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ABSTRACT  

Casting is conducted by melting and solidifying the metal and forming it according to the desired shape in the mold. Due to environ-

mental issues, there were considerations to choose permanent molds instead of sand molds. This study aims to investigate the thermal 

conditions of the molds, changes in microstructure and hardness of casting products using sand mold and permanent mold. The use 

of sand mold and permanent mold results in different cooling rates. Thermal analysis was performed using a thermocouple to obtain 

a temperature versus time curve. Metallographic observations were carried out using a Scanning Electron Microscope equipped with 

Energy-Dispersive X-ray Spectroscopy. The Vickers hardness test was carried out in three areas with different thicknesses. The results 

showed a constant temperature at 691 °C where the eutectoid phase reaction occurred. Testing with sand mold showed that cast iron 

with flake graphite was finer and spreader than graphite in cast iron produced by permanent mold. Meanwhile, gray cast iron from a 

casting process with a permanent mold has a higher hardness than gray cast iron from a casting process using a sand mold. 
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INTRODUCTION 
 

Metal casting is the process of pouring molten metal into a mold 

for the manufacture of a variety of components, from high-per-

formance automotive components to household goods. This 

casting process is widely used because it is relatively simple and 

can be used to make components with complex shapes, for ex-

ample, objects that have internal channels and cavities [1, 2]. 

The casting process is not only used for cast iron, but also for 

non-ferrous materials [3-7]. 

Gray cast iron has flake -shaped graphite, while ductile cast iron 

has nodular graphite [8]. The formation of graphite is influenced 

by silicon; the more silicon the more graphite is formed [9]. It is 

generally accepted that flake graphite is formed in cast iron with 

high concentrations of oxygen and sulfur. Meanwhile, nodular 

graphite is formed in cast iron with low oxygen and sulfur con-

tent [10].  

Mold plays an important role in the casting process. Research on 

mold has been done a lot. Jafar and Behnam [11] investigated 

the effect of mold preheating and ductile cast iron silicon com-

position on number of graphite nodules, carbide percentage and 

shrinkage volume. The results showed that when the preheating 

of the mold was increased, the carbide percentage and shrinkage 

volume decreased. Ductile cast iron with a carbon equivalent of 

4.45% and a silicon composition of 2.5% without porosity de-

fects is achieved when preheating of the mold is 450 °C. Increas-

ing the silicon composition in the range of 2.1% -3. 3% causes 

an increase in the number of graphite nodules and the size of the 

graphite and a decrease in the percentage of carbides. This is due 

to the increase in expansion pressure induced during the for-

mation of graphite with an increase in the silicon composition. 

Suitable conditions for casting sound products from ductile iron 

without riser at a mold preheating temperature of 300 °C are a 

carbon equivalent of 4.7% and a silicon composition of 3.3%. 

Mold for the casting process can be disposable or permanent. An 

example for a single-use mold is a sand mold, while an example 

for a permanent mold is a metal mold. Behnam et al. [12] studied 

the microstructural and mechanical properties involving gray 

cast iron using sand molds. The effect of cooling rate on primary 

dendrite arm spacing (DAS), secondary dendrite arm spacing 

(SDAS), ferrite-cementite layer thickness and hardness (HB) 

were evaluated. The results show that DAS and SDAS as well 

as the thickness of the ferrite-cementite layer are highly depend-

ent on the cooling rate, and they decrease as the cooling rate in-

creases. The results also showed that the hardness increased with 

decreasing DAS, SDAS and the thickness of the ferrite-cement-

ite layer. 

Lerner [13] provided information that cast iron casting using 

Permanent Mold (PM) is almost 15% developed by the countries 

of the former Soviet Union, Germany, Eastern Europe and Ja-

pan, a small part in the United States and Canada, and several 

Asian countries. Although cast iron casting using PM technol-

ogy originated in the US, it was also noted that the process has 

been widely used overseas. In Europe, 6-8% of all iron foundries 

are made with PM. Increasing use of the PM is also occurred in 

China and India. 

As per statistical data, mold making, core, and smelting opera-

tions account for nearly 27% of the total energy costs in casting. 



Agus Yulianto et al. in Acta Metallurgica Slovaca 

  

 

DOI: 10.36547/ams.27.1.996  128 

This will be much less in the case of the PM process. The prob-

lems that have been mentioned encourage casting stakeholders 

around the world to seriously consider the possibility and feasi-

bility of replacing sand casting to PM casting. It is highly rec-

ommended that for Green Foundry [14]. Foundry not only re-

quires the best technology, but also must meet environmentally 

friendly requirements [15]. 

Foundry using Permanent Mold is currently widely used to pro-

duce components in various industrial sectors, especially auto-

mobile power train components, including engine blocks and re-

lated components such as cylinder heads, and many other parts 

that require high mechanical properties [16]. 

Measurement of cooling rate in casting using PM for iron alloys 

is somewhat limited. There is also very little published literature 

on this topic. The subject is discussed in some publication liter-

ature sometimes, covers only some very general aspects. This 

clearly shows that the technology is not yet popular [17]. How-

ever, several investigators have investigated the effect of cooling 

rate on the casting process, in both ferrous and non-ferrous alloy 

castings. 

In this research, the investigation was carried out with the aim 

of analyzing the thermal conditions, microstructure changes and 

hardness of ductile cast iron. Casting is conducted using a sand 

mold and a permanent mold which have different cooling rates. 

This research contributed to providing curves of cooling rate, 

microstructures evolution and hardnesses in sand and permanent 

mold castings. 

 

MATERIAL AND METHODS 

 
There were two types of molds used in the casting process. The 

first was permanent mold. Permanent mold was made of ferro 

cast ductile (FCD). FCD is a type of cast iron with a carbon con-

tent above 2.06%, has pearlite phase and/or ferrite phase as a 

matrix and contains nodular graphite [23]. The second was sand 

mold. The green-sand used in this research contained silica sand, 

bentonite 7.5% – 9%, water 3.5% – 4.5% and coal-dust. The 

green sand had the characteristics of easy disassembly and ex-

cellent recycling ability. 

In this research, the FC 25 class gray cast iron was used with a 

chemical composition which can be seen in Table 1. The speci-

mens of the smelting of gray cast iron or Chill Test (CT) were 

used to make small casts with a diameter of 30 mm and a thick-

ness of 20 mm. The CT was poured before the liquid was poured 

onto the V-block specimen in permanent mold and sand molds. 

Prior to spectrometer processing, the CT specimen was cleaned 

with acetone and shot with argon gas. 

 

Table 1 Chemical composition of gray cast iron (FC 25) 
C (%) Si (%) Mn (%) P (%) S (%) Cu (%) Sn (%) Mg (%) Cr (%) Ni (%) Al (%) Mo (%) 

3,35 2,47 0,72 0,06 0,01 0,04 0,01 0,04 0,08 0,05 0,01 0,01 

 

The cooling rate research was carried out using the V block 

shape mold from metal (FCD) and sand. Measurement of cool-

ing temperature with a thermocouple attached to 3 points of the 

printed wall which was connected and recorded on the data log-

ger using a computer-based system with the PLX-DAQ Release 

2.0 data recorder (Fig. 1). Data were in the form of temperature 

in Excel software. The detailed data was then processed into a 

Temperature and Time (T-t) graph. 

 

 
Fig. 1 The circuit for recording temperature data from thermo-

couple to computer 

 

Microstructure investigations were carried out using a Scanning 

Electron Microscope (SEM). SEM is a type of electron micro-

scope that produces an image of a sample by scanning a surface 

with a focused electron beam at a magnification up to a certain 

scale. The electrons interact with the atoms in the sample, pro-

ducing various signals that contain information about the surface 

topography and composition of the sample. The SEM used in 

this study was the Quanta X50 SEM Series. 

Energy Dispersive X-Ray (EDX) was installed on SEM and 

used for elemental chemical analysis of materials. This charac-

terization ability is due in large part to the basic principle that 

each element has a unique atomic structure which allows a 

unique set of peaks on its electromagnetic emission spectrum 

(which is the main principle of spectroscopy). 

The hardness test was carried out using the Vickers micro tech-

nique. This test based on ASTM E384 Standard. The Vickers 

hardness number was based upon the force divided by the sur-

face area of the indentation. The load of 100 gf was applied to 

the specimens. The test location was divided into 3 points, 

namely points 1, 2 and 3 as shown in Fig. 2. 

 

 
Fig. 2 Location of hardness test 

 

RESULTS AND DISCUSSION 
 

Thermal Investigations 

The curves of the relationship between temperature and time in 

the permanent mold and sand mold as measured by a thermo-

couple are shown in the Fig. 3. The temperature vs time curves 
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are then attached to the Fe-C phase equilibrium diagram (Fig. 

4). 

 
Fig. 3 Curves of solidification process in terms of temperature 

vs time on permanent mold and sand mold 

 

 
Fig. 4 The temperature vs time curve is attached to the Fe-C 

phase equilibrium diagram 

 

A phase diagram is a diagram illustrating the relationship be-

tween temperature and composition in which a phase change oc-

curs during slow cooling and heating processes. If iron is alloyed 

with carbon, the transformation that occurs over a certain tem-

perature range is closely related to the carbon composition. The 

diagram of the cooling or solidification process of gray cast iron 

that has been obtained from the permanent mold and sand mold 

(Fig. 3) is connected to the temperature at which solidification 

occurs and is attached to the cast iron area in the phase diagram 

above 2% C (Fig. 4). The phase diagram shows the relationship 

between temperature and carbon composition, while the cool-

ing/solidification process diagram shows the relationship be-

tween temperature and time. So that it will be known the gradi-

ent of the cooling rate of gray cast iron with permanent molds 

and sand molds and it is known that the phase is in the area above 

2% C and below 1023 °C. 

 
Table 2 Cooling rate of solidification in permanent mold and 

sand mold. 
Mold Type Cooling Rate 

(oC/min) 

Permanent Mold 13.3 

Sand Mold 7.3 

 

At a temperature of 1023 °C, gray cast iron started to solidify. 

The cooling rate in permanent molds is faster than in the sand 

mold. In permanent molds, it passed a temperature of 691 °C in 

18 minutes, while sand molds take 30 minutes. The cooling rate 

in the casting process with permanent mold and sand mold is 

approximated by calculating the slope of the curve. The results 

are shown in Table 2. 

Metallography Investigations 

Solidification in this study was recorded starting at a tempera-

ture of 1023 °C. The phases that occur at this temperature are 

the austenite and ledeburite phases. When the temperature 

reaches a constant eutectoid temperature of 691 °C, a eutectoid 

phase reaction occurs where the proeutectic austenite phase 

(austenite formed before the eutectic phase reaction) and austen-

ite from ledeburite transforms into eutectoid ferrite and eutectoid 

cementite (pearlite) [24]. However, some of the cementite in 

pearlite will decompose into ferrite and graphite. The resulting 

ferrite will mix with cementite to form pearlite. When the tem-

perature then decreases to room temperature, there is no signifi-

cant phase change. Hence in the end it will form ferrite, pearlite 

and graphite phases at room temperature. Fig. 5 shows the 

graphite phase (black color) with a pearlite (gray color) and fer-

rite (white color) matrix. In sand mold casting, fine graphite is 

seen dispersed in the pearlite and ferrite matrix. Meanwhile, in 

the permanent mold casting, the graphite appears larger than in 

the sand mold casting. But pearlite in casting with permanent 

mold looks more. 

The size and amount of graphite in cast iron are influenced by 

the carbon content, the amount of added graphite and the choice 

of inoculation practice [25]. In addition, the silicon content in 

cast iron will inhibit the formation of cementite during the solid-

ification process and facilitate the formation of graphite [26]. 

Graphite that is formed in casting with sand mold is rose-shaped 

and the fine flakes spread. The figure shows that the permanent 

mold will produce graphite in the form of flakes that is bigger 

than the graphite produced from the casting process with a sand 

mold. 

The results of the composition test using Energy-dispersive X-

ray spectroscopy are shown in Fig. 6. Silicon is present in the 

composition of 2.94 wt. % (4.11 at %). Silicon has the function 

of inhibiting C from reacting with Fe to form Fe3C so that C will 

be present as free carbon (graphite). 

 
Hardness Investigations 

The hardness test was carried out using the Vickers Micro hard-

ness tester, the test results can be seen in Table 3 and Fig. 7. 

Casting using a permanent mold produces hardness at the bot-

tom, middle and top locations of 256.30 VHN, 247.79 VHN and 

228.57 VHN, respectively. While casting with sand mold pro-

duces hardness at bottom, middle and top locations of 168.85 

VHN, 132.60 VHN and 123.83 VHN, respectively. 

Fig. 7 shows that casting using a permanent mold produces a 

higher hardness than using a sand mold. This is because casting 

with permanent mold produces more pearlite phase than pearlite 

phase in sand mold casting. Pearlite is harder than ferrite because 

it contains hard cementite. Cementite is hard because cementite 

is a compound between iron and carbon which has ionic bonds. 

The unit cell of cementite is orthorhombic. While ferrite is a 

solid solution that has a metal bond with a body centered cubic 

(BCC) unit cell. 

Fig. 7 also shows that the highest hardness of the casting with 

permanent mold of 256.30 VHN was obtained at the bottom lo-

cation. This hardness is higher than the highest hardness in cast-

ing with sand mold of 168.85 VHN. This is caused by the cool-

ing rate of casting with permanent mold is higher than with sand 

mold so that more pearlite is formed due to reduced decomposi-

tion of cementite into ferrite and graphite. 
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Fig. 5 Gray Cast Iron microstructure casted with sand mold and permanent mold 
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Fig. 6 Composition test results using Energy-dispersive X-ray spectroscopy 

 

Table 3 Hardness test result 
Mold Location Vickers Hardness Number 

(VHN) 

Average Vickers Hardness 

Number 

(VHN) 

Permanent Mold Top (location 1) 229.61 228.57 

229.08 

227.03 

Middle (location 2) 248.64 247.79 

246.01 

248.71 

Bottom (location 3) 256.94 256.30 

256.84 

255.11 

Sand Mold Top (location 1) 123.49 123.83 

123.22 

124.77 

Middle (location 2) 133.70 132.60 

132.44 

131.66 

Bottom (location 3) 169.34 168.85 
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Fig. 7 Hardness test result 

 

CONCLUSION 
 
From the data generated during the study, it can be concluded 

that: 

1. The eutectoid reaction is predicted to occur at a constant tem-

perature of 691 °C 

2. The phase formed in gray cast iron is flake graphite with pearl-

ite matrix 

3. Casting with permanent mold produces gray cast iron with a 

higher hardness than casting using sand mold. The thickness of 

the product has an effect on hardness, the thicker the product, 

the less hardness it is. 
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