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PREFACE 
 

 

Thanks to Allah SWT, five articles could be published in Metalurgi Magazine Volume 37 

Number 2 in August 2022. 

 

The first article conducted by Made Subekti Dwijaya et al. on Preliminary Study of Material 

Properties on PU-Mg and PU-Zn for Aneurysm Clip Application. The second article, 

Hardness and Corrosion Behavior of Ti-20Cu-20Ni-20Mn-20Zn as High Entropy Alloy and 

Ti-13Cu-9Ni-5Mn-5Zn for Marine Structure Application, was presented by Muhammad 

Azhar Ariefkha Dani et al. In the following article, Nofrijon Sofyan et al. discussed Effect of 

Heating Temperature and Die Insert Draft Angle on the Flowability of Hot Forged SCM 435 

Steel. Muhammad Faisal Akbar et al. discussed the fourth article, Effect of Nd2O3 and Fe2O3 

Addition on Gadolinia Doped Ceria (GDC) Solid Electrolyte System for Intermediate 

Temperature-Solid Oxide Fuel Cell (IT-SOFC) Applications. Aufa Rai Adiatama et al. wrote 

the fifth article, Synthesis and Characteristic of Nano Silica from Geothermal Sludge: Effect 

of Surfactant. 

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

advancement of research in Indonesia. 
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UDC (OXDCF) 620.1 

 

Made Subekti Dwijaya, Talitha Asmaria (Research Center for Metallurgy, National Research and Innovation Agency)  

 

 

Metalurgi, Vol. 37 No. 2 Agustus 2022 

 

 

Preliminary Study of Material Properties on PU-Mg and PU-Zn for Aneurysm Clip Application 

 

 

An aneurysm clip is an implant tool for assisting the neurosurgeon in treating acute hemorrhagic stroke and cerebral 

aneurysm. This equipment stops the blood flow of a ruptured or enlarged blood vessel or aneurysm. In the development 

of aneurysm clip production, titanium alloy is the most used material selection. Several researchers reported that this 

metal leads to artifacts during MR (magnetic resonance) or CT (computed tomography) imaging. Since several pieces of 

evidence polyurethane could be a good material selection for aneurysm clips, this paper aims to investigate the material 

properties of the polyurethane foam with an additional combination of magnesium and zinc. This study conducts 

magnesium and zinc composition variations of 1 wt.%, 2 wt.%, and 3 wt.%, respectively. The materials were tested using 

a compression test, a FTIR (fourier-transform-infrared), SEM (scanning-electron-microscope), DSC (differential-

scanning-calorimetry), and TGA (thermogravimetric-analyzer) to determine the material properties. From all 

examinations, adding magnesium and zinc to polyurethane foam affected the compressive strength and porosity of the 

polyurethane foam. Therefore, all test results concluded that adding magnesium with a composition of 3wt.%, which has 

a compressive strength of 0.84 MPa, is the best mixture. The idea of finding other compositions that are compatible with 

the polyurethane will significantly increase the possibility of new materials for aneurysm clip construction.  

 

Keywords: Aneurysm clip, compressive strength, magnesium, polyurethane foam, zinc 
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Muhammad Azhar Ariefkha Dania, Bonita Dilasaria, Yudi Nugraha Thahab, Ika Kartikab, Fendy Rokhmantob                              

(aDepartment of Metallurgical Engineering, Bandung Institute of Technology, b Research Center for Metallurgy, National 

Research and Innovation Agency) 

 

 

Metalurgi, Vol. 37 No. 2 Agustus 2022 

 

 

Hardness and Corrosion Behavior of Ti-20Cu-20Ni-20Mn-20Zn as High Entropy Alloy and Ti-13Cu-9Ni-5Mn-5Zn for 

Marine Structure Application 

 

 

Beta titanium alloys and titanium high entropy alloys are promising candidates for marine structural applications. This 

study aims to compare Ti-20Cu-20Ni-20Mn-20Zn high entropy alloy and Ti-13Cu-9Ni-5Mn-5Zn beta titanium alloy on 

microstructure, mechanical properties, and corrosion behavior in a 3.5% NaCl solution. Ti-20Cu-20Ni-20Mn-20Zn 

and Ti-13Cu-9Ni-5Mn-5Zn were produced by powder metallurgy. In the experimental results, it was observed that Ti-

20Cu-20Ni-20Mn-20Zn alloy, as a high entropy alloy, has a low hardness value of 190.658 HV and a high corrosion 

rate of 1.7992 mm/year. The Ti-13Cu-9Ni-5Mn-5Zn alloy as the beta-titanium alloy has a high hardness value of 

430.736 HV and a low corrosion rate of 0.12121 mm/year. The results indicate that Ti-13Cu-9Ni-5Mn-5Zn has better 

corrosion resistance in 3.5% NaCl solution and hardness than Ti-20Cu-20Ni-20Mn-20Zn high entropy alloy.  

 

Keywords: Beta-titanium, high entropy alloys, powder metallurgy, corrosion, marine structure application 
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Nofrijon Sofyana, Maulana Heruwiyonoa, Akhmad Herman Yuwonoa, Donanta Dhaneswaraa (aDepartments of 

Metallurgical and Materials Engineering, Universitas Indonesia) 

 

 

Metalurgi, Vol. 37 No. 2 Agustus 2022 

 

 

Effect of Heating Temperature and Die Insert Draft Angle on the Flowability of Hot Forged SCM 435 Steel 

 

 

The flowability problem of a closed forging process in the heavy equipment industry is still widely found. This problem 

may affect the quality of the product. To solve this problem, the effect of heating temperature and die insert draft angle 

on the characteristic of hot forged SCM435 steel used for undercarriage track roller has been examined. In the 

experiment, the workpieces were hot forged at a heating temperatures of 1150 °C, 1200 °C, 1250 °C, and die to insert 

draft angles of 3°, 5°, and 7° to form undercarriage track roller products. The mechanical properties of the specimens 

taken from the workpieces were characterized through hardness and dimensional changes, whereas the microstructure 

was characterized using an optical microscope. The results showed that increasing the heating temperature and die 

insert draft angle resulted in good flowability. The best product with the specified diameter of 191.2 mm and height of 

53.6 mm was obtained from the heating temperature of 1250 °C at the die insert draft angle of 7°. This characteristic 

agreed with the specified forging design for the undercarriage track roller.    

 

Keywords: Flowability, hot forging, track roller, undercarriage, underfilling 
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Muhammad Faisal Akbara, Bonita Dilasaria, Syoni Soepriyantoa, Dadan Suhendara (aBandung Institute of Technology) 

 

 

Metalurgi, Vol. 37 No. 2 Agustus 2022 

 

 

Effect of Nd2O3 and Fe2O3 Addition on Gadolinia Doped Ceria (GDC) Solid Electrolyte System for Intermediate 

Temperature-Solid Oxide Fuel Cell (IT-SOFC) Applications 

 

 

GDC (gadolinia doped ceria) is a solid electrolyte contender for intermediate-temperature SOFCs (solid oxide fuel cell). 

However, more development of this solid electrolyte is required to improve its ionic conductivity. We will investigate the 

effect of Nd2O3 and Fe2O3 addition on GDC solid electrolytes to boost ionic conductivity. Solid electrolytes of the 

composition Ce0.9Gd0.2MxO1.9 (M = Nd, Fe) (x = 0% ; 2.5% ; 5%, and 7.5%) were synthesized using mixed oxide method 

and formed into pellets with a diameter of 1 cm. The pellets were sintered at 1200C and 1400C for 4 hours in an Argon 

environment then the EIS (electrochemical impedance spectroscopy) test was performed at 450-650C. The results 

showed that the Nd2O3 and Fe2O3 added were totally dissolved in the ceria structure and produced single-phase cubic 

fluorite CeO2. GDC solid electrolyte with Fe2O3 addition produces higher densification than Nd2O3 addition, where the 

value reaches 75% in the GDC sintered at 1400C. However, the addition of Nd2O3 further increased the value of ionic 

conductivity and decreased the activation energy of the GDC solid electrolyte compared to the addition of Fe2O3. The 

highest ionic conductivity and the lowest activation energy were obtained in the GDC with 2.5% Nd2O3 in 650C 

operating temperature, with the values achieved were 1.2 mS/cm and 0.41 eV, respectively. Therefore, it can be 

concluded that Nd2O3 addition is more effective to improve the performance of solid electrolyte GDC.    

 

Keywords: SOFC (solid-oxide fuel cell), solid electrolyte, GDC (gadolinia doped ceria), ionic conductivity 
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Synthesis and Characteristic of Nano Siilica from Geothermal Sludge: Effect of Surfactant 

 

 

In the synthesis of nanoparticles, the phenomenon of agglomeration is an undesirable condition because the particles 

formed can be larger. The use of surfactants can prevent the occurrence of this phenomenon. In this study, the use of 

surfactants was studied in the synthesis of nano silica from geothermal sludge. The method applied in the synthesis of 

nano silica is the sol-gel method. A 1 M NaOH (sodium hydroxide) solution was used to prepare of the precursor 

solution, while the SiO2 gel formation was carried out at a pH of 5 using a 1.5 M HCl (hydrochloric acid) solution. The 

surfactants used were ABS (alkyl benzene sulfonate), CTAB (cetyltrimethylammonium bromide), SDS (sodium dodecyl 

sulfate), and PVP (polyvinylpyrrolidone). The surfactant added to the precursor solution was at the CMC (critical 

micelle concentration), where the CMC value for each surfactant was 0.15; 0.05; 0.50; and 1.00 wt% for ABS, CTAB, 

SDS, and PVP, respectively. As a comparison, nano silica synthesis was also carried out without adding of surfactants. 

The experimental results showed that the synthesis of nano silica without surfactant produced a product with a purity of 

98.03%. Based on PSA (particle size analyzer) testing, the average particle size was 4.82 μm. Although the purity was 

already high, the resulting product experiences agglomeration and surfactants were needed to minimize the occurrence 

of agglomeration in the product. The surfactant that gives the best product quality is PVP, whose average particle size is 

66% smaller than the product without surfactant. However, the effect produced with PVP has a low purity, which is 

56.67%. This condition occurs because NaCl was trapped in the surfactant template. The presence of this surfactant 

template causes the washing process more difficult because the templates become an obstacle for water to diffuse into the 

particles and dissolve the impurities.    

 

Keywords: Agglomeration, nano silica, geothermal sludge, surfactant 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

DOI : 10.14203/metalurgi.v37i2.645 
© 2021 Metalurgi. This is an open access article under the CC BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/) 

Metalurgi is Sinta 2 Journal (https://sinta.ristekbrin.go.id/journals/detail?id=3708) accredited by Ministry of Research & Technology, Republic Indonesia 

Metalurgi (2022) 2: 39 - 38 

 

 

 
ejurnalmaterialmetalurgi.lipi.go.id  

 

PRELIMINARY STUDY OF MATERIAL PROPERTIES ON PU-Mg AND 

PU-Zn FOR ANEURYSM CLIP APPLICATION 
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Abstract 
An aneurysm clip is an implant tool for assisting the neurosurgeon in treating acute hemorrhagic stroke and 

cerebral aneurysm. This equipment stops the blood flow of a ruptured or enlarged blood vessel or aneurysm. In the 

development of aneurysm clip production, titanium alloy is the most used material selection. Several researchers 

reported that this metal leads to artifacts during MR (magnetic resonance) or CT (computed tomography) imaging. 

Since several pieces of evidence polyurethane could be a good material selection for aneurysm clips, this paper 

aims to investigate the material properties of the polyurethane foam with an additional combination of magnesium 

and zinc. This study conducts magnesium and zinc composition variations of 1 wt.%, 2 wt.%, and 3 wt.%, 

respectively. The materials were tested using a compression test, a FTIR (fourier-transform-infrared), SEM 

(scanning-electron-microscope), DSC (differential-scanning-calorimetry), and TGA (thermogravimetric-analyzer) 

to determine the material properties. From all examinations, adding magnesium and zinc to polyurethane foam 

affected the compressive strength and porosity of the polyurethane foam. Therefore, all test results concluded that 

adding magnesium with a composition of 3wt.%, which has a compressive strength of 0.84 MPa, is the best mixture. 

The idea of finding other compositions that are compatible with the polyurethane will significantly increase the 

possibility of new materials for aneurysm clip construction.  

 

Keywords: Aneurysm clip, compressive strength, magnesium, polyurethane foam, zinc 

 

1. INTRODUCTION 
Aneurysm clip is one of the neurosurgery 

management tools to treat by clamping the blood 

vessels [1]-[2]. Several health conditions, such as 

acute hemorrhagic stroke and cerebral aneurysm, 

require a specific operation to close the aneurysm 

or the area of the blood vessel that is ruptured or 

enlarged by using a clip with metal material in 

the blood vessel. A hemorrhagic stroke happens 

because of a blood vessel rupture that acts as a 

blood supply to the brain. In cases of acute 

hemorrhagic stroke, surgery is one of the 

recommended actions because it is an effort to 

stop bleeding, reduce pressure in the skull, 

increase the possibility of recovery and reduce 

the death rate from stroke [1]. Furthermore, 

cerebral aneurysms are a kind of cerebrovascular 

illness in which a weakening of a cerebral artery 

results in an abnormal focal dilation. The 

therapies of microsurgical and endovascular have 

two aims; to remove brain aneurysms from the 

cerebral circulation and to prevent them from 

rupturing [3]. Another treatment for cerebral 

aneurysms is surgical clipping, ensuring the 

cerebral aneurysm from blood flowing with a clip.  

An ideal aneurysm clip model requires these 

features: small size, biocompatibility, low cost, 

good mechanical properties (such as tensile 

strength, corrosion resistance, and fatigue 

resistance), and common image artifacts [4]. The 

innovation of aneurysm clip was started by 

Helbert Olivercona (1891-1980), followed by 

many contributors; those were Frank Mayfield 

(1908-1991), Charles Drake (1920-1998), Joseph 

McFadden (1920-present), Thoralf Sundt Jr. 

(1930-1992), William M. Lougheed (1923-2004), 

William B. Scoville (1906-1984), Milton D. 

Heifetz (1921-2015), Gazi Yasargil (1925-

present), Kenichiro Sugita (1932-1994), and 

Robert Spetzler (1944-present)[5]. Based on this 

http://dx.doi.org/10.14203/metalurgi.v36i1.577
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
https://ejurnalmaterialmetalurgi.lipi.go.id/
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last review paper about the origins of eponymous 

aneurysm clips, the innovation in medicine, 

including aneurysm clips, is significant in 

supporting aneurysm surgery. Designs and 

material selection are the most consideration in 

the manufacturing technology of aneurysm clips. 

In developing aneurysm clip materials, Ti6Al4V 

is the most used material. Like most metal 

implant materials, Ti6Al4V has good mechanical 

properties and biocompatibility, low density, 

good corrosion resistance, and low young’s 

modulus of 55-110 GPa. Although Ti6Al4V has 

a higher Young’s modulus than the bone, around 

10-30 GPa, it has a significantly lower Young’s 

modulus compared to other biocompatible metals, 

which are CoCr around 240 GPa and SS316L 

around 240 GPa[6]-[8].  

Besides that, the titanium alloy could cause 

artifacts in MRI (magnetic resonance imaging), 

which could aggravate the aneurysm and the 

surrounding tissue diagnosis [9]. Kocasarac et 

al.’s research show that the titanium and titanium 

alloy implants produced high susceptibility 

artifacts on MRI that caused decreasing quality 

images due to large signal voids[10]. Ito et al. 

examined the artifacts caused by titanium clips 

on MR (magnetic resonance) images and 

detected the artifact sizes 200% larger than the 

size of the actual clips [11]. Another study by 

Khursheed et al. revealed that the largest artifact 

produced by titanium alloy aneurysm clip takes 

up 3.94% of brain volume, and the artifact/clip 

length ratio is 4.75 to 6.55 mm [12]. Based on the 

evidence presented, another material is 

considered for an aneurysm clip, and one of them 

is a polymer. 

Magnesium as an implant material is widely 

used in many surgical applications. Its 

lightweight, biocompatible and has sufficiently 

good mechanical properties. Moreover, the MRI 

artifact generated by magnesium is less severe 

than the titanium implant, demonstrating a 

superior 3D image reconstruction quality 

compared to titanium [13]. In medical imaging, a 

magnesium implant has beneficial properties 

compared to other metal implants. Conventional 

radiography showed only small attenuation using 

the magnesium and was lower than the Titanium 

imaging. Moreover, in MRI, magnesium 

produced fewer artifacts than titanium, which 

could ease the imaging evaluation in 

postoperative [14]. 

A solid fiducial marker is usually made of 

high atomic materials such as gold. However, 

such materials generate streak artifacts which 

affect the radiation dose calculation and post-

treatment assessment. A suitable fiducial marker 

should minimize artifacts. Zinc has a 7.14 g/cm3 

density, which is 37% of gold. The atomic 

number of zinc is 30, much lower than gold but 

five times of carbon. Zinc is also known for its 

biocompatibility and low toxicity degradation 

release (0.15mg/day, the toxicity threshold is 

100-150mg/day) [15]. 

Polymer is one of the biomedical implant 

materials thanks to its biocompatibility, 

biostability, and noncytotoxic. Gas and water 

permeability are also calculated to protect the 

electronic circuit device from moisture and ions 

within the body [16]. Due to its wide range of 

options and achieved requirements, polymer-

based for aneurysm clips are developed these 

days. W. S. Cho et al., showed that polyurethane 

and PDMS (polydimethylsiloxane) was the 

perfect candidates for aneurysms clip material 

[17]. Polyurethane has a higher value than PDMS, 

considering the elastic modulus and strain to 

failure. Polyurethanes are synthetic polymers that 

feature hard and soft microstructures. 

Diisocyanates with low molecular weight and 

high glass transitions form the hard phase. Thus, 

this study chose polyurethane for the aneurysm 

clip materials.   

On the other hand, the soft phase comprises 

polyols with low glass transitions. This polymeric 

material has 90.1± 0.3°Sh A hardness with 7.2 ± 

0.2 MPa. The polyurethane chains can be 

incorporated into active substances to improve 

the mechanical properties and meet the 

requirements of an aneurysm clip [18]. In 2018, 

Won-Sang Cho et al. researched an aneurysm 

clip made of zirconia-polyurethane with MR 

compatibility and mechanical properties to 

minimize the imaging artifacts [17]. They used 

commercial 3 mol% Y2O3-stabilized ZrO2 and 

TiO2 for the clip body and polyurethane and 

PDMS for the head spring. The MR susceptibility 

test showed minor artifacts; the artifact volume is 

2.6 times larger than the real one. Polyurethane 

showed a higher elastic modulus than PDMS, so 

polyurethane was chosen to be the head spring. 

There are not many polymer-based aneurysm 

clips developed. 

This paper aims to fabricate polymer-based 

aneurysm clips to minimize the CT (computed 

tomography) imaging artifacts by adding 1, 2, 

and 3 wt.% magnesium powder and 1, 2, and 3 

wt.% zinc powder. The material will be tested 

with FTIR (fourier-transform-infrared), SEM 

(scanning-electron-microscope), DSC 

(differential-scanning-calorimetry), TGA 

(thermogravimetric-analyzer) and a compression 

test. This paper will significantly contribute to 
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developing material selection for the aneurysm 

clips. 

 

2. MATERIALS AND METHODS 
Polyurethane parts A (isocyanate part) and B 

(polyols part) with a volume ratio of 2:1 were 

prepared. First, the isocyanate part, the polyols 

part of PU (polyurethane), and the 1, 2, & 3 wt.% 

of magnesium and zinc powder were added into 

the mold. The blend stirred for 3 minutes at a 

constant rate; after the free rise foam process was 

completed, the foam synthesis continued by a 

curing process at ambient temperature for 24 

hours. After 24 hours, the PU foam was cut into 

three cubes with dimensions 5 x 5 x 5 cm 

according to ASTM D1621-16. PU pure was 

used as the reference foam. Table 1 shows the 

foam grouping .  

All foams were characterized using FTIR 

(fourier transform infrared) to confirm the 

urethane compound, indicating successful 

polymerization. SEM (scanning electron 

microscope) was used to examine the 

morphology of the foam surface. The glass 

transition temperature (Tg) was analyzed using 

DSC (digital scanning calorimetry). TGA 

(thermogravimetric analyzer) to determine the 

thermal stability of the foam and compression 

test to determine the compressive strength of the 

foam. 

 
Table 1. PU, PU-Mg, & PU-Zn foam grouping 

Materials 

1 

wt.

% 

Mg 

2 

wt.

% 

Mg 

3 

wt.

% 

Mg 

1 

wt.

% 

Zn 

2 

wt.

% 

Zn 

3 

wt.

% 

Zn 

PU Pure - - - - - - 

PU-Mg1 √ - - - - - 

PU-Mg2 - √ - - - - 
PU-Mg3 - - √ - - - 

PU-Zn1 - - - √ - - 

PU-Zn2 - - - - √ - 
PU-Zn3 - - - - - √ 

 

3. RESULT AND DISCUSSION  
3.1 FTIR (Fourier Transform Infrared)  

Analysis Result 

    The FTIR (fourier transform infrared) 

characterization aims to determine chemical 

compounds based on atomic bonds. Through this 

characterization, the functional groups formed in 

the composite material can also be seen. 

    Polyurethane is a polymer formed from the 

reaction between a polyol’s  OH (hydroxyl) 

group and with NCO (isocyanate functional 

group). In pure polyurethane (without adding 

other elements), the results of the FTIR test can 

be seen in Figure 1. There are two general 

methods to fabricate polyurethane foam, and both 

involve excessive diisocyanate on termination. 

The first method is pre-polymer termination 

using diisocyanate, and the second is polyol 

termination using diisocyanate, followed by 

adding a crosslinker [19]. The peak list is 

presented in Table . 

 

 

 

Figure 1. FTIR graph for pure polyurethane 

There are three types of H-bonds in 

polyurethane, namely: an NH group that binds an 

H to one of three possible groups of proton 

acceptors; (a) carbonyl groups, (b) C-O-C 

polyethers, and (c) oxygen alkoxy urethanes [20]. 

In pure polyurethane foam, a stretching NH bond 

at 3299.38 cm-1 indicates the urethane compound. 

 
Table 2. Peaks for pure polyurethane 

Peak (cm-1) Compound 

910.44 C-O-C stretching 

1023.28 Cyanate (-OCN dan C-OCN stretch) 

1526.72 C-N stretching 

1603.88 

C=O stretching 1671.39 

1725.40 

2981.11 CH stretching 

3299.38 NH stretching 

 

3.1.1 FTIR of Polyurethane with Addition of 

Mg 

    The FTIR characterization was performed to 

determine the chemical compounds in the 

polyurethane mixture by adding magnesium (Mg) 

with a ratio of 1, 2, and 3 wt.% of Mg. The 

results of the FTIR characterization are shown in 

Figure 2.  

Polyurethane itself is a polymer formed from 

the reaction between  OH (hydroxyl) groups of 

polyols, which were shown at peaks of 

3320.2038 cm-1 to 3323.0635 cm-1 (PU-Mg1-3), 

with NCO (groups of PU-Mg1-3). Isocyanate 
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function, shown at the peak of ~2269.2349 cm-1 

in all PU-Mg foam. In all PU-Mg foam, NH 

stretching bonds showed at about 3017.0672 cm-

1 to 3031.3661 cm-1. C-O-C stretching bonds are 

shown at the peak of 1292.6202 cm-1 and 

1294.0501 cm-1 for the three PU-Mg foam. In 

contrast, 1611.4856 cm-1 for PU-Mg1 and 

1612.9155 cm-1 peaks for PU-Mg2 and PU-Mg3 

showed the C=O stretching bond.  

 

Figure 2. FTIR graph of polyurethane with addition of Mg 

The FTIR spectral variations on C-O-C 

stretching, NH stretching, and C=O stretching 

can be used well as an indicator of the presence 

of H-bonds between oxygen alkoxy urethane and 

NH groups. Based on the results of the FTIR test 

in Table 3, the PU-Mg foam reveals several 

peaks with each type of bond. 

 
Table 3. Peaks for polyurethane with Mg 

Specimen Peak (cm-1) Compound 

P
U

-M
g

 1
 w

t.
%

 1112.4541 
Cyanate (-OCN and 

C-OCN stretch) 

1294.0501 C-O-C stretching 

1611.4856 C=O stretching 

2269.2349 
Isocyanate (-

N=C=O stretch) 

3017.0672 NH stretching 

3320.2038 OH stretching 

P
U

-M
g

 2
 w

t.
%

 1111.0242 
Cyanate (-OCN and 

C-OCN stretch) 

1292.6202 C-O-C stretching 

1612.9155 C=O stretching 

2296.4028 
Isocyanate (-

N=C=O stretch) 

3031.3661 NH strectching 

3323.0635 OH stretching 

P
U

-M
g

 3
 

w
t.

%
 

1292.6202 C-O-C stretching 

1612.9155 C=O stretching 

2269.4028 
Isocyanate (-

N=C=O stretch) 

3025.6465 NH strectching 

3323.0635 OH stretching 

3.1.2 FTIR of Polyurethane with Addition of 

Zn 

    The FTIR test was carried out to determine the 

chemical compounds in the polyurethane mixture 

by adding zinc (Zn) with a ratio of 1, 2, and 3 

wt.% Zn. The comparison of the FTIR test results 

to the specimens is shown in Figure 3. 

 

Figure 3. FTIR graph of polyurethane with addition of Zn 

Table 4 shows the peak lists of polyurethane 

with the addition of Zn. PU-Zn foam shows 

several peaks with each type of bond. 

Polyurethane formed from the reaction between 

OH (hydroxyl) groups of polyols, shown at peaks 

of 3318.7739 cm-1 to 3321.6336 cm-1 (PU-Zn1-3), 

with NCO (groups PU-Zn1-3). The isocyanate 

function group was confirmed at 2269.2349 cm-1 

in all three foams. The FTIR result also 

confirmed the presence of Zn in PU at peaks of 

1542.8509 cm-1 for PU-Zn1, 1541,4210 cm-1 for 

PU-Zn2, and 1542.8509 cm-1 for PU-Zn3. It 

overlaps with the amide zone II.  

In the three foams, NH stretching bonds at 

about 3015.6373 cm-1 and 3017.0672 cm-1. C-O-

C stretching bonds were shown at 1193.9578 cm-

1 and 1295.48 cm-1 for PU-Zn2 and PU-Zn3. In 

comparison, ~1612.9155 cm-1 peak showed the 

C=O stretching bond for the three foams. 

 
Table 4. Peaks for polyurethane with Zn 

Specimen Peak (cm-1) Compound 

P
U

-Z
n

 1
 w

t.
%

 1181.0885 Cyanate (-OCN dan 

C-OCN stretch) 

1612.9155 C=O stretching 

2269.2349 Isocyanate (-

N=C=O stretch) 

3017.0672 NH stretching 

3321.6336 OH stretching 

P
U

-Z
n

 2
 w

t.
%

 1112.4541 Cyanate (-OCN dan 

C-OCN stretch) 

1295.48 C-O-C stretching 

1611.4856 C=O stretching 

2269.2349 Isocyanate (-

N=C=O stretch) 

3015.6373 NH strectching 

3318.7739 OH stretching 

P
U

-Z
n

 3
 w

t.
%

 

1112.4541 Cyanate (-OCN dan 

C-OCN stretch) 

1193.9578 C-O-C stretching 

1612.9155 C=O stretching 

2269.2349 Isocyanate (-

N=C=O stretch) 

3015.6373 NH strectching 

 3320.2038 OH stretching 
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3.2 Compression Test Analysis 

The compression test used for rigid polymeric 

foam was in accordance with ASTM D1621-16. 

The test specimen is prepared in a cube shape or 

tube with a minimum area of 25,8 cm2 (4 in2) 

and a maximum area of 232 cm2 (36 in2). The 

maximum height can’t be more than the width or 

diameter of the specimen. The compression test 

determined the compressive strength of 

polyurethane with 1, 2, and 3 wt.% magnesium 

powder. The compression test result of the PU-

Mg & PU-Zn group is shown in Figs 4 and 5. 

For the PU-Mg group, the PU-Mg3 gave the 

highest compression strength at 0.84 MPa, while 

the PU-Zn3 gave the highest compression 

strength at 0.392 MPa, as shown in Fig. 5. The 

compression test results of PU-Mg and PU-Zn 

show a similar trend. The compressive strength 

increased along with the increasing amount of 

magnesium or zinc powder.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Compressive strength of PU-Mg 
 

However, the PU Pure achieved the highest 

compression strength of all foams at 0.884 MPa. 

The lower compression strength of PU-Mg and 

PU-Zn compared to the PU pure was attributed to 

the weak interface between the additive and the 

matrix. The higher amount of incorporation of 

Mg and Zn powder into the PU matrix causes the 

additive to agglomerate due to the poor 

dispersion of the additive particle [21].  

 

 
Figure 5. Compressive strength of PU-Zn 

 

In general, inorganic fillers cause the foam 

cell to be more open, which lowers the 

mechanical properties. Moreover, the low 

compatibility between the inorganic fillers and 

the PU tends to cause cracking at the interfaces 

[22] 

 

3.3 SEM (Scanning Electron Microscope) 

Analysis 

SEM (scanning electron microscope) is used 

to observe the morphology of the foam surface.  

 

 
(a) 

 
(b) 

 

 
(c) 

Figure 6. SEM Results for polyurethane with Mg addition 

(wt.%); (a) 1, (b) 2, and (c) 3 

The SEM results for polyurethane with the 

addition of magnesium (Mg) with a ratio of 1, 2, 

and 3wt.% Mg are shown in Fig. 6. SEM results 

of PU-Mg show a porous structure. Table 5 

shows the more amount of magnesium added, the 

smaller the cell size of the foam.  

 
Table 5. Polyurethane/Mg porosity 

Mg Composition 

(wt.%) 

Porosity  

(%) 

Porosity length  

(µm) 

1 88.816 1078.793 

2 81.550 1050.352 

3 81.209 1012.350 

 

Changes in cell morphology characterized by 

changes in the size of small and large cells may 

be related to the presence of Mg, which affects 

the foaming process of PU/Mg [21].  

Adding Mg of 3 wt.% will show a more distorted 

cell shape, damaged cell walls, and less 

homogeneous cell structures. The polyurethane 

morphology with the addition of 1, 2, and 3 wt.% 

zinc was shown in Fig. 7. Table 6 shows that the 

results of the SEM test of PU-Zn foam have a 

porous structure.  

Polyurethane foam has a cellular structure and 

consists of partially open cells with circular holes. 

This result also shows that the greater the zinc 
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composition added, the smaller the porosity of 

the specimen. Zn particles act as the initial site of 

nucleation (cell formation). 

 
Table 6. Polyurethane/Zn porosity 

Zn composition 

(wt.%) 

Porosity  

(%) 

Porosity length 

(µm) 

1 77.749 941.3328 

2 77.571 881.9152 

3 77.256 768.6748 

 

However, at the same time, the addition of Zn 

will inhibit cell growth and produce smaller cell 

sizes [23]. 

 

 
(a) 

 
(b) 

 

 
(c) 

Figure 7. SEM results for polyurethane with Zn addition 

(wt.%); (a) 1, (b) 2, and (c) 3 

 

3.4 DSC (Differential Scanning calorimetry) 

Analysis 

The DSC (differential scanning calorimetry) 

characterization was performed from 40 °C to 

350 °C with a heating rate of 5 °C/min. The 

results of the DSC test are in the form of a 

thermogram that can provide information about 

the thermal properties of a polymer, which is Tg 

in each foam. The foam used for testing has a 

minimum weight of 3 mg.  

 

 

Figure 8. DSC result of PU Pure and PU-Mg series 

Variations in the addition of the amount of 

magnesium and the amount of zinc were used to 

identify the trend of each of these variations. The 

results of the DSC are shown in Figs. 8 and 9.  

 

Figure 9. DSC result of PU Pure and PU-Zn series 

 

Table 7 shows that the more Mg or Zn is 

added, the higher the glass transition temperature 

(Tg). The increases in the concentration of the 

additives reduce the molecular mobility of the 

matrix, which results in the shift of the foams Tg 

to a higher temperature [24]. The DSC result also 

supports the SEM test results shown in Fig. 6 and 

Fig. 7 because the pore size gets smaller with the 

addition of Mg or Zn, so the mobility of the 

molecule is limited. 

 
Table 7. Glass transition temperature (Tg) for each foams 

Materials Tg (°C) 

PU Pure 112.8 

Mg 1 wt.% 124.16 

Mg 2 wt.% 189.66 

Mg 3 wt.% 185.92 

Zn 1 wt.% 120.13 

Zn 2 wt.% 122.60 

Zn 3 wt.% 159.40 

 

3.5 TGA (Thermogravimetric Analysis) 

Result 

The TGA (thermogravimetric analysis) was 

performed by heating the foam from 40 to 450 oC 

at a heating rate of 5 oC/min.  

 

Figure 10. TGA result of polyurethane with Mg 
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The TGA results show how much the material 

decomposes as it’s heated [25].  

Figure 10 and Figure 11 show the result of 

TGA. The decomposition temperature for all 

foams is shown in Table 8. The initial 

decomposition temperature shows a 5 wt.% 

decrease in the foam weight due to the 

evaporation of water vapor contained in the 

foam.  

 

 

Figure 11. TGA result of polyurethane with Zn 

PU Pure foam shows the highest temperature 

at 237.97 °C, while PU-Mg1 shows the lowest 

temperature at 166.96 °C. The decomposition 

peak temperature shows the degradation 

temperature of polyurethane’s soft segment, 

which consists of the polyol part. The PU-Mg & 

PU-Zn series foam has a higher temperature than 

the PU pure, indicating that the incorporation of 

additives could increase the PU foam’s thermal 

stability [19]. 

Table 8. Decomposition temperature for each foam 

Composition Initial 

Decomposition 

Temperature  

(°C) 

Decomposition 

peak 

temperature 

(°C) 

Weight 

Loss 

(%) 

PU Pure 237.97 350.30 61.384 

Mg 1 wt.% 227.05 363.79 54.940 
Mg 2 wt.% 195.15 373.94 57.073 

Mg 3 wt.% 190.37 380.19 47.856 

Zn 1 wt.% 166.96 356.38 50.946 
Zn 2 wt.% 228.86 369.41 52.168 

Zn 3 wt.% 211.46 374.36 50.488 

                                  

4. CONCLUSION 
The effect of adding of magnesium or zinc 

to the polyurethane foam, which would serve as a 

potential aneurism clip material, was detailed. 

Several tests were conducted to know the 

mechanical and thermal properties. All foams 

show the bond between hydroxyl and isocyanate 

function on FTIR (fourier transform infrared) 

testing resulting from polyurethane foam 

formation. Adding 1, 2, and 3 wt.% of 

magnesium will increase the compressive 

strength, glass transition temperature (Tg), initial 

decomposition temperature, decomposition peak 

temperature, and weight loss, also decreasing the 

porosity area and length. As well as the addition 

of 1, 2, and 3 wt.% zinc will also increase the 

compressive strength and glass transition 

temperature (Tg), decreasing the porosity area 

and length, initial decomposition temperature, 

decomposition peak temperature, and weight loss. 

The polyurethane foam, with the addition of 3 

wt.% magnesium (PU-Mg3), achieves the best 

result with a compressive strength of 0.84 MPa. 
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Abstract 
Beta titanium alloys and titanium high entropy alloys are promising candidates for marine structural applications. 

This study aims to compare Ti-20Cu-20Ni-20Mn-20Zn high entropy alloy and Ti-13Cu-9Ni-5Mn-5Zn beta titanium 

alloy on microstructure, mechanical properties, and corrosion behavior in a 3.5% NaCl solution. Ti-20Cu-20Ni-

20Mn-20Zn and Ti-13Cu-9Ni-5Mn-5Zn were produced by powder metallurgy. In the experimental results, it was 

observed that Ti-20Cu-20Ni-20Mn-20Zn alloy, as a high entropy alloy, has a low hardness value of 190.658 HV and 

a high corrosion rate of 1.7992 mm/year. The Ti-13Cu-9Ni-5Mn-5Zn alloy as the beta-titanium alloy has a high 

hardness value of 430.736 HV and a low corrosion rate of 0.12121 mm/year. The results indicate that Ti-13Cu-9Ni-

5Mn-5Zn has better corrosion resistance in 3.5% NaCl solution and hardness than Ti-20Cu-20Ni-20Mn-20Zn high 

entropy alloy.  

 

Keywords: Beta-titanium, high entropy alloys, powder metallurgy, corrosion, marine structure application 

 

1. INTRODUCTION 
     Since the 1950s, titanium alloys have been 

developed as structure materials for marine 

facilities, especially for ship hulls, marine power 

systems, and pipes. Marine titanium alloys 

mostly contain aluminum and molybdenum upon 

optimum doping with an adaptive strengthening 

of the hexagonal crystalline lattice (α-Ti). α-Ti is 

chosen because it has good weldability, which 

enables the production of large-size welded 

structures without additional thermal processing 

to remove residual welding stress [1]. However, 

α-Ti has low strength properties, is brittle, unable 

to heat treatment, and has a low forming ability 

[2]. 

     Besides that, beta titanium (β-Ti) is one phase 

of titanium alloys that usually contains vanadium 

(V), molybdenum (Mo), niobium (Nb), and 

tantalum (Ta) [2]. It has been used in applications 

that demand high strength, good corrosion 

resistance, excellent biocompatibility, good 

ductility, good weldability, good stability at a 

temperature above 315 ºC, and ease of fabrication 

[2], [3]. Moreover, the β-Ti alloy has better 

formability and is easier to fabricate than the 

alpha phase titanium [2]. β-Ti alloys such as Ti-

8Mn, Ti-45Nb, Ti-15Mo-5Zr, Ti-11.5Mo-6Zr-

4.5Sn, and Ti-35V-15Cr have good corrosion 

resistance to Cl- ions and show good corrosion 

resistance for marine applications [4]. β-Ti alloy 

properties provide significant advantages over 

other high-performance alloys. However, the 

main drawback of β-Ti alloys is their high cost 

due to increase raw materials cost [5].  

     On the other hand, high entropy alloys are 

currently of great research interest in materials 

science and engineering [6]. High entropy alloys 

are alloys designed to combine at least five 

essential elements in relatively high 

concentrations (5–35 at.%) compared to 

http://dx.doi.org/10.14203/metalurgi.v36i1.577
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
https://ejurnalmaterialmetalurgi.lipi.go.id/
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conventional alloys that have only one or two 

basic elements [6]–[11]. High entropy alloys 

have recently been developed due to their high 

strength properties, good corrosion resistance, 

and ease of fabrication [7], [12]. High entropy 

alloys recently being developed are Ti-Zr-Cu-Ni-

Be alloy, 0.5Al-Co-Cr-Cu-Fe-Ni-0.2Ti alloy, Ta-

Nb-Hf-Zr-Ti alloy, and Ta-Nb-V-Ti alloy [8]. To 

the best of our knowledge, there are still few 

studies on high entropy alloys using titanium in 

2022, and no research on Ti-Cu-Ni-Mn-Zn high 

entropy alloy has been discovered. 

     The powder metallurgy method was used to 

create Ti-20Cu-20Ni-20Mn-20Zn high entropy 

alloy and Ti-13Cu-9Ni-5Mn-5Zn β-Ti alloy in 

the current work. Because of the uniform 

composition, metal savings, and lower processing 

costs, the powder metallurgy method was used 

for alloy production [13]. Copper (Cu), nickel 

(Ni), manganese (Mn), and zinc (Zn) are 

inexpensive alloying elements for the synthesis 

of beta titanium and high entropy alloy. Cu, Ni, 

and Mn are eutectoid elements forming beta-

phase titanium [3]. Zinc (Zn) was selected to 

decrease the sintering temperature of the powder 

metallurgy process [14]. NaCl 3.5% is commonly 

used standard solution for marine corrosion 

simulation [1].  

     This study aims to compare the microstructure, 

mechanical properties, and corrosion behavior  

Ti-20Cu-20Ni-20Mn-20Zn high entropy alloy 

and Ti-13Cu-9Ni-5Mn-5Zn β-Ti alloy on their in 

a 3.5% NaCl solution for marine structure 

application. 

 

2. MATERIALS AND METHODS 
2.1 Materials   

      Powder metallurgy method was used to create 

Ti-20Cu-20Ni-20Mn-20Zn and Ti-13Cu-9Ni-

5Mn-5Zn alloy compositions. Titanium, copper, 

nickel, manganese, and zinc (Merck, p.a grade) 

was precisely weighed and mixed for 5 minutes 

in mortar. It was then compacted for 30 seconds 

using Enerpac GP-105 at 500 MPa pressure to 

form a compact cylinder with a 1 cm diameter 

and 5 mm height. The compacted sample was 

sintered using GSL-1100X at 880 °C for 3 hours 

before being cooled to room temperature in an 

argon atmosphere in a quartz tube. The samples 

were polished on the Grinder Polisher-1B with 

water flowing through it using emery papers up 

to 2000 grit. This study used a Kroll solution 

consisting of 6 mL HNO3, 3 mL HF, and 100 mL 

H2O as the etching solution. 

 

2.2 Characterization  

     The microstructure of Ti-20Cu-20Ni-20Mn-

20Zn and Ti-13Cu-9Ni-5Mn-5Zn samples were 

characterized by JEOL JSM-6390A SEM-EDS 

(scanning electron microscope-energy dispersive 

spectroscopy).  

     Ti-20Cu-20Ni-20Mn-20Zn and Ti-13Cu-9Ni-

5Mn5Zn alloys were investigated by Rigaku 

Smartlab XRD (x-ray diffraction) with Cu-Kα to 

identify the phase that was formed after the 

sintering process.  

     The Vickers Micro Hardness test was 

performed The Vickers Micro Hardness test was 

carried out at Mitutoyo AR Hardness with a 

loading of 0.3 KN and a loading speed of 12 

seconds. The hardness test was carried out eight 

times on the surface of the specimen with a 

horizontally parallel pattern at Mitutoyo AR 

Hardness with a loading of 0.3 KN and a loading 

speed of 12 seconds. The hardness test was 

carried out eight times on the surface of the 

specimen with a horizontally parallel pattern. 

     Potentiodynamic polarization and EIS 

(electrochemical impedance spectroscopy) were 

used to investigate corrosion behavior in a 3.5% 

NaCl solution using a three-electrode system, 

with the samples serving as working electrodes, 

Ag/AgCl (KCl 1 M) serving as the reference 

electrode, and a platinum plate serving as the 

counter electrode. For marine environment 

simulation, a 3.5% NaCl solution at room 

temperature (25 °C) was used. Autolab 302 Multi 

BA was used to perform the electrochemical 

measurements. The potentiodynamic polarization 

was performed at a scan rate of 0.001 V/s, with 

an initial potential of -0.42 V vs OCP (open 

circuit potential) and a final potential of 0.95 V 

vs OCP. The EIS was taken 120 seconds after 

immersion to determine the OCP. The OCP 

determination time was chosen because the 

average OCP had a stable value with a deviation 

of less than 5% from t = 0 s to t = 120 s. The 

stability of the average OCP value indicates that 

the TiO2 film on the titanium surface is growing 

slowly and that the titanium surface is stable. The 

OCP stability as a function of time in titanium 

alloys in 3.5% NaCl solution has also been 

reported [16]. The EIS was performed with a 

frequency range of 100 kHz - 0.05 Hz and an 

amplitude of 10 mV about OCP. Nova 1.1 

examined the electrochemical parameter. 

 

3. RESULT AND DISCUSSION  
3.1 Microstructure and Phase Analysis 

     Figure 1 shows SEM-EDS (scanning electron 

microscope-energy dispersive spectroscopy) 

observation Ti-Cu-Ni-Mn-Zn alloy after sintering 
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at 880 °C for 3 hours. Ti-20Cu-20Ni-20Mn-20Zn 

alloy exhibits eutectoid structure clearly seen in 

Fig. 1(a). The eutectoid structure is most likely 

due to the high Zn concentration. Figure 1(b) 

depicts a Ti-13Cu-9Ni-5Mn-5Zn alloy with a -Ti 

microstructure β-Ti [17].  

 

  
(a) (b) 

Figure 1. SEM-EDS image of (a) Ti-20Cu-20Ni-20Mn-20Zn, 

and (b) Ti-13Cu-9Ni-5Mn-5Zn, after sintering at T = 880 °C 

for 3 hours 

 

Figure 2 depicts SEM mapping of a high entropy 

Ti-20Cu-20Ni-20Mn-20Zn alloy. Titanium was 

found to be uniformly distributed. The Ti-rich 

matrix contained a uniform distribution of Ni, 

Mn, and Zn. Meanwhile, in the Ti-rich matrix, 

Cu was unequally distributed. According to the 

SEM-EDS mapping profile, Ti forms 

intermetallic with Ni, Mn, and 

Zn.

 
Figure 2. SEM-EDS mapping of Ti-20Cu-20Ni-20Mn-20Zn 

alloy after sintering at T = 880 °C for 3 hours 

 

     Figure 3 depicts SEM mapping of a Ti-13Cu-

9Ni-5Mn-5Zn-Ti alloy after 3 hours of sintering 

at T = 880 °C. The Ti matrix was found to be 

segregated. Mn and Zn were found in the Ti-rich 

matrix, but less of Cu and Ni. Cu was observed 

along grain boundaries. A trace of Ti was 

discovered in the Cu matrix. Ti tends to form 

intermetallic with Mn and Zn in the Ti-13Cu-

9Ni-5Mn-5Zn alloy, according to the SEM-EDS 

mapping profile (Fig. 3). Ti-20Cu-20Ni-20Mn-

20Zn and Ti-13Cu-9Ni-5Mn-5Zn have distinct 

microstructures, particularly in terms of Cu phase 

distribution.

 Figure 3. SEM-EDS mapping of Ti-13Cu-9Ni-5Mn-5Zn 

alloy after sintering at T = 880 °C for 3 hours 

 

Phase analysis of the XRD (x-ray diffraction) 

results on Ti-20Cu-20Ni-20Mn-20Zn and Ti-

13Cu-9Ni-5Mn-5Zn after sintering at a 

temperature of 880 °C for 3 hours can be seen in 

Fig. 4. X-ray diffractogram of Ti-20Cu-20Ni-

20Mn-20Zn alloy shows the presence of α-Ti, 

TiNi, Ti2Ni,  TiZn2, TiMn2, and Cu, following 

the result of phase diagram analysis  [14], [18]-

[20]. The Cu phase (cubic structure and cell 

parameters a=b=c=2.561), intermetallic TiNi 

(hexagonal structure and cell parameters 

a=4.6460; b=4.1080; c=2.8980), and intermetallic 

TiZn2 (hexagonal structure and cell parameters 

a=5.0640; c=8.2100) have the highest intensity in 

the Ti-20Cu-20Ni-20Mn-20Zn. The second 

highest intensity (2=44.88°) is found in the 

intermetallic TiNi phase (hexagonal structure and 

cell parameters a=4.6460; b=4.1080; c=2.8980) 

and the intermetallic TiMn2 phase (hexagonal 

structure and cell parameters a=4.8200; 

c=7.9150). The third highest intensity is the 

intermetallic Ti2Ni phase (2θ=41.57º) with a 

cubic structure and cell parameters a=b=c= 

11.3193. The fourth intensity is the intermetallic 
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TiNi phase (2θ=41.06º) with a hexagonal 

structure and cell parameter a=4.6460; b=4.1080; 

c=2.8980. The fifth intensity (2θ=39.11º) is the 

α-Ti phase (hexagonal structure and cell 

parameter a=2.934; b=2.934; c=4.657), 

intermetallic TiNi (hexagonal structure and cell 

parameter a=4.6460; b=4.1080; c=2.8980) and 

intermetallic Ti2Ni (cubic structure and cell 

parameters a=b=c=11.3193). 

On the other hand, the x-ray diffractogram of 

Ti-13Cu-9Ni-5Mn-5Zn alloy shows the presence 

of β-Ti, TiZn2, Ti3Cu, TiNi, TiMn2, and Cu, by 

the result of phase diagram analysis as shown at 

Fig. 3 [14], [18]-[19], [21]. The one dominant 

peak, namely the intermetallic Ti3Cu phase, is 

located at 2θ=39,57º (hexagonal structure and 

cell parameter a=4.1580; c=3.5940). The second 

peak is the intermetallic TiNi phase, which is 

located at 2θ=41.06º (hexagonal structure, and 

cell parameter a=4.6460; b=4.1080; c=2.8980). 

The third peak (2θ=38.47º) is the β-Ti phase 

(cubic structure and cell parameters 

a=b=c=2.941) and the intermetallic TiZn2 

(hexagonal structure and cell parameters 

a=5.0640; c=8.2100).  

 

 
Figure 4. X-ray diffraction pattern of Ti-20Cu-20Ni-20Mn-

20Zn and Ti-13Cu-9Ni-5Mn-5Zn alloys after sintered at T= 

880 °C for 3 hours 

 

The TiMn2 intermetallic phase is located at 

2=44.88° (hexagonal structure, and cell 

parameters a=4.8200; c=7.9150). The fifth peak, 

at 2=43.29° (cubic structure and cell parameters 

a=b=c=2.561), is the Cu elemental phase. 

     Based on XRD analysis,  it is confirmed that 

α-Ti was formed in Ti-20Cu-20Ni-20Mn-20Zn, 

while β-Ti was formed in Ti-13Cu-9Ni-5Mn-5Zn. 

It is well known that α-Ti alloys have low 

strength properties and are less ductile compared 

to β-Ti alloys due to the hexagonal closed 

package structure. β-Ti alloys, which have a BCC 

(body-centered cubic) structure, tend to have high 

specific properties, high fatigue, high-

temperature, corrosion, and high ductility [2]. Cu 

elemental phase in the Ti-20Cu-20Ni-20Mn-

20Zn high entropy alloy was observed at a higher 

concentration and intensity than the Ti-13Cu-

9Ni-5Mn-5Zn alloy. Based on SEM-EDS 

mapping and XRD results, it can be seen that the 

Ti-20Cu-20Ni-20Mn-20Zn and Ti-13Cu-9Ni-

5Mn-5Zn alloys have a significant difference in 

phase concentration and phase distribution of 

intermetallic titanium and titanium elemental. 

 

3.2 Hardness Result 

     The hardness value of Ti-20Cu-20Ni-20Mn-

20Zn high entropy alloy and Ti-13Cu-9Ni-5Mn-

5Zn beta titanium alloy after sintering at a 

temperature of 880 °C for 3 hours can be seen in 

Fig. 5. The hardness value of Ti-20Cu-20Ni-

20Mn-20Zn was 190.658 HV and Ti-13Cu-9Ni-

5Mn-5Zn was 430.736 HV. This could be due to 

the high intensity of the Cu elemental phase and 

the low intensity of the α-Ti phase in the Ti-

20Cu-20Ni-20Mn-20Zn alloy. The low 

concentration of the α-Ti phase is likely because 

titanium tends to form an intermetallic phase with 

Ni, Mn, and Zn. It’s well known that α-Ti has 

less strength and is brittle [2], and intermetallic 

Zn exhibit lower hardness than titanium [22]. 

Contrary to Ti-13Cu-9Ni-5Mn-5Zn alloy, a less 

intermetallic phase of titanium with Cu, Ni, Mn, 

and Zn was formed so that a higher β-Ti phase 

was observed. β-Ti has more strength and 

ductility [2], [3]. Besides that, Ti-20Cu-20Ni-

20Mn-20Zn has more porosity on the surface 

than Ti-13Cu-9Ni-5Mn-5Zn. The hardness test 

result confirmed that lower single phase 

concentration and higher intermetallic phase 

concentration results in a softer alloy.  

A. S. Oryshchenko et al., reported commercial 

titanium marine with hardness value [1]. The 

Ti40Al10V alloy reported have hardness value of 

250 HV, the Ti6Al4V6Mo alloy reported have 

hardness value of 60.87 HV, and the 

Ti3Al8V4Mo4Zr alloy reported have hardness 

value of 118 HV [23]–[25]. From this 

comparison, Ti-13Cu-9Ni-5Mn-5Zn is a 
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promising candidate for marine structure because 

it has a higher hardness. 

 

 
Figure 5. The hardness value comparison between Ti-20Cu-

20Ni-20Mn-20Zn and Ti-13Cu-9Ni-5Mn-5Zn after sintered 

at T= 880 °C for 3 hours 

 

     Hence, it is expected to be more resistant to 

friction and plastic deformation. 
 

3.3 Electrochemical Measurements Analysis 

Potentiodynamic polarization was used to 

determine the corrosion potential and corrosion 

current density of Ti-Cu-Ni-Mn-Zn alloys in a 

3.5% NaCl solution. Figure 6 shows the 

potentiodynamic polarization results of the two 

samples in a 3.5% NaCl solution. Both samples 

showed an active-passive corrosion behavior. 

Corrosion potential and current density obtained 

from Tafel extrapolation are presented in Table 1. 

Ti-13Cu-9Ni-5Mn-5Zn alloy showed a more 

positive corrosion potential and a lower corrosion 

current density than that of Ti-20Cu-20Ni-20Mn-

20Zn alloy, which indicates that Ti-13Cu-9Ni-

5Mn-5Zn alloy is nobler and has better corrosion 

resistance in a 3.5% NaCl solution compared to 

Ti-20Cu-20Ni-20Mn-20Zn.  

 
Figure 6. Potentiodynamic polarization of each composition 

of Ti-Cu-Ni-Mn-Zn alloy after sintered at T= 880 °C for 3 

hours 

 

 

Corrosion rate values of the Ti-20Cu-20Ni-

20Mn-20Zn high entropy alloy and the Ti-13Cu-

9Ni-5Mn-5Zn alloy calculated from the corrosion 

current density were 1.799 mm/year and 0.121 

mm/year, respectively. That was reported that 

beta titanium has a stable oxide form [26]. Due to 

the presence of multiple elements in Ti-20Cu-

20Ni-20Mn-20Zn alloy, titanium oxide film 

tends to be inhomogeneous (non-uniform). The 

inhomogeneous oxide film in Ti-20Cu-20Ni-

20Mn-20Zn alloy is more reactive to Cl- ion than 

the titanium oxide film that of Ti-13Cu-9Ni-

5Mn-5Zn.  

 
Table 1. Corrosion rate of the Ti-Cu-Ni-Mn-Zn alloy after 

sintered at T= 880 °C for 3 hours 

Samples 

Ecorr 

(V vs. 

OCP) 

Icorr 

(µA/cm2) 

Corrosion 

Rate 

(mm/y) 

Ti-20Cu-

20Ni-20Mn-

20Zn 

-0.225 117.130 1.7992 

Ti-13Cu-9Ni-

5Mn-5Zn 
-0.018 7.891 0.1212 

 

     Ti-13Cu-9Ni-5Mn-5Zn alloy 

thermodynamically. However, it must not be that 

the Ti-13Cu-9Ni-5Mn-5Zn alloy possesses a 

lower current density compared to the Ti-20Cu-

20Ni-20Mn-20Zn alloy. Due to the small current 

density, kinetically, the tendency of mass loss for 

pitting formation in Ti-13Cu-9Ni-5Mn-5Zn alloy 

was very slow. From the above results, it can be 

concluded that the Ti-13Cu-9Ni-5Mn-5Zn alloy 

is suitable to be applied as material in a seawater 

environment [27]. 

Ti-13Cu-9Ni-5Mn-5Zn and Ti-20Cu-20Ni-

20Mn-20Zn alloys exhibit different 

potentiodynamic polarization curves. The 

difference in the potentiodynamic polarization 

curve indicates a difference in corrosion 

mechanisms in two other alloy surfaces. Based 

on the potentiodynamic polarization curve,  the 

tendency for pitting formation was observed in 

Ti13Cu9Ni5Mn5Zn alloy thermodynamically. 

However, it must be not the Ti13Cu9Ni5Mn5Zn 

alloy possesses lower current density compared 

to Ti20Cu20Ni20Mn20Zn alloy. Due to small 

current density, kinetically, the tendency of mass 

loss for pitting formation in Ti13Cu9Ni5Mn5Zn 

alloy was very slow. From the above results, it 

can be concluded that the Ti13Cu9Ni5Mn5Zn 

alloy is suitable to be applied as material in a 

seawater environment. 

The EIS (electrochemical impedance 

spectroscopy) characterization was used to 

determine phenomena that occuring on the Ti-

Cu-Ni-Mn-Zn alloy’s surface [28]. The results of 

the EIS measurements of Ti-20Cu-20Ni-20Mn-
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20Zn and Ti-13Cu-9Ni-5Mn-5Zn are presented 

in Nyquist plots, Bode Modulus plots, and Bode 

Phase plots in 3.5% NaCl solution, which can be 

seen in Fig. 7. 

The Nyquist plot of both samples immersed in 

3.5% NaCl solution showed a similar shape but 

different in diameter, indicating a difference in 

the corrosion rate. Nyquist plot of both Ti-20Cu-

20Ni-20Mn-20Zn high entropy alloy and Ti-

13Cu-9Ni-5Mn-5Zn beta titanium has one semi-

circle. The loop is at high to low frequency. The 

equivalent circuit obtained from the curve fitting 

consists of the Rs (electrolyte resistance) in series 

with the CPE (constant phase element) and Rct 

(charge transfer resistance), as shown in Fig. 8.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 7. (a) Nyquist plot, (b) Bode modulus, and (c) Bode 

phase of each composition of Ti-Cu-Ni-Mn-Zn alloy after 

sintered at T= 880 °C for 3 hours 

 

 

Figure 8 shows an equivalent circuit model 

representing the interface characteristics between 

the porous electrode and the electrolyte [29]. The 

circuits representing the pore’s environment were 

added in parallel to the equivalent circuit model 

expressing the geometric electrode surfaces. This 

equivalent circuit consists of Rs representing the 

resistance in the electrolyte, Rct representing the 

charge transfer resistance at the electrode 

interface, and CPE representing the electrical 

double layer capacitance at the electrode surface 

[29]. The interface layer of the Ti-20Cu-20Ni-

20Mn-20Zn alloy has more pores than that of Ti-

13Cu-9Ni-5Mn-5Zn alloy. This can be seen by a 

three parallel circuit added in Fig. 8(a), while Fig. 

8(b) was only simulated with a two parallel 

circuit [29]. 

 
(a) 

 
(b) 

Figure 8. Equivalent circuit (a) Ti-20Cu-20Ni-20Mn-20Zn 

alloy and (b) Ti-13Cu-9Ni-5Mn-5Zn alloy, after sintered at 

T= 880 °C for 3 hours 

 

     The value of each electrical element is 

presented in Table 2. The Rp value represents the 

total resistance of Rs and Rct. The higher Rp value 

of Ti-13Cu-9Ni-5Mn-5Zn β-Ti alloy indicates 

that the alloy is more resistant to corrosion in a 

3.5% NaCl solution than Ti-20Cu-20Ni-20Mn-

20Zn high entropy alloy.    

 
Table 2. The results of fitting Ti-Cu-Ni-Mn-Zn alloy after 

sintered at T= 880 °C for 3 hours using EIS 

Samples 
Rp 

(Ω) 

Qn 

(snΩ-1cm-2) 
n 

Ti-20Cu-20Ni-20Mn-

20Zn 
2,672.65 1.390x106 0.704 

Ti-13Cu-9Ni-5Mn-5Zn 4,884.04 0.278x10-3 1.429 

 

     Bode Modulus and Bode Phase plots exhibit a 

similar trend as the Nyquist plot, as seen in Figs. 

Rs 

Rct 

Rct 

Rct 

CPE 

CPE 

CPE 

CPE 

CPE Rs 

Rct 

Rct 
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7(c) and (d). A higher |Z| value was observed for 

Ti-13Cu-9Ni-5Mn-5Zn compared to Ti-20Cu-

20Ni-20Mn-20Zn, indicating the material’s 

higher corrosion resistance. The shift of the |Z| 

value in the medium frequency in titanium alloy 

might be related to the possible appearance of 

double capacitance at the interface of the material 

layers.  

     In the Bode Phase plots, the Ti-20Cu-20Ni-

20Mn-20Zn high entropy alloy exhibit a lower 

phase angle compared than the Ti-13Cu-9Ni-

5Mn-5Zn β-Ti alloy. The observed difference in 

phase angle indicates the difference in the 

corrosion rate of Ti-20Cu-20Ni-20Mn-20Zn and 

Ti-13Cu-9Ni-5Mn-5Zn alloy. The higher phase 

means that the alloy is more resistant to corrosion 

than the lower phase in the 3.5% NaCl solution. 

                                  

4. CONCLUSION 
     The Ti-20Cu-20Ni-20Mn-20Zn and Ti-13Cu-

9Ni-5Mn-5Zn alloys were successfully fabricated 

by the powder metallurgy method. Based on 

SEM-EDS mapping and XRD results, Ti-20Cu-

20Ni-20Mn-20Zn and Ti-13Cu-9Ni-5Mn-5Zn 

alloys have a significant difference in phase 

concentration and phase distribution of 

intermetallic titanium and titanium elemental. 

The Ti-20Cu-20Ni-20Mn-20Zn alloy as a high 

entropy alloy has a lower hardness value of 

190.658 HV and a higher corrosion rate of 

1.7992 mm/year. The Ti-13Cu-9Ni-5Mn-5Zn 

alloy as a beta titanium alloy has a higher 

hardness value of 430.736 HV and a lower 

corrosion rate of 0.1212 mm/year. The results 

obtained indicate that Ti-13Cu-9Ni-5Mn-5Zn has 

better corrosion resistance in 3.5% NaCl solution 

and higher hardness than Ti-20Cu-20Ni-20Mn-

20Zn for marine structure application. 
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Abstract 
The flowability problem of a closed forging process in the heavy equipment industry is still widely found. This 

problem may affect the quality of the product. To solve this problem, the effect of heating temperature and die insert 

draft angle on the characteristic of hot forged SCM435 steel used for undercarriage track roller has been examined. 

In the experiment, the workpieces were hot forged at a heating temperatures of 1150 °C, 1200 °C, 1250 °C, and die 

to insert draft angles of 3°, 5°, and 7° to form undercarriage track roller products. The mechanical properties of the 

specimens taken from the workpieces were characterized through hardness and dimensional changes, whereas the 

microstructure was characterized using an optical microscope. The results showed that increasing the heating 

temperature and die insert draft angle resulted in good flowability. The best product with the specified diameter of 

191.2 mm and height of 53.6 mm was obtained from the heating temperature of 1250 °C at the die insert draft angle 

of 7°. This characteristic agreed with the specified forging design for the undercarriage track roller.    

 

Keywords: Flowability, hot forging, track roller, undercarriage, underfilling  

 

1. INTRODUCTION 
     The growth of heavy equipment industries 

continues to experience ups and downs in line 

with its use [1]. To keep this heavy equipment 

industry running, innovation is needed in the 

production line by continuously improving in the 

manufacturing process, both in assembly and 

component processes [2]. Heavy equipment 

components are generally made through metal 

forming technology [3]. One of the metal 

forming processes for this purpose is the hot 

forging process. Compare to other processes, the 

advantage of this hot forging is the strength and 

toughness of the product that can be controlled 

closely [4]. In this instance, hot forging can be 

applied to heavy equipment parts that require 

high strength and toughness. 

     One of the parts in the heavy equipment is a 

track roller contained in the undercarriage that 

serves as a unit weight divider to the track and a 

track link driver [5]. Track roller is one of the 

undercarriage components made with the hot 

forging process, especially through a closed die 

hot forging [6]. In the process, however, there is 

still a problem with an underfilling that results in 

the defective product. The effort is necessary to 

solve this problem, primarily in avoiding any 

losses arising from the defective product. 

     Underfilling is a condition in which the 

material can not to fill the desired die during the 

hot forging process. This condition is affected by 

many factors, such as improper die forging 

design, incorrect forging methods, less material, 

and insufficient material heating temperature [4]. 

In this instance, design is one factor that affects 

the material’s flowability during hot forging. 

Improving the design, it will also enhance the 

flow of the material to reduce defective products. 

In their research, Mane and Patil [7] have made 

corrections to the die design in the axle beam. 

This improved design, it has been proven to 

improve product productivity [8]. Furthermore, 

the insufficient heating temperature during the 

hot forging may cause less flow of the material, 

and thus, the material cannot fill the die properly 

[9]-[10]. The worst condition could occur 

because hot forging at this insufficient 
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temperature may result in crack initiation and 

thus, the defective product. 

According to the JIS (japanese industrial 

standards) [11], this steel is considered high- 

strength steel with wide range of applications 

such as automobile clutches, shafts, gears, 

undercarriage, and flywheels parts [12]-[13]. 

However, this steel has a drawback in which 

during the hot forging process, it cannot fill the 

desired die and thus results in the defect after the 

process due to an underfilling condition [13].  

One of the ways expected to overcome the 

underfilling problem found in SCM435 steel is 

by optimizing the heating temperature and die 

insert draft angle design. In this work, the 

material was hot forged at heating temperature 

variations of 1150, 1200, 1250 °C and die to 

insert draft angles of 3°, 5°, and 7° to form 

undercarriage track roller products. The results 

are presented and discussed in detail. 

 

2. MATERIALS AND METHODS 
     The material was cylindrical bar steel with a 

dimension of 170 mm in diameter and 400 mm in 

length provided by PT. Komatsu Undercarriage 

Indonesia.  

 
Tabel 1. Composition (wt.%) of the as-received material  

C Si Mn P S Ni 

0.364 0.318 1.346 0.008 0.012 0.0 
Cr Mo Cu Al B Fe 

0.517 0.116 0.009 0.033 0.002 Rem 

 

The composition of the as-received material was 

tested using optical spectrometry, with the result 

given in Table 1. 

 

 

Figure 1. Track roller design. The unit is in millimeter (mm) 

 

The product was designed in the form of a 

double flange track roller used as an 

undercarriage component, as shown in Fig. 1. To 

realize the product, the die was also designed 

accordingly, which consists of several parts 

arranged into a single die forging. The part that 

forms the inside and the end of the track roller is 

called inner die parts, which are adjustable and 

made of SKD61 tool steel.  

, 

 
Figure 2. Die structure of the double flange track roller 

component 

 

In this work, the inner die parts were adjusted 

to have a variation die insert draft angles of 3, 5 

and 7 degrees. The structure and the inner die 

parts of the double flange track roller components 

used in this work are given in Figure 2 and 

Figure 3, respectively. 
 

 
 (a) (b) (c) 

Figure 3. Die insert draft angle variations (a) 3, (b) 5, and (c) 

7 degrees 

 

The work was carried out at PT. Komatsu 

Undercarriage Indonesia. The experiment began 

by first installing the die forging on a forging 

machine and a trimmer jig on a trimming 

machine. This machine was used to cut the 

existing flash of the forging products after the 

process. 

After the installation process was completed, 

the die was preheated to a temperature of 150 °C 

and left until homogeneous heat was obtained 

and the piecework materials were ready. The 

workpieces were then heated at temperature 

variations of 1150, 1200, and 1250 °C using an 

induction furnace (Neturen, 1000 kW and 6.6 

kHz), which has a very high uniform heating 

distribution with the help of a conveyor passing 

through the coil in the induction furnace with a 

speed of 2.7 mm/s toward the forging machine. 

Temperature control for each step was carried out 

using a temperature measuring apparatus before 

and after the hot forging process. After the hot 
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forging, each workpiece was trimmed, air cooled, 

and ready for the next treatment. The sequence of 

this experimental procedure is given in Fig. 4. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Experimental procedure: (a) die installation of the 

forging equipment, (b) trimmer jig installation on the 

trimming machine, (c) the undercarriage product, (d) and the 

undercarriage after trimming 

 

     After the hot forging process, the workpieces 

were tested for their dimension, hardness, and 

microstructure. The specimens for the 

characterization were taken from the bottom part 

of the workpiece after cross-sectioning it as 

schematically given in Fig. 5.  

     The dimension was measured within the 

original design’s closest range, which was 191 

mm and 54 mm for diameter and height, 

respectively. For the mechanical properties, 

Rockwell hardness testing was performed in 

according to ASTM-E18-16. 

     For the microstructural analysis, the specimen 

was first sand papered up to 1200 grits, then 

polishing it using diamond paste. After cleaning 

it with alcohol, the specimen was etched by 

immersing it in 8 % Nital solution (8 % nitric 

acid in alcohol) for 10 seconds.  

 

 
Figure 5. Cross section of the workpiece where the 

specimens were taken for the characterization purposes 

 

     Using an optical microscope (Keyence VHX-

5000), the specimen was ready for 

microstructural characterization. All 

characterizations was performed at an ambient 

condition. 
 

3. RESULT AND DISCUSSION  
     During hot forging, a material undergoes 

plastic deformation following the shape of the die. 

To obtain the characteristic of the material’s 

flowability during the hot forging, the dimension 

of the product was measured in terms of the 

diameter and height of the track roller product 

given in the design. In this instance, the 

flowability of the material is limited to the 

capability of the material to fill the die during the 

hot forging process. The results of the 

dimensional change measurement are given in 

Fig. 6. 

Dimensional change measurement showed 

that the closest approximated dimensions 

according to the original product design were the 

one with a die insert draft angle of 7° and heating 

temperature of 1250 °C, i.e., 191.2 mm and 53.6 

mm for diameter and height, respectively. Other 

workpieces heated at other heating temperatures 

using different die insert draft angles experienced 

off-dimensions in which the diameter and or 

height of the workpiece could not meet the 

design specification. At a heating temperature of 

1150 °C and a draft angle of 3°, for example, the 

resulting product has 193.0 mm and 52.1 mm for 

diameter and height, respectively. It is suspected 

that the situation could occur because the forging 

temperature was still relatively low for the 

material to deform. Moreover, the forging 

temperature could also somehow decrease during 

the forging process, which might cause material’s 
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flowability to decrease as the temperature 

decreases. 

     The die inserts draft angles obviously affected 

the flowability of the material and, thus, the 

material’s ability to fill the die. As can be seen 

from the graph, at the same temperature, the 7° 

draft angle results in more height as compared to 

that of 5° and 3° draft angles. The draft angle of 

7° and heating temperature of 1250 °C results in 

the highest height at 53.6 mm. This is probably 

because a large draft angle makes the material 

easy to flow through the die.  

 

 
(a) 

 
(b) 

Figure 6. The effect of temperature variations at different die 

insert draft angles on the dimensional change of the 

undercarriage track roller products after hot forging (a) 

height and (b) diameter 

 

     During the forging process, plastic 

deformation may occur in longitudinal and cross 

sectional directions; however, the degree of 

change might be differ depending on the 

flowability and the die design. As seen in Fig. 6, 

the average value of the diameter is greater than 

the average height value. In this instance, the 

deformation is more dominant in the cross-

sectional direction, and thus, the change in 

diameter is larger than that of the longitudinal 

direction. This corresponds to the state of the 

forging process, i.e., compression, in which the 

deformation tends to move freely towards the 

frictionless (free) direction [14]. From the picture 

in Fig. 6, it can also be seen that with the increase 

in temperature and the die insert draft angle, the 

deformation increases, which means that the 

material can fill the die well. This is because with 

the increase of temperature, the more the flow 

and thus the easier the material to fill the die will 

be, even at a relatively small load [15]. 

     The hardness testing would be helpful to 

examine the hardness distribution of the forging 

products in line with the changes in the forging 

temperature and die insert draft angle. Hardness 

distribution from the edge inward at temperature 

variations of 1150, 1200, and 1250 °C and 

various die insert draft angles is given in Figs. 

7(a), 7(b), and 7(c), respectively. In contrast, the 

average hardness is given in Fig. 8.  

The average hardness of the material after hot 

forging seems to be affected by the temperature 

[16] and the draft angle, in, which the higher the 

temperature and the draft angle, there is a 

tendency that the hardness also increases. The 

range of the hardness is about 28-29 HRC, which 

is statistically insignificant. However, since the 

hardness of the material before hot forging is 

about 18.7 HRC, this process profoundly proves 

that there is an increase of about 54% in hardness 

after the hot forging. It is expected that the higher 

the heating temperature, the higher the initial 

temperature for the air-quenched process. With 

the carbon content of 0.364 wt.%, as seen in 

Table 1, it would be understandable that the 

hardness will also increase with the increase of 

heating temperature.  

At the same temperature, the hardness 

distribution of the workpiece tends to increase 

from the edge inward to 1200 °C. This 

corresponds to the deformation of the material at 

high temperatures. After experiencing high 

deformation during the forging, because of high 

temperature, the recrystallization and, thus, the 

grain growth at the edge take place faster in 

comparison to the area inside farther from the 

edge and therefore make the hardness increase 

inward. At 1250 °C, even though the difference is 

insignificant, as mentioned previously, the 

distribution is almost constant, and the average 

hardness tends to be relatively lower than that of 

two other temperatures. This constant hardness 

distribution is expected due to a more 

homogeneous temperature distribution. 
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(a) 

 
(b) 

 
(c) 

Figure 7. Hardness distribution from the edge inward at 

temperature variations (°C); (a) 1150, (b) 1200, (c) 1250 and 

various die insert draft angles. Error bars are given on each 

line graph 

 

     At this high temperature, it would be much 

easier for recrystallization and grain growth to 

take place, and thus, compared to two other 

temperatures, decrease the average hardness [17]. 

A microstructural investigation was 

performed using an optical microscope on the 

specimen taken from the bottom of the product. 

The observation was performed at a 

magnification of 500 x, and the results are given 

in Fig. 9. 

 
Figure 8. Average hardness from the edge inward at various 

die insert draft angles and temperature variations. Error bar 

is given on each bar graph 

 

     As can be seen in Fig. 9, the microstructure 

shows that the edge of the product has a non-

homogeneous grain size in which large and small 

grain sizes are mixed due to a mixture of ferrite 

and pearlite grains from austenite transformation 

[18]-[19]. Examination of the microstructures 

revealed that different heating temperatures result 

in different phase structures, as can seen in Fig. 9. 

This microstructure examination supports 

hardness distribution in which due to more as has 

been explained previously. 

After the hot forging process, some forged 

products experienced oxidation and 

decarburization at the tip of surfaces resulting in 

coarse microstructure [20]. With the increasing 

temperature, the workpiece becomes susceptible 

to scale formation and decarburization.  

Steel materials with heating temperatures 

higher than 1150 °C have high sensitivity to 

decarburization. In this instance, good control is 

required for the forging process [21]. The depth 

of the decarburization may affect the material’s 

properties leading to fatigue failure during 

service if it is not properly handled. 

     The formation of this scale needs to be 

considered to determine the appropriate tolerance 

so as not to reduce the dimensions of ready-made 

products. This would be primarily true because 

the uneven surface may lead to an undesired 

heavy machining process. 
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(a) 

 
(b) 

 
(c) 

Figure 9. Microstructure of the workpieces heated (°C) at (a) 

1150 with die insert angle of 3°, (b) 1200 with die insert 

angle of 5°, and (c) 1250 with die insert angle of 7°. Bar 

scale is 100 m 

                                 

4. CONCLUSION 
Plastic deformation of the largest after-

wrought product occurs at a temperature of 

1250 °C and a die draft angle of 7° with a 

diameter of 191.2 mm and height of 53.6 mm, 

very close to the desired dimensions for diameter 

and for height. The distribution of hardness is 

affected by the temperature and the draft angle in 

which the higher the temperature and the draft 

angle, there is tendency for the hardness also 

increases after the hot forging. The heating 

temperatures of 1150, 1200, and 1250 °C do not 

significantly affect the hardness statistically. 

However, the hot forging process does increase 

the hardness by about 54% as compared to the 

original material. The characteristics of the 

obtained hot-forged material agreed with the 

specified forging design for the undercarriage 

track roller. Thus could be further tested for 

large-scale production. 
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Abstract 
GDC (gadolinia doped ceria) is a solid electrolyte contender for intermediate-temperature SOFCs (solid oxide fuel 

cell). However, more development of this solid electrolyte is required to improve its ionic conductivity. We will 

investigate the effect of Nd2O3 and Fe2O3 addition on GDC solid electrolytes to boost ionic conductivity. Solid 

electrolytes of the composition Ce0.9Gd0.2MxO1.9 (M = Nd, Fe) (x = 0% ; 2.5% ; 5%, and 7.5%) were synthesized 

using mixed oxide method and formed into pellets with a diameter of 1 cm. The pellets were sintered at 1200C and 

1400C for 4 hours in an Argon environment then the EIS (electrochemical impedance spectroscopy) test was 

performed at 450-650C. The results showed that the Nd2O3 and Fe2O3 added were totally dissolved in the ceria 

structure and produced single-phase cubic fluorite CeO2. GDC solid electrolyte with Fe2O3 addition produces 

higher densification than Nd2O3 addition, where the value reaches 75% in the GDC sintered at 1400C. However, 

the addition of Nd2O3 further increased the value of ionic conductivity and decreased the activation energy of the 

GDC solid electrolyte compared to the addition of Fe2O3. The highest ionic conductivity and the lowest activation 

energy were obtained in the GDC with 2.5% Nd2O3 in 650C operating temperature, with the values achieved were 

1.2 mS/cm and 0.41 eV, respectively. Therefore, it can be concluded that Nd2O3 addition is more effective to improve 

the performance of solid electrolyte GDC.    

 

Keywords: SOFC (solid-oxide fuel cell), solid electrolyte, GDC (gadolinia doped ceria), ionic conductivity  

 

1. INTRODUCTION 
     SOFC (solid oxide fuel cell) is a type of fuel 

cell or electrochemical device that can transform 

chemical energy from a fuel into electrical energy 

and heat without using a combustion stage [1]. 

SOFCs have several advantages over other fuel 

cells, including higher electrode corrosion 

resistance, higher fuel flexibility, and high power 

efficiency (40-60%) [2]. However, SOFC still 

has several operational issues, particularly the 

high operating temperature (1000 °C). The high 

operating temperature causes many problems in 

its operation, such as rapid material degradation, 

making it less economical [3]. Therefore, the 

current research focuses on lowering the 

operating temperature of SOFCs while 

maintaining good performance quality. 

     One effort that may be made is choosing the 

appropriate solid electrolyte material. The solid 

electrolyte must have a high ionic conductivity to 

be used at an intermediate temperature (400-

700 °C)  SOFC or IT-SOFC [4]. YSZ (Yttria 

stabilized zirconia) is a solid electrolyte 

commonly utilized in commercial SOFCs that 

operate at 1000 °C [5]. Nevertheless, the ionic 

conductivity value of YSZ diminishes in the 

medium operating temperature range, preventing 

it from being employed on IT-SOFC [6]. GDC 

(gadolinia doped ceria) has the potential to be 

employed as a solid electrolyte in IT-SOFC 

because it has sufficient ionic conductivity, low 

activation energy, and higher catalytic activity at 

medium temperatures [7]. However, further 

http://dx.doi.org/10.14203/metalurgi.v36i1.577
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
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development of this solid electrolyte is required 

to improve its ionic conductivity. 

     According to Herle et. al., [8], the addition of 

double doping (co-doping) with two cations can 

enhance the ionic conductivity of a ceria-based 

solid electrolyte compared to single doping. Co-

doping to the GDC solid electrolyte can enhance 

ionic conductivity and stability by preventing 

partial reduction of the GDC solid electrolyte [9]. 

According to Andersson et. al., [10], the optimal 

dopant for a ceria-based solid electrolyte is 

Promethium (Pm) (atomic number 61). Based on 

modeling with vienna ab initio, the addition of 

Pm to the ceria matrix will result in the lowest 

vacancy formation energy and binding energy 

between defects compared to other elements. 

Consequently, the activation energy value of the 

ceria-based solid electrolyte system will be lower. 

On the other hand, Pm is a synthetic element that 

does not exist in nature. As a result, the most 

likely approach is to use elements with atomic 

numbers near to 61, or more commonly, rare 

earth metal oxides. This is because the binding 

energy is a function of the atomic number. Hence 

the atomic number of the dopant element should 

be as close to Pm as possible. Neodymium 

(atomic number 60) is an element that can be 

used for co-doping of ceria-based solid 

electrolytes because it has an atomic number 

close to Pm. This co-doping aims to enhance the 

vacancy concentration in cubic fluorite ceria, 

hence increasing the ionic conductivity[11]. 

Apart from doping, various research has 

investigated the addition of a sintering aid to the 

GDC solid electrolyte to improve the 

densification [12]. With increasing densification, 

it is expected that the ionic conductivity will also 

increase. One type of sintering aid that is widely 

used is transition metal oxides such as Fe2O3 [13]. 

     In this study, the effect of the addition of rare 

earth metal oxides (Nd2O3) and transition metal 

oxides (Fe2O3) on the physical and electrical 

characteristics of GDC solid electrolyte will be 

compared to determine the more effective 

material to improve the performance of solid 

electrolytes. 

 

2. MATERIALS AND METHODS 
     Solid electrolytes with compositions 

Ce0.9Gd0.2NdxO1.9 and Ce0.9Gd0.2FexO1.9 (x = 0, 

2.5%, 5% and 7.5%) were synthesized using 

CeO2, Gd2O3, Nd2O3, and Fe2O3 precursor with 

high purity (99,9%). All powders were mixed in 

96% ethanol media. The ethanol-powder mixture 

was heated to 70 °C on a hotplate and stirred 

using a magnetic stirrer until all of the ethanol 

had evaporated and there was a powder deposit at 

the bottom of the beaker. Then the powder was 

dried in an oven at 150 C for 1 hour. The 

powder was then ground using a mortar with a 

PVA binder of 3 wt.% and 70% alcohol. After 

grinding, the powder was pressed into a 1 cm 

thick green pellet using a hydraulic compacting 

machine with a pressure of 40 kN. The pellets 

were then sintered in a tube furnace 

(Thermolyne) at two temperature variations of 

1200 C and 1400 C for 4 hours in an Argon 

environment. Then several tests were carried out 

on the sintered pellets, including EIS 

(electrochemical impedance spectroscopy), XRD 

(x-ray diffraction), and SEM (scanning electron 

microscope) tests.  

     EIS test was carried out using a potentiostat 

(Corrtest) with silver paste as the standard 

electrode and current collector at a temperature of 

450-650 C with a frequency range of 100 kHz-

0.1 Hz using an AC signal of 20 mV. The 

Nyquist and Bode curves obtained from the EIS 

test are then fitted with an equivalent circuit 

model using ZView software to bring the grain 

(Rg) and grain boundaries (Rgb) resistance of solid 

electrolytes. The total resistance (Rtotal) value can 

be calculated by Equation (1), and then can be 

used to determine the ionic conductivity and 

activation energy value.  

          (1) 

 

3. RESULT AND DISCUSSION  
3.1 Phase Analysis 

Figure 1 shows the diffraction pattern of the 

solid electrolyte of GDC (gadolinia doped ceria) 

with the addition of Nd2O3 (Nd-GDC) and Fe2O3 

(Fe-GDC). The diffraction pattern of the three 

GDCs has the same pattern where the peaks are 

identified as planes (111), (200), (220), etc.  

 
Figure 1. X-ray diffraction pattern of GDC, Nd2.5%-GDC, 

and Fe2.5%-GDC sintered at 1200 C 

 

     These peaks indicate that the structure 

generated in the three GDCs is single-phase cubic 



 

Effect of Nd2O3 and Fe2O3 Addition on Gadolinia .../ Muhammad Faisal Akbar | 67 

fluorite CeO2 [14] (JCPDS no. 34-394), and 

Gd2O3, Nd2O3, and Fe2O3 doping have been 

entirely dissolved into the ceria structure (CeO2). 

Adding Gd3+, Nd3+, and Fe3+ to the ceria matrix 

results in subtituting of Ce4+ ions, forming a solid 

solution [15]. This ion substitution changes the 

lattice parameter of cubic fluorite ceria due to the 

difference in ionic radii between Ce4+ (0.097 nm) 

as the host atom with Gd3+ (0.105 nm), Nd3+ 

(0.110 nm), and Fe3+(0.069 nm) as doping atom 

[16]. 

 

3.2 Densification and Microstructure Analysis 

Densification is a powder shrinkage process 

that occurs during the sintering process. 

Densification is observed with % relative density 

or by comparing the density of the sintered 

product with its theoretical density.  

Figure 2 shows the relative density of solid 

electrolyte GDCs sintered at 1200 C and 1400 

C. Based on the graph, the densification 

increased up to concentration of 2.5%, and then 

decreased with further increases in the co-doping 

concentration. Densification increases owing to 

mass transfer during the sintering process, which 

can remove pores in the solid electrolyte system. 

Furthermore, the rise in densification was driven 

by changes in the ceria lattice properties due to 

dopant addition. However, densification 

decreases as the concentration exceed 2.5%. The 

decrease in densification was caused by an 

excessive co-doping concentration, which causes 

more Nd3+ or Fe3+ atoms to substitute Ce4+ atoms, 

resulting in excessive lattice distortion [17].  

 

 

 

 

 

 

 

 

 

 

 
Figu 

 

 

 

Figure 2. Relationship of co-doping concentration with 

relative density at sintering temperatures of 1200 C and 

1400 C 

 

Lattice distortion occurs along with changes 

in lattice parameters due to differences in radii 

and static forces between atoms. In GDC solid 

electrolyte, adding Fe2O3 at both 1200 C and 

1400 C sintering temperatures results in higher 

densification than adding Nd2O3. This is because 

Fe2O3 acts as a sintering aid that can accelerate 

densification kinetics during the sintering process 

[18]. The highest densification (75%) was found 

in the GDC with the addition of Fe2O3 2.5%, 

which was sintered at 1400 C. 

The increases in the densification of the GDC 

with the addition of Fe2O3 were caused by 

viscous flow sintering occurred that can 

accelerate the densification kinetics [19]. Also, 

Figure 2 indicates that the densification will 

increase as the sintering temperature rises. At a 

higher sintering temperature, the atoms in the 

GDC get more energy to diffuse and form denser 

granules. However, if the sintering temperature is 

too high, the grain size will increase, which 

causes poor mechanical properties of the solid 

electrolyte.  

 

 
(a) 

 
                                     (b) 

 
(c) 

Figure 3. Microstructure of (a) GDC, (b) Nd-GDC, and (c) 

Fe-GDC sintered at 1400 °C and at 2.5%co-doping 

concentration 
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Figure 3 shows the microstructure of the GDC 

solid electrolyte GDC with Nd2O3 and Fe2O3 

addition. In the microstructure of the GDC, large 

agglomerates were formed, which still have many 

pores and large grain sizes (1.227μm). The 

agglomerates disappeared when Nd2O3 was 

introduced to the GDC, producing finer granules 

with smaller grain sizes (0.642μm). This is 

consistent with Fig. 2, demonstrating that the 

GDC densification with Nd2O3 has a more 

excellent value than the GDC. According to 

studies by Priyadharsini et. al., [20], the presence 

of Nd in the ceria lattice could inhibit the 

agglomeration process, resulting in less 

aggregation of elements in specific places and 

smaller grain size. The microstructure generated 

in the GDC with the addition of Fe2O3 has fewer 

pores and a comparatively smaller grain size 

(0.906μm). In the Fe-GDC, it was also observed 

that the wet grain boundary cluster or the wetted 

grain boundary indicated the occurrence of 

viscous flow sintering [21]. This process occurs 

because of the liquid phase formed by the 

melting of the sintering aid. The liquid phase will 

fill the pores with capillary forces, which will 

then be reprecipitated at the final stage of 

sintering so that densification will increase. 

 

3.3 Ionic Conductivity Analysis 

Ionic conductivity is a quantity that expresses 

the ease of a material to transport ions. Ionic 

conductivity is determined by Equation (2), 

where σ is total ionic conductivity (S/cm), Rtotal is 

total resistance of solid electrolyte (Ω), L is 

thickness of solid electrolyte (cm) and A is area 

of solid electrolyte (cm2). 

  σ = ×    (2) 

 

The total resistance of a solid electrolyte is the 

sum of the grain and grain boundary resistance. 

The grain and grain boundary conductivity can be 

determined to identify the contribution of grain 

and grain boundaries to the total conductivity. 

Grain and grain boundary conductivity can be 

calculated using the same equation shown in 

Equation (2), but the resistance value used is the 

resistance of each grain and grain boundary. 

Figure 4 shows the contribution of grain and 

grain boundaries to the total ionic conductivity of 

solid electrolytes GDC at an operating 

temperature of 450 C.  From Figure 4, it can be 

seen that the conductivity of the grain was larger 

than those of the grain boundary. Variances 

caused this variation in conductivity the 

concentration of vacancy within the grains and 

grain boundaries. The vacancy concentration 

inside the grains was more significant than the 

grain boundaries, resulting in a higher 

conductivity [22]. However, the grain boundary 

conductivity has a value and trend nearly 

identical to the total conductivity, implying that 

the grain boundary contribution was more 

prominent than the grain contribution to the total 

conductivity. It can also be explained by the 

microstructure shown in Fig. 3, where the GDC 

solid electrolyte with Nd2O3 and Fe2O3 addition 

has a tiny grain size, resulting in more grain 

boundaries than grains. Therefore, the 

contribution of grain boundaries is more 

dominant than grains. 

At 5% co-doping concentration, there was a 

data anomaly. The grain boundary conductivity 

and total ionic conductivity of the GDC with 

Fe2O3 addition were higher than the GDC with 

Nd2O3 addition. This occurs because the grain 

boundary resistance in the GDC with Fe2O3 

addition is lower than in the GDC with Nd2O3 

addition, resulting in increased grain boundary 

conductivity. 

 

 
 

Figure 4. Grain and grain boundary contribution to total 

conductivity of GDCs sintered at 1200 C and at 450 C 

operating temperature 

 

Figure 5 shows the relationship of co-doping a 

concentration with the total ionic conductivity. 

Ionic conductivity increases with the addition of 

Nd2O3 and Fe2O3 up to concentration of 2.5% and 

then decreases with further concentration 

increases. The decrease in ionic conductivity 

occurs because the density of the solid electrolyte 

drops at concentrations above 2.5%, as discussed 

in sub-section 3.2. It causes the mobility of 

oxygen ions to be slower, so the ionic 

conductivity decreases. Furthermore, high co-

doping concentrations, it causes defects to 

interact with one another. Oxygen vacancy (Vö2+) 

would interact with other charged species and 
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produce a cluster defect, which causes the 

oxygen vacancy to be immobile [23]. Figure 6 

compares the effect of adding Nd2O3 and Fe2O3 at 

2.5% concentration and various operating 

temperatures on the total ionic conductivity. The 

highest ionic conductivity value obtained in this 

study was 1.2 mS/cm with the addition of 2.5% 

Nd2O3 at an operating temperature of 650 C. 

This value is lower than the research conducted 

by Dikmen et.al., [24] and Kim et.al., [25], 

obtained ionic conductivity of 4.9 mS/cm and 4.3 

mS/cm. This value is lower than the two previous 

studies because the two previous studies used a 

higher sintering temperature and a longer 

sintering time so that fewer pores were produced. 

The fewer pores cause the ionic conductivity to 

be higher than in this study. 

 

 
 

Figure 5. Relationship of co-doping concentration with total 

ionic conductivity 

 

The ionic conductivity of the GDC with the 

addition of Nd2O3 has a higher value than the 

GDC with the addition of Fe2O3. The increase in 

ionic conductivity in the Nd-GDC was due to the 

rise in the vacancy concentration. When Nd2O3 is 

introduced, Nd3+ will replace Ce4+, forming an 

oxygen vacancy defect [22]. The formation of 

this oxygen vacancy is written with the Krȍger-

Vink notation shown in Equation (3). The more 

oxygen vacancies formed, the easier the mobility 

of oxygen ions in the solid electrolyte so that the 

ionic conductivity increases. 

 

       (3) 

 

The maximum ionic conductivity of the GDC 

with the addition of Fe2O3 was achieved at a 

concentration of 2.5%, which reached 0.89 

mS/cm at an operating temperature of 650 oC. 

This value is greater than the previous study by 

Dong et.al., [26], which found 6×10-2 mS/cm of 

ionic conductivity. Furthermore, the Fe-GDC 

exhibits a higher ionic conductivity value than 

the Nd-GDC because Fe-GDC solid electrolytes 

have higher densification than GDC. 

Nevertheless, the addition of Fe2O3 is not directly 

related to the formation of oxygen vacancies, so 

the ionic conductivity value is lower than the 

Nd2O3 addition. Therefore, it can be concluded 

that Nd2O3 is the more effective material for 

increasing the ionic conductivity of solid 

electrolyte GDC compared to Fe2O3. 

 
Figure 6. Comparison of the addition of 2.5% Nd2O3 and 

2.5% Fe2O3 to the total ionic conductivity at various 

operating temperature 

 

This also validates the research by Anderrson 

et.al., [10] described in the introduction, where 

the atomic number of Nd is closer to the atomic 

number of Pm.  

 

3.4 Activation Energy Analysis 

     The ionic conductivity of the solid electrolyte 

is a function of the operating temperature. The 

dependence of ionic conductivity with operating 

temperature is usually shown by the Arrhenius 

plot, which can be seen in Fig. 7. As shown in 

Figure 7, generally, the ionic conductivity 

increases with increasing operating temperature 

because of the decrease in the total resistance of 

the solid electrolyte [27]. This is also consistent 

with the data shown in Fig. 6. As the operating 

temperature rises, the mobility of oxygen ions 

will increase, causing the ionic conductivity 

value to increase [18]. 

The activation energy of a solid electrolyte 

system can be calculated from the Arrhenius plot 

using Equation (3), where σ is total ionic 

conductivity (S/cm),  is a pre-exponential 

factor (S.K/cm), T is operating temperature (K), k 

is Boltzman constant, and Ea is activation energy 

(eV). 

       (3) 

Figure 8 shows the relationship of co-doping 

concentration to the activation energy of the 
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GDC solid electrolyte system. In general, adding 

of Nd2O3 and Fe2O3 can reduce the activation 

energy of the solid electrolyte system. The lowest 

activation energy was achieved at a co-doping 

concentration of 2.5%. 

 
Figure 7. Arrhenius plot of the GDC sintered at 1400 C 

 

The GDC adding of Nd2O3 had a lower 

activation energy value than the GDC with the 

addition of Fe2O3. The activation energy of the 

GDC with the addition of 2.5% Nd2O3 reached 

0.41 eV, while the addition of Fe2O3 reached 0.45 

eV. These values have met the requirements for 

SOFC applications, which are below 1 eV [7]. 

The decrease in activation energy indicates that 

the energy required to release oxygen ions from 

the crystal lattice and ion migration becomes 

smaller so that the ionic conductivity increases 

[27]. 

 
Figure 8. Activation energy of the GDC solid electrolyte 

                                

4. CONCLUSION 
     GDC (gadolinia doped ceria) solid electrolytes 

with Nd2O3 and Fe2O3 addition was successfully 

synthesized by mixed-oxide method. Based on 

the findings in this study, Nd2O3 and Fe2O3 added 

were dissolved in the ceria structure and 

produced single-phase cubic fluorite CeO2. The 

highest densification, up to 75%, was obtained in 

the GDC solid electrolyte with Fe2O3 addition. 

The highest ionic conductivity and the lowest 

activation energy were obtained in the GDC with 

2.5% Nd2O3 in 650C operating temperature, 

with the values achieved were 1.2 mS/cm and 

0.41 eV, respectively. It can be concluded that 

the addition of Nd2O3 is more effective than the 

addition of Fe2O3 in enhancing the ionic 

conductivity of GDC solid electrolyte and can 

lower the activation energy. The improvement in 

ionic conductivity is likely to improve SOFC cell 

performance at intermediate operating 

temperatures. 
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Abstract 
In the synthesis of nanoparticles, the phenomenon of agglomeration is an undesirable condition because the 

particles formed can be larger. The use of surfactants can prevent the occurrence of this phenomenon. In this study, 

the use of surfactants was studied in the synthesis of nano silica from geothermal sludge. The method applied in the 

synthesis of nano silica is the sol-gel method. A 1 M NaOH (sodium hydroxide) solution was used to prepare of the 

precursor solution, while the SiO2 gel formation was carried out at a pH of 5 using a 1.5 M HCl (hydrochloric acid) 

solution. The surfactants used were ABS (alkyl benzene sulfonate), CTAB (cetyltrimethylammonium bromide), SDS 

(sodium dodecyl sulfate), and PVP (polyvinylpyrrolidone). The surfactant added to the precursor solution was at the 

CMC (critical micelle concentration), where the CMC value for each surfactant was 0.15; 0.05; 0.50; and 1.00 wt% 

for ABS, CTAB, SDS, and PVP, respectively. As a comparison, nano silica synthesis was also carried out without 

adding of surfactants. The experimental results showed that the synthesis of nano silica without surfactant produced 

a product with a purity of 98.03%. Based on PSA (particle size analyzer) testing, the average particle size was 4.82 

μm. Although the purity was already high, the resulting product experiences agglomeration and surfactants were 

needed to minimize the occurrence of agglomeration in the product. The surfactant that gives the best product 

quality is PVP, whose average particle size is 66% smaller than the product without surfactant. However, the effect 

produced with PVP has a low purity, which is 56.67%. This condition occurs because NaCl was trapped in the 

surfactant template. The presence of this surfactant template causes the washing process more difficult because the 

templates become an obstacle for water to diffuse into the particles and dissolve the impurities.    

 

Keywords: Agglomeration, nano silica, geothermal sludge, surfactant  

 

1. INTRODUCTION 
     In general, nanoparticles can be defined as 

particles having sizes in nanometers or more 

precisely, in the range of 1 and 100 nm [1]-[2]. 

By having a smaller size, nanoparticles have 

different characteristics from their bulk particles 

in several properties, such as the properties of 

physical (especially particle surface area), 

chemical, magnetic, electrical, and optical [3]-[6]. 

One of the nanoparticles that has excellent 

potential to be utilized is silica-based 

nanoparticles or usually referred to as nano silica. 

Nano silica has a large surface area, high stability, 

good heat and electrical resistance, and is inert 

[7]. Those properties are the reasons why nano 

silica is widely applied in various sectors. 

Utilization of nano silica as the main and/or 

supporting material is carried out for applications 

in the sectors of adsorption, catalysts, drug 

delivery systems, insulators, sensors, polymers, 

paints, and energy [8]-[12]. 

     Based on several previous studies, the 

synthesis of nano silica has been widely studied 

using raw materials or precursor solutions, such 

http://dx.doi.org/10.14203/metalurgi.v36i1.577
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://sinta.ristekbrin.go.id/journals/detail?id=3708
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as TEOS (tetraethyl orthosilicate), rice husks, and 

silica sand [13]-[15]. Raw materials that can be 

employed to synthesize nano silica must contain 

high silica. In addition to the three materials 

previously mentioned and studied, there is 

another raw material that has excellent potential 

to be employed as a source of silica, namely 

geothermal sludge. 

     Geothermal sludge is solid waste generated 

from geothermal power plants. The amount of 

geothermal sludge produced from one power 

plant can reach hundreds of thousands of tons per 

month and this value is classified as very 

abundant for a waste [16]. If this waste is left 

alone, it will cause environmental problems. 

Based on its characteristics, this geothermal 

sludge contains several mineral elements or 

compounds that can be utilized. The most 

prominent mineral in geothermal sludge is silicon 

dioxide (SiO2) compounds in amorphous form. 

The SiO2 content in this sludge can reach 98% 

[17]-[19]. These data indicate that this 

geothermal sludge has enormous potential to be 

used as raw material for nano silica synthesis. On 

the other hand, studies on the utilization of this 

waste as raw material for nano silica have not 

been studied much and deserve further study 

because there is still unknown information. 

In the synthesis of nano silica, the most 

widely used method is the sol-gel method. The 

sol-gel method involves the polymerization of 

inorganic compounds through chemical reactions 

in a precursor solution to form oxide compounds. 

The formation of these oxide compounds 

includes the stages of hydrolysis (formation of 

the sol phase-colloid) and changes in shape from 

the sol phase to the gel phase through the gelation 

stage [20]-[22]. This method has several 

advantages, such as producing homogeneous and 

high purity products, cheap, simple, and easy to 

operate [22]-[23]. However, the biggest challenge 

of synthesizing nano silica using the sol-gel 

method is agglomeration between particles 

during the gelation stage. 

Agglomeration is a phenomenon in which 

two or more particles bind to each other for an 

extended period [24]. This phenomenon will 

cause the particles formed to be larger or the 

worst conditions; the resulting product is not 

nanometer in size. Efforts to prevent this 

phenomenon can be done by adding surfactants 

to the solution [25]-[28]. Singh, et. al., [29] have 

conducted studies regarding the use of several 

surfactants, such as CTAB (cetyltrimethyl-

ammonium bromide), TTAB 

(tetradecyltrimethyl-ammonium bromide), and 

DTAB (dodecytrimethyl-ammonium bromide), in 

the synthesis of nano silica. The results of their 

research proved that the use of CTAB surfactant 

was able to reduce the nano silica particle size by 

almost 70%. In addition, another study conducted 

by Rakhmasari, et. al., [30] also proved that the 

use of ABS (alkyl benzene sulfonate) surfactant 

with a certain concentration can reduce the nano 

silica particle size by about 30% for the treatment 

without sonication and 47% for the treatment 

with sonication.  

     The focus of this work emphasizes the use of 

surfactants in the nano silica synthesis using 

geothermal sludge as raw material. It needs to be 

studied more deeply because there is no detailed 

and specific information regarding surfactants in 

the nano silica synthesis from geothermal sludge, 

especially the effect of the type of surfactant used. 

This work will study the use of various types of 

surfactants (cation and anion surfactants). 

Different types of surfactants will affect the 

characteristics of the nano silica formed, 

including particle size and morphology [29], [31]. 

Therefore, it will also be seen how the 

characteristics of the formed product where the 

use of surfactants with the right concentration is 

expected to give better characteristics to the nano 

silica product. 

 

2. MATERIALS AND METHODS 
2.1 Materials 

     For this work, geothermal sludge was the 

main raw material in the synthesis of nano silica. 

The sludge was derived from PLTP Geo Dipa 

Dieng, Indonesia. The sludge contained several 

mineral compounds and the composition of the 

sludge is shown in Table 1. 

 
Table 1. The composition of geothermal sludge 

Element Composition (wt.%) 

SiO2 96.79 

K2O 0.91 

P2O5 0.89 

Fe2O3 0.89 

CaO 0.40 

Others 0.12 

 

     Other main materials employed for this 

synthesis of nano silica were NaOH (sodium 

hydroxide) and HCl (hydrochloric acid). In 

addition, the surfactant types varied for this work 

were ABS (alkyl benzene sulfonate), CTAB 

(cetyltrimethyl-ammonium bromide), SDS 

(sodium dodecyl sulfate), and PVP 

(polyvinylpyrrolidone). Demineralized water was 

applied as a solvent for all materials. 

 

2.1 Procedures 
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     In general, this research procedure can be 

illustrated a workflow as shown in Figure 1. 

Geothermal sludge was ground with a mortar and 

pestle to a size of particle less than 74 microns. 

Then, 20 grams of geothermal sludge were mixed 

with 800 ml of 1 M NaOH solution. The mixture 

was stirred using a magnetic stirrer and a hot 

plate at 90 oC for 60 minutes isothermally. After 

the reaction occurred, the mixture was filtered 

under vacuum conditions to obtain a supernatant 

containing Na2SiO3 (sodium silicate). This 

supernatant will act as a precursor solution for 

nano silica synthesis. 

 

 
 
Figure 1. The procedure of this research 

 

     A total of 400 mL of the precursor solution 

was taken and added with surfactant. There were 

four types of surfactants studied, namely ABS 

(alkyl benzene sulfonate), CTAB (cetyltrimethyl-

ammonium bromide), SDS (sodium dodecyl 

sulfate), and PVP (polyvinylpyrrolidone). The 

addition of surfactant was carried out at the CMC 

(critical micelle concentration). CMC was 

obtained first by testing the turbidity and surface 

tension of the precursor solution mixture with 

surfactants. In this experiment, the surfactant 

concentration was varied in a particular range 

according to the character of surfactant. The 

variation of surfactant concentration is presented 

in Table 2. 

     A turbidity meter was used to measure the 

turbidity level in a mixture of precursor solutions 

and surfactants. Meanwhile, the Du-Nouy 

tensiometer was used to measure the surface 

tension of the mixture. The CMC value was 

confirmed by making a graph between the 

surfactant concentration and the values of both 

physical parameters. Then, the graph was 

evaluated and compared with the graph of CMC 

determination, as depicted in Fig. 2. 

 
Table 2. The range of surfactant concentration in the 

confirmation of CMC  

Surfactant Surfactant (wt.%) 

ABS 0 – 2.0 

CTAB 0 – 0.5 

SDS 0 – 10.0 

PVP 0 – 20.0 

 

     The precursor solution, added with surfactant 

in CMC, was stirred with a magnetic stirrer for 

60 minutes. The 1.5 M HCl solution was then 

dripped while stirring until the pH of the solution 

reached 5 and a SiO2 solid (gel) was formed. The 

solution was left for 18 hours so that the aging 

stage could occur. After the aging stage was 

complete, the separation process between the 

solid and liquid was carried out in a vacuum 

condition.  

 

 
Figure 2. Comparison chart for confirmation of CMC value 

[32] 

 

     The solid formed was washed using 250 mL 

of demineralized water. The washing process was 

carried out with a stirring process for 10 minutes 

in four stages. It carried out in four stages aims to 

ensure the SiO2 product has a high purity where 

the salt impurities (NaCl) dissolve in water. The 

solid was then dried using a microwave at 700 

watts of power for 30 minutes. The final step is 

that the solids formed are characterized. The 

characterizations carried out were testing the 
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product composition using XRF (x-ray 

fluorescence), the mineral phase of the product 

using XRD (x-ray diffraction), particle size 

distribution using PSA (particle size analyzer), 

and product morphology using a TEM 

(transmission electron microscope). As a 

comparison, this study also synthesized nano 

silica without surfactants. The synthesis steps are 

the same as previously described. 

 

3. RESULT AND DISCUSSION  
3.1  Characterization of Nano silica without 

Surfactant 

     Before studying further the effect of 

surfactants in the synthesis of nano silica from 

geothermal sludge, the synthesis of nano silica 

without surfactants needs to be observed first so 

that it is obtained sharper observations regarding 

the effect of these parameters. This section shows 

how the results of nano silica synthesis without 

the addition of surfactants. The first result 

observed is the purity of the resulting nano silica 

product. The results of the analysis can be 

observed in Table 3. 

 
Table 3. The composition of nano silica without surfactant 

Compound Composition (wt.%) 

SiO2 98.03 

P2O5 0.97 

Fe2O3 0.57 

CaO 0.31 

Others 0.12 

 

Based on the analysis results in Table 3, the 

purity of the resulting nano silica has increased 

from the initial raw material. It can be seen that 

there is an increase of 1.24%, where the product 

purity is 98.03%. When compared with several 

other studies [33]-[34], the purity of the product 

obtained in this study is relatively high. 

 
 

Figure 3. XRD analysis of nano silica products formed 

without surfactants 

 

     To strengthen the results of XRF (x-ray 

fluorescence) analysis, the mineral phase of the 

formed nano silica was also analyzed using XRD 

(x-ray diffraction). The results of the analysis are 

presented in Fig. 3. Based on Fig. 3, it can be 

observed that the nano silica product has a peak 

of about 23.5o where this peak appears in the 

range of 16.3-33.8o. Based on the range of peaks 

presented in Fig. 3, it also prove that the product 

formed is an amorphous compound. 

 

 
(a) 

 

 
(b) 

Figure 4. (a) TEM analysis and (b) size measurement using 

ImageJ software of nano silica products formed without 

surfactants 

 

     Morphologically, the resulting product was 

also characterized using TEM (transmission 

electron microscope) and the characterization 

results are presented in Fig. 4. Figure 4 indicates 

that the shape of the resulting nano silica is 

spherical. Meanwhile, the resulting silica product 

has a size in nanometers or, more precisely, in the 

range of 1.46-2.24 nm (see Fig. 4(b)). However, 

Fig. 4(a) proves that even though the product size 

is in nanometer units, the nano silica product 

experiences an enormous agglomeration 
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phenomenon. In the synthesis of nanoparticles 

through the sol-gel method, the phenomenon of 

agglomeration is a common thing to occur. 

Therefore, this study will be continued to study 

the use of surfactants as an effort to prevent the 

agglomeration phenomenon. 
 

3.2  Confirmation of CMC (Critical Micelle 

Concentration) for Nano silica Synthesis 

from Sludge Geothermal 

     In the synthesis of nanoparticles using 

surfactants, the confirmation of the CMC (critical 

micelle concentration) is a crucial step. This step 

has a significant role in forming particles with the 

size of the nanometer scale because it reduces the 

possibility of agglomeration. In this study of 

nano silica synthesis from geothermal sludge, the 

CMC was confirmed by observing two 

parameters, namely the surface tension and 

turbidity in the mixture solution between 

precursor solution and surfactant. The 

experimental results for confirming the CMC can 

be seen in Fig. 5. The graph depicted in Fig. 5 

was then compared with Fig. 2 so that CMC 

could be confirmed. The CMC results of 

comparing both figures are presented in Table 4. 

     The synthesis of nano silica without 

surfactants will make the silica product easier to 

agglomerate as illustrated in Figure 6a. When the 

system is in the CMC, the surfactants will 

aggregate to form micelles. The formation of 

micelles occurs because the positive groups of 

surfactants will be adsorbed on the negatively 

charged nano silica surface to envelop and 

surround the Na2SiO3 solution. It causes SiO2 

(nano silica) formation (gelling stage) to occur in 

the template or micelles.  Under this condition, 

the possibility of nano silica to agglomerate is 

low (see Figure 6c).  

     However, at surfactant concentrations below 

the CMC, the amount of surfactant present in the 

solution is not sufficient to protect the entire 

surface of the surfactant and form micelles. As a 

result, the formed nano silica still undergoes an 

agglomeration process between particles (see Fig. 

6(b)).  

 
Table 4. The CMC value in the synthesis of nano silica from 

geothermal sludge  

Surfactant Surfactant Concentration (wt%) 

ABS 0.15 

CTAB 0.05 

SDS 0.50 

PVP 1.00 

 

     Meanwhile, if the system is above the CMC, 

the surfactant will form a double layer in which 

the surfactant previously adsorbed on the silica 

surface will bind to other surfactants (see Fig. 

6(d)). 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 5. The value of turbidity and surface tension in the 

solution using surfactant (a) ABS, (b) CTAB, (c) SDS, and 

(d) PVP 

 

     It is due to the excessive amount of surfactant 

in the solution, which can cause the attractive 
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force (van der Waals force) between the 

surfactant and the nano silica surface to be weak 

so that the surfactant will be released from the 

nano silica so that the nano silica becomes 

unprotected and easily agglomerates [35]. 

     Therefore, the surfactant concentration in 

CMC is the most optimal concentration to protect 

the nano silica particles from clumping or 

agglomeration. 

 

 
 

Figure 6. The illustration of the role of surfactants in the 

synthesis of nano silica (SiO2) 

 

3.3.  Characterization Nano silica with the 

Addition of Surfactants  

     This section discusses the effect of using 

surfactants on the formed nano silica products. 

The first thing to be discussed is the composition 

of the nano silica product. The characterization 

results are presented in Fig. 7. The figure shows a 

significant decrease in SiO2 levels in the products 

synthesized using surfactants. The purity of nano 

silica with surfactants ranged from 56.77-80.21 

wt.%. This reduction in product purity occurs 

because there is Cl (chloride) based impurities 

detected in the product. Based on the 

characterization results, the composition of the Cl 

impurities ranged from 17.85 to 41.33 wt.%. 

     The nano silica product with this surfactant 

was further characterized, especially the 

compounds contained in this nano silica product. 

In particular, the determination of the mineral 

phase is aimed at identifying the impurity 

compounds in the product. The results of the 

characterization of this compound are presented 

in Fig. 8. In general, the formed nano silica 

products are still dominated by SiO2 compounds 

in amorphous form. However, when observed in 

more detail in Figs. 8(b) to 8€, there are new 

peaks identified as NaCl (sodium chloride) 

crystals. It further confirms the test of the 

composition of the nano silica product in which 

there is a large amount of chloride-based 

impurities. 

 
Figure 7. The composition of nano silica formed without and 

with surfactant 

 

The formation of this NaCl salt is possible during 

the nano silica synthesis process using the sol-gel 

method. 

 
 

Figure 8. XRD results of nano silica formed (a) without 

surfactant, with surfactant (b) ABS, (c) CTAB, (d) SDS, and 

(e) PVP  

 

It can be seen from the following 

mechanism and chemical reaction equation [22], 

[36]-[38]. 
 

 

Hydrolysis (basic catalyst) 

OH– + ≡Si–OR → ≡Si–OH + OR– (1) 

OR– + H2O → ROH + OH– (2) 

 

Condensation 

≡Si–OH + OH– ↔ ≡Si–O– + H2O (3) 

≡Si–OH + ≡Si–O–R → ≡Si–O–Si≡ + ROH (4) 

≡Si–OH + ≡Si–O–H → ≡Si–O–Si≡ + H2O (5) 

 

Gelling 

Na2SiO3 + HX → SiO2 + NaX + H2O   (6) 

  

Overall reaction (for this study): 
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SiO2 + 2NaOH → Na2SiO3 + H2O   (7) 

Na2SiO3 + HCl → SiO2 + NaCl + H2O   (8) 

In nano silica synthesis, surfactants will form 

micelles (or can be considered as templates) 

where the SiO2 gel (solid) formation process 

occurs in the template. Therefore, based on 

equation (2), the formed NaCl is trapped in the 

template and a saturated condition, NaCl will 

crystallize into salt and be bound in nano silica 

products. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Figure 9. Surfactant template on nano silica formed with 

surfactant (a) ABS, (b) CTAB, and (c) SDS  

 

The formation of these salts inevitably 

occurs in both the nano silica synthesis without 

and with surfactants. However, when seen in Figs. 

7 and 8, the NaCl was not found in the nano 

silica product without surfactant. It happens 

because of the washing process that will dissolve 

the salt completely. The washing process with the 

same procedure was also carried out on the other 

four nano silica products (with surfactants). 

However, this washing process cannot 

completely dissolve the salt impurities. The salt 

is still trapped in the solid because there is still a 

template (miscellaneous) that surrounds the 

surface of the solid. The presence of this template 

makes it very difficult for water to diffuse into 

the solid and dissolve the salt. 

     The micelle formation of this surfactant 

causes the outer part of the template to be more 

hydrophobic due to the influence of the tail 

portion of the surfactant. It causes water, as a 

washing medium, to be retained on the outside of 

the template and form a thin layer [25], [39]. This 

concept applies to this study because it is 

supported by the results of characterization using 

the TEM (transmission electron microscope) 

instrument to show the morphology of the 

product and the template that is still left behind. 

The characterization results are presented in Fig. 

9, and the template in question is indicated by 

arrows. 

     This study also characterize the size 

distribution of the formed particles and the results 

are presented in Fig. 10. Based on that figure, 

there are two peaks in the product produced using 

ABS and PVP surfactants (see Figs. 10(b) and 

10€) and indicates that there are two different 

particle size distributions. One of the peaks 

proves that SiO2 particles have a particle size (in 

bulk) in the range of 100-300 nm. When 

compared with the product without surfactant 

(see Fig. 10(a)), both surfactants were able to 

reduce the formation of agglomerates. Based on 

the tests carried out with PSA, quantitatively, the 

average diameter of the nano silica product 

particles changed from 4,822.9 nm (without 

surfactant) to 1,256.6 nm (for ABS) and 1,625.1 

nm (for PVP). This shows that in this study, the 

use of the two surfactants was able to reduce the 

particle size between 66.30-73.95%. 

Morphologically, the nano silica products 

synthesized with four types of surfactants were 

characterized using a TEM instrument. The 

characterization results are presented in Fig. 11. 

When compared to the nano silica product 

without surfactant (Fig. 4), the particle shape of 

the nano silica with surfactant also resembles a 

spherical shape. However, if seen in Figs. 11(a) 

to 11(c) (ABS, CTAB, and SDS surfactants), the 

interparticles formed are still agglomerated even 

though each particle is nanometer in size. 

However, the use of PVP (Fig. 10(d)) showed its 

success in preventing agglomeration between 

particles. The size of the nano silica synthesized 
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with PVP surfactant ranged from 2.01-3.65 nm 

(measurements were made using ImageJ 

software). The results obtained in this study are 

in line with the study conducted by Stanley and 

Nesaraj [26] where in their study, the use of PVP 

in the synthesis of nano silica from TEOS 

resulted in the smallest mean particle diameter 

compared to CTAB and SDS surfactants. 

 

 

  
(a) (b) 

  
                                                (c) (d) 

 
€ 

Figure 10. Size distribution of nano silica formed (a) without surfactant, with (b) ABS, (c) CTAB, (d) SDS, and (e) PVP 

 

Based on particle size and degree of 

agglomeration, nano silica synthesized with PVP 

surfactant was the best product. However, based 

on the product composition, nano silica with PVP 

is the worst product due to salt impurities that 

cannot be removed entirely due to the presence of 

the template. It indicates that to get the best 

results, the template removal from the surfactant 

must be removed so that the product formed is 

not only small but also pure. This template can be 

removed using the calcination method [41].  

 

 

To prove this point, this study tried to remove 

this PVP surfactant from the nano silica product 

through the calcination method. The calcination 

process was carried out at 400 °C for 3 hours. 

Then, the nano silica was characterized using the 

FTIR (fourier transform infrared spectroscopy) 

instrument to determine whether the surfactant 

functional groups were missing from the nano 

silica. The results of the characterization are 

presented in Fig. 12.  
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Figure 12 shows that the calcination process can 

reduce the PVP surfactant present in the nano 

silica product. It is indicated by a change in the 

functional groups of PVP surfactants such as  

CH2 groups at 2,339.1 and 2,367.4 cm-1; group 

C=N at 1,667.1 cm-1; NH2 group at 1,637.3 cm-1; 

and the N(CH3)2 group at 517 and 805 cm-1. 

                              

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 11. Morphology (left) and the size (right) of nano silica formed with (a) ABS, (b) CTAB, (c) SDS, and (d) PVP 
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Although in this study, the surfactant had not 

been completely removed, the results of the 

calcination process gave a positive pattern.  

 
Figure 12. Results of FTIR characterization of PVP nano 

silica without calcination (black) and with calcination (red) 

 

By changing the operating conditions of the 

calcination process, this PVP surfactant can be 

removed entirely.  

 

4. CONCLUSION 
     This type of surfactant was studied in nano 

silica synthesis from geothermal sludge. 

Surfactants can prevent agglomeration between 

particles when it is used at the right surfactant 

concentration or usually called CMC (critical 

micelle concentration). This study showed that 

the CMC values of each surfactant studied were 

0.15, 0.05, 0.50, and 1.00 wt% for ABS, CTAB, 

SDS, and PVP, respectively. Based on the 

characterization results of the nano silica 

composition, the product that gives the purest 

purity is nano silica without surfactant, where the 

purity of this product is 98.03%. Surfactants has 

been shown to reduce the possibility of 

agglomerated interparticle. A reduction in 

particle size prove it, and in this study, nano 

silica produced using PVP surfactant was able to 

reduce up to 66%. However, the product purity 

also decreased because the NaCl salt impurities 

were trapped in the surfactant template and made 

this salt challenging to remove. The results also 

showed that the type of surfactant that gave the 

best quality of nano silica products was PVP. The 

use of PVP resulted in the least agglomerated 

product, with particle sizes ranging from 2.01-

3.65 nm. 
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