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Abstract: Magnesium is one of the metals listed in European Union’s critical raw materials list. Primary production of magnesium is a 

high energy demanding process which raised the necessity of recycling the magnesium alloys in an efficient way. Remelting those 

scraps under a salt flux consist of chlorides (NaCl, KCl, and MgCl2) and fluorides (CaF2) are a common process however, different alloys 

might behave differently when it comes to salt-metal-metal oxide interactions. Furthermore, the condition of the salt flux such as dry-

mixed or pre-melted (fused) affects the coagulation and metal yield. This work presents results on the effect of CaF2 concentration and 

pre-melting the salt flux on metal yield during remelting of chips. A yield up to 75% was observed in the case of remelting of chips 

under a fused salt flux with 5.5% CaF2 concentration. 
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1. Introduction 
Magnesium alloys are used in aerospace, automotive, 

electronics, construction, and medical industries due to 

their unique properties (Demirci, 2006). The demand for 

magnesium and its alloys has been increasing in the last 

decades due to the need of substitution of heavier 

materials in many applications. The European Union 

reported the risks and importance of sourcing 41 raw 

materials which are not produced sufficiently in Europe 

although they have high importance in European 

economy (Türe and Türe, 2020). Magnesium as a raw 

material is also included in the list of critical raw 

materials (Entr, 2014; Ostrovsky and Henn, 2007). 

The primary production of magnesium is an energy 

intensive process as it must be extracted from ores at 

high temperatures with high electricity consumption. In 

many countries, strict environmental rules are set thus, 

the supply of magnesium may be constrained, and 

production costs might increase with rising energy prices 

and environmental concerns. Due to the environmental 

impact of primary metal production, recycling has been 

also rising to reduce the environmental effects (Lewicka 

et al., 2021). 

Recycling of magnesium scraps are complex due to a 

thick layer of oxide (Mendis and Singh, 2013). 

Magnesium is a highly reactive to oxygen and moisture 

which results in exothermic reactions and forms 

magnesium oxide (Tenorio and Espinosa, 2002; Nie et al., 

2016; Tan et al., 2019). The oxidation reactions of 

magnesium are given in equations 1 and 2 (Filotás et al. 

2020). 

Mg(s) +  
1

2
 O2(g) → MgO(s)                    (1) 

 

Mg + 2H2O →Mg(OH) 2 +H2                     (2) 
 

AZ63 magnesium alloy is a suitable alloy for weight 

reduction in structural application and commonly used in 

magnesium industry. This alloy has high specific strength 

and stiffness. However, AZ63 has risk to oxidize 

especially in environments with high moisture. When 

exposed to air and moisture it goes through a similar 

oxidation process to that of pure magnesium (Filotás et 

al. 2020). It is typically coated or alloyed with rare earth 

elements to improve the corrosion resistance.  

Due to the oxide layer on the scraps and high oxidation 

tendency at high temperature, remelting magnesium 

alloys is complex. Especially, chips generated during 

machining processes have a large surface area which 

increases the oxide amount per unit mass as well as 

oxidation speed. Remelting scraps are conducted under a 

salt flux which helps to remove the thick oxide layer, as 

well as enhances the coalescence of the metal droplets. 

Furthermore, the molten salt covers surface of the 

metallic melt and avoids interactions between the metal 

and air (Akbari and Friedrich, 2010). Salt fluxes typically 

consist of fluorides (CaF2 and NaF) and chlorides (NaCl, 

KCl, and MgCl2) which are used for promoting 

coagulation and generate a fluid flux respectively (Çağlar 

Yüksel et al., 2017). Leading research teams have chosen 

the chloride combination MgCl2/KCl/NaCl in recycling 

and remelting applications (Maksoud and Bauer, 2015; 

Ding et al., 2019; Vidal and Klammer, 2019; Sun et al., 

2020). 
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This study investigates the recyclability of chips 

generated from AZ63 alloy as well as the effect of fluoride 

concentrations on the metal yield.  

 

2. Materials and Methods 
Chips were machined from AZ63 magnesium ingots to 

generate a high surface area (approximately 30x10 mm) 

and study its recyclability accordingly. Chips were 

analysed under Scanning Electron Microscopy (SEM- FEI 

QUANTA 250 FEG) and Energy Dispersive X-ray 

Spectroscopy to observe the alloying elements. 

Additionally, chips were analysed by Thermogravimetric 

analysis (TGA-Perkin Elmer Diomand) to observe the 

oxidation behaviour of chips with increasing 

temperature. Table 1 presents the elemental composition 

of the ingot. The chips were remelted under the salt flux 

consisting of NaCl (24 wt.%), KCl (15 wt.%), MgCl2 (56 

wt.%), and CaF2 (4-6 wt.%). A laboratory-scale resistance 

chamber furnace was used for the remelting 

experiments. The salt flux was used as dry-mixed and 

fused to observe the effect of pre-melted salt on the yield. 

 

 

Table 1. Chemical composition of AZ63 magnesium alloy in wt.%. 

Mg Be Fe Mn Al Si Ni Cu Zn 

90.283 0.0012 0.0032 0.6628 5.6007 0.0033 0.0008 0.0003 3.4386 

 

Dry-mixed salt was prepared by manually mixing the salt 

components in a mortar while the fused salt flux was 

prepared by melting the dry-mixed salt mixture at 750 °C 

and crushing after cooling down. 4 grams of AZ63 

magnesium chips shown in the Figure 1 and was charged 

with the salt mixture in a clay-bonded crucible and 

heated up to 850 °C and kept at the temperature for 15 

minutes. 40 grams of salt mixture was used for each 

experiment to ensure a full coverage and interaction of 

the salt with the scrap. Each experiment was carried out 

three times to define a standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. AZ63 chips used for the remelting experiments. 

 

CaF2 was added into the chloride mix in five different 

concentrations from 4 to 6 wt.% presented in Table 2. 

CaF2 was varied to observe the effect of the fluoride 

content on the metal yield of AZ63 scraps which is 

missing in the literature. After remelting, the dross and 

metal in the crucible were separated manually and metal 

yield was calculated after drying and weighing the 

samples. The metal yield was calculated according to 

equation 3. 
 

Metal Yield(%) =
mrecovered metal

mscrap
× 100                 (3) 

 

where mrecovered metal is the total amount of recovered 

magnesium after remelting, mscrap is the total amount of 

scrap charged for remelting. 

Table 2. Experimental parameters 

Exp. Nr. CaF2 (wt. %) 
Preparation method of 

the salt flux 

1-3 4 

Dry-mixed 

4-6 4.5 

7-9 5 

10-12 5.5 

13-15 6 

16-18 4 

Fused 

19-21 4.5 

22-24 5 

25-27 5.5 

28-30 6 

 

3. Results and Discussion 
SEM/EDS results of the AZ63 chips are presented in 

Figure 2. The results show that the alloy is mainly 

composed of magnesium, aluminium, and zinc. 

Aluminium zinc intermetallic precipitation is also seen in 

the SEM image. 

The chip samples were also analysed by TGA under 

oxygen atmosphere up to 800°C (5°C/min). It was 

observed that the oxidation rate was approximately 1% 

weight gain per 50°C until 450 °C, however the oxidation 

rate increased significantly after 450 °C up to 30% 

weight gain per 50°C. This transition of oxidation 

behaviour indicates the first liquid formation of the alloy 

(solidus) which increases the oxidation and shows the 

necessity of using salt fluxes during remelting. 
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Figure 2. SEM Analysis and EDX mapping for AZ63 magnesium chips. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. TGA analysis of AZ63 magnesium chips under oxygen flow. 

 

Chips were remelted under dry-mixed and fused salt 

having CaF2 concentrations from 4 to 6 wt. %. Figure 4 

presents the metal yield of ten different conditions each 

with three repetitions. In both conditions increasing CaF2 

concentrations increased the magnesium yield until 5.5 

wt.% of CaF2 and decreased after this concentration. 5.5 

wt.% showed the highest yield (av. 69% for dry-mixed, 

av. 73% for fused) which was found in different works as 

5 wt.% for pure magnesium (Yörük and Gökelma, 2023) 

and AZ31 (Akbari et al., 2009) which indicates that 

different amount of fluoride additions might work 

different for different alloys. Fused salt showed a higher 

yield than dry-mixed in all fluoride conditions. The 

reason for the fused salt worked better is mainly because 

of its homogeneity which allows it to melt before the 

chips melt while dry-mixed salt generates a liquid phase 

at one of the melting points of the components. Early 

melting protects the metal better from high temperature 

oxidation. 
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Figure 4. Effects of CaF2 concentrations and salt pre-melting on metal yield. 

 

Figure 5 presents the recovered magnesium droplets 

after remelting under dry-mixed and fused salt fluxes. 

Two size and shape of the droplets are important 

parameters to understand the coagulation. An efficient 

coagulation is required to overcome the metal yield 

issues mainly originating from metal entrapment in the 

dross. In the lab scale experiments the dross is washed 

on a sieve so all metals can be included in the yield 

however, in industrial scale dross is separated to be sold 

or disposed. Therefore, it is important to achieve an 

efficient metal-dross separation. The droplets formed in 

the dry-mixed salt flux are smaller and less spherical in 

comparison with the droplets formed in the fused salt 

flux. The main reason for low sphericity is the insufficient 

removal of the oxide layer due to homogeneity issues. 

The sphericity of droplets indicates that the salt-oxide 

interactions were sufficient. Fused salt worked more 

efficiently since the flux was homogeneous in terms of 

the melting and F- concentration in the flux.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Metal droplets obtained after remelting under 

(a) dry-mixed and (b) fused salt 

4. Conclusions 
The effects of premelting the salt flux and CaF2 content in 

the salt were studied in this work and the following 

conclusions could be drawn:  

 5.5 wt.% of CaF2 showed the highest metal yield for 

AZ63 alloys.  

 Fused salt increases the metal yield significantly.  

Metal yield increased with increasing sphericity of 

droplets. 
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