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Abstract 

In this article, the intensity of mold metal reactions between ceramic shell and magnesium alloy AZ91E is 

studied. The two possible protective gasses used for melt protection are studied - SF6 (sulphur hexafluoride) 

and 3M NOVEC 612. The scanning electron microscopy (SEM) with X-ray spectroscopy (EDS) were used for 

the analyses of the mold-metal reaction products on the interface between the magnesium alloy and the 

ceramic shell. Penetration of AZ91E into the ceramic shell was observed, thickness of mold-metal reaction 

products layer ranged from 0 µm to 80 µm. The intensity of mold metal reaction is much higher on the outer 

surface than on the inner surface of the casting. The thicker layer of the fine zircon particles as the first layer 

of ceramic shell seems to lower the mold metal reactions intensity to minimum. While using SF6, the 

penetration of AZ91E into ceramic shell was observed, the corroded layer consists of Al-enriched phase with 

higher content of oxygen. The use of 3M NOVEC 612 as the protective gas led to formation of continuous MgO 

layer between the ceramic shell and the magnesium alloy, thickness of this layer was up to 60 µm depending 

on the ceramic shell composition in the close surrounding area.  
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1. INTRODUCTION 

In the recent years, the continuous pressure for the reduction of the green house gasses emissions in all 

means of transportation makes designers of transport vehicles to use higher portion of light weight materials. 

Many parts, commonly manufactured from steel, are being replaced by plastic, composites or light weight 

metal alloys, such as aluminum or magnesium alloys. Although the aluminum alloys are much widely used 

than magnesium alloys because of their lower cost, excellent corrosion resistance and easier processing, 

magnesium alloys are still increasingly used, because of their better combination of good mechanical 

properties along with lower weight in comparison with aluminum alloys [1]. Nowadays, the disadvantages of 

magnesium alloys have been lowered or even eliminated as the result of the development of new and high-

performance magnesium alloys. The development of new processing techniques, which can significantly 

decrease manufacturing problems connected with its high reactivity with oxygen, caused the rapid increase of 

magnesium alloys used in automotive industry. This increase is however connected mostly with the use of die 

casting technology, which is suitable for the large scale production; while the application potential of 

magnesium alloys in the small series cast production areas, where die casting is too expensive, is still limited 

because of the problem of its high reactivity with oxygen and high shrinkage causing many kinds of casting 

defects.  

The investment casting of magnesium alloys was for many years depended on using of Sulphur hexafluoride 

SF6 as a melt protective gas during casting. In 2019 European regulation no. 517/2014 has entered into force 
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in Czech Republic, and the further use of SF6 in magnesium casting industry is prohibited [2]. There are only 

few alternatives to SF6 available on the market, which could be used as an alternative. One of the possible 

alternative is available in the market under trademark NOVEC 612 produced by 3M company. It is a fluorinated 

ketone dodecafluoro-2-methyl-3-pentanone (CF3CF2C(O)CF(CF3)2, which is colourless liquid with boiling point 

around 50 °C. As like SF6, it forms thin protective layer of MgF2 on the surface of magnesium melt, creating a 

barrier between magnesium and surrounding oxygen [3]. There is a lack of published experimental work 

investigating the efficiency of melt protection during solidifying using NOVEC 612, especially in comparison 

with SF6. The main aim of this article is to provide these information. 

2. EXPERIMENTAL SETUP 

The mold-metal reactions were studied on magnesium alloy AZ91E alloyed with aluminum and zinc protected 

by SF6 and NOVEC 612. The mold-metal reactions intensity was evaluated as a thickness of corroded layer 

between ceramic shell and magnesium casting. The ceramic shell had the same composition for all samples. 

As the first coat, fine zircon particles were used followed by coarse alumino-silicate back-up coats. Colloidal 

silica was used as a binder. Composition of ceramic shell is shown in Figure 1.  

The protective gas was applied just before casting of liquid metal into ceramic shell preheated to 440 °C, 

temperature of metal was 730 °C. Bottom filling technique was used.  

 

Figure 1 Ceramic shell composition close to magnesium alloy 

The casted samples were cut and molded into resin to prepare metallographic samples. During preparation, 

standard grinding and polishing techniques were used using diamond suspensions with diamond size ranging 

from 9 µm to 0.25 µm. As the final step, samples were etched using acetic-picric etchant. 

Light microscopy (DSX510, OLYMPUS) and electron microscopy (LYRA3, TESCAN) were used to study the 

microstructure of all samples. EDS analyses were used for chemical analyses and phase identification. 

3. EXPERIMENTAL RESULTS 

3.1. Mold metal reactions under protection of SF6 

Sulphur hexafluoride was used as a melt protective gas and was applied to the ceramic shell before pouring 

of liquid metal. There were observed some changes in the microstructure close to the surface of AZ91E alloy, 

but continuous oxide layer was not found on any sample. On the inner side of semicircular casting, where the 
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oxygen penetration from ambient atmosphere was difficult, there were observed no traces of the mold metal 

reactions in corners, where the thicker layer of fine zircon particles was present (see Figure 2). On the walls 

from the inner side, some changes in the microstructure were observed (Figure 3), EDS analysis showed the 

enrichment of the surface layer with aluminum (Figure 4). These changes appeared together with the 

penetration of magnesium alloy into the ceramic shell as can be seen in Figure 3.  

  

Figure 2 Mold metal reactions in the inner corner  Figure 3 Mold metal reactions in the inner corner 

on the inner wall 

  

Figure 4 Detail of microstructure in the reacted area 

close to the surface (bright phase- Al enriched, dark 

phase- AZ91E nominal chemical composition). 

Figure 5 Interface between ceramic shell and 

magnesium alloy on the outer surface 

The mold-metal reaction intensity on the outer surface of the same casting was much higher (Figure 5). In this 

case, the reaction products form continuous layer between magnesium alloy and ceramic shell, which was 

separated from magnesium alloy. The magnesium penetration into ceramic shell was much more extensive in 

comparison with the inner surface. EDS shows enrichment of aluminum as it was on the inner wall, but also in 

the addition the high enrichment with oxygen (Figure 6). 
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Figure 6 EDS results showing penetration of magnesium into ceramic shell and the enrichment of reacted 

layer with aluminum and oxygen 

3.2. Mold metal reactions under protection of NOVEC 612 

  

Figure 7 Oxide layer in the corner Figure 8 Oxide layer on the wall 

When Sulphur hexafluoride was replaced by Novec 612 (both applied directly to the mold just before casting 

of liquid metal), the appearance of mold-metal reactions changed. On the interface between AZ91E and 

ceramic shell, the continuous layer of MgO was formed as can be seen in Figure 7 and Figure 8. Thickness 

of this oxide layer ranges from 10 µm to more than 60 µm in the most reacted areas. The formation of 

continuous oxide layer can appear alone or in combination with microstructure changes connected with the 

magnesium penetration into the ceramic shell and the enrichment of the surface layer with aluminum 

(Figure 9) as described when SF6 was used. In this case, thickness of MgO layer ranges from 5 µm to 20 µm, 

total thickness of reacted layer is not higher than 80 µm. 

    

Figure 9 Oxide layer along with aluminium and oxygen enriched layer and the magnesium penetration into 

the ceramic shell 
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4. CONCLUSIONS AND DISCUSSION 

The mold-metal reaction intensity was found to be smaller with the use of SF6 as a protective gas, whereas 

with the use of NOVEC 612, the reaction intensity was higher. When SF6 was used, the penetration of 

magnesium into the ceramic shell was observed together with the changes in microstructure close to the 

interface with the ceramic shell. The aluminum enrichment was found in this layer as a probably direct 

consequence of the liquid magnesium penetration into the shell. The use of NOVEC 612 led to the formation 

of the continuous oxide layer on the interface with the thickness up to 60 µm. The reaction intensity was also 

strongly depended on the relative position to the surface. There was an important influence of oxygen 

penetration through the ceramic shell and due to it, there were found no traces of mold-metal reactions in the 

corner on the inner side of the casting. A thick layer of the reaction products separated from magnesium alloy 

was formed on the outer side of the same casting. This observation was in the agreement with the results from 

Cingi [4], who found that there was a strong influence of penetrating oxygen on the mold-metal reaction 

kinetics. The problem of magnesium penetration into the ceramic shell was also described by Piwonka [5], 

who concluded that it was caused by the use of fine powder of refractories for the first coat, lowering the 

permeability of the ceramic shell. However in this work, it could be seen that thicker zircon layer decreased 

the mold metal reactions intensity nearly to zero.  
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