH 9  

 
Several points on the MHP indicate the presence 
of sodium as the main impurity in the precipitate. 
The presence of sodium in the form of sodium 
ulfate produced by the reaction of sodium 
hydroxide as a pH regulator and sulfuric acid was 
also detected and can be seen in Fig. 6. 
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3.7 Mass of Mixed Hydroxide Precipitate 
      The nickel and cobalt content precipitated in 
MHP (mixed hydroxide precipitate) was weighed 
based on the study results. The highest sediment 
mass gain was obtained at pH 9 at 90 °C with a 

precipitate mass of 5.61 grams, while the lowest 
sediment mass was obtained at pH 7 at 70 °C with 
a sediment mass of 1.12 grams. 
 
 

 
 

  
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e)  

(f) 

 
(g) 

 
Figure 6. (a) BSE image of MHP at 90 oC temperature and pH 9 with EDS elemental mapping of (b) Sulphur, (c) Oxygen, (d) 

Nickel, (e) Natrium, (f) Cobalt, and (g) Carbon 
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This result shows that the higher the pH and 
temperature, the higher the MHP precipitate 
obtained. Nickel content was obtained at optimum 
conditions, namely pH of 9 and temperature of 
90°C, with a nickel content in MHP of 33.49% 
and cobalt of 1.738%. The results of the MHP 
mass measurement are then plotted in Fig. 7. 
 

 
Figure 7. MHP (mixed hydroxide precipitate) mass after 
Ni/Co precipitation 

 

4. CONCLUSION 
     This work successfully removed iron from 
PLS (pregnant leach solution) through two stages 
of precipitation. The first stage was conducted at 
pH of 3 and the second stage at pH 3.5. After two 
stages of precipitation, 99.95% of iron could be 
removed. The nickel and cobalt which co-
precipitated in the iron removal process is only 
1.311% and 1.357%, respectively, indicating that 
the iron removal process is selective.  
     Nickel and Cobalt then could be precipitated 
in the form of MHP (mixed hydroxide 
precipitate) at pH of 9 and 90 °C. The maximum 
value of nickel and cobalt precipitation yield are 
99.03% and 98.78%, respectively. The content of 
nickel and cobalt in the resulting MHP are 
33.49% for nickel and 1.734%, respectively. 
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Abstract 
This study used a CCD (central composite design) of RSM to determine the dependence and interaction between 
several operating conditions that affect the grinding process using a ball mill, such as the number of balls, grinding 
duration, and rotational speed, on particle size at 80% product mass (P80) and mineral liberation (response surface 
method). The grinding process was carried out in a cylindrical ball mill with a diameter and length of 18.6 cm and 
21.5 cm, respectively, as well as a steel ball with a diameter of 2.5 cm and a weight of 100 grams/ball. A sieve 
aperture of 180-600 microns is used to analyze the particle size distribution. The optimum data for the grinding 
process was obtained with the smallest response value of P80 (513.294 μm). It was known that the number of balls 
and grinding duration significantly affected the reduction of the P80 value in the sample. The model that can 
describe the influence of process variables on the P80 value was obtained with good accuracy. The elemental 
concentration and the XRD (x-ray diffraction) pattern were used to determine the mineral content of the sample. 
Minerals with a lower hardness scale are more easily liberated and exposed. The initial material's P80 value was 
1560.89 m, while the P80 grinding process was reduced to 513.29 m under optimal conditions.    
 
Keywords: CCD (central composite design), grinding, RSM (response surface method), laterite, nickel 
 
1. INTRODUCTION 

Nickel is a metal currently attracting 
concern due to its numerous applications, 
including its use in battery cathodes. The growth 
of the EV (electric vehicle) industry sets the stage 
for the rising use of high-capacity batteries. In 
response to this demand, the nickel refining 
process from primary and secondary sources 
must be carried out. Because saprolite resources 
are depleted and limonite is abundant, the 
investigation is primarily focused on nickel 
laterite discovered in limonite. Indonesia has 
1.576 million tons of laterite reserves, the third-
largest after New Caledonia and the Philippines 
[1]-[2]. The topic of the nickel refining process 
becomes quite intriguing to be addressed as a 
result of these various concerns. The nickel 
concentration of limonite ore ranges between 0.8 
and 1.5 percent. The low nickel content is also 
essential when creating an optimum processing 
method. One of these processes is the use of a 
ball mill for grinding. 

The preliminary laterite processing is critical 
for the following process stage. The grinding 
process is the first step in separating liberated 
minerals from undesired minerals and increasing 
surface area. Grinding consumes a significant 
amount of energy in the initial stages of the 
mineral processing process. The grinding process 
can consume up to 70% of the energy in a 
mineral processing plant [3]-[4]. Typically, the 
grinding step occurs towards the end of the 
comminution process. A ball mill is a type of 
grinding machine that uses a combination of 
impact and abrasion to reduce particle size [5]. 
The key to successful mineral processing is to 
create optimal operating conditions. 

Considerable research has been conducted to 
investigate mineral grindability. However, few 
have investigated the optimization of the grinding 
process itself, particularly for nickel laterite. 
Velázquez et. al., [6] investigated the grindability 
of nickel laterite with various serpentine 
combinations. Tong et. al., [7] used a stirred mill 
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to examine the selective comminution of goethite 
from saprolite. Petrakis et. al., [8] used the 
population balance approach to examine the 
effect of the number of balls on particle size 
reduction in the ball mill during a selective 
grinding process on low-grade laterite. Based on 
the research that has been done, there hasn't been 
much discussion about optimization with the 
RSM (response surface method) in the grinding 
process of laterite ore using a ball mill. The goal 
of this study is to see how the number of balls, 
grinding duration, and ball mill rotational speed 
affect the size of 80 percent of the particles that 
pass through the grinding process (P80). The 
particle distribution before and after milling was 
investigated using a sieve shaker with an aperture 
size range of 180-600 m. 

 
2. MATERIALS AND METHODS 
2.1 Mineral Characterization 
      The laterite ore utilized in the research was 
obtained from Morowali, Central Sulawesi. 
Elemental analysis was carried out using an XRF 
(x-ray fluorescence) Rigaku Primini Benchtop 
with a 5-minute scan duration. Table 1 shows the 
findings of the analysis. 
      Mineral phase analysis was also performed 
using an XRD (x-ray diffraction) SmartLab using 
Cu-Kα radiation in the 2θ range of 3-90o. 

 
Table 1. The elemental concentration of laterite ore (wt.%) 

Ni Co Si Al Fe Ca 
1.90 0.16 9.36 2.22 13.82 0.44 
Mg Li LOI*    
5.13 0.82 0.81    

*Lost on Ignition. 
      The P80 value of the initial sample is 1560.89 
µm. P80 value indicates 80% of the total particles 
have a size of 1560.89 µm. 

2.2 Grinding Process Using Ball mill 
A lifter-equipped cylindrical ball mill with a 

diameter of 18.6 cm and a length of 21.5 cm is 
used for grinding. The ball mill is powered by a 
motor connected to a belt. The number of balls 
(5-15), the duration of the grinding (5-15 
minutes), and the rotation speed of the ball mill 
were the experiment's independent variables (8-
16 rpm). The mass and diameter of each steel ball 
used in this study are shown in Table 2. Each 
experiment required 200 grams of each sample. 

 
Table 2. Steel ball characteristic 

Balls Mass (g) Diameter (cm) 
1 80.053 2.35 
2 89.542 2.78 
3 89.626 2.79 
4 91.752 2.80 
5 91.957 2.81 
6 92.254 2.81 
7 92.553 2.82 
8 92.607 2.82 
9 92.667 2.82 

10 92.701 2.83 
11 93.554 2.85 
12 93.853 2.86 
13 93.860 2.86 
14 93.860 2.86 
15 93.874 2.87 

Total 1374.713  
Average 91.647 2.82 

 
      Following the grinding process, a sieve with a 
aperture size range of 180-600 µm was 
performed using the Ristech Test Sieve (ASTM E 
11-09). The mean diameter of solid particles was 
correlated with the average aperture size of each 
sieve. The mass fraction (percent) and cumulative 
mass passed are calculated using the mass of 
particles measured in each sieve (percent). 
 

                      Table 3. Feed sample particle distribution 

Aperture  
(µm) 

Average 
aperture size 

(µm) 

Retained 
mass  

(gram ) 

% mass 
(%) 

Cummulative 
oversize (%) 

Cummulative 
undersize (%) 

+600 600.000 340.000 73.325 73.325 26.675 
+500-600 550.000 16.585 3.577 76.902 23.098 
+425-500 462.500 13.642 2.942 79.844 20.156 
+355-425 390.000 11.179 2.411 82.255 17.745 
+212-355 283.500 35.469 7.649 89.904 10.096 
+180-212 196.000 10.953 2.362 92.266 7.734 

-180 180.000 35.861 7.734 100.000 0.000 
total  463.689 100.000   

 
2.3 Design of Experiment and Statistical 

Analysis 
CCD (central composite design) was used. 

The Minitab 19 software is also used for data 
processing. This method determined the effect of 
independent variables (number of balls, grinding 
duration, and rotational speed) on the particle  
 

 
size value of 80% of the total particles (P80). 
CCD employs 2n (n=3) factorial experiments, 2n 
axial experiments, and nc center experiments. 
The goal of this experiment is to identify the 
optimal operating conditions for the grinding of 
laterite ore. The model uses a second-order 
polynomial to correlate the response (P80) to the 
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three independent variables, as shown in equation 
(1). 

 (1) 
Where Y is the response (P80), b0 is the constant 
coefficient, bi is the linear coefficient, bij is the 
interaction coefficient, bii is the quadratic 
coefficient, and xi, xj are independent variables. 
Table 4 shows the grinding process level used in 
this experiment. 

 
Table 4. Variable level of grinding process 

Variables Label Unit Level 
-1 0 1 

Number of balls A - 5 10 15 
Grinding duration B minutes 5 10 15 
Rotating speed C rpm 8 12 16 
 
3. RESULT AND DISCUSSION  
3.1 Mineral Characterization  

Table 1 presents the concentration of each 
feed component. The nickel concentration in the 
feed was 1.9 percent, with Fe of 13.82 percent 
being the highest concentration in the laterite ore. 
Undesired elements such as Si, Mg, and Al were 
present at 9.36; 5.13; and 2.22 percent, 
respectively.  

 
 
 
 
 
 
 

      The mineral phase in the feed material is 
characterized via an XRD (x-ray 
diffraction) pattern (Fig. 1).  

 
Figure 1. The mineral phase in the laterite ore 
 

The material's XRD pattern analysis 
indicated that the most prominent phases were 
lizardite, clinochlore, goethite, and quartz, with 
hematite and magnetite appearing in minor 
amounts. 

 
3.2 Particle Size Distribution 

Particle distribution analysis on the sieve 
was performed by obtaining retained mass data 
on each sieve. A wide range of aperture sizes 
ranged from 180 to 600 µm. The feed material 
and the grinding product from a ball mill were 
used to investigate the influence of the number of 
balls and residence time on the particle size 
distribution of laterite ore. The frequency 
distribution of the feed material is more frequent 
and homogenous at particle diameter sizes 
greater than 600 µm, as seen in Figs. 2-4.  
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Figure 2. Particle size distribution with 5 balls and cumulative undersize 
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      The higher the number of balls used, the more 
particles grind to smaller particle sizes. The 
diameter of laterite ore particles was uniform at 
sizes smaller than 180 µm at maximum operating 

conditions (15 balls, 15 minutes, and 8 rpm). 
Meanwhile, the grinding process with many balls 
and a short duration produces a bimodal particle 
distribution pattern (which has two peaks). 
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Figure 3. Particle size distribution with 10 balls and cumulative undersize 
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Figure 4. Particle size distribution with 15 balls and cumulative undersize 

 
3.3 Grinding Process Optimization Using the 

RSM Approach 
      Data from three levels of the CCD (central 
composite design) were analyzed to find the best 
model to represent the relationship between the 
three independent variables (number of balls, 
grinding duration, and rotating speed) and the 
response (P80). Table 5 shows the actual P80 

observed in the experiment and the predicted P80 

from the model. 
      A quadratic model was developed to describe 
the relationship between the operating conditions 
and the obtained P80. As seen in equation (2), the 
model is a polynomial of order 2: 

          (2) 
      Where Y represents the P80 value (µm), A 
represents the number of balls, B represents the 
grinding duration (minutes), and C represents the 
rotating speed (rpm). The obtained model has an 
excellent correlation coefficient (R2 = 0.9769), 
which describes the model utilized quite well. 

Table 5 shows the sum of squares and mean 
squares for each factor and the F-value and P-
value. F-value describes the distribution of the 
mean of the test sample or the mean square 
divided by the error. While the P-value shows the 
significance of the test variable (P-value < 5%).  
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     In addition, analysis of variance (ANOVA) 
was used to explain the model obtained, as shown 
in Table 6. It is clear that factors A, B, C, AC, 
and BC are significant in this experiment. 
However, factors A2, B2, C2, and AB are not. 
 
Table 5. Comparison of the experimental P80 value and 
predictions from the obtained model 
Number 
of balls 

Time 
(min) 

Rotating 
speed 
(rpm) 

P80 (µm) 

Experiment Prediction 

15 5 16 545.072 545.548 
5 5 16 723.489 746.229 
5 15 16 687.492 681.624 
15 15 16 532.864 549.260 
15 5 8 688.908 698.712 
5 5 8 1059.760 1047.30 
5 15 8 771.299 766.887 
15 15 8 513.294 486.618 
10 5 12 734.766 729.950 
10 15 12 571.040 591.600 
10 10 16 594.558 560.814 
10 10 8 630.540 680.028 
10 5 8 826.643 810.899 
10 10 12 660.804 653.030 
10 10 12 661.000 653.030 

 
The smaller the P-Value, the greater the 

significance of the variable to the change in 
response. According to previous studies, the 
significance value is found in factors with a P-
value of ≤ 0.05 [9]-[12].  

 
Table 6. Analysis of variance (ANOVA) 

Source DF Sum of 
squares 

Mean 
square 

F- 
Value 

P- 
Value 

Model 9 262869 29208 23.52 0.0014 
A 1 115657 115657 93.14 0.0002 
B 1 49608 49608 39.95 0.0015 
C 1 36834 36834 29.66 0.0028 
A2 1 4655 4655 3.75 0.1106 
B2 1 93 93 0.07   0.795 
C2 1 1646 1646 1.33 0.3017 
AB 1 2334 2334 1.88 0.2287 
AC 1 10938 10938 8.81 0.0312 
BC 1 24364 24364 19.62 0.0068 
Error 5 6209 1242   
Lack-of-Fit 4 6208 1552 80897.9 0.026 
Pure Error 1 0 0   
Total 14 269077    
A=Number of ball, B=grinding time (min), C=Rotating 
speed (rpm) 
 
      Figure 5 depicts the effect of the number of 
balls, grinding duration, and rotating speed on the 
P80 value. In comparison, the feed material's P80 
value is 1560.89 µm. It can be seen that the 

number of balls and the grinding time 
significantly impact the value of P80. The larger  

This is due to the grinding process using the 
dry method so that the ore will quickly move in 
the direction of the ball being lifted by the lifters. 
As a result, the probability of a collision between 
the ball and the laterite ore is reduced. Previous 
research has found similar results [5], [13]-[15]. 

This investigation obtained the optimum 
process conditions for the grinding of laterite ore 
in a ball mill. The optimum processing conditions 
are 15 balls, 15 minutes of grinding time, and an 
8 rpm rotational speed (Figs. 5(a)-(c)). 
 

 
(a) 

 
(b) 

 
(c) 

 
Figure 5. The effect of (a) number of balls and grinding 
duration, (b) number of balls and rotating speed, and (c) 
grinding duration and rotating speed on the P80 value 

 
 
 
 
 

 
 
 
 
 

Figures 6 and 7 show component 
concentrations at optimum conditions as well as a 
comparison of feed material XRD patterns at 
optimum conditions.  The decrease in P80 
potentially indicates mineral liberation in the 
laterite material and an increase in the material's 
surface area. The P80 value obtained at the 
optimum grinding conditions was 51.29 µm. 

Minerals with high hardness, such as quartz, 
are detected less than the feed material. This is 
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because the harder the mineral is to release, the 
stronger the bonds between the minerals. 

 

 
Figure 6. Elemental concentration of grinding product at 
optimum operating conditions 

 
The hardness scale values of each mineral 

identified in laterite ore Morowali are shown in 
Table 7 [13]-[14]. 
 

 
Figure 7. XRD pattern of laterite ore grinding products at 
optimum operating conditions  
 

The hardness data for each of these minerals 
shows that the lowest to highest hardness scale 
values are clinochlore, lizardite, goethite, 
magnetite, hematite, and quartz, respectively. 

 
Table 7. The hardness scale (Mohs's scale) of the mineral in 
the laterite ore Morowali 

Minerals 
Mohs's 

Hardness Wt.% 
Quartz 7 12.93 
Clinochlore 2.5 21.21 
Lizardite 2.5 34.18 
Goethite 3.8 16.79 
Hematite 6.5 8.41 
Magnetite 5.75 6.47 

 
Lizardite was the most dominant phase in the 
sample, accounting for 34.18 percent of the total. 
 
4. CONCLUSION 
      Initial characterization data and grinding 
process optimization for Morowali laterite ore 

have been obtained. In the Morowali laterite ore, 
it is evident that there are nickel carrier minerals 
such as goethite, which contain 1.9% nickel. The 
most common minerals are lizardite, clinochlore, 
goethite, and quartz. In contrast, hematite and 
magnetite are only present in trace concentrations.  

The size distribution of laterite ore in grinding 
products has a bimodal distribution. The response 
surface method was used to optimize the grinding 
process by determining the correlation between 
process conditions and the P80 value and 
determining the optimum grinding conditions. 
This optimization method applies CCD (central 
composite design). The analytical results show 
that statistical methods can assist in determining 
the optimum point of the laterite ore grinding 
process. The optimal grinding conditions were 
obtained using 15 balls, 15 minutes of grinding 
time, and 8 minutes of rotation speed. The 
material's P80 value was decreased from 1560.89 
µm to 513.29 µm under these conditions. This is 
considered useful information for the Indonesian 
laterite mineral processing industry. 
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Abstract 
In this study, Mn-rich Fe-Mn-Al alloys with different Al content (Al = 0, 3, and 5 % by weight) were fabricated from 
ferromanganese lumps using a conventional powder metallurgy technique. The samples were compacted in 1 cm 
steel dies using a load of 8 tons and then sintered at 1100 °C for 2 h in a tubular furnace under a vacuum condition 
of around 0.5 mbar. To evaluate the effect of Al addition to Fe-Mn-Al alloy, the Archimedes principle and Vickers 
hardness were applied to estimate the density and hardness of the compact alloys. Moreover, the high-temperature 
oxidation resistance of the alloy was evaluated at 800 °C for 8 cycles. The structure of the alloy before and after 
oxidation was studied using XRD (x-ray diffractometer) and SEM-EDS (scanning electron microscope-energy 
dispersive spectrometry). The XRD analysis results show that the FeMn-0Al alloy is mainly composed Fe3Mn7 
phase, with the presence of FeAl phase at 3 wt.% Al, and Al8Mn5 phase at 5 wt.% Al. The density and hardness of 
Fe-Mn-Al alloys decreased with the increased Al content. Fe-Mn-Al alloy without Al addition exhibits poor 
oxidation resistance since the first cycle of the test. The results of the microstructural analysis showed that although 
the alloy with the addition of 3 wt.% Al showed less mass gain after being exposed for 8 cycles at 800 °C, the Fe-
Mn-Al alloy with 5 wt.% tended to be more resistant to oxidation and had no cracking defects. The structure of the 
oxide formed on the surface of the alloy is composed of two layers (ie; outer and inner layer) which are affected by 
each alloy composition.    
 
Keywords: Fe-Mn-Al alloy, conventional powder metallurgy, density, hardness, oxidation 
 
1. INTRODUCTION 

The selection of alloy composition to 
produce high-temperature resistant steels needs to 
consider the combination between mechanical 
properties and oxidation/corrosion resistance. Fe-
Ni-Cr alloy is known to have these properties [1]-
[3]. However, Ni and Cr are expensive elements, 
so an alternative material element is needed to 
replace them [2]-[4]. 

Previously, manganese was thought to be a 
key element in influencing steel microstructure, 
mechanical, and oxidation resistance properties 
[2]-[5]. It is well known that Mn is an austenite 
stabilizer [4], [6]. Several studies [2]-[3], [5]-[7] 
investigated and discussed the structure and 
properties of Fe-Mn steel with manganese 
concentrations ranging from 10% to 50% by 
weight . Although FeMn-based alloys have been 
studied [5], [8], they still have potential due to 

the alloy system's good properties. Because of 
their exceptional mechanical properties, FeMn-
based alloys have been used in a variety of 
applications, including Hadfield steel, TWIP 
(twinning induced plasticity) steel [6]-[7], SMA 
(shape memory alloy) [9], HEA (high entropy 
alloy), and others [10].  

The addition of alloying elements such as Al 
was also considered to improve the mechanical 
properties and the resistance of steel against 
oxidation at high temperatures. It is well known 
that Al has a  high affinity for oxygen [11]-[12] 
and played a role in oxidation resistance, which 
can form a protective layer of Al-oxides and 
some spinels that can protect against exposure to 
high temperatures [11], [13]-[14]. Besides Al, 
Mn has also a great affinity with oxygen [8], [15], 
and they can react with each other to form stable 
oxides.  

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
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Over the past decades, ferromanganese lump 
as a source of Mn alloying elements is one of the 
important materials for steel production. Its name 
is based on the major element content in 
ferrolump material. This material is mostly 
divided into three categories: low (<0.5 wt.%), 
medium (<2.5 wt.%), and high (∼7.0 wt.%) C 
content [16]. Ferro lump material has the 
potential to be developed because it is much 
cheaper than high purity metal powder which is 
more expensive. In this study, we used 
ferromanganese lumps to synthesize Mn-rich 
iron-manganese alloys by considering the 
addition of Al to determine their microstructure, 
mechanical properties, and oxidation resistance.  
      The current study focuses on the structure, 
hardness, and oxidation properties of Mn-rich Fe-
Mn-Al alloys. Furthermore, the effect of Al 
content of up to 5% in weight on the 
aforementioned properties was thoroughly 
clarified and discussed. 

 
2. MATERIALS AND METHODS 
2.1 Sample Preparation 

Ferromanganese lump with a chemical 
composition as shown in Table 1 was used in this 
study.  
 

Tabel 1. Chemical composition of ferromanganese (wt.%) 
Element Wt.% 

Fe 19.87 
Mn 78 
C 1.45 
Si 0.5 
P 0.15 
S 0.03 

Total 100 
 
Several Fe-Mn-Al alloys with varying Al 

content (0, 3, and 5 wt.%) are shown in Table 2.  
 
Tabel 2. Chemical composition of Fe-Mn-Al alloys (wt.%) 

Element FeMn-0Al FeMn-3Al FeMn-5Al 
Fe 19.87 19.27 18.88 
Mn 78 75.66 74.10 
C 1.45 1.41 1.38 
Si 0.5 0.485 0.475 
P 0.15 0.15 0.14 
S 0.03 0.029 0.029 
Al 0 3 5 

Al powder was used from MTIKorea with a 
purity of 99.9%. 
 

   
(a) (b) (c) 

Figure 1. Starting material: (a) ferromanganese lump, (b) 
ferromanganese powder, and (c) aluminium powder 

Firstly, the lump material (Fig. 1(a)) was crushed 
into powder (Fig. 1(b)) using a steel mortar and 
shaker mill. Subsequently, the ferromanganese 
powder was mixed and mechanically alloyed 
with different content of Al (Fig. 1(c)) as 0; 3; 
and 5 wt.% to obtain a uniformly mixed powder. 
The powder mixing was performed under wet 
milling condition for 2 h to avoid the powder 
oxidation. After that, the powder was dried in 
desicator.  

Figure 2 shows the XRD (x-ray diffraction) 
spectrum of the ferromanganese and Al as the 
starting material. The diffraction pattern shows 
that ferromanganese powder is composed of Mn, 
FeMn3, Mn23C6, and Fe0.3Mn2.7C phases. While 
Al powder was detected by Al phase, indicating 
no contaminants and impurities in the powder. 
For the green body specimen fabrication, 2 grams 
of the powder was placed in steel dies with a 
diameter of 1 cm. The powders were uniaxially 
pressed using 8 tons in load for 3 min. The green 
body was then released from the dies and 
subsequently sintered at 1100 °C for 2 h in a 
tubular vacuum furnace under 0.5 mbar. 

 
Figure 2. XRD patterns of ferromanganese and Al powder as 
starting material  
 
      All samples in this study were prepared using 
the same fabrication parameters. Following 
sintering, the sample's surface was mechanically 
polished with various grit SiC papers and DP-nap 
polishing for up to mirror-finish before being 
ultrasonically cleaned in ethanol solution. Finally, 
hot blowing air was used to dry the samples. 
 
2.2 Testing and Characterization 

The density and hardness of the alloys were 
measured using the Archimedes principle and 
Vickers hardness tester (LECO LM-100), 
respectively. The sample indentation was carried 
out using 300 gf for 13 s. In order to evaluate the 
effect of Al addition on oxidation resistance, the 
sample was thermally direct exposed to the  
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atmosphere of a muffle furnace at 800 °C. The 
samples were soaked in the furnace at 800 °C for 
20 h/cycling and rapidly cooling at ambient 
temperature for 4 h. This process was repeated 
for 8 times. The mass gain per specific area of the 
sample was recorded temporarily using an 
electronic balance KERN ABT 220-5DM 
(accuracy = 0.01 mg) in order to evaluate the 
kinetic oxidation resistance. The crystal structure, 
microstructure, and element distribution/chemical 
analysis of Fe-Mn-Al alloys before and after 
high-temperature oxidation test were observed by 
using XRD Rigaku Smartlab with CuKα1 
radiation (λ=0.15405), SEM (scanning electron 
microscope) Hitachi SU3500 and EDS (energy 
dispersive spectrometry) Horiba. 

 
Figure 3. X-ray diffraction patterns of Fe-Mn-Al alloys with 
different content of Al 
 

  
(a) 

  
(b) 

  
(c) 

Figure 4. BSE-SE SEM surface morphologies and EDS corresponding location of Fe-Mn-Al alloys with (a) 0, (b) 3, and (c) 5 
wt.% Al content 
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3. RESULT AND DISCUSSION  
3.1 Phase Composition and Microstructure 

Figure 3 shows the x-ray diffraction patterns 
of polished surface of Fe-Mn-Al alloys prepared 
by a conventional powder metallurgy technique 
which is vacuum sintered at 1100 °C for 2 h. As 
in Fig. 3, the main constituent of FeMn-0Al alloy 
detected by x-ray diffraction is Fe3Mn7 phase. 
Some of the diffraction peaks were not clearly 
visible with the addition of Al. The presence of 
carbides type structure is also not clearly 
reflected although high carbon content. It may 
the carbide in the same diffraction with the main 
detected phase, as a secondary phase of the 
matrix, or a mixture of phases [4]. Since carbide 
particles seem to be present in a small domain, 
the bulk technique detection by XRD may be 
difficult because of an overlapping peak at 
around 43° which makes it difficult to distinguish 
[17]. By addition of 3 wt.% Al, new phase was 
detected as FeAl. The diffraction peaks of 
Fe3Mn7 phase tends to decrease. Furthermore, 
with the addition of 5 wt.% of Al content, FeAl 
and small intensities of Fe3Mn7 were still 
detected with the appearance of a new phase of 
Al8Mn5. 

Rashidi et. al., [4] reported that the 
manganese triggers the formation of carbides, the 
higher Mn will increase the concentration of 
carbide. In this study, an increasing the Al 
content will reduce the Mn content so that the 
carbide also tends to decrease. 

The SEM (scanning electron microscope) 
images (BSE (backscattered electron) and SE 
(secondary electron)) and the corresponding 
location of EDS (energy dispersive spectrometry) 
point analysis carried out on the Fe-Mn-Al alloys 
sintered at 1100 °C for 2 h were shown in Fig. 4. 
The morphological analysis showed that the 
FeMn-0Al alloy had a denser and more 
homogeneous microstructure than the alloy with 
the addition of 3 and 5 wt.% of Al. Irregular 
black precipitates were found in Fe-Mn-Al alloys 
and its presence tend to increase with the addition 
of Al. This structure may affect the properties of 
alloys. 

The results of BSE micrograph show that the 
FeMn-0Al alloy consists of three distinguished 
area (see Fig. 4(a)): bright (Point 1), grey (Point 2 
and 3), and black areas (Point 4). Differ with Al-
free alloy, the typical microstructure of 3 wt% and 
5 wt% Al alloys as shown in Fig. 4(b) and 4(c) is 
composed of two areas mainly: grey (Point 1) and 
black area (Point 3). During the milling process 
with a shaker mill there is a collision between the 
ferromanganese material, steel ball, and vial. 
These may result an erosion from steel ball and 

vial that seem to be impurities. Although, due to 
the fact that the main element of milling balls and 
vial are Fe, and the ferromanganese also contains 
Fe. So, if there is erosion from milling balls and 
vials, they do not become a significant 
contaminant. To investigate the chemical 
composition of sintered Fe-Mn-Al alloys, we 
performed an EDS point analysis in the 
corresponding area of Fig. 4 and the results are 
listed in Table 3. 

Differences in color or contrast in 
microstructural images from BSE SEM images 
usually indicate differences in elemental or phase 
composition of the alloy. However, point analysis 
(See Table 3) of EDS elements showed almost 
similar concentrations at all points observed in 
Fe-Mn-Al alloys with 0, 3, and 5 wt.% Al content. 
The FeMn-0Al alloy are consisting of Fe3Mn7 
and Mn-carbide with a small concentration of Si. 
The concentration of Mn and C ratio was 
suggested as Mn7C3 or Mn23C6 phase while seen 
unclearly detected in the XRD result of Fig. 3.  

In the FeMn-3Al alloys, the ratio of Fe, Mn, 
and Al content at points 1 and 2 is almost the 
same. It is composed of a mixture of Fe3Mn7, 
FeAl, and Mn-carbide phases. Likewise, in 
FeMn-5Al alloy, the Al content was detected to 
increase with the addition of 5 wt.% Al. The 
detected elements were predicted to be a mixture 
of Fe3Mn7, FeAl, Al8Mn5, and Mn-carbide phases. 
  
Table 3. EDS point analysis of Fe-Mn-Al alloys: (a) FeMn-
0Al, (b) FeMn-3Al, and (c) FeMn-5Al 

 Point 
Element (at.%)  Predicted 

phases 
Fe Mn Al C Si O  

a 

1 18.97 59.37 - 21.01 0.65 - Fe3Mn7, 
Mn-
carbide 

2 18.88 60.14 - 20.85 0.14 - 
3 19.65 60.57 - 19.56 0.23 - 

4 4.36 32.00 - 7.33 7.18 49.13 pore/oxi
de 

b 

1 9.44 40.67 21.42 28.21 0.26 - Fe3Mn7, 
FeAl,  
Mn-
carbide 

2 5.64 25.98 13.08 55.16 0.14 - 

3 2.86 10.95 15.30 13.40 0.18 57.31 pore/oxi
de 

c 

1 5.76 38.02 26.33 29.76 0.14 - Fe3Mn7, 
FeAl, 
Al8Mn5, 
Mn-
carbide 

2 7.39 32.81 34.18 25.39 0.23 - 

3 3.34 10.39 31.52 15.02 0.15 39.58 pore/oxi
de 

 
The BSE image of Fig. 4 shows the presence 

of irregular black areas in all Fe-Mn-Al alloys as 
previously described. There are several 
possibilities for this area, namely pores, oxides, 
or a combination of these. In general, pores occur 
because there is not enough sintering due to 
several process variables as temperature and time, 
addition of elements, powder size, and others 
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[18]-[19]. High temperature can cause the 
evaporation of Mn during the sintering process, 
where it can sublimate at low temperature below 
the melting point [8], [15], [20]. The oxide 
formation may occur during the sintering process 
due to the high oxygen affinity of the alloying 
elements, which can absorb oxygen easily during 
powder synthesis. During milling, a significant 
oxidation of the particle surface can occur., 
oxygen can be trapped in the agglomerates, 
resulting in loss of ductility  of the sintered 
sample [21]. As shown in Fig. 4, It can easily 
distinguish the presence of pores and oxides in 
sintered alloy before the oxidation test. The alloy 
elements are potentially oxidized during the 
sintering process at a vacuum pressure of about 
0.5 mbar. Under these conditions, the elements 
that have a high affinity for oxygen to be 
oxidized, mostly. 
      The results of EDS analysis also indicate that 
the carbon content in all point areas is relatively 
high. Previous studies reported that the high 
carbon content may be due to the detection 
efficiency of light elements [22] and also on the 
surface of the sample, the carbon often 
accumulate during electron microscopy analysis 
[23]-[24].  

It is visible from the SEM observation as 
shown in Fig. 4 that the Al-free alloy is denser 
compared to that of 3 and 5 wt.% Al alloys. 
Consequently, it is believed that the alloy 
microstructure will affect the mechanical 
properties of Fe-Mn-Al alloys.  
 
3.2 Density and Hardness  

The density and hardness of Fe-Mn-Al 
alloys with different Al content are presented in 
Fig. 5. The density and hardness of Fe-Mn-Al 
alloys decrease with the decrease of Mn and the 
increase of Al content. 

 
Figure 5. Density and Vickers hardness of Fe-Mn-Al alloys 
with different Al content 
 

The density and hardness of FeMn-0Al alloy 
reached 7.127 g/cm3 and 636.72 HV, 
respectively. This is reasonable when compared 
to pure Fe and Mn which have densities of 7.86 

and 7.21 g/cm3, respectively. On the contrary, the 
addition of 3 wt.% Al (ρ ≈ 2.70 g/cm3) leads to a 
decrease in density of about 4.380 g/cm3 or 
almost two times lower than Al-free alloy. As Al 
concentration was increased to 5 wt.%, the 
measured density of the alloy is slightly lower 
than that of 3 wt% Al alloy which is 3.797 g/cm3. 
Meanwhile, the hardness of the alloys decreases 
with the increase in Al content. It is found that 
the hardness of Fe-Mn-Al alloys decreases 
gradually to 277.37 and 232.89 HV by 3 and 5 
wt.% Al addition, respectively. As with these 
findings, it is widely accepted that a more porous 
material reduces the density and hardness of the 
sample. This is consistent with the results of the 
metallographic observation described in Fig. 4. 
These results were correlated as reported by 
Rashidi et. al., [4] the hardness value is higher 
when manganese accumulated more in the alloys.  
Based on the density and properties, in general 
the addition of Al has been proposed to decrease 
the density [19], so as to further decrease the 
large void of the alloy [7]. In the sintering 
process, the addition of Al enhance material 
transport and increases atomic diffusion which 
leads to pores towards the surface of the sintered 
specimen [19]. This also increases the penetration 
of molten metal along grain boundaries. 
Furthermore, the addition of Al can increase 
sinterability and reduce the temperature of 
sintering process [25], which consequently 
increases the alloy's solubility and increases the 
Mn sublimation activity. The increase in Mn 
sublimation causes the formation of pores to 
increase until the end of the sintering process. At 
the sintering process, by adding 3 wt.% Al will 
possible the molten Al partially reacts with 
FeMn3 phase to form FeAl phase. The addition of 
Al to 5 wt.%, except forming FeAl, molten Al 
also reacts with Mn and/or FeMn3 to form 
Al8Mn5.  
 
3.3 Kinetic Oxidation 

The mass change of Fe-Mn-Al alloys after 
high temperature oxidation test at 800 °C for 8 
cycles is shown in Fig. 6. Except FeMn-0Al 
alloys, based on the oxidation curve, it can be 
seen that the mass increase per unit surface area 
of each sample was caused by the formation of 
oxides during the oxidation test. It is clearly seen 
that Al addition significantly improved the 
oxidation resistance of Fe-Mn-Al alloys. 

The mass gain per sample surface area of 
Fe-Mn-Al alloy without Al addition was 
dramatically decreased in the first cycle of 
oxidation at 800 °C, associated with a mass loss 
of the sample. This is due to that the sample was 
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break suddenly after the sample was taken out 
from the furnace for cooling (see Fig. 7(a)). 

 

 
 
Figure 6. Oxidation curve of Fe-Mn-Al alloys after 
oxidation at 800 °C for 8 times 
  
      The brittle nature like a fractured surface can 
be observed. This deterioration and degradation 
could be due to the microstructure change at high 
temperatures [26]. It seems that there are some 
possible mechanisms contributing to the break of 
the sample during thermal shock cooling. FeMn-
based alloys exhibit a shape memory effect 
undergoing fcc - hcp phase transformation, and 
there is a defect accumulation during temperature 
change [9]. The oxidation cycle may affect the 
phase strain at the heat-cooling cycle and phase 
reorientation. This happens and causes the 
accumulation of defects during the continued 
oxidation cycle. The mechanical properties of Fe-
Mn steels are affected and depend on Mn content 
as reported by Kim et. al., [3] while as the Mn 
content increases, the ductile to brittle as the 
temperature changes. 

 
(a) 

 
(b) 

 
(c) 

Fig. 7. Photograph of Fe-Mn-Al alloys with (a) 0, (b) 3, and 
(c) 5 Al after oxidation at 800 °C for 1 cycle 
 

Some parts of the sample were break to the 
outside of alumina crucible, resulting in mass 
gain decreasing. For this reason, the high-
temperature oxidation test of FeMn-0Al alloy 
was stopped in the first cycle. Interestingly, the 
aforesaid evidence doesn’t occur in the Al-added 
alloy. It can be seen that the mass gain of the 
sample increase with the increase of Al 

concentration in the alloys (Fig. 6). The mass 
gain of 5 wt.% Al alloys is two time higher 
compared to that of 3 wt.% Al alloy. 

 

 
(a) 

 
(b) 

Figure 8. Photograph of Fe-Mn-Al alloys with (a) 3 and (b) 
5 Al after oxidation at 800 °C for 8 cycles 

 
Based on the results as presented above (see 

Fig. 8), it should be pointed out that although 3 
wt.% Al alloy exhibit the lowest mass gain after 
exposure for 8 cycles at 800 °C, the alloy is 
susceptible to the oxidation induce crack 
formation. 

 
Figure 9. X-ray diffraction patterns of Fe-Mn-Al alloys with 
different content of Al after exposure at 800 °C for FeMn-
0Al in 1 cycle, and FeMn-3Al and FeMn-5Al in 8 cycles 

 
3.4 Phase Composition and Microstructure 

after Oxidation Test at 800 °C 
      The x-ray diffraction patterns of Fe-Mn-Al 
alloys after a high-temperature oxidation test at 
800 °C was shown in Fig. 9. There are some 
different compositions of oxide scale formed on 
Fe-Mn-Al alloys after the oxidation test at 800 °C. 
The FeMn-0Al alloy forms mainly FeO scales. 
Since FeMn-0Al alloy gets a breakaway in the 
first cycle, the Fe3Mn7 phase was still detected, 
and carbide is Fe0.6Mn5.4C2 like as XRD detected. 
The FeMn-3Al consists Mn3O4 and MnAl2O4 
scales. Meanwhile, FeMn-5Al contains of Mn3O4, 
MnAl2O4, and (Mn, Fe)2O3 scales. Besides that, it 
looks like an increase of background in the 2θ 
range of 15 to 30 degrees which may the oxidized 
alloys have an amorphous phase. 
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Figure 10 shows the cross-sectional SEM 
images and EDS point analysis of Fe-Mn-Al 
alloys after the oxidation test at 800 °C for 8 
cycles. While Figure 11 presents its EDS 
mapping analysis. Based on the contrast and 
brightness, the oxide layer can be divided into 
two main layers, namely the inner layer and the 
outer layer. Fe, Mn, Al, C, Si, and O elements are 
seen scattered in the oxide layer. The thickness of 
the oxide layer after exposure at 800 °C for 8 
cycles, was from 50 to 60 µm and 40 to 50 µm on 
the FeMn-3Al and FeMn-5Al alloys, respectively.  

Attention was directed to a contrast 
difference between the interface of the inner layer 
to the inside of the alloy as shown in Figure 10 
(See yellow-dash arrow). This can be correlated 
with the BSE morphology of the cross-sectional 
Fe-Mn-Al alloys, especially for the Mn elements. 
This likely occurs an Mn depletion of the Fe-Mn-
Al alloys. The Mn content increased from the 
inner layer towards the FeMn-3Al and 5Al alloys. 
It is as reported by Xu et. al., [20] Mn content 
increases parabolically, starting from the resin-
sample interface of the sintered samples. 

Based on Fig. 10, the microstructure had a 
random distribution from the interface scale to 
the inside of the alloys. Although they can be 
distinguished, by contrast, there are some areas 
that look the same but still contain other elements. 
The results of EDS point analysis were 
performed to examine the elemental composition 
of scales and the sintered alloys after oxidation as 
listed in Table 4. Furthermore, the predicted 
phases on those points were then confirmed by 
XRD and EDS mapping analysis. 
      Pont 1 on FeMn-3Al are composed mainly of 
Si, Al, Mn, Fe, and O. Thus, almost the same to 
point 1, point 2 mainly consists of Si, Fe, Mn, Al, 
and O. Point 1 and point 2 predicted to as SiO2, 
and the mixture of (Fe, Mn, Al)-oxide. Point 3 
and point 4 are composed of Mn, Fe, and O, and 
a small amount of Al and Si are predicted as 
Mn3O4 and MnFe2O4. The Si content in points 1 
and 2 is higher than in points 3 and 4, while the 
Mn content is more at points 3 and 4. Based on 
the results, outer-layer is mainly consisted of the 
SiO2 phase and the inner layer is Mn3O4. 
Meanwhile, a mixture of oxides (Fe, Mn, Al) as 
MnAl2O4 and Mn3O4 is spread on outer layer. 

In FeMn-5Al alloy, point 1 in the outer layer 
is composed of Si, Al, Mn, Fe, and O which are 
predicted as SiO2 and the mixed oxide of (Fe, Mn, 
Al). Elsewhere in the outer layer, point 2 contains 
Mn, Al, Si, Fe, and O. Although it contains 
mainly Mn, this area is still influenced by Si 
content as in point 1. Point 2 is predicted as 
Mn3O4, MnAl2O4, SiO2, and a little amount of 

MnFe2O4. Point 3 containing a high 
concentration of Mn and O is predicted as Mn3O4. 
Whereas Point 4 is mainly composed of Mn, Al, 
O, and a small concentration of Fe that is 
predicted as Mn3O4 and Al2O3. 

 
(a) 

 
(b) 

Figure 10. The cross-sectional SEM images and the 
corresponding EDS point analysis of (a) 3 and (b) 5 wt.% Al 
alloys after oxidation test at 800 °C for 8 cycles 
 
      Beneath the oxide layer there are oxygen 
concentrations at points (5, 6, 7, and 8), and (5, 6, 
and 7) in FeMn-3Al and FeMn-5Al alloys, 
respectively. This evidence indicates that there is 
internal oxidation occurs inside alloys. Firstly, 
during the initial oxidation due to the presence of 
pores oxygen freely diffuses into the alloy and 
reacts with the elements. The pores can become 
access or diffusion paths between the elements 
and reacting oxygen when the oxidation test is 
carried out at a temperature of 800 °C. This 
access is formed from an area called the depleted 
zone Mn as described previously. 
      The results of the EDS mapping analysis 
indicate the concentrations of Al and O have high 
contrast. These may react with each other to form 
Al-oxide, along with other elements. It is possible 
because Al has a high affinity to oxygen [12]. It 
is also confirmed from the EDS mapping of Fig. 
11 that there are concentrations rich in Mn, Al, 
and O in FeMn-3Al and rich in Fe, Mn, Al, and 
O in FeMn-5Al under the inner oxide. 
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      The addition of Al to Fe-Mn-Al alloys may 
encourage the formation of Al-oxides and/or their 
mixtures which then could become more of a 
barrier or barrier for the next diffusion process, 
so this causes the thickness of FeMn-5Al scales 
to be thinner than FeMn-3Al alloy. The previous 
studies report that an Al2O3 has a low oxygen 
diffusion rate, which can act as a barrier to 
oxygen diffusion  [6], [13]. Although Al-oxide is 
not detected by XRD because it is not possible to 
measure deeper into the alloy, this is the reason 
why it does not form on the alloy surface even 
though the oxide is more protective when formed 
at the alloy surface or interface. 
 
Table 4. EDS point analysis of Fe-Mn-Al alloys after 
oxidation test at 800 °C: (a) 0Al, (b) 3Al, and (c) 5Al 
 Point Element (at%) Predicted 

phases Fe Mn Al Si O 

a 

1 1.98 3.54 5.71 53.59 35.19 SiO2,  
(Fe,Mn,Al)
oxide 2 5.75 5.13 4.12 50.03 34.96 

3 8.31 31.24 0.79 0.05 59.62 Mn3O4, 
MnFe2O4 4 7.32 29.84 0.83 0.06 61.94 

5 10.02 20.88 10.79 0.16 58.15 (Fe,Mn,Al)
oxide 

6 22.38 54.23 15.63 0.91 6.85 Fe3Mn7, 
Al2O3 

7 11.65 17.65 31.34 3.42 35.94 Fe3Mn7, 
Al2O3 

8 4.44 11.05 23.44 0.09 60.98 Fe3Mn7, 
Al2O3 

b 

1 8.59 11.24 15.15 23.03 41.99 
SiO2,  
(Fe,Mn,Al)
oxide 

2 2.83 39.09 10.51 7.96 39.61 

Mn3O4, 
MnAl2O4, 
SiO2 
MnFe2O4 

3 1.21 34.93 0.58 0.22 63.05 Mn3O4 

4 2.74 37.87 6.99 0.60 51.79 Mn3O4, 
Al2O3 

5 52.72 45.99 0.30 0.41 0.58 Fe3Mn7 
6 1.83 2.88 33.56 0.13 61.11 Al2O3 

7 7.66 20.12 11.78 0.20 60.25 Fe3Mn7, 
Al2O3 

8 2.86 11.72 24.10 0.14 61.18 Fe3Mn7,  
Al2O3 

 
      The difference contrast was also seen 
between Fe, Mn, and O concentrations in FeMn-
3Al and FeMn-5Al which correspond to inner 
oxide layer. The presence of Fe, Mn, and O in the 
inner layer, suggests it is composed of MnFe2O4 

scales. Besides that, the distribution of Mn, Al, 
and O in the outer layer can also be observed. As 
seen in Fig. 11, the Al distribution in FeMn-5Al 
is more clear than in the FeMn-3Al alloy. It can 
be correlated to the presence of the MnAl2O4 
scale as detected by XRD. This is also confirmed 
as a mixture of (Fe, Mn, and Al)-oxide predicted 
on EDS point analysis. Kurokawa et. al., [14] 
report the addition of Al in Fe-Cr-Mn alloys 
increases oxidation resistance by the formation of 

spinel oxide MnAl2O4  which contributes to the 
suppression of pore formation. 

 

 
(a) 

 
(b) 

Figure 11. BSE cross-sectional morphologies and EDS 
mapping of Fe-Mn-Al alloys with (a) 3 and (b) 5 wt.% Al 
content after oxidation at 800 °C for 8 cycles 

 
     The distribution of Si content in the outer 
layer can also be seen in Fig. 11. Si may have 
combined with Fe and Mn elements to form an 
oxide mixture. However, elemental point analysis 
reveals Si content, whereas XRD analysis does 
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not. It is feasible in the form of amorphous SiO2, 
which appears as background noise in the XRD 
spectrum. 
      On the other hand, even though the O content 
is widely distributed, the distribution of C 
concentration tends to slightly decrease on the 
inside of the sintered sample after oxidation. 
Evaporation appears to occur when oxidation 
from the carbide phase reacts with oxygen to 
form CO and/or CO2 gaseous, leaving the initial 
location and forming pores. It causes the 
formation of microcracks, resulting in a faster 
diffusion path [6]. Furthermore, the carbon 
oxidation decreases after the formation of the 
MnAl2O4, MnFe2O4, and Al2O3 scales, as do the 
oxidation times. 

Based on the results of this study, it was 
found that the oxide layer formed on the FeMn-
3Al alloy has the best oxidation resistance but 
breakaway oxidation occurs. The increase of 5 
wt% Al content evident could prevent crack 
defects during high-temperature exposures at 800 
°C due to the presence of Al-oxide or their oxide 
mixtures. The higher Al content provides more 
possibility of Al- oxide formation which can heal 
porous defects and enhance the prevention of 
carbon oxidation during high-temperature 
exposures. This is also the reason why the 
addition of Al has a significant contribution to the 
growth of scales. 
 
4. CONCLUSION 
      In this study, the effect of Al addition on the 
structure, density, hardness, and high-temperature 
oxidation resistance of Fe-Mn-Al alloys has been 
presented and discussed. Based on the results 
obtained, the microstructure homogeneity of the 
Fe-Mn-Al alloy decrease with the increase of Al 
content. Irregular black area precipitates were 
found in Fe-Mn-Al alloys and their presence 
tends to increase with the addition of Al. The 
density and hardness of Fe-Mn-Al alloys 
decrease with the decrease of Mn and the 
increase of Al content. The Al addition leads to a 
significantly improved oxidation resistance of Fe-
Mn-Al alloys. The Fe-Mn-Al alloy by 5 wt.% Al 
exhibits good resistance toward oxidation at    
800 °C for 8 cyclic and had no cracking defects. 
Although shows a better oxidation curve than 
FeMn-5Al, the presence of cracks is found in 
FeMn-3Al alloy. During oxidation, the presence 
of the Al8Mn5 phase in the FeMn-5Al alloy 
causes the formation of Al-oxide and/or their 
mixture, which acts as a barrier and heals aporous 
defects. 
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