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ABSTRACT

With the increasing demand for sustainable aluminum materials and the rapid
development of high-performance aluminum alloys, the effective removal of non-
metallic inclusions (NMlIs) from aluminum melts has become a central focus in
aluminum metallurgy field and more stringent requirements have been imposed
on the content of NMIs in aluminum alloys. NMlIs in the aluminum melt will
significantly affect the mechanical properties, surface quality and overall perfor-
mance of aluminum alloys. Aluminum melt purification treatment is the critical
step to produce sustainable and high-quality aluminum products. In order to
achieve high cleanliness aluminum, various NMIs removal techniques have been
developed and continuously improved. This review systematically analyzes the
principles and research progress of current NMIs removal techniques, details
the influence of different process parameters on the NMlIs removal efficiency of
different techniques, and highlights the advantages and limitations of each tech-
nique. In addition, the key points for future research and development of NMIs
removal techniques are also proposed, with a focus on improving purification
performance and sustainable development. The aim of this study is to provide a
foundational reference for the development of next-generation aluminum puri-
fication techniques that enable cleaner, more sustainable, and higher-quality alu-
minum products for high-performance applications in future high-end industries.
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tensile strength, excellent fracture toughness, fatigue
strength, but also maintain good thermal and electri-

Introduction

According to data from International Aluminum Insti-
tute, global primary aluminum production reached
72.9 million metric tons in 2024, with a steady upward
trend in recent years [1]. Aluminum and its alloys not
only have low density, high yield strength and ultimate
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cal conductivity, high corrosion resistance, high ductil-
ity and favorable casting properties, etc. [2-7]. These
advantageous characteristics have contributed to the
widespread and increasing applications of aluminum
materials in aerospace, marine vessels, transportation,
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machinery, construction, petrochemicals, food packag-
ing, and other modern industrial fields [8-10].

The rapid development of advanced functional
materials and manufacturing industries has led to
increasingly complex applications of aluminum,
resulting in a growing demand for high-performance
Al alloys across various fields and more stringent
quality requirements. Enhancing the properties of alu-
minum materials requires strict control over not only
chemical composition and microstructure but also
melt cleanliness which is primarily determined by dis-
solved impurities, dissolved gases (mainly hydrogen)
and non-metallic inclusions (NMlIs) [11]. NMIs can be
classified by their chemical composition as consist-
ing mainly of oxides, carbides, borides, nitrides and
salt components [12]. According to the source, NMIs
can be categorized into endogenous and exogenous
inclusions. Exogenous inclusions come from external
sources, such as refractory materials, while endoge-
nous inclusions are formed by high temperature reac-
tions between elements in the melt. Numerous studies
have demonstrated that the concentration, morphol-
ogy, size, hardness, plasticity and distribution of NMIs
can directly affect Al processing as well as quality and
performance of Al products, including surface integ-
rity, strength, toughness, plastic deformation behav-
ior, corrosion resistance, etc. [13-18]. Due to the high
hardness and poor ductility of NMIs, they can eas-
ily lead to surface defects such as pinholes, cracks, or
even foil fracture during rolling and coating processes,
reducing qualification rates, performance, and overall
yield of Al foils [19, 20]. The existence of NMlIs in the
aluminum significantly increases the effective viscos-
ity of the melt and adversely affects the melt fluidity
[21, 22]. This can lead to clogging of the casting nozzles
and filters on continuous casting lines [23], reduce the
efficiency of the feeders, result in porosity in the cast-
ings [24-26], and ultimately affect the quality and per-
formance of the castings [27, 28]. Additionally, NMIs
have a key effect on porosity formation in aluminum
alloy castings, which is ultimately detrimental to their
mechanical properties ductility and tensile strength
[29]. In John Campbell’s Bifilm theory, bifilms, con-
sisting of two oxide layers separated by a thin layer of
air or other gases, act as key defect sources, leading to
porosity, shrinkage and crack [30-32]. The mismatches
between NMIs and the surrounding aluminum matrix
material, in terms of stiffness mismatch, strength
and ductility mismatch and thermal expansion mis-
match [15, 33-35], can induce localized dislocation
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accumulation and create stress—strain concentration
areas adjacent the inclusions [36-38]. These residual
stress—strain concentrations are the primary source of
microcracks, which impede the plastic deformation of
the aluminum alloy, resulting in increased brittleness
and dramatically reduced ductility of the material [39,
40].

NMIs have a close interaction with hydrogen,
where dissolved hydrogen atoms in the melt tend to
adsorb onto the inclusions. Due to its lower solubility
of hydrogen in the solid aluminum, NMIs can serve as
nucleation sites for precipitation of dissolved hydro-
gen, which leads to an increase in potential porosity
[41-46]. As the contents of NMIs increase, the corro-
sion potential of Al alloys gradually becomes more
negative, leading to a decrease in corrosion resistance
of Al alloys [47].

With all this background, the effective removal and
control of non-metallic inclusions in the aluminum
manufacturing process is a key technology that has
been continuously improved and optimized over the
last decades. This paper first summarizes the effects of
non-metallic inclusions on the properties and perfor-
mance of Al alloys to highlight the critical importance
of optimizing NMI removal processes for an improved
final product quality. The current advances in NMI
removal processes are then analyzed in detail, discuss-
ing the advantages and limitations of each process.
The aim of this review is to provide a basic reference
for the future development of high-quality aluminum
alloys and to promote their application in future high-
performance industries.

The development and current status
of removal of NMIs in Al melts

A variety of effective techniques have been developed
so far for the purpose of removal NMlIs, mainly includ-
ing salt fluxing, sedimentation, gas purging (bubble
flotation), electromagnetic separation, filtration and
supergravity-enhanced separation. Each individual
technique is explained in detail in the following.

Salt fluxing

Salt fluxing process is in general the first cleaning step
for aluminum melts and is widely applied in the Al
melts purification and Al scrap recycling process. Salt
fluxes are generally a mixture of several low melting
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point inorganic salts. According to their purpose and
function, salt fluxes can be categorized into four main
types, including covering fluxes, drossing fluxes, refin-
ing fluxes and furnace wall cleaner fluxes [48-50]:

— Covering fluxes form a shielding molten layer on
the melt surface, preventing the melt from oxida-
tion and absorption of hydrogen.

— Refining fluxes facilitate the removal of metallic
impurities and accelerate the separation of NMIs
from the melt.

— Drossing fluxes are applied to promote the
separation of aluminum oxide dross from
entrapped molten aluminum through exother-
mic reactions with metallic aluminum, such as
2A1+KNO; — AL, +1/2N, + K (AH? = - 1230 kJ).
The generated heat enhances flux fluidity, while
the liberated potassium reduces interfacial tension
and improves wettability, facilitating the coales-
cence of aluminum droplets. Drossing fluxes effec-
tively reduce the metallic aluminum content in the
drosses, which can otherwise reach 60-80% [50].

— Furnace wall cleaner fluxes primarily soften and
remove excessive aluminum oxide buildup on the
furnace walls, especially near the surface of the
melt [51].

The main removal mechanism of suspended NMIs
in Al melt via salt fluxing relies on differences in wetta-
bility, i.e., NMIs have a higher wettability with molten
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salts than with aluminum, prompting their spontane-
ous migration across the Al melt/salt flux interface into
the salt flux [52, 53]. As illustrated in the red dashed
region of Fig. 1, the suspended NMIs removal process
by the wettability of fluxes can be divided into three
steps: (I) the suspended inclusions approach to the Al
melt/salt flux interface; (II) inclusions migrate to the
Al melt/salt flux interface and adhere; (III) inclusions
migrate away from the interface towards the inte-
rior of the molten salt due to the interfacial tension
between the three phases, then float with salt flux to
the melt surface, and eventually be absorbed into the
molten salt flux layer [54]. Additionally, molten salts
(e.g., NazAlF,, Na,B,O, and K,B,0,) can partially dis-
solve or disrupt oxides, which destroys their structural
integrity, creates discontinuities, and promotes crack
propagation. Mechanical stresses generated by the
difference in thermal expansion coefficient between
aluminum and aluminum oxide and the density dif-
ference between a-Al,0O; and y-Al,O;, can lead to
crack formation in the oxide films. These combined
chemical and mechanical effects facilitate the transfer
of NMIs from the melt into the salt fluxes [48]. The
green dashed region of Fig. 1 illustrates the removal
process of the oxide film based on the dissolving or
destroying effect: (I) the molten salt is adsorbed on the
oxide film; (II) the continuous oxide film is destroyed,
partially dissolved, and stripped by the molten salt;
(IIT) the discrete oxide films are wetted and absorbed
in to the molten salt fluxes.
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Figure 1 Schematic diagram of the three steps of the removal of non-metallic inclusions by molten [52], modified.
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The main factors affecting the performance of this
technique are chemical composition, morphology,
granularity, quantity of fluxes, refining temperature,
time, etc. [42]. In general, salt fluxes can be divided
into three main categories based on their chemical
compounds, i.e., Chloride-based fluxes, Fluoride-
based fluxes and oxidizing compound fluxes.

Chloride salt fluxes are the most basic commer-
cially salt fluxes, typically composed of NaCl and KCJ,
which can form a low-temperature eutectic at 657 °C
[49]. However, due to the limited wetting, adsorption
and dissolution ability of chloride fluxes for inclu-
sions, the purification ability and efficiency of chloride
fluxes is often enhanced by supplementing fluoride,
including monofluorides (e.g., NaF, KF, MgF,, AlF;)
and double fluorides (e.g., Na;AlF,) [49, 54, 55]. The
enhancement effects of fluoride are mainly attributed
to the following aspects: (1) lowering the melting point
of the salt flux mixture with the addition of only a
small amounts of certain fluoride, facilitating better
fluidity; (2) reducing the interfacial tension between
the Al melt and salt fluxes, decreasing the wetting
angle between salt fluxes and inclusions and thereby
improving the wettability between inclusions and
molten salt fluxes [56, 57]; and (3) striping off the oxide
layer and dissolving aluminum oxides, thus effectively
promoting the separation of NMlIs from Al melt and
Al coalescence [42, 58-62]. However, fluorides can
generate toxic and harmful by-products which cause
environmental and ecological concerns. For example,
Na,SiFg can partially decompose during salt fluxing
process and release SiF; gas which can cause serious
harm to the surrounding organisms and the environ-
ment [63]. Additionally, fluoride salts are also more
costly than chlorides, limiting their industrial usage.
Consequently, in industrial applications, fluoride
additions must be carefully optimized to balance puri-
fication efficiency, cost, and environmental impact.
In addition to toxic gases contamination, impurities
introduced during the salt fluxing process should be
carefully monitored. In Al-Mg alloys with high Mg
content (>2 wt.%), sodium-containing fluxes can intro-
duce Na impurities in the form of Na-rich particles in
the Al-Mg alloys due to chemical displacement reac-
tions between sodium compounds and Mg, e.g., 2Na*
(Salt) + Mg,, (Metal) — Mg?" (Salt) + 2Na,, (Metal).
Experimental results showed that fluxes containing
0.3 wt. % NaF or NazAlFs can significantly increase
residual Na levels in Al-10% Mg melts, reaching up to
35.1 ppm and 22.7 ppm, respectively [64]. In contrast,
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0.3 wt. % NaCl results in a lower Na content (7.9 ppm),
indicating that its impact is relatively minor. Further-
more, higher magnesium content in Al-Mg alloys
enhances their reactivity with sodium-containing
fluxes, increasing the risk of sodium contamination.
Excessive sodium content (> 10 ppm) could cause high
temperature embrittlement of Al-Mg alloys via inter-
granular fracture [49, 65, 66]. Therefore, more expen-
sive sodium-free fluxes (e.g., MgCl,-KCl binary flux)
are the preferred choice for AI-Mg alloys [51].

Various oxidizing compounds can also be added
into the salt fluxes to further enhance the effective-
ness of salt fluxing process. Oxidizing compounds,
comprising sulfates, carbonates, and nitrates could
react exothermically with the aluminum in the dross
to raise the temperature of the melt and improve its
fluidity and wettability, thereby facilitating the separa-
tion of NMIs from melt and promoting chemical reac-
tions between salt fluxes (especially fluorides) and
inclusions [49, 59, 67]. Oxidizing compounds such as
Na,B,0O;, K,B,0, facilitate the removal of Al,O; due to
their ability to dissolve alumina [49].

Nowadays, salt fluxing technique is commonly uti-
lized in industry for the removal of inclusions and is
often combined with Gas purging technique to improve
the overall efficiency of NMIs removal. However, it has
been reported that the fluxes may occasionally remain
in the aluminum castings of products if they are not
completely removed during the skimming process,
and ultimately reducing the machinability or corrosion
of products This happens if they are not completely
removed during skimming.[68]. Furthermore, chlo-
rides and fluorides can produce harmful by-products,
and the disposal of slag waste presents significant chal-
lenges, which contradict the principles of sustainable,
green production. This process also has the limitation
that only large non-metallic inclusions can be removed,
so that small inclusions would remain in the melt. Nev-
ertheless, fine scraps, thin-walled scraps, highly oxi-
dized scraps, bottom ash can only be processed effec-
tively under salt fluxes. Fine or thin-walled aluminum
scraps are highly susceptible to rapid oxidation and
poor melting behavior due to their large surface area
and tendency to capture gases and oxide films. Salt
fluxes are essential in these cases to suppress oxidation,
enhance thermal conduction, and promote metal drop-
let coalescence, thereby significantly improving metal
recovery [69, 70]. In the industrial treatment of highly
contaminated and oxidized aluminum scraps or bot-
tom ash, salt fluxes can protect the molten metal from
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further oxidation, chemically dissolve and effectively
break up the oxide layer, and promote coalescence of
metal droplets, enabling efficient metal liberation and
separation [71, 72].

Sedimentation

Sedimentation (also known as settling) is the most tra-
ditional and basic purification process in the aluminum
industry, which serves as the initial purification step to
reduce the load on subsequent refining and filtration
steps and lay the foundation for subsequent deep puri-
fication. The basic mechanism for removal of NMIs in
sedimentation process relies on the density difference
between the inclusions and the melt. Suspended NMIs
either settle to the bottom or float to the surface of the
melt under the influence of gravity or buoyancy, leading
to their effective separation from the melt, as illustrated
in Fig. 2.

Simplifying the forces model of inclusions in the melt
during sedimentation process, i.e., considering only
gravity, buoyancy, and drag, the drag force (Fp(gppere))
and the terminal settling velocity (0p(sphere)) Of perfect
spherical particles with respect to continuous fluid
motion in laminar flow (Reynolds number <2) can be
characterized by Stokes’ law [74, 75]:

FD(sphere) = 3mpvpd (1)
8d*(pp = py)
vP(sphere) = T )

(Buoyancy force)

(Buoyancy force) (Drag force) F
Fg  Fp o
A
dS,Ct)ﬂ:flg Floating
frection I direction
Y l
F FG FD
( Grasity) (Gravity) (Drag force)

Pnmis > PAI melt Pnmis < PAI melt

Figure 2 Forces acting on NMlIs in Al melt during sedimenta-
tion process [73].
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where p is the viscosity of the melt, g is gravity con-
stant, d is the diameter of the spherical inclusion, pp
and p,, are density of inclusions and melt, respectively.

As illustrated in Fig. 3, the micron-sized inclusions
with larger sizes and higher densities have a faster
settling speed, which correlates with better removal
efficiency [73, 75-77]. Kolsgaard et al. [78] and Ordjini
et al. [79] studied the settling behavior of SiC inclu-
sions in Al melt. It was found that the settling rate
of SiC increased with decreasing particle volume
fraction, increasing particle size, and increasing melt
temperature. Heidary et al. [80] developed a computer
program to predict the settling behavior of SiC in Al/
SiC slurries by MATLAB software, which incorpo-
rated simple Stokes’” law with some relevant correc-
tion factors to consider the effect of slurries viscosity
and particle shape, thereby improving the accuracy
of the NMIs settling velocity prediction. TiB, is an
important nucleation substrate for grain refinement
in aluminum alloys, but it is also a major non-metallic
inclusion belonging to the borides group. Due to its
high density (4.52 g/cm?), TiB, is highly suitable to be
removed by sedimentation process, and its settling
behavior in Al melts has been widely studied in vari-
ous literature [81-83].

In practice, non-metallic inclusions in aluminum
melts are typically non-spherical particles, mostly
in polygonal or irregular shapes. The shape factor
affects the drag force acting on the particles thus hav-
ing a significant effect on the NMIs settling behavior,
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Figure 3 Settling speed as a function of radius and densities of
inclusions in the Al melt [75], modified.
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which can be described by the drag coefficient (Cp)
of the particles [73, 84, 85]. Gokelma studied the set-
tling behavior of spherical-like and thin-film Al,O,
inclusions in Al melts, and concluded that the diam-
eter is positively correlated with the settling velocity,
whereas the aspect ratio of NMIs is negatively corre-
lated with the settling velocity [76]. By geometrically
approximating the inclusion film by a non-spherical
thin disc with a certain aspect ratio, the terminal set-
tling velocity of the film in the Al melt can be calcu-
lated as [76, 77]:

N (pp = pr) 7dhg -
fibm = 32u

where pp and p,; are density of inclusions and melt, d

is the diameter of the film inclusion, 4 is the thickness
of the film inclusion, g is gravity constant, y is the vis-
cosity of the melt.

In a real situation of the melting process of alu-
minum, natural- as well as forced convection inevi-
tably occur and cause a dual effect on the removal of
inclusions. The poor wettability between non-wettable
NMIs and Al melt promotes collisions and aggrega-
tion of NMIs, which should be considered in the
study of the kinetic behavior of NMIs in the melts
[86]. Convection such as turbulence flow benefits the
agglomeration of non-metallic inclusions into large-
sized clusters by actively colliding with each other,
thus enhancing their settling or floating behavior
[87-89]. The simulation results showed that the inclu-
sions clusters were formed very fast under turbulence
and their formation kinetics followed a second-order
behavior in the early stages of agglomeration [90].
Brownian (random motion), Stokes (creeping motion)
and turbulent collisions all affect the agglomeration
of non-metallic inclusions. Turbulent and Brownian
collisions become more active with increasing melt
convection, while Stokes collisions have the oppo-
site effect [91]. Agglomeration contributes to the for-
mation of larger clusters of non-metallic inclusions,
which plays a vital role in improving the separation
efficiency of non-metallic inclusions in sedimenta-
tion and bubble flotation processes. However, natu-
ral convection and forced convection disturb the melt
which have negative effects on the settling behavior
of suspended inclusions. Irons et al. [92] monitored
the in-situ settling behavior of 14 um SiC particles in
an Al-Si melt by an electrical resistance probe, and
the results showed that significant agglomeration
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occurred before settling begins and that mechanical
stirring would break up the agglomerates and reduce
the settling velocity of clusters. The geometry of the
furnace has a significant effect on fluid flow and par-
ticle settling behavior [93]. Sztur et al. [74] developed
a numerical model to calculate turbulence fluid flow,
inclusion trajectories, and settling velocities of inclu-
sions in a laboratory-scale furnace and an industrial-
scale furnace. Theoretical calculations showed that the
maximum flow velocity of natural convection in a 35t
industrial furnace is with 13 mm/s significantly greater
than the 3 mm/s in a 1t lab-scale experimental fur-
nace. Both model calculations and experimental data
indicated that large inclusions (100 um in diameter)
were not significantly affected by natural convection.
However, small inclusions (10—40 pum in diameter) can
be trapped in the vortex (or natural convection), thus
making it difficult to settle. The extent to which inclu-
sions are affected by natural convection depends on
the comparison between the diameter of inclusions (d)
and Stokes diameter (dg;kes) [73, 77]. dgiores TefETS to
the inclusion diameter where the Stokes velocity of
inclusion is identical to the velocity of the melt. For
large particles (d > dg.s), the sedimentation behavior
of NMIs is quite in accordance with Stokes” law (see
Eg. (2)) and is not greatly affected by natural convec-
tion. For small particles (d < dgyes), however, NMIs
are entrained by natural convection at near-fluid
velocities. In addition, NMlIs suspended in Al melt can
undergo random thermal collisions with liquid mol-
ecules, which creates unbalanced Brownian force on
the particles, leading to irregular Brownian motion of
the particles in a zig-zagged trajectory [94]. According
to the Stokes—Einstein equation, the Brownian diffu-
sion coefficient of particles is inversely proportional
to the size of the particles, meaning that as the par-
ticle size increases, the Brownian motion of particle
becomes slower and less noticeable. For larger inclu-
sions (diameter > 10 pum), the Brownian motion has a
negligible impact on their trajectories [90].

To summarize, the sedimentation process has the
advantages of simple process, no need for complex
equipment, low operating costs and suitability for
large-scale industrial applications, making it suitable
for the initial purification of Al melts. Based on the
density data of the aluminum melt and non-metallic
inclusions [95], it can be theoretically predicted that
NMIs with density greater than the aluminum melt
can be effectively removed by the settling mechanism.
Nevertheless, certain NMlIs (e.g., Al,C; with a density
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of 2360 kg/m®) that approximate the density of melt are
challenging to remove by sedimentation. Precise con-
trol of melt temperature is critical, as excessively high
melt temperature promotes the formation of oxides,
while excessively low temperatures increase melt
viscosity thereby hindering the settling of inclusions.
In addition, when the size of inclusions is extremely
small (d <10 um), the settling velocity of inclusion
becomes negligible or even inhibited due to the influ-
ence of convection or Brownian motion, resulting in a
low NMIs removal efficiency. Consequently, the sedi-
mentation process is generally applied in industry to
remove inclusions with large diameters and high dif-
ferences in density from the melt. In addition, since
the sedimentation process becomes significantly pro-
longed for fine particles or those with densities close
to that of the melt, the settling process in the industrial
field for non-metallic inclusion removal in aluminum
melts requires careful optimization of treatment time
to balance NMIs removal efficiency and economic
feasibility.

Gas purging (bubble flotation)

Gas purging technique, which can also be termed as
bubble flotation, is an effective method for reducing
the content of gases (mainly H,), alkaline elements
(e.g., Na, Li), alkaline earth metals (e.g., Ca) and inclu-
sions in the Al melt [96]. During bubble flotation pro-
cess for melt purification, inert gases (e.g., Ar, N,, etc.),
insoluble active gases (e.g., Cl,, C,Cl,, C,Cl,, etc.) or
mixtures of both are injected into the melt [11]. Stir-
ring, gas introduction technology and the mass flow
of gas are typically optimized to promote melt con-
vection and diffusion in order to produce finer, more
dispersed and more uniformly distributed gas bub-
bles, thereby increasing the gas-liquid interface ratios
and ultimately improving the purification efficiency
of the process [97]. While the fine bubbles continue to
expand and float upward, the bubble surface adsorbs
or captures the inclusions from the melt with the inter-
action between bubbles and inclusions. This process
transports the inclusions to the melt surface where
they accumulate and are subsequently removed from
the melt. The schematic diagram of the gas purging
process for removal of inclusions via a rotor is shown
in Fig. 4. In a broad sense, the mechanisms of NMIs
removal by gas purging technique can be categorized
into three main modes: (a) inclusions attached to the
bubble surface; (b) inclusions are captured by the
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Figure 4 Schematic diagram of the gas purging process to
remove inclusions [102].

rising wake of the bubble; (c) inclusions are dragged
by the bubble plume caused by the flow pattern
[98-100]. Among them, the bubble surface adsorption
mechanism plays a more dominant role [101].

Zhang and Taniguchi [103] proposed a kinetic
mechanism of the adsorption interaction between bub-
ble and inclusion, which laid the theoretical founda-
tion for the removal of non-metallic inclusions from
melts by bubble flotation process. The overall process
of bubble-attached inclusions flotation mainly consists
of six subprocesses, as shown in Fig. 5a [104].

As illustrated on the kinetic mechanism perspec-
tive, the attachment and capture of inclusions by bub-
bles and their stability determine the feasibility and
efficiency of the bubble flotation process for inclu-
sion removal. Falsetti et al. [104] further revealed the
adsorption effect of bubbles on inclusions from a ther-
modynamic perspective. The relationship among the
particle energies (adsorption energy AE,, desorption
energy AE,, and attachment energy AE,,), the contact
angle (0), and the attachment stability of solid spheri-
cal particles at the gas-liquid interface was investi-
gated [104-107]. The contact angle (0) formed between
the liquid—gas and solid-liquid interfaces characterizes
the wettability of the particle and describes the posi-
tion of the solid particle. The inclusion has different
energy states from the liquid melt to the adsorption
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contact angle [103, 104], modified.

at different positions onto the gas bubble of the lig-
uid-gas interface, as shown in Fig. 5b.

In addition to the terms discussed above, gas purg-
ing is an integrated engineering process that is influ-
enced by several factors, including operational-, chem-
ical-, and hydrodynamic factors [108]. Operational
parameters such as immersion depths of impeller,
impeller rotational speed, impeller geometry, purg-
ing gas flow rate, treatment time, melt temperature,
bubble size, bubble dispersity and inclusions size all
influence the removal of inclusions [109-113]. From a
hydrodynamics point of view, the NMIs removal pro-
cess by gas purging process is a complex flow system
of multiple phases interactions, including liquid-phase
melt turbulence generated by gas flow and impeller
rotation, interactions between liquid melts and purged
gas phases, collision dynamics between solid particles,
and etc. Impeller rotation speed and gas purge flow
are the most important factors on flotation efficiency.
Both can create turbulence inside the melt, alter the
size, dispersion and volume fraction of the bubbles
in the melt, thus affecting the interactions between
the multiphase fields and controlling the transport
and collision of particles to the bubble surface [102,
114-117]. Mathematical models have been developed
to simulate the turbulent multiphase (gas-liquid-solid
phase) flow field in the rotating flotation process and
the removal of inclusions [114-116]. The simulation
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results show that the increase in gas purge flow and
impeller rotation speed contributed to the effective-
ness and efficiency of particle removal. Among them,
the impeller rotation speed has the most prominent
effect on the performance of gas purging for inclu-
sions removal. On the one hand, the turbulence gener-
ated by the high-speed rotating impeller significantly
increases possibility of collisions among inclusions,
promoting the aggregation of randomly distrib-
uted inclusions into relatively larger clusters, which
enhances their tendency to either float or settle. On
the other hand, the high-intensity of turbulence also
facilitates the attachment of particles to gas bubbles,
thereby promoting their upward flotation. A higher
purge gas flow rate combined with a faster impeller
rotation speed enhances the volume fraction of gas
in the melt and promotes the purge bubbles to split
into bubbles with a smaller average stabilized bubble
radius. The smaller the bubble radius, the bigger reac-
tion surface, hence higher efficiency of the removal of
inclusions. Therefore, micro-bubble flotation enhances
the removal of fine non-metallic inclusions by gener-
ating microbubbles (less than a few hundred microns
in diameter), which provide greater total surface area
per unit gas flow rate high surface energy, and longer
residence time, thereby improving attachment and
flotation efficiency of NMIs [118-121]. This results
in greater collision rates between NMIs and bubbles
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and more efficient inclusions removal efficiency [102].
However, at high impeller speeds, the gas flow rate
had no significant effect on the inclusion removal effi-
ciency. The geometrical design and depth position
of the impeller are important process parameters to
optimize the aluminum purification process, which
can affect the size and dispersion of the bubbles in
the melt, thus affecting the NMIs removal efficiency
[122-125].

The inclusions flotation kinetics are highly depend-
ent on size of inclusions [102, 126]. Gas purging pro-
cess can remove larger particles more efficiently. The
smaller size of the inclusions means that they are more
difficult to remove. When the size of inclusions is less
than 5 um, the removal degree was basically close to
0%. In industrial applications, gas purging technology
can effectively remove inclusions approximately larger
than 20 um in diameter. The addition of chlorine-
containing gases improves the removal of NMlIs such
as TiB,, Al,C;, and oxide films, especially for oxide
films suspended in the melt due to fact that the reac-
tive gases can affect the surface tension of the bubbles
[127]. Gokelma et al. [128] introduced the Ar-H,O gas
mixture into aluminum melts, and the results showed
that the formation of Al,O; or oxycarbide on the sur-
face of H,0O-containing bubbles promoted the attach-
ment of Al,C; inclusions to the bubbles, thus improv-
ing the removal efficiency of NMlIs.

The gas purging method is simple and effective for
the industrial continuous removal of hydrogen and
non-metallic inclusions from Al melts. Gas purging
method is often combined with salt flux treatment,
which can greatly improve the inclusions removal
efficiency [129-131]. However, this method has lim-
ited ability to remove ultrafine (submicron) NMlIs. In
addition, the quality of the melt may be negatively
affected when the parameters of the gas purging pro-
cess are inappropriate. For example, when the impel-
ler speed is too fast, the local surface vortex around
the impeller and the splashing around the vessel wall
can entrain the oxide film from the melt/air interface
into the melt [43, 110, 132]. Inert gases (e.g. high purity
Ar) are relatively costly to use. In contrast, N, gas is
more economical. However, gas purging with N, can
lead to the formation of numerous small-sized nitride
bifilms [129, 133, 134]. The increase in NMIs content
during nitrogen purging can be attributed, on the one
hand, to the chemical reactions between N, and alloy-
ing elements such as Al and Mg at high temperature,
leading to the formation of nitride bifilms such as AIN
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and MgsN, [12]. On the other hand, the potential con-
taminations in the purging gas, such as O, and H,O
can also lead to a degradation of melt quality by intro-
ducing additional inclusions [129].

Electromagnetic separation

Electromagnetic (EM) separation, an emerging physi-
cal separation method, has been extensively stud-
ied for removing inclusions [135]. The fundamental
mechanism of the electromagnetic separation of inclu-
sions in the melt is mainly to utilize the difference
in electrical conductivity between the melt and sus-
pended non-metallic inclusions [136]. When an elec-
tromagnetic field is applied to the melt, the molten
metal with strong electrical conductivity is affected
by the Lorentz force to move in a certain direction.
The compression of the molten metal by the Lorentz
force generates a pressure gradient within the metal.
Most NMIs are electrically non-conductive (o, =0) or
have much lower electric conductivity compared to
the molten metal (0,/0; K 1), where o, and o; repre-
sent the electrical conductivities of the inclusions and
the molten metal, respectively. NMIs experience a net
electromagnetic separating force, often referred to as
electromagnetic repulsion or electromagnetic pressure
force, which acts in the opposite direction of the Lor-
entz force acting on the molten metal, thereby promot-
ing their separation from the Al melt, as illustrated in
Fig. 6 [135, 137, 138].

The phenomenon of electromagnetic fluid flow in
electric and magnetic fields, as well as the forces act-
ing on the spherical and cylindrical inclusions sus-
pended in a conducting fluid and the kinetic behavior
of particles was first studied by Kolin in 1953 [139],
and subsequently by Leenov and Kolin in 1954 [140].
They proposed the principle of electromagnetic action
for separating the non-conductive particles from an
electrically conductive fluid, as well as the theoretical
equations for the forces acting on the particles. This
provided the theoretical basis for the purification of
molten metals by electromagnetic separation. The Lor-
entz force on the melt can be expressed by:

F,=]xB (4)

where F; (N/m?®) is the electromagnetic force per unit
volume of melt, B (T) is the magnetic flux density vec-
tor, and ] (A/m?) is the induced current density.
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High pressure
Low pressure

\ 4 J \4

Figure 6 Schematic diagram of the electromagnetic force on
non-metallic inclusions and the Lorentz force on the melt [138],
modified.

Under the magnetic field and electric field, the elec-
tromagnetic force per unit volume on NMIs with dif-
ferent sphericity at low flow velocity in an electrically
conducting fluid is [140, 141]:

o _3:0170i md]
e 2 20-l+0-i 6 !

()

where F; (N/m?) is the electromagnetic force per unit
volume on NMIs, ¢ is shape factor of non-spherical
particles, o; (5/m) and o; (S/m) is respectively electrical
conductivity of liquid melt and inclusions, d; (m) is the
diameter of the particles, and F; (N/m®) is the electro-
magnetic force per unit volume of the liquid melt.

It is evident that high-frequency alternating current
(AC) passing through the induction coil generates an
alternating magnetic field. The induced currents in
the metallic liquid generate an electromagnetic force
on the melt under the aforementioned magnetic field.
This force is consistently directed towards the center of
the liquid metal. Inversely, the inclusions in the liquid
metal suffer from a force that is opposite to the elec-
tromagnetic force of the melt (see Fig. 7) [142]. This
effectively results in the separation of the inclusions
in the aluminum melt.

In a high-frequency alternating magnetic field, the
balancing interaction between the electromagnetic
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Figure 7 Schematic diagram of an induction coil (alternat-
ing magnetic field) for the separation of non-metallic inclusions
[142], modified.

separation force and the dispersion force due to tur-
bulent flow can migrate and accumulate the particles
towards the side walls of the crucible in a very short
time (seconds to tens of seconds), leading to the for-
mation of a few-mm-thick layer of particles on the
walls [138, 143, 144].

The thickness of the inclusion accumulation
layer depends on various factors, mainly limited
by the depth of the electromagnetic skin. The elec-
tromagnetic skin depth refers to the depth within
the conductive melt where the induced current and
associated electromagnetic force are significantly
concentrated due to the skin effect. As the coil cur-
rent increases, the layer gets thinner and more non-
metallic inclusions accumulate at the layer. The
lower the crucible wall temperature, the more the
liquid metal gets more viscous close to the crucible
wall, which helps the inclusions to stick to the cru-
cible wall and overcome the skin depth effect [143].
The removal efficiency (1)) of inclusions in Al melt
during alternating electromagnetic field is most effi-
cient while the ratio of pipe radius to skin depth (r/d)
ranged from 1.5 to 3, as shown in Fig. 8 [144, 145].
The induced secondary flow of the melt can acceler-
ate the NMlIs removal efficiency [146]. With suitable
process parameters of alternating electromagnetic
field, the removal efficiency of NMIs with a diameter
of larger than 5 pm can exceed 90% [147].

A series of studies have been conducted aiming to
improve the removal efficiency of NMIs by adjust-
ing the electric and magnetic fields. Depending on
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the different source of electromagnetic force, elec-
tromagnetic fields that have been proposed for elec-
tromagnetic separation technique to remove NMIs
in aluminum melt can be divided into several cat-
egories: stationary magnetic field [148], alternating
magnetic field [145, 146, 149-153], rotating magnetic
field [154], traveling magnetic field [155-157], high
gradient magnetic field [148], superimposed mag-
netic field such as stationary magnetic field simul-
taneously imposed with direct current field [145,
158, 159], alternating magnetic field simultaneously
imposed with alternating current field [160], and
etc. The forces and accumulation position of non-
metallic inclusions in liquid metal under different
electromagnetic fields are shown in Fig. 9.
Compared with other conventional melt cleaning
techniques, the advantages of EM separation tech-
nology are (1) strong purification efficiency and
performance even for micron-sized inclusions, this
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field; c¢ traveling alternating electromagnetic field; and d high
gradient magnetic field [161], modified.
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technique can completely remove inclusions larger
than 10 um, and remove more than 90% of inclu-
sions larger than 5 um in a short time (a few tens
of seconds) [147]; (2) no exogenous contamination,
due to the inherent non-contact characteristics of
the electromagnetic field, there is no direct contact
between the melt and the magnetic field generator,
thus avoiding contamination by extraneous contam-
inants; (3) environmentally friendly, EM separation
avoids the use of fluxes compared to salt fluxing
technique and avoids the use of argon or chlorine
gas compared to gas purging technique. There is
no requirement to deal with waste materials and
exhaust gases that could cause environmental pol-
lution. However, EM separation technique also has
some disadvantages such as (1) limitation in the
application scenarios due to the skin effect, espe-
cially in alternating magnetic field, which makes
it difficult to achieve a large and homogeneous
electromagnetic force density within a large vol-
ume melt; (2) electromagnetic forces can inevitably
lead to convection flow of the molten metal, which
adversely affects the separation of inclusions, espe-
cially small inclusions, and limits the further devel-
opment of this technique [137]; (3) from an economic
point of view, the cost of EM separation would be
higher than that of other purification technologies
(e.g., general filtration, bubble flotation, and sedi-
mentation) [135].

(a)  Melt flow direction (b)

A

Filter
Sieving

Melt flow direction (¢)

Inclusions @

Cake-mode filtration
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Filtration

Filtration is a state of the art, usually used as the final
step for removing NMIs prior to casting. During the
filtration process, the aluminum melt passes through
a filter made of neutral or reactive material. The sec-
ond-phase particles including inclusions in the melt
can be physically or chemically adsorbed by the fil-
ter and retained in the filter medium and being sepa-
rated. There are various types of commercially filters,
including ceramic foam filters, deep bed filters, rigid
media filters, bonded particle filter, two-stage filter
systems, surface-active filter systems, etc. [162, 163].
Among them, ceramic foam filters (CFF) have been
widely utilized in inclusion removal process due to
their manufacturing simplicity, low cost and high fil-
tration performance [164].

In general, the main mechanisms for removing
inclusions by molten metal filtration can be catego-
rized into three different modes, i.e. sieving, cake-
mode filtration and deep-bed filtration [165] as
shown in Fig. 10. These three filtration modes can
work simultaneously or individually to achieve the
highest efficiency of solid particles removal. When
the aluminum melt contains large-sized inclusions
that are comparable to or larger than the size of fil-
ter pores, the filtration mechanism primarily operates
in the sieving mode, resulting in the inclusions being
retained on the filter inlet. As the filtration process
continues, inclusions intercepted by the filter surface

Melt flow direction

Inclusions @
D. @
O

Filter

Filter

Deep-bed filtration

Figure 10 Scheme of the three filtration modes: a sieving, b cake-mode filtration, ¢ deep-bed filtration [165], modified.
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gradually accumulate on the filter inlet to form a cake
layer [166]. In this scenario, as shown in Fig. 10b, the
filtration mechanism begins cake-mode filtration. The
subsequent inclusions in the Al melt, both larger or
smaller than the diameter of filter pores, can be effec-
tively captured by the previously formed cake layer.
The filtration performance in cake-mode filtration
progressively enhances as the thickness of the filter
cake layer increases. However, cake-mode filtration
process tends to require high operating pressures to
press the melt through the dense and accumulated
cake layer, and in the case of lack of sufficient pres-
sure, even filter clogging can occur [167]. In the case
of an aluminum melt, whose inclusions are very fine,
i.e. smaller than the pores of the filter, the removal of
the inclusions will take place by the deep-bed filtration
mode, see Fig. 10c. That is the established filtration
mode for NMIs removal from molten aluminum [168,
169], which acts based on two primary principles as
shown in Fig. 11: (1) due to the inherently high sur-
face area and narrow course of the filter, the particles
collide with the pore walls on their way through the
inside of the filter pores and adhere to them; (2) as
inclusions continuously attach to the pore walls, inclu-
sion bridges are progressively formed within the pore
channels. These bridges further enhance the filtration
efficiency by creating additional barriers, effectively
sieving out more inclusions from the melt and improv-
ing overall purification rate [166].

The efficiency of the filtration process is highly
influenced by various factors including the

Aluminum melt flow (1) inclusions adhering
direction to the pore walls

Filter material

(2) Inclusions are
captured by the
inclusions bridge

Filter material

Figure 11 The fundamental mechanism of inclusions removal
by deep-bed filtration [166], modified.
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physicochemical properties of inclusions such as size,
concentration, and nature of inclusion, as well as the
properties of filters such as filter surface area, pore
size, surface wettability and filter roughness. In addi-
tion, the fluid and process parameters such as the
filtration speed, the presence of grain refiners, and
hydrodynamics of the melt also influence the filtra-
tion performance [170-173]. The process of transport-
ing particles with the melt to the surface or interior
pores of filter also plays a critical role in the efficiency
of deep-bed filtration, which is controlled by sedimen-
tation, Brownian motion, fluid flow, inclusion collision
or attachment to the filter walls [162, 174].

Scholars and industry agree that filters with smaller
pore size (larger ppi number) have higher filtration
efficiency, while inclusion removal decreases as the
size of the inclusions decreases, [166, 175-177]. The
30-ppi filter almost completely removed inclusions
larger than 125 um and removed 85% of 5 um inclu-
sions, though small inclusions (<5 pm) were hard to
filter out [166]. Inclusion particles with smaller shape
factor are easier to be removed by filtration [178].
However, small-pore sized filters have some issues
such as short lifetime due to their extreme susceptibil-
ity to blockage by inclusions and the need to overcome
a high pressure drop across the filter. The pore den-
sity of CFFs for industrial aluminum filtration typi-
cally ranges from 20 to 70 ppi, of which filters with
50-70 ppi are mainly used for the production of high-
quality products [179]. The concentration of NMIs
also has the effect of filtration efficiency. It has been
demonstrated that reducing the concentration of SiC
particles from 20 wt. % to 5 wt. % increased the filtra-
tion efficiency to more than 90% [180].

The addition of grain refiners to the molten alu-
minum, such as Al-3%Ti-1%B, Al-5%Ti-1%B and
Al-3%Ti-0.15%C (e.g., 2.0 kg/tonne of Al) can reduce
the filtration efficiency of ceramic foam filters (CFF),
especially during the removal of oxide films [172,
181-184]. The degradation of filtration performance of
the filters by grain refiners is due to the strong adher-
ence between TiB,, exemplary a very common grain
refiner, to the oxide films in the melt. The attachment
and agglomeration of heavy grain refiner particles
onto light oxide films counteracts the gravitational
number of oxide films and disrupt the formation of
oxide inclusions bridges, making them difficult to be
filtrated by CFF [181, 182]. The gravitational number,
which quantifies the influence of gravity on inclusions,
is primarily determined by the density difference
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between the inclusion and the molten melt. As dem-
onstrated by a 2D lattice-Boltzmann model calculation,
this parameter also plays a critical role in the filtra-
tion efficiency [185]. Specifically, inclusions with a
higher density than the melt exhibit a large positive
gravitational number and tend to settle easily on the
filter pore walls, facilitating their removal. In contrast,
inclusions with a lower density than the melt have a
large negative gravitational number and tend to float
toward the melt surface. When the gravity number
is high (large positive value) or low (large negative
value), i.e. the inclusion density differs substantially
from that of the melt, the filtration efficiency can be
increased. When the gravity number of the inclusions
is close to zero, i.e. the density is similar to the melt,
the filtration efficiency decreases [182]. Instone et al.
[186, 187] addressed the problems associated with the
addition of grain refiners by developing the XC filter,
which consists of three chambers with a ceramic foam
filter in the first chamber, grain refiner addition in the
second chamber and a small bed filter in the third
chamber. The results of industrial casting trial proved
that the XC filter achieved a high removal efficiency of
97% for inclusions larger than 50 um, demonstrating
its suitability for removing NMIs in industrial applica-
tions [188].

The hydrodynamics of the melt is also one of the
most responsible factors for the filtration efficiency.
Various studies have demonstrated that an appropri-
ate reduction in the velocity of the melt or Reynolds
number of the melt can effectively increase the filtra-
tion efficiency [166, 168, 178, 189]. In the Al-TiB, sys-
tem, as the melt interstitial velocity, i.e. melt veloc-
ity inside the filter bed, increased from 0.2 cm/s to
0.5 cm/s, the removal efficiency of TiB, inclusions
sharply reduced from as high as 70% to about 10%.
[168].

The chemical and physical properties of the filter
surface play a crucial role in influencing the filtra-
tion efficiency as well. Multiple functional coatings
on filters have been developed to improve the filtra-
tion performance. Voigt et al. [170] successfully pre-
pared five filters with different surface chemistry and
coated by five different oxide surface materials like
Al O, spinel (MgAlO,), mullite (Al;51,0,3), TiO,, and
Si0,, on the alumina skeleton. Among them, the filters
coated with spinel as well as Al,O; achieved the high-
est NMIs separation efficiencies (90%) while the bigger
sized inclusions (d > 90 pm) were completely removed
[190]. To further investigate the effect of filter surface
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quality on the filtration behavior, ceramic foam filters
containing Al,O; nanocoating were prepared [172].
It was concluded that the Al,O; nano-coating of such
filters would not result in any improvement in filtra-
tion efficiencies [169, 171]. The contact angle between
the molten melt and the filter material, i.e. wettability,
which was caused by the difference in surface energy
between the nanocoating and the reference material
had no significant effect on the filtration efficiencies.
In contrast, the surface roughness of the filter plays a
critical role in determining filtration efficiencies [191,
192]. Compared to Al,O; reference filter, Al,05-C fil-
ter coated by the combined dip-spin technology had a
better filtration performance, probably due to the pres-
ence of a Al,O,C-layer with a thickness between 10 um
up to 50 pm between the Al melt and Al,O;-C coating
[193]. The uniform and tightly coated flux (e.g., 45%
NacCl, 45%KCl, and 5% LaFj;) on the filter wall surface
of the flux composite filter can facilitate the adsorption
of inclusions [194].

As a summary, filtration technique, easily being
integrated into continuous casting, is an effective and
environmentally friendly method for removing non-
metallic inclusions from Al melt, especially for the
production of high-quality Al alloys. However, filters
accumulate inclusions during the filtration process
leading to higher penetration resistance or even clog-
ging, which reduces filtration efficiency and increases
operating costs to replace the filter [180]. Multi-stage
and multi-media filtration platforms have been there-
fore designed to combine multiple filters in a syner-
gistic effect to significantly improve filtration per-
formance and facilitate superior control of inclusion
quantity, thus optimizing the conventional “inclu-
sion removal-continuous casting” process widely
employed in large-scale aluminum industries [195,
196].

Supergravity-enhanced separation

The relative motion due to the phase density differ-
ence (Ag) is a driving force of phase separation in met-
allurgical processes, e.g., the removal of NMIs from Al
melts by sedimentation process, while the increase of
the gravity coefficient intensifies the relative motion
between phases and significantly enhances the mass
transfer and phase. In recent years, the supergravity
technology has been extensively investigated in the
field of the melt and metallurgical purification due to
its ability to strength the mass transfer and promote
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Figure 12 The schematic diagram of different kinds of experi-
mental apparatus with supergravity field: a rotary centrifugal
apparatus without filter [198], modified, b rotary centrifugal

the phase separation [197]. This field is normally
achieved by applying high gravitational accelerations
generated through the rotation of a centrifugal system
[198-201]. Figure 12 illustrates various experimental
apparatus used for the removal of NMIs under the
supergravity field.

The gravity coefficient (G) is defined as the ratio of
the super-gravitational acceleration to normal-gravi-
tational acceleration (g), as expressed in Eq. [6]: [198]

N2z2r 2
V8% + (rw?)” B 8>+ (S50 (6)
g g

where G is the gravity coefficient, w (rad/s) is the
angular velocity, N (r/min) is the rotating speed of the
centrifugal, r (m) is the distance from the centrifugal
axis to the center of the sample; and g (9.8 m/s?) is the
normal-gravitational acceleration. When N =0 r/min,
G=1.

Song et al. [198, 202] demonstrated that the sepa-
ration efficiency of inclusions increased rapidly with
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the increase of gravity coefficient, separation time, and
melt temperature. At a gravity coefficient of 500 and a
melt temperature of 1023 K, the MgAIl,O, inclusions
were collected at the bottom of the specimen with a
separation efficiency of 90% after two minutes by the
rotary centrifugal apparatus as shown in Fig. 12a [202].
Wang et al. employed a combination of numerical and
physical simulations to study the continuous separa-
tion process of inclusions from aluminum melt in an
overflow-type supergravity reactor as show in Fig. 12¢
[200]. The results showed that the separation efficiency
of 18 um Al,Oj; inclusions could be close to 100%.
The combination of supergravity with filtration
technology, known as “supergravity filtration tech-
nology”, can effectively overcome the strong seepage
resistance (pressure drop) of filters with fine-pore
filter medium (high ppi) [199]. A schematic diagram
of rotary centrifugal filtration apparatus with filter is
shown in Fig. 12b. After supergravity filtration, the
sample can be automatically divided into the upper
layer of residue and the lower layer of purified alu-
minum. As shown in Fig. 13, the removal efficiency
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Figure 13 Removal efficiency of oxide inclusions and yield of
purified aluminum with different gravity coefficients after super-
gravity filtration at t=2 min and T=700 °C [199], modified.

of MgAl, O, spinel inclusions can achieve around 99%
after a supergravity filtration time of 2 min at a grav-
ity coefficient G 250 and melt temperature T =700 °C,
and the yield of purified aluminum reached 92.1%
under G =600, t=2 min, and T=700 °C [199]. Sun et al.
[201] conducted industrial-scale experiments on con-
tinuous recovery of Al-Mg-Si alloy scrap utilizing a
continuous centrifugal filtration device as shown in
Fig. 12d, thus enabling continuous recovery of stand-
ard wrought alloys.

Compared to regular sedimentation process, super-
gravity technology overcomes the limitations of sedi-
mentation process, which relies on a slower natural
settling process, has low NMIs removal efficiency
and is less effective at removing finer inclusions or
those with low density differences relative to the melt.
However, the process requires specialized centrifugal
devices, which increases the equipment, operating as
well as maintenance costs. Therefore, this technology
is currently only applied in the laboratory and pilot
scale stage. A full-scale industrial application needs
still further research and developments.

Conclusions and future trends

Non-metallic inclusions in aluminum alloys nega-
tively affect mechanical properties, such as strength,
ductility, and fatigue resistance, while also degrad-
ing surface quality and increasing the risk of defects
during casting and forming and decreasing corrosion
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resistance, ultimately deteriorating overall Al alloy
performance. It has been recognized that the effec-
tive removal of non-metallic inclusions is an impor-
tant aspect to ensure and enhance the quality of alu-
minum alloy products, making this a widely studied
and highly relevant topic in the field of aluminum
metallurgy. This paper systematically reviews the
current research status of non-metallic inclusions
removal techniques, including their principles, influ-
encing factors, advantages and disadvantages.

As different processes have their own limitations,
the appropriate purification technologies for alu-
minum melts will be selected based on the different
demands, types of alloys and applications. Salt flux-
ing technique is widely used for processing contami-
nated or oxidized scrap, effectively promoting metal
recovery, though it struggles with fine inclusions and
raises environmental concerns. Sedimentation tech-
nique offers a low-cost solution for removing large,
dense inclusions but is less effective for fine NMIs or
NMIs with low densities difference to the melt. Gas
purging technique facilitates continuous removal
of hydrogen and inclusions. However, its efficiency
diminishes for ultrafine NMIs and may introduce
secondary contaminants if not carefully controlled.
Electromagnetic separation technique provides
rapid, contact-free, and highly efficient removal
of micron-sized NMIs but faces limitations due to
the skin effect and high costs. Filtration technique
remains a key method in high-quality Al alloy pro-
duction, especially when enhanced through multi-
stage and multi-media systems. However, it suffers
from filter clogging, which reduces filtration perfor-
mance and increases operational costs. Supergrav-
ity-enhanced separation technology significantly
improves the removal efficiency of fine inclusions
or those with low density differences relative to the
melt compared to conventional sedimentation pro-
cess, but its industrial application is currently lim-
ited by the high cost and complexity of specialized
centrifugal equipment. In many cases, the combina-
tion of multiple techniques is often used to achieve
an optimum purification efficiency.

In general, extensive studies have been carried out
on the effects of non-metallic inclusions on Al prod-
ucts and processing, as well as the NMIs removal
techniques. By summarizing the current challenges in
removing non-metallic inclusions from aluminum, the
following outlooks are proposed for future research
and development in this field:
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1) To optimize the process parameters, and integrate
multiple techniques based on the existing pro-
cesses to develop more economical and efficient
purification techniques.

2) Inview of the limitations of the current process to
remove submicron non-metallic inclusions, future
research should focus on the improvement and
development of novel purification techniques to
achieve more comprehensive and effective removal
of fine inclusions.

3) As the aluminum industries are in the direction of
green transformation, there is a growing require-
ment to improve the process to develop non-toxic
and non-polluting purification techniques, reduce
the comprehensive energy consumption of the pro-
cesses, and explore the waste treatment and recy-
cling technology to ultimately achieve the goal of
sustainable development.
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