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Enhancing Liquid Metal Quality in Aluminum Alloys: A Study on 
Refining Techniques 

 

ABSTRACT : In this study, the effects of refining processes used in the production of aluminum alloys on the 
quality of liquid metal were investigated. The impact of oxide compounds encountered during aluminum 
processing on the quality of the liquid metal and the effectiveness of refining processes aimed at removing these 
oxide compounds were examined. The study involved four different casting samples made from 6060 alloy, 
where the effects of flux amounts, cleaning times, and nitrogen gas pressure on the quality of the liquid metal 
were explored. To assess the quality of the liquid metal, the density index (DI%), bifilm index (BI), and hydrogen 
level (ml/100 g Al) were analyzed using the solidification under vacuum (RPT) method. Microstructural 
investigations including parameters such as grain size, grain number, and homogeneity ratio were provided 
with optimized parameters for the best liquid metal quality.These results emphasize the importance of optimized 
refining process improving the quality of liquid metal in aluminum production. 
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I. INTRODUCTION 
Aluminum is a metal widely used in many industries due to its light weight, durability, and resistance 

to corrosion. Its unique combination of properties, including high strength-to-weight ratio and excellent thermal 
and electrical conductivity, makes it a material of choice in sectors such as aerospace, automotive, construction, 
and packaging. In the processing of aluminum, particularly in casting and forming processes, various techniques 
and methods are applied to improve the properties of pure aluminum and enhance the performance of alloyed 
metals. The melting process involves the liquefaction of aluminum and other alloying elements, and it is a 
crucial step that directly affects the properties of the final product [1]. 

In the aluminum melting process, unwanted oxidized compounds may form on or within the liquid 
metal. These oxidized compounds typically occur as a result of the interaction of metal oxides (Al2O3, SiO2, 
MgO, etc.) with high temperatures and oxygen in the melting furnace. Oxides are formed when the oxygen in 
the furnace environment reacts with the alloying elements, creating these compounds, which tend to accumulate 
as layers either on the surface or inside the liquid metal [2,3]. During the movement of molten metal, oxidized 
compounds may precipitate on or under the aluminum. Additionally, the layered structures of these oxidized 
compounds may cause air pockets to form between the layers [4]. 

Refining processes are applied to purify aluminum and remove oxidized compounds. The refining 
process is particularly effective in separating oxides from the molten aluminum. This process typically involves 
the use of flux, which is injected into the molten metal with nitrogen or argon gas. The flux helps transport the 
oxidized compounds to the surface of the liquid aluminum, allowing the oxides to accumulate there [5,6]. 
Nitrogen gas reacts with the flux to facilitate the movement of oxides to the surface. This process typically 
occurs at temperatures above 720 °C [7,8]. As a result, this refining process ensures that the aluminum has a 
more homogeneous and cleaner structure.In this study, the flux amount and duration parameters were varied and 
their effects on the liquid metal quality were investigated. Bifilm index, density index and hydrogen level were 
determined and finally microstructure examinations were made and comments on the contamination rate were 
made. 

 
 
 

II. MATERIAL AND METHODS 

2.1. Billet Casting Process 
In this study, regenerative reverberatory type furnaces were used for the alloying process of the 

AA6060 billets to ensure high efficiency and controlled heating. These furnaces utilize the recovery of hot gases 
within the furnace, providing lower energy consumption and a more homogeneous heating process [9]. 
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In the production process, a direct-chill (DC) casting method was used. The DC casting method is a 
technique that ensures the rapid solidification of the liquid metal. In this method, the liquid aluminum is directly 
cooled with water to solidify, resulting in a vertical solidification process [10]. This rapid cooling process 
reduces the crystal structures in the alloy and helps form a more uniform internal structure [11]. Billets produced 
using the DC casting method exhibit low porosity, high density, and a homogeneous microstructure, leading to 
improved mechanical properties [12]. Furthermore, this method enhances the chemical homogeneity of the alloy 
and significantly improves the quality of the final product, enabling the production of flawless alloys [13]. 

 

Fig 1. Schematic diagram of commonly applied vertical (DC) casting [14] 

The direct-chill (DC) casting method holds a significant position, especially in billet production and the 
processing of commercial aluminum alloys, due to its ability to provide high efficiency and quality. This method 
is the preferred technique for producing large quantities of aluminum billets and plays a critical role in ensuring 
alloy quality and homogeneity while enhancing efficiency in industrial production [15]. 

The chemical analysis results for the four different castings are presented in Table 1. 

Table 1. Chemical analyses of the castings 

Cast No Si % Fe % Cu % Mn % Mg % Cr % Zn % 

Cast-1 0.48 0.22 0.02 0.03 0.49 0.01 0.01 

Cast-2 0.44 0.20 0.02 0.04 0.49 0.01 0.01 

Cast-3 0.45 0,23 0.03 0.06 0.48 0.02 0.03 

Cast-4 0.46 0.21 0.04 0.03 0.51 0.01 0.04 

 

2.2. Liquid Metal Quality Measurement 
The quality of the liquid metal is the most important parameter affecting the quality of the cast product. 

A comprehensive cleaning process is essential to improve the quality of the liquid metal. This process must be 
carried out with optimized parameters. To summarize the melting process, raw materials are loaded into the 
furnace and melted within a specific temperature range. After the melting process, alloying with metallic 
materials is performed, followed by the chemical composition verification stage. Once the chemical composition 
is confirmed, nitrogen and flux are added to remove the oxides from the metal. At this stage, the flow rate of the 
nitrogen gas is of great importance. If the nitrogen flow rate is kept too low, the oxides will not be sufficiently 
brought to the surface, leading to undesirable changes in the quality of the liquid metal. On the other hand, if the 
nitrogen flow rate is excessively high, nitrogen may react with the oxidized compounds, incorporating them into 
the liquid metal and causing contamination of the metal [16]. 
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The RPT Device solidifies at a reduced pressure of 80-100 mbar. The density index is determined by 
the density measurement method. Samples are weighed both in air and water. The density of the sample, ρ, is 
given by the following equation; where Wa and Ww are the weights of the sample measured in air and water, 
respectively, and ρair and ρvacuum represent the densities of the sample solidified under air conditions and under 
vacuum in the RPT device, respectively. 

ߩ = ௔ܹ/ ௪ܹ 

௜௡ௗ௘௫ߩ = 	ݔ	100
௔௜௥ߩ ௩௔௖௨௨௠ߩ	−

௔௜௥ߩ
 

When the casting process reaches its stage, the quality of the liquid metal is typically monitored using 
the Reduced Pressure Solidification (RPT) method, and a sample is taken during this process. The RPT 
technique involves solidifying the liquid metal in a vacuum environment while simultaneously taking a sample 
under atmospheric conditions. The two samples taken in this method, one solidified in the air atmosphere and 
the other under vacuum, are cooled under different conditions. After the cooling process, the density index 
(DI%) of both samples are obtained by performing density calculations. Since the density index may not always 
provide sufficient reliability, the samples are then cut and polished, and the porosities formed on their surfaces 
are measured. This calculation method is called the BiFilm index (BI). Dispinar and Campbell introduced a 
method for calculating the inclusions and hydrogen level by digitally examining the cross-section of the RPT 
sample and measuring the voids on the surface [17,18]. They suggested measuring the maximum length of the 
pores as an indicator of BiFilm length and introduced a new metric called the BiFilm index (BI) [19,20]. 
Additionally, some studies can be referenced that delve deeper into the impact of these techniques on casting 
quality control. For example, Zhang and colleagues examined the porosity and microstructural characteristics of 
metals solidified under vacuum, detailing how these parameters affect the fluidity and casting quality of the 
liquid metal [21]. Furthermore, Wang et al. examined the relationship between the BiFilm index and the 
mechanical properties of castings, highlighting how porosity and inclusions affect mechanical strength [22]. 

BiFilm index (BI) can be calculated as follows: 

ܫܤ = 		
௠௔௫ܮ

௔௩௘௥௔௚௘ܮ
 

Lmax: Observed maximum pore length. 

Laverage: Average length of all pores [23,24] 

In this study, the effects of flux quantity and duration on the quality of the liquid metal were investigated. 
The quantity and duration parameters of the castings are given in Table 2. 

Table 2. Flux quantity and refining duration parameters of the castings. 

Sample Name Nitrogen Pressure 
(Bar) 

Flux Quantity 
(kg/ton) RefiningDuration(min) 

Cast-1 2 2.15 18 
Cast-2 2 2.15 12 
Cast-3 2 1.42 18 
Cast-4 2 1.42 12 

 

2.3. Heat Treatment Process 
After the billet casting is completed, microstructure and grain size analyses will be conducted. For the 

improvement of mechanical properties, it is necessary for the grain sizes to be homogeneous and of similar 
sizes, and the formation of dissolved compounds such as Mg�Si. To achieve this, one of the heat treatments, 
homogenizing annealing, is applied. For AA6060 alloys, homogenizing annealing was performed at 580 °C for 
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8 hours. Four different castings were made using the same parameters, and then microstructure examinations 
were conducted.The heat treatment data applied to the casting samples are presented in Figure 2. Heat treatment 
plays a crucial role, particularly in Al-Mg-Si alloys, in regulating the microstructure and improving mechanical 
properties. The homogenizing annealing of AA6060 alloys ensures the uniform distribution of the dissolved 
Mg�Si phases, leading to a more consistent microstructure in subsequent processes. In this context, the 
homogenization process is applied to allow the dissolved phases to move from the grain boundaries inward, 
resulting in a more homogeneous alloy [25].  

 

Fig. 2.Homogenization process chart of all castings 

III. RESULTS AND DISCUSSION 

In this section of the study, the measurement of liquid metal quality has been conducted, and the results 
are presented. Two samples were taken from the liquid metal using an RPT device. One of these samples 
solidified in air, while the other solidified under 80 mbar pressure in the RPT device. Then, the density index 
was calculated using these two samples. Following this, hydrogen levels were determined through calculations. 
As shown in Figure 3, the samples solidified in the RPT device were cut in half, and their surfaces were scanned 
at 800 DPI. The bifilm index was then examined from these samples. Based on these results, microstructure and 
grain images were taken and analyzed. 

3.1. Liquid Metal Quality  
In the study, the post-filtration images of the RPT samples taken from the liquid metal, according to the 

casting numbers, are provided in Figure 3. After the completion of the RPT process, the samples were cut in 
half, and their surfaces were polished to make them smooth. These images were used for the BI examination. 
 
 

Cast-1  Cast-2 
 

Cast-3  Cast-4 
Fig. 3. RPT sample images 
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The density index, hydrogen level, and BI obtained from the RPT samples are provided below. In 
Figure 4, the density index before and after filtration are presented for comparison. 
 

 

 

 

Fig. 4. Density index of the samples 

In Figure 5, the BI of the samples before and after filtration are presented for comparison. 

 

Fig. 5. BiFilm indices of the samples 

In Figure 6, the hydrogen levels of the samples before and after filtration are presented for comparison. 
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Fig. 6. Hydrogen levels of the samples 

3.2. Microstructure Analysis 
There is no direct relationship between liquid metal quality and grain sizes. Grain sizes vary 

independently of metal quality. When we improve liquid metal quality, we aim to partially get rid of grain 
boundaries and impurities on grains.Based on the microstructure examinations, images of samples taken from 
the final stages of four different castings produced using different flux quantities and cleaning durations are 
presented in Figures 7, 8, 9, and 10. These images are arranged in such a way as to allow the identification of 
characteristics specific to each parameter, enabling a detailed examination of the microstructural properties of 
the samples. The analyses clearly demonstrate the effects of different production parameters on the 
microstructure. HF and Barker solutions were used as etching solutions in the microstructure examinations. 

The microstructure examination of Cast-1 is presented in Figure 7. In this casting, the average grain 
size is determined to be 131 µm, and the homogeneity ratio is 78%. 

 
(a) 

 
(b) 

Fig. 7. a) Etching with 2% HF – Central microstructure b) Barker etching – Cast-1 

The microstructure examination of Cast-2 is presented in Figure 8. In this casting, the average grain 
size is determined to be 129 µm, and the homogeneity ratio is 70%. 
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(a) 

 
(b) 

Fig. 8. a) Etching with 2% HF – Central microstructure b) Barker etching – Cast-2 

The microstructure examination of Cast-3 is presented in Figure 9. In this casting, the average grain 
size is determined to be 102 µm, and the homogeneity ratio is 85%. 

 
(a) 

 
(b) 

Fig. 9. a) Etching with 2% HF – Central microstructure b) Barker etching – Cast-3 

The microstructure examination of Cast-4 is presented in Figure 10. In this casting, the average grain 
size is determined to be 164 µm, and the homogeneity ratio is 76%. 

 
(a) 

 
(b) 

Fig. 10. a) Etching with 2% HF – Central microstructure b) Barker etching – Cast-4 
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IV. CONCLUSION 
In the conducted study, the RPT results were analyzed, and the following conclusions were drawn: 
• Density Index: In the measurements taken after filtration, the highest liquid metal quality was 

observed in Casting 3, with a decrease of 4.06% from 9.85. 
• Bifilm Index: After filtration, a decrease from 125.33 mm to 62.43 mm was observed in the Cast 3 

sample. In this context, a reduction of approximately 50% in the BI was noted. 
• Hydrogen Level: Upon examination after filtration, it was observed that the hydrogen level in the 

Cast 3 sample decreased from 0.324 to 0.126 ml/100g Al. 
• Microstructure Analyses: When examining the grain sizes and homogeneity ratios, the samples 

showed minimal variation in their grain sizes. Upon examining the impurity levels, the best results were again 
obtained from the Cast 3 sample. 

• Best Liquid Metal Quality: As a result of the examinations, the best liquid metal quality was achieved 
in the casting with a flux amount of 1.42 kg/ton and gas removal time of 12 min. 

 
Key Takeaways: In this study, it was emphasized that the refining process is very important for the 

liquid metal quality.Cast 3 exhibited the highest quality across all parameters, making it the optimal sample in 
this study. The results of the RPT measurements conducted yielded the following key findings. 

 
 
COMPETING INTERESTS DISCLAIMER: 
Authors have declared that they have no known competing financial interests OR non-financial 

interests OR personal relationships that could have appeared to influence the work reported in this paper. 
 

Disclaimer (Artificial intelligence) 

Option 1:  

Author(s) hereby declare that NO generative AI technologies such as Large Language 
Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used 
during the writing or editing of this manuscript.  

 
 
 

 
REFERENCES 

[1] Kaufman, J. G. (2000). Aluminum Alloying and Casting. The Minerals, Metals & Materials Society. 
[2] Wu, J., Djavanroodi, F., Gode, C., Attarilar, S., & Ebrahimi, M. (2022). Melt refining and purification processes in Al alloys: A 

comprehensive study. Mater Res. Express, 9, 032001. https://doi.org/10.1088/2053-1591/ac5b03 
[3] Zhou, M., Shu, D., Li, K., Zhang, W. Y., Sun, B. D., Wang, J., & Ni, H. J. (2003). Performance improvement of industrial pure 

aluminum treated by stirring molten fluxes. Materials Science and Engineering: A, 347(1–2), 280–290. 
https://doi.org/10.1016/S0921-5093(02)00611-1 

[4] Shen, Y., Zhang, M., & Liu, W. (2017). The impact of oxide formation on aluminum alloy casting. Materials Science Forum, 
891, 35-42.  

[5] Maldonalda, L. A., Barron, M. A., & Miranda, D. Y. (2018). Nitrogen injection in molten aluminum in a tank degasser. World 
Journal of Engineering and Technology, 6, 685-695.https://doi.org/10.4236/wjet.2018.64044 

[6] Erdem, O. (2015). Rafinasyonvealüminyummetalininarıtılması. Alüminyum TeknolojileriDergisi, 21(3), 58-65. 
[7] Utigard, T. A., Roy, R. R., & Friesen, K. (2001). Properties of fluxes used in molten aluminium processing. High Temperature 

Materials and Processes, 20(3-4), 303-307. https://doi.org/10.1515/HTMP.2001.20.3-4.303 
[8] Zhang, J., & Li, J. (2016). Effect of nitrogen injection on the refining process of aluminum alloys. Journal of Alloys and 

Compounds, 669, 239-245.  
[9] Wang, J., Zhang, H., & Xu, B. (2017). Energy efficiency and temperature control in regenerative reverberatory furnaces. Journal 

of Industrial Engineering and Chemistry, 47, 205-213. 
[10] Zhang, X., Li, Z., & Yu, S. (2018). Direct chilled casting of aluminum alloys: Process and application. Materials Science and 

Engineering A, 712, 162-169.  
[11] Agboola, J., Anyoku, E., &Oladoye, A. (2021). Effects of cooling rate on the microstructure, mechanical properties and 

corrosion resistance of 6xxx aluminium alloy. International Journal of Engineering Materials and Manufacture, 6(1), 43-49. 
https://doi.org/10.26776/ijemm.06.01.2021.04 



 

   9 | Page 

[12] Vreeman, C., Schloz, J., & Krane, M. (2002). Direct chill casting of aluminum alloys: Modeling and experiments on industrial 
scale ingots. Journal of Heat Transfer, 124, 10.1115/1.1482089. https://doi.org/10.1115/1.1482089 

[13] Dolić, N., Markotić, A., & Unkić, F. (2007). Structural homogeneity of direct-chill cast ingots of aluminum alloy EN AW-5083. 
Metallurgical and Materials Transactions B, 38(4), 491–495. https://doi.org/10.1007/s11663-006-9008-z 

[14] Emley, E. F. (1976). Continuous casting of aluminium. International Metals Reviews, 21(1), 75-115. 
https://doi.org/10.1179/imtr.1976.21.1.75 

[15] Nadella, R., Muthukumar, R., & Vanka, S. (2008). Macro segregation in direct-chill casting of aluminium alloys. Progress in 
Materials Science, 53(3), 421-480. https://doi.org/10.1016/j.pmatsci.2007.07.003 

[16] Alvarado, G., Perez, A., & Zhang, Y. (2018). Effect of nitrogen injection on the quality of aluminum alloys during melting and 
casting. Journal of Materials Processing Technology, 256, 98-107.  

[17] Campbell, J. (2003). Castings. Elsevier. 
[18] Campbell, J. (2006). Entrainment defects. Materials Science and Technology, 22(2), 127-145. 

https://doi.org/10.1179/174328406X74248 
[19] Dispinar, D., & Campbell, J. (2014). Reduced pressure test (RPT) for bifilm assessment. In M. J. S. et al. (Ed.), Wiley 

encyclopedia of industrial chemistry (pp. 1-9). Wiley. https://doi.org/10.1002/9781118888100.ch30 
[20] Dispinar, D., & Campbell, J. (2007). A comparison of methods used to assess aluminium melt quality. Materials Science and 

Technology Conference Proceedings. 11-18. 
[21] Zhang, L., et al. (2020). Vacuum solidification and its effects on porosity and microstructure in cast metals. Journal of Materials 

Science, 55(8), 3351-3365.  
[22] Wang, X., et al. (2021). The relationship between bifilm index and mechanical properties in cast alloys. International Journal of 

Cast Metals Research, 34(7), 407-415.  
[23] Dispinar, D., & Campbell, J. (2006). Use of bifilm index as an assessment of liquid metal quality. International Journal of Cast 

Metals Research, 19(1), 5–17. https://doi.org/10.1179/136404606225023300 
[24] Akhtar, S., Arnberg, L., Di Sabatino, M., Dispinar, D., & Syvertsen, M. (2009). A comparative study of porosity and pore 

morphology in a directionally solidified A356 alloy. International Journal of Metalcasting, 3(1), 39-52. 
https://doi.org/10.1007/BF03355440 

[25] Qian, X., Parson, N., & Chen, X. G. (2019). Effect of homogenization treatment and microalloying with Mn on the 
microstructure and hot workability of AA6060 aluminum alloys. Journal of Materials Engineering and Performance, 28(9), 
4531–4542.https://doi.org/10.1007/s11665-019-04232-7 

 


