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Abstract: The fabrication of anorthite-based ceramic foam filters with the function of filtering 

molten aluminum has been done using the replica method. To obtain the anorthite phase, kaolin and 

limestone were used as raw materials. Water glass acts as a deflocculant during the making of the 

slurry to lower the viscosity and improve the homogeneity of the suspension, with various weight 

percentages of 0.1%, 0.2%, and 0.3%. Samples were fired up to 1200oC to obtain the anorthite phase. 

Characterization was conducted using SEM, EDS, XRD, and analysis of average pore area was 

performed using ImageJ software. Several tests were also carried out, including viscosity testing of 

the slurries, permanent linear change (PLC), and thermal expansion tests. An average pore area of 

0.22 mm2 to 0.28 mm2 was obtained. Anorthite has been proven to be successfully obtained by firing 

up to 1200oC. The water glass content does not affect the pore size and morphology but has a 

significant impact on the viscosity, permanent linear change, and thermal expansion. The more water 

glass content added to the slurry, the lower the viscosity and the higher the permanent linear change 

and thermal expansion percentage. The sample with 0.3 wt% of water glass results in the lowest 

viscosity of 1.25 cP, highest permanent linear change, and thermal expansion percentages of -4.19% 

and 0.67%.   
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1.  Introduction  

Aluminum is lightweight and has high specific 

strength; hence the demand for aluminum is increasing 

everywhere1). The Ministry of Industry of Indonesia has 

targeted the production capacity of aluminum from 2025 

and onwards at two million tons2). Therefore, aluminum 

scrap must be utilized to achieve this goal. One of the 

biggest challenges in the aluminum recycling industry is 

the presence of high-content inclusions. The inclusions 

can be in various forms and sizes, such as films, particles, 

or agglomerations that consist of oxides, borides, nitrides, 

carbides, and other combinations of elements. Typical 

inclusions in aluminum alloys are Al2O3, MgO, Al2MgO4, 

CaSO4, TiB2, Al3Ti, and refractory bricks such as Al, Si, 

and O3). Inclusions are detrimental to the finished product 

because they reduce the mechanical properties, such as 

tensile and fatigue properties, and negatively affect the 

melt fluidity of the molten alloy4). Therefore, it is crucial 

to remove the inclusion content of aluminum alloys. 

Removal of aluminum alloy inclusion can be done 

using fluxes, degassing, and filtration. Filtration is one of 

the most common processes to remove intermetallic and 

non-metallic inclusions during aluminum casting. 

Refining molten aluminum using the filtration method 

resulted in high homogeneity, improved machinability, 

improved mechanical properties, and the removal of 

metallurgical defects5). Due to the high temperature of 

molten aluminum, ceramics can be used for this purpose. 

Ceramics are not conductive, can withstand high 

temperatures, have high chemical stability, and are very 

strong6). Ceramic foam filters are commonly used for this 

purpose7). Most of them are produced in large quantities 

using the replica method, due to their simple 

applicability8). The replica method consists of soaking a 

polyurethane foam in a ceramic slurry, which is then 

burned to decompose the polyurethane and sinter the 
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ceramic material9). During the making of the slurry, water 

glass plays a crucial role. Water glass acts as a 

deflocculant, which has the function of liquefying the 

slurry, thus making it less viscous10). Slurry with high 

viscosity can lead to a smaller coated area because of the 

difficulty of the slurry filling the polyurethane foam. On 

the other hand, slurry with a very low viscosity results in 

a very thinly coated sample that is prone to cracking 

during firing11). 

The most commonly used ceramic foam filters are 

made from calcined alumina (Al2O3). They have a high 

melting point, which also means a high sintering 

temperature of around 1600oC12,13). Therefore, this study 

aims to produce a ceramic foam filter that is made from a 

material that can be found in large numbers in Indonesia 

and can be produced with a lower sintering temperature 

than alumina. 

Kaolin and limestone are the primary materials used in 

this study. Kaolin can be found in large quantities in 

Bangka Belitung14). Meanwhile, the biggest limestone 

reserve in Indonesia is in West Sumatra, with an amount 

of twenty-three thousand tonnes15). Kaolin is the source of 

SiO2 and Al2O3
16), while limestone consists of calcium 

carbonate17). Calcium carbonate can be calcinated at 

temperatures above 800oC so that CaO is formed18). These 

raw materials are used so that the anorthite phase can be 

obtained. Anorthite is one of the phases that is present in 

the SiO2–Al2O3–CaO phase diagram19). Anorthite has 

outstanding properties, such as a low thermal expansion 

coefficient, excellent thermal shock resistance, a low 

dielectric constant at high frequencies, and a low-

density20-22). These properties are suitable for molten 

aluminum filtration. The anorthite phase can already be 

achieved at 1200°C23). 

 

2.  Experimental 

The starting materials that are used in this study are 

kaolin (obtained from kaolin mining industry of Sijuk, 

Belitung), limestone (obtained from Tuban), water, and 

water glass. To get the anorthite phase, the ratio of kaolin : 

limestone that is used is 73:27. The mixture of kaolin and 

limestone was put in a corundum-based pot mill with a 

capacity of 5 liters. 3 liters of water were also added to the 

pot mill. The mixture of kaolin, limestone, and water was 

wet-milled for 18 hours. After wet milling, more water and 

a variation of water glass are added to the mixture to make 

the slurries. The composition of slurries can be seen in 

Table 1. 

 

Table 1. Composition of kaolin, limestone, water, and water 

glass. 

Code Kaolin:Limestone 
Water 

(wt%) 

Water glass 

(wt%) 

A 

73:27 

67.44 0.1 

B 67.36 0.2 

C 67.28 0.3 

 

After the slurries were made, the next step was soaking 

the polyurethane foam in the slurry. Polyurethane foam 

with 30 pores per inch was used in this study. After the 

foam is impregnated by the slurry, the wet sample is then 

put onto a flat surface of gypsum for drying. The samples 

were let to rest and dry for 7 x 24 hours. During the drying 

of the sample, excess water was absorbed by the gypsum 

below. Excess slurry was slowly removed from the sample 

by the force of gravity. After the samples were dry, they 

were then burned up to 1200oC in an electric furnace with 

a trajectory that can be seen in Fig. 1. 

At first, the samples were burned with a heating rate of 

2oC/min to reach 600oC. After that, a constant heat of 

600oC is maintained for 30 minutes to decompose the 

polyurethane foam in the sample. A heating rate of 

5oC/min is then achieved to reach 1200oC. At the final step, 

a constant heat of 1200oC is maintained for 60 minutes to 

obtain the anorthite phase. After burning, an anorthite-

based ceramic foam filter can be further observed. 

 

 
Fig. 1: Scheme of thermal treatment for anorthite samples. 

 

To determine the properties of the anorthite-based 

ceramic foam filter, characterization and several tests 

were carried out. SEM (FE-SEM FEI Inspect F50), EDS, 

and XRD (Bruker, CuKα with a wavelength of 1.54 Å) 

were used to determine the chemical composition of the 

ceramic as well as prove the existence of the anorthite 

phase. Pore areas were calculated using the ImageJ 

software and the help of macroscopic images of ceramic 

foam filters. ImageJ software analyzes the area as well as 

the fraction of a phase or constituent through the color 

differences found in images. The image is rescaled to 

create a black and white (8-bit) image resolution, then a 

threshold setting is made to determine the boundaries of 

the retrieval area. The pore structure in this ceramic foam 

filter material has a different color from the framework or 

support, so that with the right threshold setting, the pore 
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area can be calculated and determined. The tests that were 

done in this study were the viscosity test, the porosity test, 

the thermal expansion test, and the permanent linear 

change. 

 

3. Results and Discussions 

3.1 Chemical Composition 

 

Fig. 2: XRD Result of anorthite ceramic filter. 

 

To determine the chemical composition of the sample, 

X-ray diffraction and energy-dispersive X-ray 

spectroscopy were carried out. From Fig. 2, it is evident 

that anorthite has been successfully synthesized. Although 

the sample is not pure anorthite, other phases within the 

SiO2-Al2O3-CaO phase diagram are also present. Those 

phases are gehlenite, mullite, and cristobalite. This is 

common due to the crystallization temperature of the 

respective phases. 950oC is the crystallization temperature 

of gehlenite and anorthite24). Mullite, on the other hand, 

can already be crystallized from an amorphous phase at 

1000oC25). Due to the presence of amorphous silica, 

crystallization of cristobalite is triggered at a temperature 

of 1200oC26). 

At first, CaO is a result of decomposition at the firing 

temperature of 1050oC. At the same temperature, anorthite 

starts to be synthesized with the formation of CaSiO3. 

Finally, when the temperature is increased to about 

1260oC, the resulting XRD peaks match well with the 

characteristic peaks of anorthite (JCPDS: 41–1486). But 

to fully fabricate a single phase anorthite, a temperature of 

1300oC to 1450oC is needed27). 

According to the work of Kurama et al., layered 

aluminosilicate completely disappears due to the 

crystallization of the anorthite phase at 1200oC. At this 

temperature, the crystallization process of anorthite 

occurs, as does the melting of gehlenite and layered 

aluminosilicate23). The anorthite phase itself can already 

be obtained at 950oC in a very dense condition. However, 

the temperature of 1200oC is proven to be the best state at 

which the anorthite phase is formed28). Anorthite 

formation in the sample makes the ceramic foam filter 

have good properties such as good thermal shock 

resistance, high creep resistance at high temperatures, and 

a very low thermal expansion coefficient22). 

 

Table 2. EDS Result of anorthite ceramic filter. 

Element Unit 
Water glass content (wt%) 

0.1wt% 0.2wt% 0.3wt% 

C 

Wt% 

00.94 01.31 01.22 

O 28.64 34.17 27.24 

Na 00.32 00.17 00.36 

Al 11.35 18.61 12.32 

Si 13.11 21.84 13.91 

K 00.18 01.40 00.25 

Ca 45.47 22.49 44.71 

 

To obtain more insight on chemical composition of the 

ceramic filter, EDS was applied. According to the EDS 

result (Table 2), the most abundant elements that are 

present in the sample are Al, Si, Ca, and O. This result is 

very much in line with the XRD analysis, in which the 

identified phases are anorthite, gehlenite, mullite, and 

cristobalite. These phases are present in the SiO2-Al2O3-

CaO phase diagram. According to Yildrim et al., the EDS 

spectrum of an anorthite crystal consists of Al, Si, Ca, and 

O peaks29). 

 

3.2  Morphology 

 

 

 
Fig. 3: SEM images (a) Sample A, (b) Sample B and (c) 

Sample C. 
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SEM and macroscope images were used to qualitatively 

observe the morphology of the sample. SEM was used to 

identify strut structures within the sample, and a 

macroscope was used to observe surface morphology. 

From the SEM images taken from each sample (Fig. 3), 

not many definitive features can be identified. Despite that, 

it is very clear that a strut with its pore structure can be 

seen. Therefore, it is evident that the ceramic foam filter 

takes almost the same form as its template, which is 

polyurethane foam. 

 

 

 

 
Fig. 4: Macroscopic images (a) Sample A, (b) Sample B and 

(c) Sample C.  

 

Using the macroscope, a clearer image of the surface 

can be seen, revealing the strut with its pore structure as 

shown in Fig. 4. Although some of the pores are closed, it 

cannot be fully distinguished if the structure is an open 

pore structure or a closed pore structure purely from 

macroscopic observation. Using the ImageJ software, the 

mean area of the pores in each sample was calculated. 

 

Table 3. Calculated mean area of pore using the ImageJ 

software. 

Sample Mean Area of Pore 

(mm2) 

Standard Deviation 

(mm2) 

A 0.223 

0.035 B 0.202 

C 0.286 

 

From Table 3, no definitive pattern of the effect of the 

water glass on the pore size can be drawn. Although 

sample C with a water glass content of 0.3 wt% has the 

biggest pore area, no conclusive pattern can be derived 

from the data. This is because the pore size is not affected 

by the amount of deflocculant but rather by the shape of 

its template, which in this case is the PPI of the 

polyurethane foam30)  

 

3.3 Viscosity 

After adding water and water glass for the making of 

the slurry, a viscosity test is carried out using the Lehmann 

viscosimeter to determine the effect of the water glass 

content on the rheology of the slurry. The result of the test 

can be seen in Fig. 5 and Fig. 6. 

 

 
Fig. 5: Viscosity Result of the slurry. 

 

 
Fig. 6: Linear regression of the viscosity result of the slurry. 

 

Figure 5 is a column chart that depicts the mean of 

viscosity numbers for three times of testing for each 

sample. Meanwhile, Fig. 6 is a linear regression chart for 

further understanding the effect of water glass content on 

the viscosity of the slurry. Water glass in this study acts as 

a deflocculant. The purpose of a deflocculant in a ceramic 

suspension is to remove interparticle attraction interaction 

as much as possible, which in effect increases the 

flowability of the slurry31). With the decrease in viscosity, 

one of the resulting changes in the physical characteristics 
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is that the fluidity increases32). From Fig. 6, it can be 

concluded that the more water glass is added to the slurry, 

the lower the viscosity becomes. According to the work of 

Evcin et al. who used different types of deflocculant in 

their study, the amount of water glass or sodium silicate 

can significantly alter the viscosity of the slurry. The lower 

the viscosity of the slurry, the more sodium silicate it 

contains33).  

 

3.4 Apparent Porosity, Water Absorption and Bulk 

Density 

This test is carried out according to ASTM C20-00. 

Three different specimens for each sample code were 

weighted according to the procedure. The results can be 

seen in Fig. 7 and Fig. 8. 

 

 

 

 

Fig. 7: (a) Porosity test result, (b) water absorption test result 

and (c) density test result. 

 

 

 

 

Fig. 8: Regression linear charts for (a) porosity, (b) water 

absorption and (c) density. 

 

From Fig. 7(a), the porosity ranges from 65% to 71%. 

According to Liu et al., a typical ceramic foam has a 

porosity ranging from 70% to 95%11). This high 

percentage is because many types of porosity are present 

in a ceramic foam filter. The first type is called functional 

porosity. This type of porosity is surrounded by struts. 

Meanwhile, material porosity refers to pores that are 

present within the struts. And lastly, strut cavities are the 

biggest porosity within a ceramic foam filter. These 

cavities exist due to the decomposition of the template12). 
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Besides that, it can be concluded from Fig. 8(a) that the 

more water glass is added, the higher the porosity 

percentage will be. 

Looking at Fig. 7(b), the water absorption capacity of 

the sample ranges from 125% to 143%. This high number 

indicates that the sample is capable of absorbing more 

water than its weight. This number is the result of the 

amount of water absorbed divided by the weight of the 

sample. This high number means that there is a large 

amount of water retained within the pores of the sample34). 

From this explanation, it is evident that the sample has a 

high volume of open pores due to the high amount of 

water that is retained inside it35). From the linear 

regression chart of water absorption, it can be concluded 

that the high-water absorption capacity of the sample is 

proportionate to the amount of water glass added. 

The density of the samples in Fig. 7(c) ranges from 0.51 

g/cm3 to 0.56 g/cm3. The process of impregnating the 

polyurethane foam into the slurry is a crucial part of 

determining the density of the ceramic foam filter. 

Multiple impregnations are necessary to reach a certain 

amount of density. After impregnating the foam, excess 

slurry is usually removed using a centrifugal or a roller 

machine. But in this study, the excess slurry is slowly 

removed from the wet sample by the sheer force of gravity 

during the drying process on top of a gypsum surface. This 

is due to the very low viscosity of the slurry because 

visually, not that much slurry fully covers the 

polyurethane foam during impregnation. For this reason, 

mechanical removal of excess slurry is avoided to retain 

the remaining slurry that covers the foam. From Fig. 8(c), 

it can be concluded that water glass has an inverse effect 

on density, meaning that the more water glass is added, the 

less dense the sample will become. 

Inferring from Fig. 8, it is evident that water glass has a 

proportionate effect on the apparent porosity and water 

absorption but has an inverse effect on density. This is 

because a high percentage of porosity means that the less 

the weight of the sample, the lower the density of the 

sample. But at the same time, a high percentage of 

porosity also means that there is more space for the water 

to be retained inside, and because of that, there is more 

capacity for water absorption36).  

 

3.5 Thermal Properties 

The thermal properties that are tested in this study are 

permanent linear change and thermal expansion. During 

the permanent linear change test, the sample is heated 

slowly until it reaches the aluminum pouring temperature 

of 750oC and is maintained at that temperature for five 

hours. The measurement is then done after cooling down 

the sample. Meanwhile, in the thermal expansion test, the 

sample is directly exposed to a temperature of 750oC. The 

measurement is done simultaneously during heat exposure 

using a dilatometer. This test is carried out three times for 

each code sample with different specimens. 

 

 
Fig. 9: (a) Permanent linear change test result and (b) 

thermal expansion test result. 

 

 

 
Fig. 10: Linear regression charts for (a) permanent linear 

change and (b) thermal expansion. 

 

Inferring from Fig. 9(a) and Fig. 10(a), the percentages 

are negative in value. This means that the samples 

experienced shrinkage during the permanent linear change 
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test at a temperature of 750°C. From Fig. 9 and 10, it is 

evident that the water glass content has a proportional 

effect on the permanent linear change and thermal 

expansion. This means that the more water glass is added 

to the sample, the more shrinkage it will experience during 

the permanent linear change test and the more expanded it 

will become. Since the less dense the material is, more 

changes can occur in its dimension because of heat 

exposure. This is aligned with the density results that were 

explained in the section before. This result is also in line 

with the study of Lindenthal et al. which also states that 

the more sodium silicate is added to the ceramic, the more 

it expands37). 

 

Conclusion 

An anorthite-based ceramic foam filter has been 

successfully made using the replica method using kaolin 

and limestone as raw materials. The burning temperature 

of 1200oC proved to be successful in synthesizing the 

anorthite phase. Water glass content or the amount of 

deflocculant does not affect the pore size of the ceramic 

foam filter, but rather the polyurethane foam. The ceramic 

foam filter has a large volume of open pores due to its high 

capacity for water absorption. Water glass has a 

proportional effect on apparent porosity, water absorption, 

thermal expansion, and permanent linear change. But on 

the other hand, water glass has an inverse effect on 

viscosity and density. The sample with 0.3 wt% of water 

glass has the best properties and results in the lowest 

viscosity of 1.25 cP, highest permanent linear change, and 

thermal expansion percentages of -4.19% and 0.67%. 
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