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ABSTRACT 
 
Drosses obtained from industrial furnaces melting magnesium or manganese alloyed and 
unalloyed aluminium scrap were treated at 900 oC temperature for 1 hour applying 
mechanical forces and different salt additives with or without the use of argon protective 
atmosphere. The highest total metal recovery (approx. 88%) referring to the mass of the 
sample could be achieved from the drosses obtained from the melting of unalloyed aluminium 
scrap. The drosses obtained from the melting of manganese alloyed aluminium scrap yielded 
approximately 75% metal and those from magnesium alloyed charges offered a metal 
recovery slightly higher than this value if Ar atmosphere was used and slightly lower without 
it. Most of the metal was obtained as directly cast ingots or coarse particles after grinding the 
granulated slag residue. The fraction of metal content in the fine sub millimetre particles 
generally amounted to just a few per cent, only significant in the case of magnesium alloyed 
materials. The simple NaCl salt additive was found more efficient than the conventional 
MgCl2 based covering salt or the fluoride containing furnace cleaning salt. Treating the dross 
with the fluoride containing salt without Ar protective atmosphere reduces the metal recovery 
significantly.  
 
1. INTRODUCTION 
 

Efficient melting of aluminium and its alloys is not an easy metallurgical task because 
of its specific physical and chemical properties. The heating of the material is relatively 
difficult, as specific heat capacity [1] of solid aluminium is high: 

 

CgJtsAl oC /,00021.093.0, +=                                           (1) 

 
where C – is he specific heat capacity and t is the technical temperature. At further stages, the 
also high heat of fusion (~ 400 J/g) hinders melting. During the whole process of heating and 
melting, oxide formation causes metal losses [2]. Thus beyond maintaining productivity, it is 
also difficult to determine the precise amount of scrap to be charged into the melting furnace 
for obtaining the required mass to be tapped. Properly controlling the conditions of melting 
may facilitate the economically desired higher ratios of scrap used in producing aluminium 
melts for the continuous casting of ingots. Therefore, it is important to examine the processes 
leading to excessive dross formation in cases of melting different aluminium alloys. Treating 
the collected dross material with mechanical agitation at high temperature to relieve the 
entrapped metal and analysing the composition of the residual oxide fraction may reveal the 
conditions leading to excessive dross formation.  

Experience has shown [3] that higher ratios of magnesium containing alloys and loose 
scrap characterised by high specific surface areas result in higher degree of dross formation 
during aluminium melting. Furthermore, superficial contamination of the scrap can strongly 
increase the amount of generated dross. The dense amorphous oxide layer formed at relatively 



low temperatures on the clean surface of aluminium is only several nanometres thick, which 
may increase to a few micrometres until the melting point is reached. However, keeping the 
scrap in humid atmosphere develops an additional porous oxide coating of a few micrometres 
- containing some water - above the primary dense oxide layer. The melt is further oxidised, 
however as the effective surface is reduced, this only results in a thin skin layer protecting the 
melt from direct contact with the atmosphere. The rate of further oxidation mainly depends on 
the exposure of the molten metal to oxygen and overheating.  

Solubility of the oxide in molten aluminium is less than 5 ppm [1], and although the 
inherent density of the formed γ-Al2O3 (3.8 g/cm3) is higher than that of the molten aluminium 
alloy (2.3 – 2.4 g/cm3), it may float because of the high surface tension and the small article 
size. The oxide particles can stabilize the thin layers of melt entrapped and due to the high 
specific surface of γ-Al2O3, gases are usually also adsorbed. Overheating not just increases the 
rate of oxidation reaction, but it causes the γ-Al2O3 to transform into a denser α-Al2O3 phase, 
thereby breaking the protective oxide skin. The broken chain of the solid particles entrapping 
a relatively large ratio of molten metal forms the dross at the surface of the melt. It consists of 
larger lumps of porous material if the aluminium is alloyed with especially magnesium and 
manganese. It suggests that the possible formation of complex oxide phases (eg. MgAlO4) 
changes the properties of the dross to facilitate further oxidation. Figure 1 indicates that 
magnesium is the most reactive component in aluminium alloys and it readily forms spinel 
compounds, thus melting of Al-Mg alloys may be the most affected by dross formation and 
consequent metal losses. 

 

 
 

Fig. 1  The thermodynamic characteristics of oxidation [4] 

  



As it can be derived from the relevant standard Gibbs free energy function in Fig.1, 
the oxidation of aluminium generates much heat (~ 1100 kJ/mol O2). The exothermic effect 
tends to result in superficial overheating, which in turn further accelerates the reactions 
leading to excessive oxide formation. According to the thermodynamic conditions shown in 
Fig 1, aluminium can also be oxidised by the water vapour and carbon dioxide content in the 
furnace gases at elevated temperatures: 

 
6HOAlO3H2Al 322 +=+                                                   (2) 
3COOAl3CO2Al 322 +=+                                                 (3) 

 
The standard Gibbs free energy function referring to the oxidation of aluminium practically 
corresponds to the equilibrium partial pressure of oxygen in this reaction. It is seen in Fig. 1 
that even if the H2/H2O partial pressure ratio is increased to 1020, the water vapour can still 
oxidise aluminium at the temperatures of melting. Similarly, even at a partial pressure ratio 
for CO/CO2 of 1010 carbon dioxide could oxidise molten aluminium.  

The thin layers of molten aluminium spread over the porous oxide agglomerates, 
thereby getting extensively exposed to oxidation. Thus the physical form of the dross may be 
a decisive factor in governing the processes causing metal loss. This effect may become 
crucial if not only Al2O3 is formed but the also present complex oxide phases produce larger 
agglomerated lumps. In this case the word of expertise “dross makes more dross” may be 
justified. Thin layers of the metal can easily be isolated from each other by the surface oxide 
layer, which is continually increasing during heating. The surface coating makes it impossible 
for the thin layers of molten metal to unite. If oxidation proceeds fast, it may happen that thin 
aluminium scrap (like foils) cannot yield any melt, only oxide is formed out of them. In this 
case, mechanically breaking the barrier layers will help producing a liquid pool.  

The oxide layer at the surface of the molten aluminium droplets prevents coalescence 
during the melting procedure. Application of salts may help producing a liquid pool of molten 
aluminium. This mechanism [5,6] is illustrated in Fig. 2.  

 

 
 a)    b)   c)   d) 
 
Fig. 2  The effect of the molten salt on the oxide layer on molten aluminium  (a – dense oxide 
coatings separating thin Al layers, b – breaking up of the oxide layer and intrusion of the salt, 

c – dispersion of the broken oxide, d – free aluminium droplets, ready to coalesce) 
 

The main criteria for the added salts include low values of liquidus temperature, viscosity, 
surface tension and vapour pressure, as well as high chemical stability, ability to take up non-
metallic impurities and not reacting with the furnace lining materials [1]. Therefore, the alkali 
and alkaline earth metal chlorides are used as the main components and more or less 
aluminium fluoride or cryolite (Na3AlF6) or other fluorides can also be added. The lowest 
dynamic viscosities (1 ~ 1.5 mPas) and the lowest surface tensions (80 – 100 mN/m) at the 



melting temperatures are offered by KCl and NaCl. These properties and the high chemical 
stability make these substances the staple salt components used for melting aluminium, 
however MgCl2 is also common. The surface tensions of molten salts are almost an order of 
magnitude lower than those of molten metals. In facilitating the coalescence of metal droplets, 
the main effects of the molten salts arise from their preferential wetting of aluminium. This is 
a result of the lower interfacial surface tension [7] between the molten aluminium and the salt 
than the surface tension of aluminium. This interfacial surface tension is further reduced if 
fluorides are added to the basically chloride salt mixture [8,9], as shown in Fig.3.  
 

 
 
 
Fig.3  The effect of fluoride addition on the interfacial surface tension between the equi-molar 

NaCl-KCl salt mixture and aluminium at 800 oC [1] 
 
On the other hand, alloying elements –especially magnesium - in molten aluminium can also 
modify the wetting properties. Figure 4 shows how the inherently high surface tension of pure 
aluminium is reduced by alloying. It also implies that the effect of salt addition can be weaker 
in cases of melting highly alloyed aluminium scrap.  
 

 
 

 
Fig. 4  The effect of Mg concentration on the surface tension of the molten aluminium alloy at 

the temperature of melting [1] 
 
Aluminium can be separated from the covering oxide layer if the molten salt can penetrate 
between the two phases. Penetration is possible through the cracks of the oxide layer arising 
from external mechanical effects and the transformation of γ-Al2O3 into the α-structure at 
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higher temperatures, or chemical erosion of the oxide layer. This latter effect is also attributed 
to the fluoride components in the applied salt mixture.  

Drosses formed at the surface of the melted pool can trap metal not only because of 
the oxide coating of the droplets, but also because some molten metal adheres to the surface 
of the spongy agglomerate formed of the solid oxide particles. This fraction of entrapped 
metal – usually the overwhelming portion of the metallic constituent in the dross - can be 
extracted directly by heating and applying mechanical agitation at the same time. This is the 
industrial practice usually applied at the sites of larger melting facilities. In order to examine 
the samples collected from the drosses discharged during the melting of different aluminium 
alloys in industrial reverberatory furnaces, we have adopted this type of hot mechanical 
treatment followed by the selective grinding of the granulated slag residue. Such a complex 
treatment may reveal the nature and the distribution of the entrapped metal of drosses 
produced by the melting of the main types of wrought aluminium alloys.  

 
2. EXPERIMENTAL PROCEDURE 

 
Samples of the drosses obtained from the melting high magnesium containing (Al – 

high Mg), unalloyed (Al) and manganese containing (Al- Mn) alloys were taken to represent 
approximately similar granulometric composition and 500 g mass in each case. Three 
different salts (50 g) were alternatively added to the upper region of the dross samples in a 
crucible furnace (HK.AL 4/10 SSR) of 5 kW nominal power. The material was heated to 
reach and keep 900 oC temperature within 1 h duration. Subsequently, mechanical pressure 
was applied by using special tools, shown in Fig. 5, and the collected pool of metal was cast 
into an iron mould and the residual slag was transferred into cold water. This procedure took 
approximately 5 ~ 6 minutes after the heating period. The granulated slag was dried at 150 oC.  

 

 
 
 

Fig. 5  Hot treatment of the dross samples (a – dross sample and salt, b, c – 
mechanical action, d – casting, e,f – granulation, g – wet residual slag, h –dry residual slag) 

a)   b)   c)   d) 

  e)    f)   g)  h) 



In order to extract also the fraction of the metal content which could not unite with the pool 
formed during the hot mechanical treatment, the granulated and dried residual slag was 
attrited and ground in a laboratory mortar grinder (RetschMühle KM-1), followed by 
removing the metal granules, and subsequently fine grinding and classifying with a sieve of 
0.65 mm mesh size. The grinding and classification steps are illustrated in Fig. 6. 
 

 
 
 
Fig. 6  Separation of metal granules and fine grinding followed by classification of the residue 

(a – gyratory attrition crushing, b – rough sieving, c – granules, d –fine grinding of the 
intermediate fraction,  e – < 1 mm fine powder) 

 
The masses of the fractions constituting the ingots, granules and the fine powder, shown in 
Fig. 7, were measured. Those of the ingots and the granules could be considered as metallic.  
 

 
 
 
Fig. 7  The fractions obtained from the complex treatment of the dross samples (a – ingots, b 
– granules, c – fine powder).  
 
The fine powder, however contains some metal with free surface or under the cover of 
persistent oxide coating. This metal content could be determined by measuring the volume of 
hydrogen evolved during the dissolution of a carefully weighed mass of the powder sample in 
6M NaOH reagent at 60 oC, applying a Pt mesh as catalyst and a textile bag fixed in a copper 
spiral to maintain the powder sample centred in the reactor vessel, whereas aluminium oxide 
is dissolved generating only water, as shown by the relevant reaction equations: 
 

Al +NaOH + H2O = NaAlO2 + 1,5H2                                       (4a) 
Al +3NaOH = Na3AlO3 + 1,5H2                                           (4b) 
Al2O3 + 2NaOH = 2NaAlO2 + H2O                                       (5a) 

Al2O3 + 6NaOH = 2Na3AlO3 + 3H2O                                     (5b) 

a)   b)  c)  d)  e) 

a)  b)   c) 



The volume of the gas was measured and corrected for the hydrostatic pressure difference in 
the burette and the vapour pressure of the NaOH solution. Applying this gas volume corrected 
for atmospheric pressure and room temperature, the stoichiometric relationships in eq. (4a and 
b) yielded the metal content in the fine powder fraction. The total amount of metal extracted 
from the dross sample and the distribution among the various examined fractions could be 
used as an indicator for the characteristics of dross formation. This aspect could be further 
clarified by examining the fine powder fraction applying scanning electron microscopy 
(SEM) (Zeiss UltraEVO MA10) equipped with an energy dispersive X-ray microprobe (EDX) 
and also X-ray diffraction (XRD) (Bruker D8 Advance ) to identify the dominant phases.  
 
3. EXPERIMENTAL RESULTS AND DISCUSSION 
 
The Al-high Mg type of dross samples were obtained from the surface of different raw melts 
containing 1.5 ~ 1.9 % Mg concentration produced by melting charges consisting of Al-Mg 
scrap and unalloyed aluminium raw materials. The Al-Mn type dross samples were obtained 
from a raw melt of ~0.6 % Mn concentration produced by melting Al-Mn scrap and unalloyed 
aluminium. The raw melt concentration was computed by deducting the amount of the 
alloying elements from the analytical result obtained from the raw melt after dross removal 
and primary alloying. The Al type dross was obtained from an unalloyed raw aluminium melt 
containing only 0.001 % Mn and 0.004% Mg. Some of the ingots obtained from the hot 
mechanical treatment of the dross samples were analysed by GD-OES spectrometry.  
 The masses of the charged materials and the products obtained by the hot mechanical 
treatment and the subsequent grinding and granulometric classification are given directly 
beside the first two columns of Table 1. The amounts of the metal extracted as ingots, 
granules or analysed in the fine residual powder, as well as the calculated recovery rates are 
seen in the right side of the table.  
 
Table 1  Materials charged and products obtained in the hot mechanical treatment combined 

with subsequent grinding and classification 

 



The effect of Ar protective atmosphere used during the hot treatment can be seen by 
comparing the recoveries obtained with the covering and cleaning salt additives shown in 
Figs. 8a and b. The argon atmosphere increased the yield by a mere 3-5 % about the ~ 76 % 
average total metal recovery from the high-Mg dross samples. Probably, the vapour of the 
added salts could protect the metal content of the treated dross from further severe oxidation 
under the closed lid of the crucible furnace. Therefore, further experiments were carried out 
without the application of Ar.  
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Drosses from melting Al-high Mg metal,
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Figure 8  Partial and total recoveries from Al – high Mg type drosses treated under Ar (a) or 

without the application of protective atmosphere (b), applying different salt additions 
 
Approximately the same amount of metal (~ 75%) could be recovered from the dross samples 
originating from the melting of charges containing Al-Mn scrap, as indicated in Fig. 9a. The 
highest amount of metal (~ 87%) was found in the dross samples obtained from the melting of 
unalloyed aluminium, as shown in Fig. 9b. Although relatively little dross is generated during 
the melting of such materials, it is scraped from the surface of the melt with a high metal 
content, which is efficiently recovered by the hot mechanical treatment, mostly in the form of 
large ingots. The fine powder collected after grinding contains little metal in this case. 
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Figure 9  Partial and total recoveries from Al-Mn (a) and Al (b) type drosses treated without 

the application of protective atmosphere applying different salt additions 

a) 

a) 

b) 

b) 



The virtually inert MgCl2-KCl cover salt used generally in the melting processes and the 
fluoride containing (Na2SiF6- KCl-NaCl –Na2SO4) cleaning salt usually applied for removing 
accretions from the furnace lining, could produce similar efficiencies in extracting the metal 
content from all kinds of drosses. It may be surprising that the inexpensive NaCl salt added to 
the upper section of the dross sample in the crucible gave the best recovery results in the 
examined cases. This may be caused by the higher melting point keeping the salt closer to the 
top of the charge and due to the lowest boiling point, it can produce the most protective salt 
vapour cover. It is also remarkable that the cleaning salt reduced the metal recovery from the 
Al-high Mg type drosses. This result justifies the mechanism of the fluoride component 
liberating the surface of the metal, which has the highest effect in the case of the smallest 
droplets. As shown in Fig. 8b, in absence of an efficient isolation from the atmosphere, 
oxidation may convert more of these small metal particles unrecoverable. As a corresponding 
further indication, the metal content of the fine powder residue is also reduced.    

The magnesium concentration in the metal extracted from the Al-high Mg type dross 
was generally reduced to ~ 0,6%, if the sample was treated under Ar and to 0.3~0.4 % when 
no protective atmosphere was applied. The manganese concentration was virtually 
unchanged. Application of the cleaning salt caused a marked increase in the Na concentration 
of the recovered metal ingots. Whereas it was ~ 2 ppm in the case of applying the normal 
cover salt in the case of Al-high Mg drosses, it reached  ~ 10 ppm if the cleaning salt was 
added. In the case of drosses from unalloyed Al charges, the Na concentration in the 
recovered ingots was normally ~ 0.7 ppm but with the cleaning salt it increased above 3 ppm. 
This can be attributed to the reaction of Mg and also Al in the melt with the Na2SiF6 and 
Na2SO4 components at the elevated temperature of the hot mechanical treatment.  
 The effect of magnesium in the alloy on the generation of dross can be explained by 
the formation of the wrinkled surfaces characterising the MgAl2O4 oxidation product. The 
penetration of molten metal into the spongy structure of such drosses and the higher exposed 
surface of the melt causes increased rates of oxidation. The different physical forms of the 
relevant oxides are shown in the electron micrographs of Fig. 10. 
 

   
 
 

Fig. 10  Surface characteristics of a grain from the fine powder fraction of the treated Al –
high Mg dross (a – SEM image, b – EDX spectra at the marked points of the grain surface) 

 
The exothermic oxidation process may also result in local overheating, which was clearly 
indicated by the intensive light emission at the final stages of hot treatment applied to the Al-
high Mg drosses. This effect in turn accelerates the Al2O3 γ-α transformation too, which 
breaks up the covering oxide layers, opening the fresh metal surfaces to the oxidising effects. 
On the other hand, the more inert α-Al2O3 component also reduces the dissolution rate of the 
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oxide coating in the NaOH reagent during the determination of the metal content in the fine 
powder fraction of the treated dross.  
The existence of the complex magnesium aluminate spinel phases was proved by XRD 
examinations. Fig. 11 shows the relevant spectra and the phases found with the best alignment 
to the database. These results point out that Al, Al2O3, MgO and MgAl2O4 are the dominant 
components in such drosses.  
 

 

 
 

Fig. 11  The typical XRD spectrum of the fine powder fraction obtained by the treatment of 
Al-high Mg drosses (a – simple oxides and metal, b – complex oxides) 

 
The surface of the grains in the fine powder obtained after grinding the treated dross collected 
from the melting of unalloyed aluminium is shown in Fig. 12. Comparing the images of Figs. 
10 and 12 reveals a great difference. Instead of the wrinkled spongy structure, this dross 
particle is covered by a relatively thin oxide layer. The elemental composition in the 
characteristic points marked on the micrograph are shown by the corresponding EDX spectra. 
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Fig. 12  Surface characteristics of a grain from the fine powder fraction of the treated Al dross 

(a – SEM image, b – EDX spectra at the marked points of the grain surface) 
 

The thickness of the oxide layer covering the metal particle can also be determined 
from Fig. 12a. It is approximately 4.3 µm, and the structure is broken by the mechanical 
effect of fine grinding. Besides the deformed particles in this sample, solidified round metal 
micro-droplets can also be found. Fig. 13a shows that these microscopic particles can avoid 
the deformation of grinding and the surface oxide coating is relatively smooth, although 
locally of different thickness. While point 3 in figure 12a is virtually metallic Al, point 1 and 
point 2 are increasingly covered by the oxide. On the other hand, Fig 13b demonstrates that 
larger metal droplets may be liberated from the oxide cover by the impact of grinding forces.  
 

  
 
Fig. 13  Surface characteristics of a small Al droplets found in the fine powder fraction of the 

treated dross obtained from the melting of unalloyed aluminium 
 
The fine particles of the Al dross obtained after grinding may constitute a suitable secondary 
raw material for further metal recovery or for the production of oxide or hydroxide products 
by novel hydrometallurgical extraction procedures [10,11].  
 
4. CONCLUSIONS 
 
Examination of the possible effects governing the formation of dross during the melting 
process of aluminium scrap has pointed out the significance of the extension and the 
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conditions of its surface. The reactivity of aluminium makes oxidation highly likely at 
elevated temperatures and aluminium scrap consisting of thin pieces and large specific surface  
requires special provisions for efficient melting. Local overheating by the exothermic 
oxidation poses extra difficulty for avoiding severe metal losses. Magnesium alloying 
deteriorates the difficulties because of the increased affinity for oxygen and by the formation 
of MgAl2O4 type complex oxides which make the dross structure rough and spongy. Hot 
mechanical treatment of the dross samples obtained from the melting of magnesium and 
manganese alloyed, or unalloyed aluminium scrap, respectively, has shown that metal can be 
extracted to a rate of approximately 70-80 % of the total dross weight. The effect of moderate 
(~ 10%) salt addition is not negligible and fluoride containing mixtures may be 
counterproductive by exposing the surface of the small metal particles to oxidation during the 
hot treatment of the dross. Application of protective atmosphere can be warranted for treating 
Al- high Mg type drosses, however it can increase recoveries only by ~ 3-5 % . The common 
NaCl additive proved to be even more efficient than either the KCl-MgCl2 based cover salt or 
the fluoride containing cleaning salt. The reaction of the sodium containing fluoride or 
sulphate compounds with the Al-Mg melt can increase the sodium concentration to several 
ppm level. The scanning electron microscopy and X-ray diffraction examinations confirmed 
the suggested effect of the Mg content on dross formation. Small metal droplets can be 
liberated by fine grinding after the hot treatment of Al drosses, making it possible to devise 
efficient hydrometallurgical processing methods for the residual materials.  
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