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Carbon bonded alumina foam filters have been successfully using 

for steel melt filtration. Enhancement of the filtration capacity of 

Al2O3-C foam filters is a key factor in order to make them applicable 

to be used for large steel casting parts or continuous casting of steel. 

In the present study, filtration performance of hercynite coated 

carbon bonded alumina foam filters containing 1 Wt.% of nano-TiO2 

were evaluated by the exposure to an Al-killed 304 low carbon 

stainless steel melt. Successful impingement of steel melt into the 

filters revealed the filter structure strength and effectiveness under 

casting temperature and molten metal exposure conditions. 

Microstructural investigations using a field emission scanning 

electron microscope (FESEM) equipped with energy dispersive X-

ray spectroscopy (EDS) analysis of the active hercynite coated filter 

surfaces after steel melt filtration revealed the entrapment of the 

oxide inclusions from the steel melt on the surface of the filter. In 

addition, filtration mechanisms for whiskers and dendritic Al2O3, 

and hercynite inclusions at different Al/oxygen activity conditions 

of the steel melt were proposed. To this end, the feasible potential 

for the application of hercynite coated Al2O3-C filters for low and 

ultra-low carbon steel casting processes could be promising. 
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1. Introduction 
The presence of non-metallic inclusions (NMIs) in 

the steel melt drastically affects the properties of steel 

casting parts. In fact, the amount, type, shape, and 

distribution of solid NMIs in the steel castings 

decrease the fatigue and corrosion resistance as well 

as ductility and fracture toughness [1-5]. 

Consequently, improvement of steel cleanliness 

considers the application of steel refining systems. In 

this way, ceramic foam filters (CFFs) have been used 

in the steel industry for several decades in order to 

entrap NMIs from the molten steel and promote non-

turbulent melt filling of the mold so as to reduce the 

possibility of metallic melt reoxidation [6-7].  

Various production techniques have been used to 

manufacture reticulated ceramic foams, including the 

hollow beads method, foaming of slurries, 

robocasting of 3D structures, extrusion of cellular 

ceramic filters, and the polymeric sponge replica 

method. Among these techniques, the polymeric 

sponge replica method is the most common way to 

produce CFFs [8-12]. 

The application of Al2O3-C filters for the production 

of steel castings is of great interest due to their lower 

cost, higher filtration capacity, higher thermal shock 

and creep resistances, and high refractoriness 

compared to zirconia CFFs, which are currently the 

most common filter material for the steel melt 

filtration. [13]. 

Novel carbon bonded alumina CFFs have been 

successfully developed by Emmel and Aneziris [14] 

for the filtration of steel melts in order to produce 

efficient filters for longer casting operations. The 

proposed composition for the production of CFFs is 

based on 70wt.% Al2O3 and 30wt.% C sintered at 

800ºC in reducing atmosphere. 

In order to inhibit carbon pick up by the steel melt 

and influencing the wettability and the following 

improved deposition and adhesion behaviors of 

NMIs existing in the molten steel, some researchers 

[15-18] have developed filters with a modified 

surface. To this aim, active and reactive ceramic 

coatings have been applied on the surface of carbon 

bonded alumina CFFs.  

On the one hand, active coatings present the same 

chemistry (refers to the phase and crystal structure) 

with the chemistry of the primary or secondary 

inclusions, which have to be removed on the surface 

of carbon-bonded filters. On the other hand, reactive 

coatings interact with the dissolved oxygen of the 

steel melt and generate solid inclusions followed by 

their deposition on the filter surface, which is 

reported to be considered as an effective solution to 

reducing the amount of tertiary and also quaternary 

inclusions [19]. 

Many studies were aimed to investigate the 

effectiveness of different oxide ceramic coating 

materials such as alumina, magnesia, mullite, and 

spinel on Al2O3-C filters. In all cases, coated filters 

have shown better performance than uncoated ones. 

These studies were focused on removing alumina 

inclusions from 42CrMo4 high-strength structural 

steel. Nevertheless, all possible combinations of 

aluminum and oxygen, hercynite FeAl2O4 for 

instance, can be locally formed simultaneously by the 

introduction of aluminum into steel melt. Hercynite 

inclusions indeed are formed in the steel melt in the 

areas with lower dissolved aluminum and higher 

dissolved oxygen concentrations [20]. These 

inclusions are formed in local equilibrium conditions 

in the steel melt with high oxygen concentrations. 

Due to their high adhesion to the melt, their removal 

from the melt during ladle metallurgy treatments or 

casting is complicated [21-22]. 

In order to determine the reactions taking place 

during filtration, hercynite coating is applied on 

Al2O3-C filters, sintered, and impinged by an Al-

killed 304 low carbon stainless steel melt at 1650°C 

due to the possibility of easier generation of hercynite 

inclusions in low carbon steels than structural ones. 

In comparison to the aforementioned coating 

materials, hercynite consist of iron, which is assumed 

to exert a catalytic effect on the interactions between 

refractory and molten steel that can be assumed to 

accelerate the inclusion deposition rate.  

 

2. Experimental Procedure 

2.1 Materials 
The raw materials selected to produce hercynite 

coated Al2O3-C filter were the reactive alumina 

PFR20 (99.83 wt% Al2O3, 0.05 wt% Na2O, d50 2μm 

and d90 4 μm, Alteo, France), fine natural graphite 

(98.5 wt% C, <45μm, Qingdao Xinghe Graphite, 

China), carbon black powder Printon 125 (75-80 

m2/g, Farayand Powder Alvan, Iran), Carbores P 

(Rütgers, Germany), nano-TiO2 (anatase, 99+%, 10-

25 nm, US Research Nanomaterials, USA). 

Moreover, fused hercynite (55.0 wt.% Al2O3, 43.0 

wt.% Fe2O3, 0.7 wt.% SiO2, 0.15 wt.% CaO, <45μm, 

Kaifeng Hecheng Special Refractories, China) used 

to make the active ceramic coating on the sintered 

filter surfaces. In addition, the Castament FS65 

dispersant (BASF, Germany), Dopalix PC75 

dispersant (Zschimmer & Schwarz, Germany), 

Magnesium Lignosulfonate temporary binder 

(Borregaard Lignotech, South Africa), Monohydrate 

citric acid (Industrial food grade, Arrowchem, China) 

dispersant, and Triton X-100 wetting agent (Daejung, 

South Korea) were used as additives. 
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2.2 Sample preparation 
For the evaluation of the filtration efficiency of 

hercynite functional coating on carbon-bonded 

alumina foam filter, Al2O3-C foam filters were 

prepared based on an optimum composition 

containing 1 wt.% of nano-TiO2, which was selected 

from our previous study where the preparation 

technique used to process the Al2O3-C filter 

composition containing nanomaterials are explored 

in detail [23]. In this way, Al2O3-C foam filters and 

the following hercynite coating were prepared based 

on the compositions shown in Table 1. To this aim, 

ceramic foam filters were prepared according to the 

replica technique patented by Schwarzwalder [24] in 

the following steps. 

1) 10 ppi1 polyurethane foams (50×50×20 mm3) were 

dipped into highly viscose impregnation slurry. 

2) Extra slurry was squeezed out from the polymeric 

sponge by passing through a manual roll pressing 

device (roller diameter: 44 mm, 4 mm gap between 

rollers, 60 rpm2). 

3) Roll pressed foams were kept at ambient 

temperature for 24 h to get rid of moisture; then, 

sintered at 800°C under a petroleum coke bed 

following the heat treatment curve shown in Figure 

1. 

4) Sintered filters were afterward dipped into a 

secondary slurry with lower viscosity in comparison 

to the primary slurry. After 5 seconds (the time was 

found experimentally), the extra slurry was removed 

from filters using a compressed air blow gun (nozzle 

diameter: 5 mm, line pressure: 5 bar, distance 

between the nozzle tip and the filter: 15 cm). 

5) Filters were kept at ambient temperature for 24 h 

to get rid of moisture; then, sintered at 800°C 

following the 3rd step. 

6) Sintered filters were subsequently dipped into 

hercynite coating slurry for 10 seconds (the time was 

found experimentally); then, extra slurry was 

removed from filters following the 5th step. 

7) Filters were kept at ambient temperature for 24 h 

to get rid of moisture; then, sintered at 1200°C under 

a petroleum coke bed following the heat treatment 

curve shown in Figure 1. 

 
Table 1. Optimum composition used to prepare foam filters. 

Composition  

HCS♦ LVIS• IS˟  Raw Material 

- 65 65 Reactive alumina (wt.%) 

- 8 8 Natural fine graphite (wt.%) 

- 6 6 Carbon black (wt.%) 

- 20 20 Carbores® P (wt.%) 

- 1 1 Nano-TiO2 (wt.%) 

100 - - Fused hercynite (wt.%) 

- 0.3 0.3 +Castament FS65 (wt.%) 

1.5 1.5 1.5 
+Magnesium lingo sulfunate 

(wt.%) 

- 0.2 0.2 + Triton X-100 (wt.%) 

- 0.8 0.8 + Monohydrate citric acid (wt.%) 

0.5 - - + Dolapix PC75 (wt.%) 

14 31 20 + Dionized water (wt.%) 
+ Related to solid matter content 

˟  Impregnation slurry 

  • Lower viscosity impregnation slurry 

♦ Hercynite coating slurry 

 

 

 

 

 

 

 

 

 

1. Pore per inch 

2. Revolutions per minute 
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Fig. 1. Firing curve of Al2O3-C foam filters at 800°C and 1200°C. 

 

Table 2. Chemical analysis of used steel.  

wt.% Element 

0.07 C 

1.87 Mn 

0.038 P 

0.018 S 

0.32 Si 

0.021 Al 

18.46 Cr 

8.30 Ni 

0.34 Mo 

69.76 Fe 
 

2.3 Molten steel impingement test 
Hercynite coated filters were exposed to the molten 

Al-killed 304 low carbon stainless steel, where the 

chemical analysis of the steel is shown in Table 2. 

To this respect, special casting molds were made 

using silica sand. The filters were placed in the molds 

and preheated up to 500°C; afterward, filters were 

exposed to the molten Al-killed steel with an 

approximate temperature of 1650°C in three different 

states, which can be seen in Figure 2.
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Fig. 2. Different stages of the molten steel impingement through Al2O3-C foam filters with active hercynite coating; 

filter preparation for the test (a and b), molten steel tapping to the main ladle with an approximate temperature of 

1650°C; then, transfer of the molten steel to the casting ladle with an approximate capacity of 50 kg to add aluminum as 

steel de-oxidizer (c), Al-killed steel casting to the molds (d). 
 

A different amount of aluminum was added to the 

steel melt to change the oxygen activity of the melt 

as follows: 

1) Addition of normal amount of Al for the steel de-

oxidation (0.05 kg Al to 50 kg steel melt) in order to 

make normal oxygen activity condition 

2) Addition of a higher amount of Al than the normal 

amount for the steel de-oxidation (0.1 kg Al to 50 kg 

steel melt) in order to make high aluminum activity 

condition 

3) Addition of lower amount of Al than the normal 

amount for the steel de-oxidation (0.02 kg Al to 50 

kg steel melt) in order to make high oxygen activity 

condition 

The filters were released from the molds after 12 h 

and sent for microstructural investigations.  
 

2.4 Microstructural evaluations 
Microstructures of the cut surfaces of the filters were 

evaluated by a scanning electron microscope 

(FESEM, MIRA3, TESCAN, Czech Republic) 

equipped with an EDS detector (SAMx SDD, SAMx 

NumeriX, France). 

 

3. Results and Discussion 
Active hercynite-coated Al2O3-C filters were 

successfully produced by using the replica method. 

The microstructure of the hercynite coated Al2O3-C 

filter before exposure to the steel melt is shown in 

Figure 3. 
 

 
Fig. 3. SEM micrographs of filter surface before exposure to the steel melt; a) hercynite coating on the filter strut, b) 

thickness of applied hercynite coating on the filter surface. 
 

http://www.samx.com/microanalysis/products/numerix_us.html
http://www.samx.com/microanalysis/products/numerix_us.html
http://www.samx.com/microanalysis/products/numerix_us.html
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As shown in Figure 3a, three layers of materials could 

be distinguished from the micrograph, which 

corresponds to the production process of filters 

consisting of three different steps. In addition, 

according to the filter production procedure, the third 

layer, which has the lowest thickness, must be the 

hercynite coating. Moreover, one can see from Figure 

3b that the layer thickness estimated to be about 125 

μm that might differ from one area to another. 

The filters were exposed to the steel melt in three 

different states. In the first scenario, the filter exposed 

to the steel melt, which had normal oxygen activity 

conditions, resulted from the addition of a usual 

amount of aluminum pigs to the steel. It can be seen 

from the SEM micrographs of Figure 4 that some 

whiskers were entrapped on the surface of the filter, 

which can be considered as a hercynite layer, as 

discussed in the previous paragraph. Additionally, in 

Figure 5, which presents the SEM micrograph of the 

filter exposed by the steel melt in high aluminum 

activity conditions, similar behavior has been 

detected. The entrapment of dendritic inclusions 

from the steel melt and the formed whiskers are 

obvious. Taking the EDS analyses revealed in both 

Figure 4c and 5c, Al, O, Fe, and C elements were 

present in both dendritic inclusions and whiskers. 

 

 
Fig. 4. a) and b) SEM micrographs of filter surface after exposure to the steel melt in normal oxygen activity state 

reveal the formation of corundum whiskers between particles of the hercynite coating; c) EDS analysis of the formed 

whisker marked in part b. 
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Fig. 5. SEM micrographs of the filter surface after exposure to the steel melt in high aluminum activity state reveal the 

entrapment of dendritic alumina inclusions from the steel melt as well as the formation of alumina whiskers on the 

surface of the filter; a) and b) reveal different magnifications of the same concept; c) EDS analysis of the formed 

whisker marked in part b. 

 

Lately, some researchers were investigated the 

phenomenon of whiskers formation in Al2O3-C 

refractories in the Al2O3-C-Fe system [25], which 

also were reported by other researchers in the past 

[26-27]; in fact, based on microstructural 

investigations and thermodynamic simulations, they 

have presented the Al2O3-C whicker formation 

phenomena in the following order: 

a) Strong reduction in the oxygen partial pressure by 

carbon 

b) Formation of Al-containing gas species (Al, Al2O, 

and AlO) at very low Po2 conditions and solid Al4C3 

and Al4O4C with some increase in partial O2 pressure 

at high temperatures as 1898 K and beyond. 

c) Formation of Al2O3 whiskers and solid carbon on 

cooling due to the oxidation of gaseous Al-containing 

species and solid Al4C3 and Al4O4C phases at low 

temperatures as 1273 K by the reaction with CO gas 

(in this condition, CO can act as oxidizer atmosphere 

based on the literature calculations)  

Considering their achievements and previous report 

on Al2O3-C filter steel/filter interactions [28], the 

formation of gaseous Al-containing phases and CO 

gas will take place through carbothermic reduction of 

Al2O3 in the filter skeleton under the hercynite 

coating at both normal oxygen and high Al activity 

conditions. In the first case, during cooling on the 

filter surface, the oxidation of Al-containing gaseous 

species or solid aluminum carbide/oxycarbide phases 

by CO gas resulting in the formation of Al2O3 

whiskers and solid carbon. In the second case, in 

addition to the phenomenon that happened in the first 

condition, because of high Al activity in the steel 

melt, generated CO gas can be dissolved in the melt 

through Equation 1 [29]. 

CO(g) ⇄ [C] + [O]      (Eq. 1) 

Afterward, high concentration of dissolved Al in the 

steel melt led to the formation of dendritic Al2O3 

inclusions through Equation 2 on the filter/melt 

interface and their following adhesion on the filter 

surface. 

  2[Al] + 3[O] ⇄ Al2O3(s)     (Eq. 2) 

Formation of dendritic Al2O3 inclusions in high 

dissolved Al concentrations in the steel melt were 

previously reported by Steinmetz et al. [30-31] and 

Okohira et al. [32]. 
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Unlike aforementioned conditions, in the case of high 

oxygen activity, which was resulted by lower 

addition of aluminum pigs to the steel melt, the 

oxygen partial pressure was high enough to inhibit 

whisker formation resulted in a big change in the 

morphology of inclusions; in fact, the morphology of 

the inclusions in the steel melt was shifted to 

globular, and their sizes were reduced which is 

shown in Figure 6a and b. 

 

 
Fig. 6. SEM micrographs of the filter surface after exposure to the steel melt in high oxygen activity state reveal the 

entrapment of hercynite inclusions from the steel melt; a and b reveal different magnifications of the same concept; c 

and d) EDS analyses of the marked points in part a and b, respectively. 

  

Regarding the presence of O, Al, and Fe elements in 

the EDS analyses presented in Figures 6c and d, and 

considering the achievements from Steinmetz et al. 

[30], the formation of hercynite inclusions in the steel 

melt and their following entrapment by hercynite 

coated Al2O3-C filter were confirmed. In this way, a 

schematic illustration of the aforementioned filtration 

phenomena of hercynite coated alumina-carbon 

filters in different Al/Oxygen activity conditions is 

shown in Figure 7 for a better understanding.  
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Fig. 7. Schematic illustration of the filtration phenomena of hercynite coated Al2O3-C filters in three different 

Al/Oxygen concentrations. 
 

Changing the filter surface chemistry by applying the 

hercynite coating increased the wettability of the 

filter surface by hercynite inclusions and accelerated 

the inclusions entrapment. In fact, at high oxygen 

activity conditions for which can be seen in low and 

ultra-low carbon steels, a promising application of 

hercynite coated Al2O3-C filters in steel casting can 

be considered. 

 

4. Conclusion 
In this paper, the filtration mechanism of hercynite 

coated Al2O3-C filter by means of a small 

impingement test in different Al/Oxygen activity 

conditions and following microstructural 

investigations were evaluated. 

The results indicated that the formation of Al2O3 

whiskers and solid carbon on the surface of the filter 

takes place through the oxidation of Al-containing 

gaseous species or solid aluminum carbide/ 

oxycarbide phases by CO gas at normal oxygen 

activity conditions of the steel melt. Moreover, 

adhesion of dendritic Al2O3 inclusions from the steel 

melt and formation of Al2O3 whiskers and solid 

carbon occurs on the surface of the filter at high Al 

activity conditions of the steel melt. Besides, 

hercynite inclusions are formed in the steel melt at 

high oxygen activity conditions of the steel melt and 

entrapped by a hercynite-coated Al2O3-C filter. 

Applying the hercynite coating on the surface Al2O3-

C of filters can change the surface chemistry and 

increase the wettability by hercynite inclusions which 

can form in low and ultra-low carbon steel melts and 

then accelerate the inclusions entrapment. This type 

of ceramic foam filter can have the feasible potential 

for application in low and ultra-low carbon steel 

casting processes. 
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