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Abstract: Aluminum recycling is a promising solution to environmental and economic issues. Sec-
ondary aluminum production will rise in the near future; however, the process is not without
challenges. Some of the major concerns during remelting of aluminum are the metal losses due to the
oxidation of the molten metal and the removal of impurities from the metal bath. The current study
summarizes the latest progress in the use of solid salt fluxes for secondary aluminum production and
the treatment of molten metal. The chemistry of solid fluxes has been reviewed, with a correlation to
their main chemical and physical characteristics, such as density, fluidity, wettability, and reactivity.
An overview of the main types of solid fluxes is also provided, with a particular focus on their
functions and applications. The efficiency of solid fluxes relies on several factors, including but
not limited to the fluxes’ chemical composition and physical properties, flux amount, processing
temperature, and flux morphology. The effect of salt fluxes in delivering satisfactory metal cleanliness
and sufficient metal recovery has been summarized according to the main flux’s properties.

Keywords: salt fluxes; secondary aluminum production; recycling; molten metal treatment; rotary
furnace; chlorides; fluorides; metal recovery; melt quality

1. Introduction

Aluminum is one of the most abundant metals in the Earth’s crust, and it is the
second most-used metal in the world after steel. The outstanding specific properties, good
corrosion resistance, and electrical and thermal conductivity of aluminum have made it a
competitive choice when it comes to different sectors, including the electrical, packaging,
building, and construction sectors. However, aluminum finds its most prominent use in
the transportation field [1]. The production of lightweight vehicles implies a reduction
in fuel consumption and emissions. Thus, aluminum plays an important role in meeting
sustainable standards to build a greener future.

Nevertheless, the production process of aluminum still needs considerable efforts to
improve its sustainability, as it is estimated to account for up to 3% of all greenhouse gas
emissions [2]. The primary production process of aluminum contributes to the emissions
to a great extent, given the extremely large amount of energy needed for the electrolytic
reduction of alumina through the Hall–Héroult process. Moreover, the mining of the raw
materials, i.e., bauxite, and the great number of waste products arising from the Bayer
Process, also known as red mud, constitute social and ecological concerns [3].

Recent developments in the automotive industry, rapid urban growth, and the in-
novative uses of aluminum both in the power and construction fields are contributing
to aluminum’s rise as a dominant structural and engineering material. For this reason,
aluminum production is currently facing a challenge: meeting the growing demand of
consumers and, at the same time, improving the sustainability of the production processes
to reduce their environmental impact. In this context, aluminum recycling involves sig-
nificant economic and environmental benefits because it allows reducing emissions and
energy requirements by up—to 95% compared to primary production. It is estimated that
about one-third of the aluminum produced today originates from scrap [2]. This amount
is expected to increase drastically. According to data from the International Aluminum
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Institute, by 2050, the amount of recycled, also called secondary, aluminum will account for
more than 50% of the total aluminum production [4], as shown in Figure 1.
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A transition from a linear to a circular economy can be facilitated by recycling and
improving the quality of secondary aluminum. This makes it crucial to explore methods for
improving the sustainability and efficiency of aluminum recycling processes because they
can help to reduce waste and promote a more circular economy. Despite the environmental
and economic advantages of aluminum recycling, the process is not without challenges. The
main issues arising during the scrap remelting phase are the metal losses due to oxidation
and the removal of impurities from the metal bath. Several solutions could address such
issues, including but not limited to scrap sorting and pre-treatments, dilution with primary
aluminum, the use of salt fluxes, filtration, and innovative recycling processes, such as the
Hoopes Process and the low-temperature electrolysis [5]. These processes may be used
together to obtain better metal quality; however, their efficiency and cost vary to a great
extent. Furthermore, aluminum suppliers must meet very demanding metal quality and
composition specifications.

Solid salt fluxes are inorganic compounds that are added during the treatment of
molten metal to improve the final quality. The main applications of solid salt fluxes are
in the aluminum industry, where the processing of molten metal is involved, including
aluminum recycling, dross treatment, and molten metal treatment. In the recycling process
of aluminum, salt fluxes are added to ensure high metal recovery, decrease oxidation and
metal losses, and limit the content of impurities [6]. This can promote a more sustainable
and cost-effective approach to secondary aluminum production. In addition to recycling,
salt fluxes are used during the treatment of dross, which is a by-product of the aluminum
production process. Salt fluxes can help to recover the metal content entrapped in the
dross, making the process more cost-effective [7]. Additionally, salt fluxes are used for the
treatment of molten aluminum (both primary and secondary) to remove impurities such as
alkali and alkali-earth metals as well as oxides. The removal of impurities can significantly
improve the quality of the final product [5,8]. Overall, the applications make salt fluxes
essential for the effective processing of molten aluminum.

This paper aims to provide an updated overview of the properties of solid fluxes,
focusing on their application in the remelting process of aluminum scrap as well as in
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the treatment of molten aluminum. The review collects and summarizes several aspects
which affect the efficiency of fluxing. Consolidated methods of improvement and existing
weaknesses in the literature regarding the performance of fluxes are discussed to highlight
the need for future developments in the field. Particular attention is dedicated to the impact
of solid fluxes on metal cleanliness and metal recovery for their industrial relevance.

2. Functions of Salt Fluxes

Solid fluxing is a common practice used both by operators to improve the quality of
molten metal and by recycling plants to process molten aluminum. When aluminum is oxi-
dized, it transforms into Al2O3, leading to metal losses and inclusions. If inclusions remain
in the final products, they drastically decrease the performance of components, leading
to a reduction of mechanical properties, poor surface properties, and machinability [9].
When fluxes are added to the melt, they create a slag layer over the molten metal bath, thus
reducing oxidation. A drawback resulting from the use of salt fluxes is the entrapment of
aluminum in the slag, which also leads to metal losses [10]. For this reason, by tailoring the
chemical composition, it is necessary to confer satisfactory slag-metal separation and coa-
lescing properties to the flux. Furthermore, salt fluxes are often used to remove impurities
from the molten metal by reacting with the unwanted elements and forming compounds
that will either join the slag or settle at the bottom of the furnace [5]. The slag can then be
easily skimmed off the surface of the bath. The chemical composition of the salt flux can
be adjusted according to different variables, including the remelting process, the type and
contamination level of the scrap, and the desired final metal quality. According to such
variables, one or more salt fluxes can be employed to obtain the desired effect [10,11]. The
functions of the salt fluxes will be discussed in more detail in the following sections.

2.1. Protection from Oxidation

Even though aluminum is one of the most common elements in the Earth’s crust, it
is never found in a metallic state due to its strong affinity with oxygen according to the
reaction [12]

4
3

Al + O2,gas →
2
3

Al2O3,solid (1)

The reaction (1) is exothermic and aluminum oxide, when formed, is thermodynami-
cally stable. At room temperature, a layer of oxide forms and benefits solid aluminum by
protecting it from corrosion. However, when the temperature is increased to metallurgical
processing levels, the oxide layer’s thickness and the rate of its formation increase signifi-
cantly. The rate of reaction varies based on several factors, including oxygen availability
and atmosphere, but oxidation increases substantially at temperatures above 700 ◦C [13].
When melting scrap, especially if it has a large specific area, large metal losses occur due
to rapid oxidation, resulting in dross formation that floats towards the surface of the
metal [14]. The efficiency of the process is reduced as a result. Therefore, molten aluminum
operators and recycling plants aim to minimize the oxidation of the liquid metal to avoid
such reductions in efficiency.

One of the most popular techniques to suppress molten aluminum oxidation is the
use of a cover salt flux. The salt is added during the melting process, and it floats over the
molten aluminum due to a lower density, protecting it from further oxidation. The most
common salt mixtures for this purpose consist of NaCl-KCl mixtures with small additions
of fluorides. When melting aluminum, only those chlorides more stable than aluminum
chloride can be selected to avoid chemical reactions between the metal and the salt. Thus,
the available options are restricted to the chloride salts of alkali and alkali-earth metals
such as NaCl, KCl, CaCl2, and MgCl2. Moreover, NaCl and KCl are the most convenient
solution as they are cost-effective [12]. At the same time, pure NaCl melts at 801 ◦C and
KCl at 771 ◦C, and an equimolar mixture forms a eutectic point at 657 ◦C, as shown in
Figure 2. The equimolar mixture is mostly used in the USA and Canada; however, higher



Metals 2023, 13, 832 4 of 23

NaCl contents, such as 70 wt %, are also widely employed, especially in Europe, due to the
higher cost of KCl if compared to NaCl [2,15].
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Not only do salt fluxes prevent oxidation of molten aluminum, but they also suppress
possible inflammations of organic content in the scrap. The organic material in the scrap, if
not completely removed during the pre-melting treatments, can cause further oxidation of
the metal. Additionally, cover fluxes prevent hydrogen dissolution in the aluminum bath,
which would otherwise compromise the mechanical properties of the final products [17].

2.2. Stripping of the Oxide Layer

Even though the addition of salt in the melting process is beneficial because it limits
the oxidation of the metal bath, some metal is lost due to the formation of the oxide layer,
which entraps molten metal droplets, causing metal losses as the oxides join the slag. The
entrapped metal can be recovered by stripping away the oxide layer so that the metal
droplets are released and can settle down through the molten flux back into the metal bath.
The settling process of the metal droplets through the salt is accelerated when the droplets
merge and coagulate, according to Stokes’ law [18]

v =
2
9
(ρm − ρs)

ηs
gR2 (2)

where v and ρm are the velocity and the density of the metal droplet, respectively, R is
the droplet’s radius, ρs and ηs are the density and viscosity of the salt flux, and g is the
gravitational acceleration constant. From Equation (2), it is evident how, as the droplets’
radius increases, they move faster through the flux, assisting the coalescence process.

The metal droplets need to be released from the surrounding oxide layer before they
can coagulate and settle back into the aluminum melt. The stripping of the oxide layer can
be described in three steps: (i) cracks are generated in the oxide layer, which is wetted by the
salt flux; (ii) the flux penetrates between the oxide layer and the molten metal; (iii) the oxide
layer is detached from the metal droplet [2]. The detached oxides then remain suspended
in the slag, leaving the aluminum droplets free to coalesce into larger pieces and re-join the
melt, as previously described, according to Equation (2). A schematic representation of the
oxide stripping process and coalescence of metal droplets is shown in Figure 3.
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layer and the molten Al, (d) detachment of the oxide layer, (e) Al droplets coming into contact and
(f) coalescence of the Al droplets.

Various mechanisms are suggested in the literature to explain the generation of cracks
in the oxide layer and the detachment mechanism; however, it is still not clear which
one rules the stripping of the oxide layer. It may be a combination of the mechanisms
proposed in the literature.

There is general agreement in the literature about the role played by the additions of
fluorides to the salt flux in assisting the coalescence of aluminum droplets, thus enhancing
the metal recovery of the process. Several studies [11,18–21] have shown how small
additions of fluorides are sufficient to significantly improve the amount of coalesced
aluminum when remelting aluminum scrap. This is confirmed by the highly popular
practice of using fluoride-containing fluxes in the industry.

Even though the mechanism through which fluorides act is still unclear, two main
phenomena are generally identified, i.e., (i) the generation of cracks in the oxide layer and
(ii) the detachment of the oxide layer. For the first mechanism, even though the solubility
of alumina is quite low in chloride melts with small fluoride additions, the presence
of fluorides in the flux could lead to a partial dissolution of the oxide layer, creating a
discontinuity in it and facilitating the propagation of cracks. Other theories suggest that
the cracks are initiated due to the generation of stresses, which can arise either due to
a difference in the thermal expansion coefficient of aluminum and aluminum oxide or
to the density difference between α-Al2O3 and γ-Al2O3. Although the transition occurs
above 1100 ◦C, fluorides lower the transition temperature to the range of 700–900 ◦C. The
generation of cracks can also be attributed to the tendency of aluminum to minimize its
surface energy by assuming a spherical shape. As this tendency is counteracted by the
oxide layer, stresses may arise, causing deformations and, eventually, cracks in the oxide
film [15,22].

Regarding the detachment of the oxide layer, it is generally acknowledged in the
literature how fluorides exhibit a beneficial effect on the stripping of the oxide layer by
adjusting the interfacial tensions between flux and aluminum and between flux and oxide.
An improved wettability between the molten salt and the oxide can increase the oxide-
stripping ability of the flux. This implies that the interfacial tensions between flux and
oxide should be low. Moreover, the interfacial tensions between the flux and the melt
should be low enough to facilitate the spreading of the flux on the aluminum melt but
not excessively low to facilitate the separation of the flux from the molten aluminum. The
interfacial tensions between oxide and molten aluminum should be maximized so that
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the wettability is minimized to ease the removal of the oxide. Fluorides act over such
interfacial tensions by promoting chemical reactions which form tension-active elements.
These elements decrease the surface tension of the metal when they are absorbed on its
surface [10,11,22].

The ability of oxide stripping is directly related to the coalescence of the metal
droplets [11] and thus to the amount of recovered metal from the recycling process. The
optimal fluoride type and amount to be added to the salt flux will be discussed in further
sections. The use of salt fluxes in the rotary furnaces maximizes the efficiency of the process,
as the movement of the melt assists the coalescence. Furthermore, the efficiency is enhanced
in tilting rotary furnaces, where coalescence is assisted not only by the rotating movement
of the furnace but also by the axial movement [17].

2.3. Impurities Removal

When treating scrap with high levels of contamination and mixed chemical composi-
tion, another function of salt fluxes gains more importance, i.e., the possibility of removing
harmful impurities from the molten metal. Cleaning the molten metal from impurities is
also referred to as refining. The concept of molten metal cleanliness is based on three main
parameters: the level of hydrogen in the melt, the dissolved chemical impurities (metallic
or not), and solid inclusions. Operators who treat molten aluminum aim to have good
control over such parameters and to minimize the number of impurities in the liquid metal.
Several refining strategies are available to clean aluminum scrap, and in many cases, they
are also used to refine molten primary aluminum [8]. Such practices, the most popular
being fluxing, flotation, and filtration [23], can also be employed jointly, depending on the
contamination level of the melt and the desired final metal quality. Briefly, the main types
of impurities, which compromise the mechanical properties of aluminum alloy products
and cause critical issues during the manufacturing processes, are described here.

• Hydrogen in molten aluminum arises mainly from the reaction of Al with moisture.
The reaction of magnesium contained in the aluminum melt with water also releases
hydrogen in the melt by oxidizing. Although hydrogen has some solubility in molten
aluminum, its solubility is much lower in the solid state. Thus, during the solidification
process, porosity is formed in the cast products. This leads to severe losses in the
mechanical properties of components and issues in the manufacturing processes. The
most popular methodology for the removal of hydrogen is degassing. However, cover
fluxes also play a role in suppressing humidity absorption, thus preventing hydrogen
pick-up by the melt [24].

• Dissolved impurities in molten aluminum may be divided into two sub-categories:
(i) accumulated metallic elements, such as Si, Fe, Mn, Cu, Pb, P, Bi, Sn, Zn, and
(ii) dissolved alkali and alkali-earth metals such as Mg, Na, Ca, Li, and K [24]. The
amount of such elements in the melt not only depends on the scrap origin and type
but is destined to increase due to the increasing scrap production and recycling. It
is important to monitor the concentration of such impurities in the melt, especially
when the required ranges are narrow. The most employed techniques to limit such
impurities are either the production of alloys that allow wider ranges of these elements
or the dilution of the melt with primary aluminum [8]. Some of them, i.e., Sn, Pb,
and Zn, can be removed by selective melting if they are present externally on the
aluminum since they have lower melting points than Al [5]. However, this is not
possible if they are in a solid solution. Na, Ca, and Mg affect the oxidation kinetics of
aluminum by increasing its oxidation rate [8,12], thus increasing the metal losses. Salt
fluxes react with the alkali and alkali-earth metal impurities by acting as catalysts for
their equilibrium oxidation reactions. The products of the reactions leave the molten
metal bath through density separation, either by settling at the bottom of the furnace
or by floating to the slag [5].

• Inclusions are typically solid particles, in most cases consisting of non-metallic or inter-
metallic compounds such as oxides, nitrides, carbides, and borides [25]. Their presence
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in cast products implies the generation of defects in the aluminum matrix, which can
lead to the loss of mechanical properties. Non-metallic inclusions are categorized into
exogenous or endogenous based on their origin. Exogenous inclusions arise when
the molten metal is contaminated by external sources, such as refractory material
and decomposition products, from the burning of coatings and oils. Endogenous
inclusions form due to chemical reactions in the molten metal [25]. Bifilms are one of
the most dangerous inclusions in cast products, consisting of double oxide films folded
on themselves and entrained in castings during solidification. This occurs whenever
the molten aluminum bath surface is disturbed; thus, bifilms are easily generated
during recycling and foundry operations. Their presence in cast products makes them
vulnerable, acting as nucleation sites for porosity during solidification [26]. Along
with degassing and filtration, fluxing is one of the most common methods to remove
non-metallic inclusions from molten metal. The fluxes react with the inclusions to
form slag, which is subsequently removed by skimming [27].

3. Chemical and Physical Properties of Solid Salt Fluxes

An understanding of the chemical composition of the flux is essential for the assess-
ment of the physical and chemical behavior of the flux. The chemical composition of the
flux can be tailored to adjust properties such as density, viscosity, reactivity, and wettability.
Such properties, in turn, will impart different functions to the flux. The next sections
describe the main types of chemical compounds found in the fluxes and how they impact
the physical properties and reactivity of the flux.

3.1. Chemistry of Salt Fluxes

The compounds usually found in solid fluxes can be classified into four major groups
based on the main effect of the characteristics of the flux. The four major groups are
chlorides, fluorides, oxidizing compounds, and solvents of aluminum oxide. They are
described in the following sections.

3.1.1. Chlorides

Chlorides usually consist of NaCl and KCl. They mainly act as fillers, given their
lower cost compared to other compounds for which chlorides act as carriers, such as
fluorides. Chlorides are also used in high percentages for their fluidizing effects. When used
individually, they act as passive fluxes, meaning that their reactivity with molten aluminum
is negligible, and their effect on the surface tension is trivial if compared to fluorides.
As aforementioned, the most common NaCl-KCl ratios are 50–50 and 70–30. Higher
NaCl contents lead to a higher melting point of the flux; however, it can be economically
convenient given the highest cost for KCl. Furthermore, a limited reduction of the amount
of KCl in the flux does not seem to significantly affect the metal recovery [28].

Another binary mixture used as flux is MgCl2-KCl. Sodium-free fluxes are preferred by
producers of Al-Mg alloys, especially when the Mg content is high, to avoid the introduction
of Na in the aluminum melt. If sodium-containing fluxes are used, the higher the Mg
content in the alloy, the more Na is introduced in the melt by fluxes. Furthermore, some
flux additives such as NaF or Na3AlF6 can also increase the residual content of Na in the
aluminum melt [29]. Nowadays, chloride fluxes such as MgCl2 and CaCl2 are also gaining
more attention for the possibility of removing alkali and alkali-earth metals from molten
aluminum. Purification of aluminum melt was once carried out through the injection of
chlorine gas, but the practice has been abandoned due to environmental concerns for the
release of chlorine gas, and it was replaced by solid chloride fluxes [30].

3.1.2. Fluorides

Fluorides, as previously explained, play an essential role in stripping the oxide layer
and assisting the coalescence of metal droplets by acting as surfactants for wettability
adjustments between salt, oxide, and molten aluminum. Common fluoride compounds
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include simple fluorides such as CaF2, NaF, KF, MgF2, and AlF3 and double fluoride
compounds such as Na3AlF6, KalF4, K3AlF6, Na2SiF6, and K2SiF6 [21,22,24]. Fluorides
are usually present in small amounts in flux mixtures, typically around 5 wt %, although
their amount varies to a great extent depending on several factors, including the type
of scrap, the desired metal quality, the level of inclusions in the melt, as well as the
environmental regulations.

Nonetheless, too much fluoride addition can result in a degradation of flux properties
because, usually, the fluidity and density increase because of fluoride additions. This results
in poor coalescence and reduced metal recovery, as previously mentioned according to
Stokes’ law (see Equation (2)). Additionally, an excessive increase in density may also
lead to poor metal-slag separation. Thus, the amount of fluoride in the flux should be
just enough to improve the wettability properties without excessively compromising the
fluidity and density of the salt. Limiting the use of fluorides also implies economic and
environmental benefits. As a matter of fact, not are only fluorides more expensive than
chlorides, but they also cause health and environmental concerns due to dust and fumes as
well as toxic and polluting compounds [31]. Most of them are classified according to EC
Regulation No. 1272/2008 [32] as harmful to the environment, toxic, or both. Their amount
in the salt flux should be minimized for environmental and health reasons; however,
their presence is essential since fluoride-free fluxes do not yield the same efficiency for
metal recovery [33].

3.1.3. Oxidizing Agents

Oxidizing agents promote exothermic chemical reactions, which assist the release of
entrapped aluminum from the dross back into the molten metal bath. The mechanism is the
improvement of fluidity due to the heat released by exothermic reactions [21]. Moreover,
when added with fluorides, the heat released facilitates the chemical reactions between
fluorides and inclusions [34]. Examples of oxidizing agents include nitrates such as KNO3
and NaNO3, carbonates such as CaCO3 and K2CO3 and sulfates such as K2SO4 and
Na2SO4 [24].

3.1.4. Solvents of Aluminum Oxide

Solvents of Al2O3 can also be included in the fluxes. Cryolite is extensively used for the
electrolytic conversion of Al2O3 to commercially pure aluminum metal in the Hall–Heroult
process because alumina shows good solubility in cryolite melts. However, aluminum oxide
has slight solubility in chloride melts with fluoride additions [35]. Some studies [20,36,37]
suggested that the alumina solubility in some fluorides plays a key role in the mechanism
of stripping the oxide layer, facilitating its dissolution, and improving the wettability [21].
The solvents of aluminum oxide are cryolite (Na3AlF6), borax (Na2B4O7), and potassium
borate (K2B4O7) [24]. The chemical compounds used in salt fluxes are presented in Table 1.

Table 1. Chemical compounds used in salt fluxes and grouped according to the chemical type. The
melting point ™ and hazardous classification are also reported for industrial relevance. Data were
collected and elaborated from [21,24,38–40].

Compound Type Molecular Formula Tm (◦C) Hazardous Classification 1

Chlorides

NaCl 801 ×
KCl 770 ×

MgCl2 714 ×
CaCl2 782 X
LiCl 605 X

BaCl2 962 X
AlCl3 190 X



Metals 2023, 13, 832 9 of 23

Table 1. Cont.

Compound Type Molecular Formula Tm (◦C) Hazardous Classification 1

Fluorides

Simple

KF 858 X
NaF 993 X
CaF2 1418 ×
LiF 848 X

MgF2 1263 X
AlF3 1290 ×
BaF2 1368 X

Double

KalF4 - X
Ka3AlF6 - X
Na2SiF6 - X
K2SiF6 - X

Oxidizing
Compounds

Carbonates

CaCO3 1339 ×
K2CO3 894 X

Na2CO3 851 X
MgCO3 990 ×
Li2CO3 723 X

Nitrates
KNO3 339 X

NaNO3 307 X
LiNO3 264 X

Sulphates

K2SO4 1069 ×
Na2SO4 897 ×
Li2SO4 859 X
CaSO4 1450 ×
MgSO4 11,424 ×

Solvents of aluminum oxides
Na2B4O7 743 X
K2B4O7 - X
Na3AlF6 1010 X

1 According to EC Regulation No. 1272/2008 [32].

3.2. Physical Properties and Reactivity of Solid Salt Fluxes

The chemical composition of salt fluxes determines their physical properties and
reactivity. The key properties of fluxes include density, fluidity, melting temperature,
wettability, and reactivity. These features are described in the next sections with a focus on
how they are affected by the chemical composition of the fluxes.

3.2.1. Density

The density of the fluxes affects the slag-metal separation and the coalescence of
metal droplets as described by Stokes’ law shown in Equation (2). The higher the density
difference between metal and slag, the faster the droplets settle through the slag and back
into the aluminum melt. The density of aluminum decreases linearly with temperature,
and at 800 ◦C, it ranges between 2.33 and 2.39 g/cm3 [41,42]. At 800 ◦C, the density of
an equimolar NaCl-KCl mixture is approximately 1.53 g/cm3, whereas, if the content of
NaCl increases in the mixture up to 90 mol %, the density increases up to 1.55 g/cm3 [43].
Roy et al. [44] investigated the effect of some common fluoride (NaF, LiF, KF, Na3AlF6)
additions up to 30 mol % on the density of an equimolar NaCl-KCl mixture at 740 ◦C. The
results showed an increase of the density up to 1.63 g/cm3. Because the density difference
between the molten aluminum and the salt mixtures is about 0.7 g/cm3, this is enough
to ensure sufficient separation between the two phases [17]. Proper salt-slag separation
ensures that the salt floats over the melt without joining it to avoid adhesion of salt granules
or lumps which would result in a deleterious effect on the final product and to facilitate the
removal of the slag at the end of the melting process.
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Nonetheless, the effect of impurities and inclusions in the slag on its density cannot be
neglected, as in the case of the effect on viscosity.

3.2.2. Viscosity

The viscosity of fluxes should also be low to assist the settling of metal droplets
through the slag layer according to Stokes’ law. Few studies are available regarding the
viscosity of molten NaCl-KCl with fluoride additions. Roy et al. [44] found how, after
a critical amount of fluoride, the addition of LiF, NaF, and CaF2 increases the kinematic
viscosity of an equimolar NaCl-KCl flux. Before reaching this critical amount, the viscosity
showed a decreasing trend. Exceptions to these findings include the addition of Na3AlF6
up to 2 mol %, which results in a decrease in viscosity, and KF, which leads to a maximum
value of viscosity for 5 mol % addition before declining. Tenorio et al. [45] found how
the viscosity of an equimolar mixture decreases with NaF and KF additions, in contrast
with the previous study. Milke et al. [46] investigated the solubility of CaF2 in NaCl-KCl at
750 ◦C and concluded how it decreases drastically, thus increasing the viscosity of the flux
when the CaF2 concentration exceeds the solubility limit in the chlorides.

Nevertheless, the viscosity of the salt is only representative of the beginning of the
process at the industrial scale. When the salt starts to collect oxides and inclusions, its
viscosity increases significantly [10,17]. Xiao et al. [47] found that the presence of non-
metallic particles in the slag impacts viscosity more than fluorides, especially when the
volume of non-metallic particles in the slag exceeds 10 vol %. The impact of oxides in the
flux during the remelting of aluminum chips with a lab-scale rotary furnace was studied
by Thoraval and Friedrich [10]. The findings showed a significant decrease in the metal
recovery, which was attributed to increased slag viscosity and density resulting from oxides,
thus hindering the coalescence and metal-slag separation.

3.2.3. Melting Point

The melting point of the salt is another significant parameter, as the flux should be
molten at the processing temperature. Preferably, the melting point of the salt should be
close to the melting point of aluminum. If the melting point of the salt is too low, it may
result in evaporation of the salt, whereas if it is too high, it may lead to excessive metal
oxidation. Furthermore, an excessively high melting temperature leads to increased costs
related to higher energy requirements to melt the salt. As previously noted, adding more
NaCl to NaCl-KCl mixtures results in a higher melting temperature. However, certain
operators, particularly in Europe, choose to prioritize cost savings by using more NaCl,
which is less expensive than KCl. Flux mixtures based on KCl and MgCl2 allow obtaining
even lower melting points, as the binary system presents eutectic points that melt at
temperatures below 500 ◦C. The KCl-MgCl2 binary phase diagram is shown in Figure 4.

Although the binary systems of NaCl-KCl and KCl-MgCl2 have been extensively
studied in the literature, to the author’s best knowledge, there is a lack of experimental
evidence of the effect of the fluorides’ addition on the melting point of salt mixtures.
Although generally, fluorides show melting points above 1000 ◦C, some of them show the
presence of eutectic points melting below 750 ◦C when combined with NaCl, as in the case
of NaF [16], CaF2 [46], and Na3AlF6 [48]. Even though binary systems of NaCl and fluorides
may contribute to the understanding of the melting behavior, they are not representative of
common flux mixtures because they are usually constituted by several compounds.
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3.2.4. Wetting Properties

The wetting characteristics of a flux determine its ability to envelop inclusions and
transfer them into the slag. It is widely recognized that the ability of flux to strip away and
suspend oxides is largely influenced by the degree of wetting between (i) the liquid salt and
aluminum melt and (ii) solid oxide and flux. A low value of interfacial tension between
flux and oxide assists in the removal of inclusion by wetting. The interfacial tension
between flux and aluminum melt should be sufficiently low to allow the spreading of the
flux on the melt surface but not excessively low to avoid incomplete separation [11]. As
previously explained, fluorides adjust interfacial tensions by promoting chemical reactions
which produce surface-active elements (such as Na or K). Enrichment of these surface-
active elements at the interface flux/aluminum is responsible for changes in the interfacial
tensions. Wan et al. [11] and Shi et al. [22] investigated the effect of several fluoride
additions to a commercial salt flux on the interfacial tensions between aluminum melt,
oxides, and flux. The results are summarized in Figure 5.
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3.2.5. Reactivity

The reactivity of a flux determines the ability to affect the chemical reactions, which
lead to the removal of impurities from the aluminum melt. Simulation studies [49,50]
based on thermodynamic calculations investigated the possibility of removing dissolved
chemical impurities by considering the relevant parameters of the remelting process. The
studies have shown how the salt fluxes containing AlCl3 affect the equilibrium constant
of elements such as Mg, Ca, Be, Zn, Hg, Cd, Li, and Sr, allowing their removal either by
chlorination into the salt flux, oxidation into the slag phase or by evaporation. However,
low efficiency in the removal of such impurities and the impossibility of reducing other
harmful impurities such as Cu, Si, Fe, and Mn by fluxing was revealed.

In the past, the injection of chlorine gas, i.e., chlorination, was a common strategy to
remove alkali and alkali-earth metals. The tramp elements react with Cl2 forming more
stable chlorides than aluminum chloride, assisted by the bubbling of the gas. Elements
such as Mg, Na, Ca, Li, and K react with fluxes and form compounds which will either
settle or float into the slag [51]. The toxicity of chlorine has led to its replacement with
other methods, such as the use of fluxes. Nowadays, the most popular technology for
the removal of inclusions and alkali from molten aluminum is through the addition of
chlorine or fluorine-containing compounds to the salt flux, namely MgCl2 and AlF3, and
AlCl3 [30,52]. Replacement of chlorination with solid fluxes can reduce environmental
concerns without excessively compromising the efficiency of impurities’ removal; however,
to replace the mixing due to bubbles, mechanical agitation is necessary [53]. Even though
the use of MgCl2 is effective in the removal of alkali, it is not easily handled due to its high
reactivity and tendency to absorb moisture. Thus, it is usually pre-melted in mixtures such
as NaCl-KCl to obtain easier handling.

Impurities such as Zn, Si, Fe, Mn, and Cu are extremely difficult to remove from
molten aluminum using fluxing [21,50]. Nonetheless, some experimental studies [54–56]
have shown the possibility of reducing the Fe content in aluminum alloys by treating the
melt with a flux mixture containing Na2B4O7. The methodology has shown promising
efficiency at the lab scale, even when compared to other strategies, such as filtration and
centrifugal separation. Furthermore, the addition of Na2B4O7 not only reduces the Fe
content but also shapes Fe intermetallic compounds into less detrimental morphologies
and promotes the formation of compounds such as AlB2, which act as grain refiners.

Particular attention should be dedicated to the treatment of Al-Mg alloys, especially
for Mg content above 3 wt %, with fluxes containing Na, Ca, or K, as some chemical
reactions may lead to the contamination of Al with Na or K. This is due to the exchange
reactions of Mg with the impurities which preferentially stabilize Na, Ca, and K in the
molten aluminum rather than in the flux [21,30]. Huang et al. [29], by treating an Al-Mg
alloy with a NaCl-KCl flux with NaF and Na3AlF6 additions, concluded that the extent of
Na contamination increases due to the increasing content of both Na in the flux and Mg in
the Al alloy.

4. Different Types of Solid Salt Fluxes

By tailoring the chemical composition, it is possible to obtain several kinds of salt fluxes.
The fluxes will perform different functions according to various parameters, including
the type and level of contamination of the alloy to be melted, the processing temperature,
and the desired final quality. The main categories of salt fluxes for melt treatment are
cover fluxes, drossing fluxes, and melt-cleaning (or refining) fluxes. Other categories of
salt fluxes which serve specific functions include de-magging fluxes, grain-refining fluxes,
and wall-cleaning fluxes. Different fluxes can also be employed jointly, depending on
the application. In the case of scrap remelting, one type of salt flux is used to perform
simultaneously the functions of covering, refining, and improving the metal recovery. The
different types of solid fluxes are widely described in the following sections.



Metals 2023, 13, 832 13 of 23

4.1. Cover Fluxes

Cover fluxes suppress the oxidation, humidity absorption, and hydrogen pick-up
of molten aluminum. They are typically composed of NaCl and KCl with small fluoride
additions to assist coalescence. Usually, simple fluorides, such as NaF, KF, and CaF2, are
added [24]. When it is necessary to further improve the coalescing properties of the salt,
some cryolite (Na3AlF6) can also be added. Some other additives, such as LiCl or CaCl2,
can be added to decrease the melting point of the mixture [21,57]. Cover fluxes are usually
spread over the molten bath, and, to fulfill the essential requirements of a cover flux, the
salt mixture should be molten at the processing temperature [17].

4.2. Melt-Cleaning Fluxes

Melt-cleaning (or refining) fluxes clean the molten metal from impurities either by
wetting them or by chemically reacting with them. To serve these functions, they are
composed of simple fluorides to wet the inclusions for easier separation from the melt, and
they are richer in chloride compounds. To remove alkali impurities, sometimes they can
comprise chloride compounds such as MgCl2 or CaCl2 [24]. NaCl and KCl are present as
fillers. They can also include some oxidizing agents to accelerate the chemical reactions
between the flux and the impurities. A typical refining flux for purification from alkali and
alkali-earth metals consists of 40 wt % KCl—60 wt % MgCl2. A more economical option
consists of a tertiary flux among KCl, MgCl2, and NaCl, for example, with the chemical
composition of 25 wt % NaCl—15 wt % KCl—60 wt % MgCl2 [30]. The flux is usually either
spread over the melt or injected using a lance. Stirring is performed either mechanically or
through an impeller, such as in rotary flux injection [9]. Stirring of the melt assists the contact
between flux and aluminum, thus accelerating the chemical reactions between them [30].

4.3. Drossing Fluxes

Drossing fluxes are added to ease skimming, that is, the removal of the dross layer,
which forms because of metal oxidation. Drossing fluxes should also ensure the release
of aluminum metal from the oxides. Thus, such fluxes are composed again mainly of
chlorides, but the quantity of fluorides (both simple and double) is greater if compared to
cover fluxes. These fluxes are designed to release heat; therefore, oxidizing agents are also
present to promote the exothermal reactions that assist the coalescence [21]. Exothermal
reactions are also promoted by the presence of double fluorides such as Na2SiF6. Drossing
fluxes assist in the removal of metallic aluminum from the dross, which is usually present
in contents up to 60–80 wt %. In this way, the dross changes its appearance from wet (light
color, with a high metal content) to dry (dark and powdery, with a low residual metal
content). These fluxes are usually spread on the molten metal bath and stirred to enhance
their reactivity. If the dross is treated properly, its metallic concentration can be reduced to
30 wt % [24], leading to powdery dross, which can be skimmed off more easily. The action
of a drossing flux is shown in Figure 6, which highlights the aspect and morphology of the
dross before, during, and after treatment with the flux.

Metals 2023, 13, 832 14 of 24 
 

 

chlorides, but the quantity of fluorides (both simple and double) is greater if compared to 
cover fluxes. These fluxes are designed to release heat; therefore, oxidizing agents are also 
present to promote the exothermal reactions that assist the coalescence [21]. Exothermal 
reactions are also promoted by the presence of double fluorides such as Na2SiF6. Drossing 
fluxes assist in the removal of metallic aluminum from the dross, which is usually present 
in contents up to 60–80 wt %. In this way, the dross changes its appearance from wet (light 
color, with a high metal content) to dry (dark and powdery, with a low residual metal 
content). These fluxes are usually spread on the molten metal bath and stirred to enhance 
their reactivity. If the dross is treated properly, its metallic concentration can be reduced 
to 30 wt % [24], leading to powdery dross, which can be skimmed off more easily. The 
action of a drossing flux is shown in Figure 6, which highlights the aspect and morphology 
of the dross before, during, and after treatment with the flux. 

 
Figure 6. Evolution of the aspect of the dross layer on aluminum melt, treated with drossing flux: 
(a) initial wet dross with high residual metal content, (b) treatment of dross with drossing flux, and 
(c) final dry dross with low residual metal content. 

4.4. Fluxes for Scrap Remelting 
The term “multi-functional refining flux for scrap recycling” was suggested by Wan 

et al. [11] to address the flux used for scrap remelting. A combination of the aforemen-
tioned types of fluxes (cover, refining, and drossing fluxes) may be used as a scrap remelt-
ing flux before the molten metal undergoes further specific treatment. For instance, when 
melting aluminum scrap in rotary furnaces, a salt flux should ensure proper protection 
from oxidation while promoting a sufficient degree of coalescence and reducing the im-
purities content [10]. If the different kinds of fluxes were used one after another, it would 
result in longer times for melting and treating the molten bath, as well as increased costs 
and waste production [11]. A multi-functional remelting flux ensures sufficient metal 
quality and metal recovery from the recycling process. Especially when melting oxidized 
scrap with a large surface area, the use of a salt flux can significantly improve the metal 
recovery. When remelting loose aluminum chips using a 50 wt % NaCl-50 wt % KCl with 
10 wt % KF additions, Moloodi et al. [58] proved that the metal losses could be reduced 
by more than 95% if compared to the remelting without the salt flux. Further metal treat-
ment, such as degassing and further refining, can be carried out by specific fluxes in ad-
ditional steps. A common flux mixture used for scrap remelting includes mainly NaCl 
and KCl in different ratios, such as 50/50 or 70/30, and fluorides such as KF, NaF, CaF2, 
Na3AlF6, K3AlF6, NaAlF4, KAlF4 or mixtures of them. 

4.5. Wall-Cleaning Fluxes 
Wall-cleaning fluxes are necessary to reduce the accumulation of oxides which leads 

to the formation of α-alumina (corundum) at the side walls of the furnace. If the oxide 
accumulates excessively, it must be removed mechanically. These fluxes contain com-
pounds that assist the removal of oxides build-up and contain the highest amounts of 
double fluorides, such as Na3AlF6 and Na2SiF6. Oxidizing compounds are also present and 

Figure 6. Evolution of the aspect of the dross layer on aluminum melt, treated with drossing flux:
(a) initial wet dross with high residual metal content, (b) treatment of dross with drossing flux, and
(c) final dry dross with low residual metal content.



Metals 2023, 13, 832 14 of 23

4.4. Fluxes for Scrap Remelting

The term “multi-functional refining flux for scrap recycling” was suggested by Wan et al. [11]
to address the flux used for scrap remelting. A combination of the aforementioned types of
fluxes (cover, refining, and drossing fluxes) may be used as a scrap remelting flux before the
molten metal undergoes further specific treatment. For instance, when melting aluminum
scrap in rotary furnaces, a salt flux should ensure proper protection from oxidation while
promoting a sufficient degree of coalescence and reducing the impurities content [10]. If
the different kinds of fluxes were used one after another, it would result in longer times
for melting and treating the molten bath, as well as increased costs and waste produc-
tion [11]. A multi-functional remelting flux ensures sufficient metal quality and metal
recovery from the recycling process. Especially when melting oxidized scrap with a large
surface area, the use of a salt flux can significantly improve the metal recovery. When
remelting loose aluminum chips using a 50 wt % NaCl-50 wt % KCl with 10 wt % KF
additions, Moloodi et al. [58] proved that the metal losses could be reduced by more than
95% if compared to the remelting without the salt flux. Further metal treatment, such as
degassing and further refining, can be carried out by specific fluxes in additional steps. A
common flux mixture used for scrap remelting includes mainly NaCl and KCl in different
ratios, such as 50/50 or 70/30, and fluorides such as KF, NaF, CaF2, Na3AlF6, K3AlF6,
NaAlF4, KAlF4 or mixtures of them.

4.5. Wall-Cleaning Fluxes

Wall-cleaning fluxes are necessary to reduce the accumulation of oxides which leads
to the formation of α-alumina (corundum) at the side walls of the furnace. If the oxide
accumulates excessively, it must be removed mechanically. These fluxes contain compounds
that assist the removal of oxides build-up and contain the highest amounts of double
fluorides, such as Na3AlF6 and Na2SiF6. Oxidizing compounds are also present and assist
the penetration of fluxes in the oxide. They are usually delivered at the refractory walls by
means of a gunning device [21,24].

4.6. De-Magging Fluxes

De-magging fluxes are employed with the aim of reducing the Mg content in the Al
alloys. Powders of AlF3 or AlCl3 are injected in the melt and react, producing compounds
that will be removed by skimming [52]. Chloride solid fluxes containing MgCl2, AlC3,
SiCl4, and fluorides such as NaF and KF can also promote the Mg removal; however, the
amount of NaF and KF should be kept to a minimum with respect to the MgCl2 content to
avoid contamination of the melt with Na and/or K [21].

4.7. Modifying and Grain-Refining Fluxes

Modifying and grain-refining fluxes are employed to introduce an alloying element to
the molten aluminum that will modify its microstructure. Some fluxes may be designed
to introduce Na in Al-Si alloys to modify the eutectic silicon structure [59]. Such fluxes
usually contain sodium carbonate or sodium fluoride. Specific fluxes can also be used to
introduce strontium into molten aluminum [60]. Some Ti- and B-containing fluxes (such
as KBF4 and K2TiF6) are also employed for the grain refinement of aluminum alloys [61].
Table 2 summarizes the types of fluxes described above.
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Table 2. Classification of solid salt fluxes based on the type and amount of the contained chemical
compounds. The chemical and exothermic behaviors and the main type of melting unit of the fluxes
are also reported for industrial relevance. Chlorides are not included as they are usually always
present in the fluxes.

Flux Type
Fluorides Al2O3

Dissolution
Chemically

Active Exothermic Melting Unit
Structure Amount

Cover Simple Low or none No No No Melting, Holding,
Transfer ladle

Melt-cleaning Simple Medium - Yes Slightly Melting, Holding,
Transfer ladle

Drossing Simple, Double High Yes Yes Yes Melting, Holding,
Transfer ladle

Scrap Remelting Simple, Double Medium Yes/No Yes - Melting
Wall-cleaning Simple, Double High Yes Yes Slightly -
De-magging Simple Low No Yes - Holding, Transfer ladle

Modifying and
Grain-refining Simple Low No Yes - Holding, Transfer ladle

5. Efficiency of Solid Salt Fluxes

Several methods are available in the literature to assess the efficiency of a flux. Gener-
ally, the techniques aim to determine the ability of the salt to deliver either sufficient metal
recovery or satisfactory metal cleanliness, depending on the function of the flux.

When determining the flux’s efficiency, several parameters must be considered. These
include the chemistry of the flux, the amount of added salt and its morphology, and the
processing temperature. Another important role in determining the flux’s efficiency is
played by the stirring and by the melting sequence. The following sections describe the
available methods to assess the efficiency of solid salt fluxes and the parameters involved.

5.1. Assessment of the Efficiency of Salt Fluxes

The methods to estimate the efficiency of salt fluxes can be categorized into two
major groups according to the fluxes’ applications. The first group mainly concerns fluxes
for scrap remelting. Typically, the evaluation of fluxes for scrap remelting is carried out
according to their effectiveness in delivering satisfactory metal recovery. The second
category regards fluxes for molten metal treatment, which are evaluated according to their
ability to clean the melt from inclusions and impurities. The methods to assess the metal
recovery and the melt cleanliness are described as follows.

When remelting aluminum scrap, the aim is to maximize the metal recovery from the
process and thus minimize the metal losses due to oxidation and metal entrapment in the
slag. The metal recovery can be expressed as [28]

Metal Recovery (%) =
Metal Output

Scrap Input
(3)

Even though the detailed mechanism through which fluorides act is not fully under-
stood, the addition of fluorides to fluxes is a well-established practice in the industry for
scrap treatment. Lab-scale determination of the effectiveness of fluxes is often based on
coalescence testing. Since coalescence occurs when the metal droplets coagulate after they
are released from the surrounding oxide layer, the coalescence test is a measure of the
oxide-stripping ability of the fluxes. There is no standardized procedure to evaluate a flux’s
ability to assist coalescence; however, they are usually based on the determination of (i) the
time needed for coalescence or (ii) the extent of coalescence after a given time [18]. In both
cases, aluminum scrap pieces are molten using a salt flux in a crucible, which is maintained
at the processing temperature for an established time. Afterward, the crucible is allowed
to cool down and solidify. The aluminum pieces are then recovered from the crucible by
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leaching the salt in water and sieving. The coalesced pieces are then observed to assess the
extent of coalescence, usually according to [62]

Coalescence (%) =
Mass of Coalesced Pieces

Mass of Scrap Input
(4)

The evaluation of the mass of coalesced pieces varies to a great extent in the literature.
For example, Vallejo-Olivares et al. [62] used the mass of the largest piece recovered, while
Capuzzi et al. [63] considered the fraction of the coalesced droplets and their average
diameters to account for their roundness. Besson et al. [18] considered the size of a single
molten aluminum chip and chose coalesced pieces that were larger than a certain size
limit. The results from coalescence tests are not fully representative of the industrial
practice, given the different operating parameters, such as the salt/scrap ratio and type of
input material [18]. There are also differences in the types of furnaces, holding times, and
processing temperatures. Nonetheless, coalescence tests can help to understand the oxide
stripping ability of a flux and the interactions between the metal and the flux [11].

Other studies assessed the metal recovery on a larger scale to improve the repre-
sentability of the results from an industrial point of view, for example, using lab-scale
rotary furnaces [10,28] or industrial-scale furnaces [52,64,65].

Melt cleaning fluxes are typically evaluated based on their ability to deliver improved
melt quality and reduce impurities and inclusions. The available strategies to assess the
efficiency of fluxes on the cleanliness of the metal bath are numerous and vary to a great
extent. They include qualitative and quantitative analysis, which in the industry can
include online and offline techniques. One of the most widespread techniques to determine
the efficiency of fluxes in removing alkali and alkali-earth metals is the change in the
chemical composition of the alloy being treated. As regards inclusions, several techniques
are available which allow us to determine the size, concentration, and chemical composition
of the inclusions, such as PoDFA (Porous Disc Filtration Analysis) and LIMCA (Liquid
Metal Cleanliness Analyzer) [66]. K-mold and RPT (Reduced Pressure Tests) are also
common. In particular, Dispinar [27] proposed the Bifilm Index to assess melt cleanliness
by measuring the total length of double oxide films on the sectioned surface of the RPT
sample. Metallurgical analysis methods such as microstructural investigations and fracture
analysis are also found in the literature. Lastly, changes in the mechanical properties, such
as UTS and elongation to fracture of the considered alloy before and after flux treatment,
are also in use [34,58,67–70].

5.2. Effect of Processing Parameters on the Efficiency of Salt Fluxes

The efficiency of solid fluxing is affected by several factors. First, the chemical composi-
tion determines the chemical and physical behavior of the flux, as described in the previous
sections. The type of fluoride and its concentration in the salt flux affect the salt’s ability
to recover aluminum. The chemical composition of cleaning fluxes also determines their
refining efficiency. Other significant parameters affecting flux properties are the amount of
flux added, the processing temperature, the contact time of the flux, the method of delivery
of the fluxes, and if stirring is applied. These parameters will be discussed as follows.

Assessments of the fluxes’ efficiency in assisting coalescence usually focus on fluoride
concentration in the salt flux and on comparisons between different fluorides at a given
concentration. Several studies show that the best coalescence efficiencies are obtained
with Na3AlF6, NaF, and KF [11,19–21]. Ozer et al. [71] investigated the remelting of used
beverage cans (UBC), and their findings showed that a flux amount equal to 1 wt % of the
metal charge was enough to significantly improve recycling efficiency. Additionally, 5 wt %
fluoride in the flux was sufficient to maximize the recycling efficiency. Sydykov et al. [72]
remelted scrap in a rotary kiln by using a 70 % NaCl—30 % KCl mixture to compare the
efficiency in metal recovery of CaF2 and Na3AlF6. They found that the fluoride type was not
significant in determining the metal recovery. They also concluded that CaF2 concentrations
above 3 wt % in the 70 % NaCl—30 % KCl flux are not necessary unless the scrap type is
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UBC. Thoraval and Friedrich [10] remelted aluminum chips in a lab-scale rotary furnace.
They found that the presence of cryolite and oxides in the flux has a conflicting effect on
the coalescence efficiency. However, when the flux was free from oxides, a cryolite content
of 2 wt % in the equimolar flux was sufficient to maximize the coalescence efficiency of the
metal droplets.

Even though the existing literature provides conflicting results regarding the optimal
type and concentration of fluoride in the flux for scrap remelting, the most consolidated
mixtures for aluminum recycling consist of NaCl-KCl with the addition of either CaF2
or cryolite [47]. The choice is driven by cost considerations and environmental concerns.
However, the fluoride amount, especially when using cryolite, should be kept to the mini-
mum necessary to ensure satisfactory metal recovery without aggravating environmental
issues. A typical amount of fluoride addition ranges from 3 to 7% of the total weight of the
flux [73]. Maintaining the number of added fluorides as low as possible not only implies
environmental advantages but also reduces the corrosion of the refractory walls of the
furnace. As a matter of fact, fluorides and particularly cryolite, are significantly aggressive
and damaging towards the refractory material [74].

Regarding the type of refining flux, Ghanaatian and Raiszadeh [67] investigated the
efficiency of bifilm removal from an aluminum melt using a 50 wt % KCl-50 wt % MgCl2
flux and applying stirring with a graphite rotor. By examining the RPT samples, they found
that fluxing had a significant effect on bifilm removal and attributed the effect to a physical
attachment of the oxides to the flux. Yüksel et al. [69] assessed the melt cleaning efficiency
of a NaCl-KCl mixture containing commercial Na3AlF6, different ratios of NaF/AlF3, and
Na2SiF6. The efficiency of an MgCl2-KCl mixture with Na2SiF6 was also studied. The
fluxes were added as 0.1 wt % of the melt by adding them with a rotary degassing unit.
The best melt cleaning efficiency was obtained when Na2SiF6 was added to the MgCl2-KCl
mixture, whereas the worst cleaning efficiency was observed when adding commercial
cryolite to the NaCl-KCl mixture. Shi et al. [22] also investigated the cleaning efficiency
of a NaCl-KCl mixture when adding KF, NaF, Na3AlF6, MgF2, and AlF3. The findings
show the best inclusion removal efficiency and significant improvement in the mechanical
properties of the samples when using the flux containing KF, whereas the worst results
were obtained when adding AlF3. Other studies [25,68,70] also assessed the inclusion
removal efficiency of different fluxes; however, the fluxes are reported with the commercial
name, and their chemical composition is unknown. Therefore, the correlation between the
chemical properties and the melt-cleaning efficiency of the fluxes cannot be fully assessed.

The amount of salt flux necessary for melt treatment strongly depends on the type of
process, furnace, input material, and surface area. In foundry applications, the amount of
salt flux added will be lower if compared to scrap treatment applications. In transfer ladles
and crucible furnaces, the typical amount of powder flux ranges from 0.25 to 0.5 wt % of the
total weight of the metal charge. The amount of flux can be halved if using granular flux [33].
Drossing fluxes can be added in amounts up to 1% of the weight of the charged metal [21].

In the case of scrap remelting, the salt flux amount is strongly related to the level
of contamination of the scrap. Moreover, it impacts the metal recovery, production and
disposal costs, and energy requirements of the process [65]. Generally, the amount of salt
added for scrap treatment ranges from 2 to 5% of the total weight of the scrap charge [73].
However, it strongly depends on the type of furnace used to remelt the scrap. When scrap is
melted in reverberatory or multi-chamber furnaces, typically, the salt amount is low. Rotary
furnaces can also be used with low amounts of salt, but more commonly, they require
greater amounts of fluxes since they are used mainly to remelt contaminated and oxidized
scrap [2]. The necessary salt amount is usually related to the scrap quality through the salt
factor (SF), defined as [65]

SF =
msalt

mscrap·(1−ηmetal
) (5)

where mscrap is the amount of scrap, msalt the weight of the added salt and ηmetal is the
metal content in the scrap.
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Pirker et al. [28] suggested that it is not possible to precisely determine the salt factor
since the feedstock and its impurities also play a role in determining the necessary amount
of salt. The treatment of scrap with high organic content requires higher salt amounts
to reach satisfactory metal recovery because a significant amount of salt is required to
bind the organic material in the slag. Capuzzi et al. [65] attributed the beneficial effect of
increased salt amount on the metal recovery to the dilution of the non-metallic particles
in the slag, whose effect on viscosity and coalescence has been previously described.
However, the salt amount should be kept to the minimum necessary to ensure proper
metal recovery. Too high salt amounts lead to increased costs as well as environmental
concerns for the treatment of salt cakes. For the fixed-axis rotary furnace, large salt factors
ranging from 0.9 to 2 are frequent; more common is the value of 1.8. However, the salt
factor in tilting rotary furnaces can be reduced to 0.4÷ 0.8, thus implying reduced costs and
waste products [58,72]. Drosses are also treated in rotary furnaces to recover the aluminum
content, adding salt flux up to 50% of the dross weight [7].

The processing temperature also determines the efficiency of fluxes. If the processing
temperature is not sufficient to melt or thermally activate the fluxes, their performance can
be compromised. Non-reacted fluxes decrease the efficiency of the molten metal treatment;
if they remain solid, they can stick to the final product, thus compromising its quality.
Figure 7 shows granules of a drossing flux that remained solid and thus did not properly
serve its function of reacting with the dross.
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Increasing the processing temperature is beneficial to improve the fluidity of the salt
because the viscosity of molten salts generally decreases with increasing temperature [43].
Máté et al. [25] investigated the melt cleaning efficiency of different fluxes, maintaining
the furnace temperature between 730 and 750 ◦C. They concluded that fluxes with lower
melting points were more efficient at inclusion removal due to the higher fluidity at the
process temperatures. This is in agreement with a previous study from Majidi et al. [75],
who studied the effect of fluxing temperature on the inclusion removal efficiency of a
salt flux. From their results, an optimal fluxing temperature of 740 ◦C was found. This
temperature was considered the optimum compromise between sufficient fluidity of the
flux and limitation of hydrogen absorption. Bhaskar et al. [64] investigated the metal losses
as a function of the processing temperature of aluminum chips in different furnaces by
using a salt flux. The results show minimum values of metal losses when the temperature
is maintained at 750 ◦C, regardless of the type of furnace. At lower temperatures, the salt
is not able to provide sufficient protection, and thus metal is lost in the dross; at higher
temperatures, the metal losses are caused by excessive oxidation.

The morphology of fluxes also influences the efficiency. Fluxes are typically available as
powders, granulates, pads, or tablets. Powders are either distributed over the melt [17] or, in
the case of refining, injected in the melt through a lance or an impeller using a carrier gas [51].
However, powders lead to the release of harmful and hazardous dust. The development
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of granulated fluxes allows for several advantages; they are handled more easily, their
humidity absorption is reduced, and their efficiency is improved. Moreover, they ensure
uniformity of the chemical composition of the flux in each grain. The manufacturing
process involves melting the salt powders, and after they are solidified, they are ground to
produce granules [76]. Despite the additional costs due to their manufacturing process, the
amount of flux necessary for the metal treatment is significantly reduced, thus carrying
economic benefits [59]. Powder and granulated fluxes, due to their high surface area,
are very reactive with the melt, and thus they are consumed quickly. The coarser size
of granulated fluxes and fluxes in the form of pads and tablets allows us to prolong the
effectiveness of fluxes [77]. Different sizes of granulated fluxes are shown in Figure 8.
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The sequence of melting also determines the effectiveness of the process. According to
Schmitz [17], during the recycling of scrap in the rotary furnaces, the salt must be added
before melting, whereas, in the reverberatory furnaces, the salt is distributed onto the melt
before skimming to reduce further oxidation of the melt. To reclaim swarf and turnings, it
is advised to add the flux to a molten metal heel, and after the flux is molten, the scrap is
added slowly.

As regards cover fluxes, it was suggested to add the flux in two stages: half of the
salt should preferably be added with the solid charge, while the remaining should be
introduced inside the furnace when the metal is completely melted [59]. When adding
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reactive fluxes such as melt-cleaning fluxes, they should be stirred into the melt to ensure
a proper reaction between the melt and the flux. Stirring can be carried out mechanically,
through bubbling if the flux is carried by a gas, or with the aid of an impeller such as in
rotary flux injection. After stirring, the salt should be left in contact with the molten metal
to assist the chemical reactions, floatation of inclusions into the salt, and coalescence. By
remelting aluminum scrap, Xiao et al. [47] investigated the effect of stirring and found it
has an improving effect on coalescence.

Figure 9 summarizes the above-described parameters affecting the efficiency of solid
salt fluxes.
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6. Conclusions

Secondary aluminum production will increase in the near future because of environ-
mental and economic benefits such as the reduction of emissions, energy requirements,
and costs if compared to primary aluminum production. However, the recycling process
and the treatment of molten metal still need considerable improvements to ensure the
satisfactory quality of the secondary products. Significant issues concern the metal losses
due to oxidation of the molten metal and the presence of impurities that compromise the
performance of the products.

Salt fluxes are popular media used during the treatment of molten aluminum. They
are used in several applications in the aluminum industry; this paper reviews the use of
solid fluxes in the recycling of aluminum scrap and in the treatment of molten aluminum
to remove impurities and inclusions. Their main functions are the protection of the molten
metal from oxidation by forming a liquid layer over the melt, the assistance in promoting
the coalescence of Al droplets which would otherwise remain entrapped in the slag, and
the removal of impurities and inclusions.

The chemical composition of salt fluxes is essential in determining the physical and
chemical properties of the flux. Such properties include the flux’s melting point, density,
viscosity, wettability, and reactivity, and they have a remarkable effect on the behavior
of the flux and its efficiency. The presence of fluorides in the flux increases the ability to
recover aluminum and decrease inclusions in the melt. However, fluoride additions should
be minimized for environmental concerns.

The main categories of salt fluxes include cover fluxes, melt-cleaning fluxes, drossing
fluxes, fluxes for scrap recycling, wall-cleaning fluxes, and de-magging fluxes. These types
of fluxes differ in chemical composition, and they serve specific functions. They may be
used separately or jointly according to the application and requirements.



Metals 2023, 13, 832 21 of 23

In addition to the chemical composition of the flux, several other parameters affect
the efficiency of fluxing. The amount of salt to be added should be optimized to ensure
sufficient metal recovery. In the case of recycling, the salt amount strongly depends on the
type and level of contamination in the scrap. The processing temperature should ensure
proper fluidity of the flux without leading to excessive metal oxidation. The handling and
delivery method of the salt depends on the type of remelting process and the kind of flux,
and it should be adjusted accordingly.
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