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1. Introduction

Aluminum is one of the most significant non-ferrous metals
and it is currently being extensively used in the automotive,
aerospace, packaging, electronics and construction industries
[1-4]. The recycling of aluminum scraps has attracted more
and more attention of researchers and governments in the
word for reduced emissions and waste disposal, resource
regenerating and energy savings [5|. Nevertheless, during the
production of recycled aluminum, as for aluminum scraps
covered with moisture and oil stain, aluminum melt can easily
react with gaseous H,0 and oxygen to form oxide inclusions
[6], and oxide films on melt surface can be entrained in the bulk
liquid due to surface turbulence [4,7-9]. In addition, nitrides,
carbides, chlorides, fluorides and borides also exist in the
melt [10]. Consequently, considerable amounts of solid inclu-
sions (mainly Al,0s), as dispersed particles or oxide films, are
usually suspended in the melt, which will cause a variety of
problems, including loss of fluidity and feeding properties,
increase in porosity, leakage defects, poor machinability, and
reduction in the mechanical properties [7,11-13]. Therefore,
the removal of solid inclusions from the aluminum melt is of
vital importance to ensure metallurgical quality of recycled
aluminum.

To date, the most popular process of removing solid inclu-
sions from aluminum meltis solid flux refining [14]. In general,
there exist three major categories of solid fluxes such as cov-
ering fluxes, drossing fluxes and refining fluxes depending
on their compositions and functions [15,16]. In terms of con-
ventional process of melt purification, these three salt fluxes
are employed coordinately to obtain better metal cleanliness.
Firstly, covering fluxes are used to form a molten layer to pre-
vent melt oxidation and hydrogen pick-up, and then refining
fluxes are delivered into the melt to eliminate non-metallic
inclusions. Finally, drossing fluxes are spread evenly onto the
dross layer of the melt surface to reduce the aluminum con-
tent of dross and facilitate removal of dross. Apparently, the
adoption of monofunctional solid fluxes will complicate the
melt purification, thus resultingin longer melt treatment time,
higher melt handing costs and greater labor intensity. Fur-
thermore, excessive usage of solid fluxes can probably lead
to flux inclusion and serious burning loss of aluminum. To
overcome these drawbacks, the multifunctional refining flux
which possesses the properties of covering, drossing, and
cleaning simultaneously is urgent to be investigated.

Solid fluxes for aluminum alloys are primarily blends of
chlorides and fluorides with additives to instill specific prop-
erties [15-18]. Numerous studies have confirmed that fluoride
components play a crucial role in the fluxes. In the studies
of Li et al. [14] and Utigard et al. [15], after NaF, NasAlFg,
CaF, or Na,SiFe addition to the chloride flux, the inclusion
removal property of the molten flux was improved due to the
decreasing of the wetting angle between molten salt and solid
inclusion and the work of adhesion of the Al melt-inclusion
interface. Tenorio et al. [19] found that fluoride additions to
molten flux could improve the dissolution rate and corrosive
attack of alumina. This conclusion is in accordance with the
previous report by Ye and Sahai [20]. Roy and Sahai [21], Besson
et al. [22] and Xiao et al. [23,24] observed that NaF, KF, MgF,

or NasAlF¢ additions to equimolar NaCl-KCl could enhance
the coalescence of metal droplets in molten salts and cause
the formation of dry dross [11]. Additionally, Utigard et al.
[15] and Tenorio et al. [19] pointed out that, as for equimo-
lar mixtures of NaCl-KCl, the addition of NaF and KF (up
to S5wt.%) significantly decreased the viscosity of the molten
flux while CaF; or Na,SiFs addition increased the viscosity of
the molten flux, which could affect coalescence behaviors of
metal droplets in salts and subsequent salt/metal separation.
However, to our knowledge, currently there is still a lack of
thorough systematic investigations on how fluoride compo-
nents in the flux influence the behaviors of covering, drossing,
and cleaning simultaneously. In addition, some alkali and
alkaline earth elements, i.e. Li, Na, Ca and Mg, are common
dissolved unwanted impurities in aluminum melt, which can
bring about the deterioration of casting and processing prop-
erties of aluminum [25-27]. Nowadays, commercially available
refining fluxes usually contain fluoride components such as
LiF, NaF, NasAlFg, CaF,, MgF,, Na,SiFg and K, SiFs. Accordingly,
common impurity elements may be introduced into the melt,
and toxic SiF4 can be released into the air.

In view of the above discussion, it can be observed that,
the development and application of the multifunctional refin-
ing flux hasn’t yet been received considerable attentions,
and hence the fundamental information related to the influ-
ence of fluoride component on the flux’s multifunctional
performances is virtually non-existent, resulting in inade-
quate support for the selection of fluoride component. Thus,
the present study firstly sought the necessary prerequisites
for making the recycled aluminum refining flux achieve mul-
tifunctional performances by means of systematic theoretical
analysis on fluxing treatment. On this basis, the optimum flu-
oride component free from unwanted elements such as Li,
Na, Ca, Mg and Si in the multifunctional flux was determined
according to the discussion on the results of interfacial tension
measurements and coalescence tests.

2. Experimental

2.1.  Differential scanning calorimetry (DSC) analysis

In order to obtain the melting characteristic of the salt flux,
measurement by differential scanning calorimetry (NETZSCH
STA449C) was performed on about 10 mg salts in a tempera-
ture range from 25 °C to 800 °C with a heating rate of 10 °C/min
under an argon atmosphere. By analyzing the DSC heat-
ing curve, the melting characteristic of the salt flux can be
revealed.

2.2.  Interfacial tension measurements

As illustrated in the Fig. 1, the sessile drop method was uti-
lized to measure the interfacial tension between molten flux
and Al melt (or-m). Based on the Laplace’s formula, Bashforth
and Adams [28] have proposed the Bashforth-Adams equation
concerning the shape of droplet under the action of gravity,
and this equation can be expressed as:

Apgb? (Z
L Arg (7) (1)
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Fig. 1 - (a) Schematic of the experimental set-up for interfacial tension measurement;

(b) Enlarged view of the green square in (a).

Let ﬁf—?i’; be called B, which is a shape factor. Hence:
Apgb?
OF_M = % 2

In the Eq. (1), X and Z are the horizontal and vertical coor-
dinate of any point P in a meridional section of the surface
of the droplet respectively, R1 is the radius of curvature of the
meridional section at the point P, and ¢ is the included angle
between the normal through the point P (PO4) and the symme-
try axis (O01); b is the radius of curvature at the origin of the
droplet (Point O); Ap is the density difference between molten
salt and Al melt; g is the gravitational acceleration. Special B-
A table has already been made [28], which depicts the values
of X/b, Z/b and X/Z corresponding to different values of g and
¢. The getting of the or- value mainly consists of two proce-
dures: (I) Depending on the B-A table, inspecting the g value
corresponding to the X/Z value under the condition of ¢ = 90°,
and then inspecting the values of X/b and Z/b corresponding
to the known B value and ¢ =90°, thus obtaining the value of
b; (1) Calculating the value of or-y by the Eq. (2).

In our experiments, firstly approximately 100g of dried
solid flux together with a solid piece (10-15g) of pure alu-
minum was adequately melted using an alumina cylindrical
crucible (361 mm x 61 mm) in a resistance furnace under an
argon environment at 740 °. After a 30min holding time,
the crucible was carefully taken out of the furnace and air
cooled to room temperature. Then the crucible content was
crushed, rinsed and dried, thus obtaining an ellipsoidal alu-
minum bead. Subsequently, the pictures of the aluminum
bead were taken, and the profile of aluminum bead was gen-
erally deemed to be nearly identical to that of corresponding
aluminum droplet in molten flux herein [29]. On the basis of
the obtained geometrical dimensions of the bead, as Xp and
Zo corresponding to ¢ =90° noted in Fig. 1(b), the values of 8
and b can be gained by the B—A table. Besides, the density of
pure aluminum melt at 740°C was 2.36 g/cm—3 [30], and the
density of molten flux was measured by an RTW-10 type syn-
thetic test instrument for melt physical property relying on
the Archimedes method. Ultimately, according to the known
values of Ap, g, b and g, the or-m value was calculated by the
Eq. (2). For each salt flux, three group of Xy and Zy through

Metal chips

/ Thermocouple in a
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protective AL,O; tube
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Molten flux

Alumina crucible
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Metal droplets
Argon Argon

Fig. 2 - Schematic of the experimental set-up for the
coalescence tests.

three repetitive tests were measured to minimize the errors
and obtain the average value of op-u.

In Fig. 1(a), as for the Al droplet in molten flux contained in
the alumina crucible, the Young’s equation can be written as
follows [31]:

03 = 09 + 01 COSHy (3)

Where o1 (or-m), 02 and o3 are the interfacial tensions between
flux / Al melt, Al melt/ inclusion and flux / inclusion respec-
tively, and o is the wetting angle between Al melt and alumina
which can be measured directly from the profile of aluminum
bead.

2.3.  Measurements of coalescence ability of solid fluxes

It is generally accepted that coalescence of metal droplets in
molten flux is primarily hindered by the oxide layer on metal
surface. In order to examine the coalescence ability of different
fluxes, aluminum chips with highly oxidized surfaces (due to
larger specific surface area) were used as experiment charge.
Fig. 2 illustrates the test for coalescence of metal droplets in
molten flux. Firstly, 150¢g of dried solid flux was adequately
melted using an alumina crucible with round bottom in a
resistance furnace under argon atmosphere at 800 °. Then
15 g of aluminum chips were introduced into the crucible by
a stainless-steel hopper. After a set time, the crucible was
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Fig. 3 - Schematic of inclusion removal by molten salt flux.

carefully taken out of the furnace and air cooled to room tem-
perature. Subsequently, the crucible content was washed with
hot water, and then the metal beads and the oxide residues
were filtered and dried. Finally, taking a picture of all the recov-
ered metal beads so as to observe the coalescence effect of
aluminum droplets in molten flux which can reflect the coa-
lescence ability of the flux.

3. Results and discussion
3.1.  Theoretical analysis of solid fluxing

As we know, inclusion removal from aluminum meltis primar-
ily achieved through physical separation of salt fluxes, which
means that inclusions are wetted by molten salts and sub-
sequently floated towards melt surface along with the slag.
The process of inclusion removal by molten salt flux is illus-
trated schematically in Fig. 3. In terms of particulate inclusions
and discrete oxide films suspended in the melt, they can be
removed directly by the wetting action of fluxes, as marked in
green squares. However, for the scrap aluminum of an intact
oxide film, the removal of oxide film, which helps to release
the molten aluminum enveloped, should undergo three stages
marked in blue squares. At stage I, molten salts are adsorbed
onto oxide film. At stage II, continuous oxide film is destroyed
and stripped by fluxes. At stage III, discrete oxide films are wet-
ted by molten salts. In addition, note that aluminum droplets
are usually trapped within molten salts. Once the oxide layer
on aluminum droplet is stripped by molten salts, aluminum
droplets will be coalesced into larger droplet, which allows for

a faster setting and therefore promotes the salt/metal separa-
tion. From the above description, it clearly indicates that, the
stripping of oxide layer on aluminum surface and the wet-
ting of solid inclusions are closely related to the inclusion
removal process of the flux. Besides, the efficiency of oxide
layer removal by the flux can also influence the aluminum
content of dross.

3.1.1. Analysis of spreading, separating, and wetting
abilities of the flux
3.1.1.1. Spreading property of the flux. Fig. 4 shows the
schematic of the spreading of molten flux on the surface of
Al melt. In Fig. 4, op-m is the interfacial tension between flux
and Al melt, o is the surface tension of the flux, oy is the sur-
face tension of the Al melt, and 0 is the wetting angle between
flux and Al melt. According to Young’s equation [31], cos 6 can
be determined as:

OM — OF-M

cosf = ———— 4)
OF

Based on the Eq. (4), it can be seen that the lower values of
or-m and or and the higher value of o) can lower the wetting
angle (9), thus improving the spreading property of the flux.

3.1.1.2. Separating property of the flux. Fig. 5 shows the
schematic of the separation of molten flux from the Al melt
surface. Obviously, the spreading and separating behavior of
the flux can be regarded as two opposite processes. Therefore,
from the Eq. (4), it can be inferred that the higher values of
or-m and of and the lower value of o) can increase the wet-

Air
Of
Molten flu
")
] £ >
Al melt & y oM

Fig. 4 - Schematic of the spreading of molten flux on the surface of Al melt.
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Fig. 5 — Schematic of the separation of molten flux from the Al melt surface.

ting angle (9), thus promoting the separation of the flux from
the melt surface.

3.1.1.3. Wetting property of the flux. Two types of wetting phe-
nomena, i.e. adhesional or immersional wetting, may occur
when the molten fluxes touch solid inclusions in aluminum
melt [31]. Fig. 6 shows wetting situation of molten flux on solid
inclusion in Al melt. Clearly, the size relationship between the
radius of molten salt droplet (R) and the length of solid inclu-
sion (L) determines the type of wetting [14]. The R can be given
by the following expression [32]:

R} 3Vsin®s (5)
“V 7(2 = 3cos 0 + cos30)

Where V is the volume of molten salt droplet, and 0 is the
wetting angle between molten salt and solid inclusion. If 2R
< L, the solid inclusion will be brought into contact with the
molten flux. If 2R > L, the solid inclusion will be completely
immersed in the molten flux.

Nevertheless, for both adhesional wetting and immer-
sional wetting, it is universally acknowledged that inclusion
removal property of the flux mainly depends on the wetting
degree of liquid to solid surface. The better wettability between
molten salt and solid inclusion can increase the inclusion
removal efficiency, and consequently the wetting angle of flux
on inclusion is an important parameter to valuate wetting
property. As represented in Fig. 6, or-ym is the interfacial ten-
sion between flux and Al melt, of-; is the interfacial tension
between flux and inclusion, and o)-; is the interfacial tension
between Al melt and inclusion. According to Young’s equation
[31], cos 6 can be determined as:

OM~-1 — OF-1 (

cosf = 6)

OF-M

Based on the Eq. (6), it can be seen that the lower values of
or-m and op-; and the higher value of o)1 can lower the wetting
angle (), thus improving wetting property of the molten flux
on solid inclusion.

Table 1 - Requirements of interfacial tensions to make

the flux achieve superior properties in the Al
melt-inclusion-flux system.

Properties of Interfacial tensions

the flux

OF-M OF-] OM-1
Spreading property  Lower value  — —
Separating property  Higher value — —
Wetting property Lower value  Lower value Higher value

3.1.1.4. Requirements of interfacial tensions in the Al melt, inclu-
sion, and flux system. Inview of the comprehensive analysis of
spreading, separating, and wetting abilities of the flux based
on the wetting theory, it is deduced that the interfacial ten-
sions between Al melt / inclusion (o-1), flux / inclusion (of-1),
and flux/ Al melt (or-m) play a vital role in the aluminum refin-
ing process. The requirements of interfacial tensions to make
the flux achieve superior properties in the Al melt-inclusion-
flux system are listed in Table 1. It can be seen that, the lower
value of or-u is helpful for flux to spread over the melt surface
and remove solid inclusions, while excessive low value of or-)
makes it difficult for flux to be separated from Al melt. More-
over, the lower value of of-; and the higher value of o1 are
also beneficial for flux to remove solid inclusions.

3.1.2. Analysis of oxide layer stripping ability of the flux

From the process of inclusion removal by salt fluxes in Fig. 3,
itis clear that oxide layer stripping ability of the flux can exert
a significant impact on the inclusion removal and salt/metal
separation efficiency. It has been confirmed that aluminum
droplets coalescence in molten salts is mainly hindered by
thin oxide layers on the droplets [21,22,33,34]. When oxide lay-
ers are stripped off, the coalescence can proceed automatically
as a consequence of the decreasing of free energy resulting
from reduction in surface area. In order to evaluate oxide layer
stripping ability of the flux, tests for coalescence of aluminum
droplets in molten flux can be implemented. When the alu-
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Fig. 6 - Wetting situation of molten flux on solid inclusion in Al melt.

minum droplets are settling down in the viscous molten flux,
the settling velocity (V) can be formulated as follows [35]:

2r2 (om — pF) 9

V=
9

)

Where r is the droplet radius, pu is the density of aluminum
melt, pr is the density of molten flux, nr is the viscosity of
molten flux, and g is the gravitational acceleration. Based on
the Eq. (7), it can be seen that the lower density and viscos-
ity of molten flux will fasten settlement, thereby favoring the
movement of aluminum droplets in molten flux and creating
a better coalescence condition [19]. Therefore, for the sake of
effectively evaluating oxide layer stripping ability of the flux,
the interference of two factors (i.e. density and viscosity of
molten flux) to the coalescence of aluminum droplets should
be eliminated.

3.2.  Determination of fluoride component in the
multifunctional refining flux

From the above theoretical analysis of solid fluxing, it can be
seen that, if the salt flux wants to possess the functions of
covering, drossing, and cleaning simultaneously, two condi-
tions are indispensable in the Al melt-inclusion-flux system,
i.e. appropriate interfacial intensions between Al melt/ inclu-
sion, flux / inclusion, and flux / Al melt and strong stripping
ability of oxide layers for the flux. Therefore, the multifunc-
tional flux should be of specific ingredients to instill triple
properties.

Nowadays, these exist aluminum refining fluxes based on
MgCl,-KCl or NaCl-KCl. However, MgCl, is fairly expensive,
so the cost of corresponding refining flux will increase a lot,
besides, the hygroscopicity of MgCl, is higher, resulting in the
lumping of the fluxes readily. Therefore, equimolar NaCl-KCl
mixture were selected as basic components in our research.
Fig. 7(a) presents the DSC heating curve for equimolar NaCl-
KCl salts. It reveals the presence of a low-temperature (655 °C)
eutectic, which is further confirmed based on the NaCl-KCl
binary phase diagram (see Fig. 7(b)), and therefore the flux of
lower melting point can be generated. Moreover, chlorides are
usually used to improve the fluidity of the flux owing to chlo-

Table 2 - Equilibrium constants for the reactions
between aluminum and halides at 740 °C.

No. Reactions Equilibrium constants (Keq)

—

a) Al
) Al
() Al
(d) Al

1) + 3NaCl(l) = AlCl; (1) + 3Na(l) Keq=7.16 x 10-2¢
1) + 3KCI(l) = AlCls (1) + 3K()  Keq=2.14x 107
1) + 3KE(l) = AlF3(]) + 3K(l) Keq=2.21x 108
1) + 3NaF(l) = AlF3(l) + 3Na(l) ~ Keq=5.86 x 10~°

= = = =

rides’ fluidizing effects. Table 2 displays equilibrium constants
for the reactions between aluminum and halides at 740°C
which are calculated using HSC Chemistry 6.0 software. As for
basic components, it is clearly seen from Table 2 that NaCl and
KCl can hardly react with Al melt at 740°C due to extremely
small equilibrium constants for the corresponding reaction (a)
and (b). As a result, almost no impurity element (Na) will be
introduced into the molten bath.

Fig. 8 depicts the coalescence of aluminum chips in
equimolar NaCl-KCl salt solution as a function of time. From
Fig. 8(a), initial morphology of aluminum chips was described.
In Fig. 8(b) and (c), after the chips were immersed in molten
salt for 10 and 90 min, the recovered samples exhibited simi-
lar morphology with the ones in Fig. 8(a). In contrast to the
Fig. 8(b), the chips in Fig. 8(c) got smaller, and a few small
metal beads were formed. When chips were immersed in
molten salts containing chlorides for a relatively longer time,
microcracks formed in the oxide layer because of continu-
ous chemical attack and thermal stresses [21,36]. However,
since the strength of oxide layer was high enough, the oxide
layer was kept better integrity and not stripped to a signifi-
cant extent, leading to the outflow of only a small amount of
molten aluminum from the cracks in the oxide layer. There-
fore, according to the poor coalescence of aluminum droplets
in chlorides, it can be concluded that the salts containing only
NaCl and KCl barely possess the capability of stripping oxide
layer.

In addition to chlorides, fluorides are common and essen-
tial additives in refining flux, whose main functions are to
improve flux’s stripping ability of oxide layer and adjust inter-
facial tensions between Al melt / inclusion, flux / inclusion,
and flux / Al melt. Utigard et al. [15] discovered that, com-
pared with chloride salts, fluoride salts are more reactive in
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Fig. 8 - Initial aluminum chips (a) and their coalescence behavior in equimolar NaCl-KCl salt solution (b-c).

aluminum melt, thus directly introducing alkali and alkaline
earth elements such as Li, Na, Ca and Mg in various degree.
Owing to adverse impacts of aforementioned impurity ele-
ments on the properties of aluminum alloys, fluoride salts
free from Li, Na, Ca and Mg are preliminarily selected in our
study. Besides, common K;SiFs will decompose under high
temperature (740°C), releasing toxic SiF4. Therefore, KF, AlFs,
K3AlFs and KAIF4 will be discussed detailedly in the following
sections.

3.2.1. Test results and discussion of interfacial tensions
between flux / Al melt (or.p) and flux / inclusion (of.;)

It has been reported by Roy and Sahai [29] that the interfacial
tension between pure Al melt and Alumina (owm-1) at 740°C is
a constant (1659 mN/m). In the Al melt-inclusion-flux system,
in order to facilitate the testing and discussion of interfacial
tensions, pure aluminum was used as experimental material,
and alumina was almost seen as solid inclusions in Al melt.
The interfacial tensions between pure Al melt and equimolar
NaCl-KCl with addition of KF, AlF3, K3AlFg or KAlF, (oF-m) Were
measured by the sessile drop method. Subsequently, accord-
ing to wetting angle between alumina and pure Al melt (9g
in Fig. 1(a)), interfacial tension between pure Al melt / Alu-
mina (oum-1), and interfacial tension between flux / pure Al melt

600

]
4
E 5004
© —a— AlF3
—o— KAIF4
400 | —*— K3AlFe
—v—KF
740°C
300 . . . . . . - ; - .
0 5 10 15 20 25

Wadditive / (mass%)

Fig. 9 — Variation of interfacial tension between flux and
pure Al melt at 740°C as a function of additives in
equimolar NaCl-KCl salt solution.

(or-m), interfacial tension between flux / alumina (o-1) at 740 °C
was calculated by Young’s equation (see Eq. (3)).

Fig. 9 shows the variation of interfacial tension between
flux and pure Al melt (or-m) at 740°C as a function of mass%
fluoride addition to equimolar NaCl-KCl. Interfacial tension
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Fig. 10 - Variation of interfacial tension between flux and
alumina at 740 °C as a function of additives in equimolar
NaCl-KCl salt solution.

for pure Al melt/ equimolar NaCl-KCI molten salts was mea-
sured to be 718 mN/m, and this value decreased in varying
degrees as KF, AlF3, K3AlFs or KAIF4 was added to the salts.
For AlF; addition, the or-m value decreases slightly. With addi-
tion of 25wt.% AlFs, the value of of-y reduces to 706 mN/m.
When K3AlFg or KAIF, is added to the salts, the op-y value
decreases continuously, and the rate of descent of the op-) val-
ues is more obviously compared with that in the case of AlF;
addition. With additions of 25 wt.% K3AlFg or KAIF,, the value
of or-m reduces to 625 mN/m and 640 mN/m respectively. Over-
all, the values of or-\ appear to be a relative stable state with
increasing K3AlFs or KAIF4 contents. Nevertheless, KF additive
sharply decreases the interfacial tension, and the value of or-u
reduces to 381 mN/m with addition of 25wt.% KF.

Fig. 10 shows the variation of interfacial tension between
flux and alumina (of-1) at 740°C as a function of mass% flu-
oride addition to equimolar NaCl-KCl. Interfacial tension for
alumina / equimolar NaCl-KCI molten salts was measured
to be 1153 mN/m. KF addition significantly increases the of-
value, while additions of AlFs3, K3AlFg or KAIF, decreases the
or-1 value to various extents. With addition of 25 wt.% KF, the
value of of-; increases to 1435 mN/m. For K3AlFg or KAIF, addi-
tions, the op-; values drop slightly, and when K3AlFg or KAIF,
contents reach to 25 wt.%, corresponding of-; values reduce to
1026 mN/m and 948 mN/m respectively. For AlF; addition, the
or-1 values drop obviously, and with addition of 25 wt.% AlFs,
the value of of-; reduces to 746 mN/m.

It’s generally believed that the decrease in interfacial ten-
sion between flux and Al melt is attributed to the adsorption
of surface-active elements (such as Na or K) at the salt /
aluminum interface [37-39]. In the aluminum / NaCl-KCI-KF
system, as shown in Table 2, since the equilibrium constant
for reaction (c) is many orders of magnitude larger than the
corresponding reaction (b) in the pure NaCl-KCl system, the
activity of potassium increases by several orders of magni-
tude with the addition of KF, causing the adsorption of K at
the salt/ aluminum interface increasing notably. On the other
hand, in addition to the adsorption of K at the interface which
promotes the observed decrease in interfacial tension, KF can

react with NaCl to form NaF and KCl, and the consequent reac-
tion (d) in Table 2 can occur, thus increasing the activity of
sodium. In a word, it can be seen that the addition of KF to
equimolar NaCl-KCl can increase the concentration of Na and
K in the Al melt. When the amount of KF addition increases,
the enrichment of Na and K at the salt / aluminum interface
can take place, leading to a further remarkable decrease in
interfacial tension.

In the AlF; melt, Hou et al. [40] reported that there existed
few free F~ ions because of the forming of Al-F-Al fluorine
bridges between Al3* and F~. Hence, in the aluminum / NaCl-
KCl-AlF; system, few F~ ions can be combined with K* and Na*
ions to form KF and NaF, and consequently the concentrations
of K and Na in the Al melt are lower due to the corresponding
reaction (c) and (d) (see Table 2). Additionally, for the reverse
reactions of (c) and (d), corresponding equilibrium constants
are calculated to be 1.74 x 102 and 4.52 x 107 respectively. This
indicates that displacement reaction between AlF; and K (or
Na) can occur to a great extent. In other words, AlF3 can
intensely inhibit the generation of K and Na, eventually caus-
ing the difficulty of the enrichment of K and Na at the salt/
aluminum interface. Therefore, when AlF; is added to equimo-
lar NaCl-KCl, interfacial tension between flux and Al melt
decreases only slightly.

In the K3AlFs or KAIF; melt, following chemi-ionization
reactions can take place [41-44]:

K3AlFg = 3K*+AIF, +2F~ (8)
KAIF,4= K++A1F47 (9)
AlF,~= AlF3+F~ (10)

With the addition of K3AlFg (or KAIF,) to equimolar NaCl-
KCl, as for the aluminum / NaCl-KCl-K3AlFg (or KAIF,4) system,
free F~ ions, originated from the above reaction (8), (9) and (10),
can be combined with K* and Na* ions to form KF and NaF,
and subsequently K and Na are produced by the reaction (c)
and (d) (see Table 2), resulting in the observed decrease of the
interfacial tension between flux and Al melt. However, note
that AlFs can be produced by the reaction (10). Therefore, with
the inhibiting of generation of K and Na by the AlFs, the rate
of descent of interfacial tension is limited to some extent. In
addition, it has been revealed that the structure of K3AlFg in
liquid state is more stable than that of molten KAIF, [43-45].
Thus, the concentration of F~ ions ionized from molten K3AlFg
is higher than the case of molten KAIlF,, ultimately causing
the drop of interfacial tension for K3AlFs addition being more
evident accordingly.

As can be seen from the above results, when KF, AlFs,
K3AlFs or KAIF, is added to equimolar NaCl-KCl respectively,
these four fluoride salts can be classified into two categories,
i.e. AlF3, K3AlFs and KAIF,4 being of type A and KF being of type
B. The addition of A-type fluoride can decrease op-y slightly,
and decrease of-1 to varying degrees, while B-type additive can
significantly decrease or-m and increase or-;. As mentioned in
section 3.1.1.4, with regard to the spreading and wetting prop-
erties of the flux, it is essential to keep the lower value of op-y,
and thus B-type additive (KF) can be considered as the fluoride
component. Nevertheless, for KF addition, the lower value of
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(a) After 1 minute (b)

20 mm

After 10 minutes

(c) After 60 minutes

20 mm 20 mm

Fig. 11 - Coalescence of aluminum droplets in NaCl-KCl-0.3 mass% KF salt solution.

or-m makes it difficult for flux to be separated from Al melt, and
the higher value of of-; is bad for the flux to wetting inclusions.
Hence, in terms of single addition of KF, it is unfeasible for the
flux to realize the functions of covering, drossing, and clean-
ing simultaneously. On the other hand, A-type additive, which
can decrease or-u slightly, and decrease of-1, can just offset the
shortage of the single addition of KF. As a consequence, for the
purpose of obtaining high-effective multifunctional character-
istic for the flux, the combined addition of A-type and B-type
fluoride is a better selection for fluoride component.

3.2.2. Test results and discussion of oxide layer stripping
ability of the flux

As mentioned in section 3.1.2, in order to effectively evaluate
oxide layer stripping ability of the flux by the tests of coales-
cence of aluminum droplets in salts, two interference factors,
i.e. density and viscosity of molten salt, should be eliminated.

(a) After 1 minute

()

20 mm

Roy et al. [46] found that, when the addition of common flu-
oride salts (such as KF, NaF, CaF;, AlF3, K3AlFs, KAlF,, etc.) to
equimolar NaCl-KCl didn’t exceed 0.5 wt.%, the density and
viscosity of molten salts seemed to be almost unchanged.
Hence, in the current study, 0.3wt.% fluoride salt (KF, AlFs,
K3AlFg or KAIF,) was added to equimolar NaCl-KCL

Initial morphology of aluminum chips was shown in
Fig. 8(a). After the chips were immersed in the equimolar NaCl-
KCl molten salt with addition of 0.3 wt.% KF, 0.3 wt.% K3AlFg,
0.3wt.% KAIF, or 0.3wt.% AlF3, coalescence behaviors of alu-
minum droplets in salts as a function of time were observed,
as illustrated in Fig. 11, Fig. 12, Fig. 13 and Fig. 14 respec-
tively. As for these four different molten salts, their ability
to coalesce aluminum droplets into a single melt pool could
reflect directly oxide layer stripping ability of the salts. Hence,
the time taken for the formation of a single drop of metal
was measured for different salts. From Fig. 11, after 60 min,

(b) After 10 minutes

() After 80 minutes

20 mm

Fig. 12 - Coalescence of aluminum droplets in NaCl-KCl-0.3 mass% Kz AlF¢ salt solution.
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(a) After 1 minute

20 mm

(c) After 60 minutes

20 mm

(b) After 10 minutes

(d) After 80 minutes

20 mm

Fig. 13 - Coalescence of aluminum droplets in NaCl-KCl-0.3 mass% KAIF; salt solution.

a single solidified droplet could be formed due to complete
coalescence for the salt containing 0.3wt.% KF. However, in
Fig. 12 and Fig. 13, after 60 min, a big metal bead and a few
small metal beads were obtained, which could be attributed
to the uncomplete coalescence of metal droplets in the salt
containing 0.3 wt.% K3AlFs or KAIF, at that time, and it took
another 20min for all droplets to further coalesce into one
single metal droplet. Nevertheless, in Fig. 14, it can be seen
that, the coalescence was not complete even after the chips
were immersed in the salt containing 0.3 wt.% AlF3 for 90 min,
and there still existed several multi-size metal beads, which
implied that the stripping of oxide layer was relatively slower.
Therefore, the sequence of oxide layer stripping ability for the
four fluoride salts is: KF > K3AlFg (close to KAIF,) > AlFs.
When the chips were charged into the equimolar NaCl-
KCl molten salt with addition of fluoride salt (such as KF,
AlF3, K3AlFg or KAIF,), cracks formed in the oxide layer due
to chemical attack and thermal stresses, and the surface-
active elements (such as Na or K) were inclined to be enriched
in the cracks of oxide layer to decrease newly increased
surface energy. Thus, the values of or-y appeared to be dis-
tributed unevenly around the molten metal surface, creating
an interfacial tension gradient which consequently generated
aninterfacial stress [34]. Moreover, itis worth mentioning that,
the more the enrichment of Na or K at the salt / aluminum
interface is, the more uneven the distribution of the values of
or-m is. This readily leads to a higher interfacial tension gradi-

ent and interfacial stress. Ultimately, it is the interfacial stress
that strips the oxide layer covering the metal droplet. These
conclusions are in accordance with the report by Roy and Sahai
[21], who suggested that oxide layer stripping ability of salt was
closely associated with the interfacial tension between salt
flux and Al melt (or-m) and the decrease of or-y favored the
stripping of the oxide layer. As mentioned in section 3.2.1, the
addition of KF to equimolar NaCl-KCl can promote abundant
enrichment of Na and K at the salt / aluminum interface and
sharply decrease the value of or-y, resulting in the stronger
stripping ability of oxide layer for the KF. When AlF3 is added
to equimolar NaCl-KCl, the enrichment of Na and K at the salt
/ aluminum interface is difficult and the value of - is almost
unchanged, which can account for weaker stripping ability
of oxide layer for the AlFs. In addition, for K3AlFs or KAIF,
additions to equimolar NaCl-KCl, although the enrichment of
Na and K is hindered by AlF; and the value of or-pm decreases
only slightly, the stripping of oxide layer in the molten salts is
still obvious based on the observation of complete coalescence
of metal droplets (see Fig. 12 and Fig. 13). This phenomenon
can probably be attributed to the dissolution of oxide (often
Al,03) into molten salts containing K3AlFs or KAIF4. The reac-
tions between Al, O3 and molten K3 AlFg or KAIF, are as follows
[47-51]:

Al,03+AlFg3~ = 3AI0OF,- (11)
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After 1 minute
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Fig. 14 - Coalescence of aluminum droplets in NaCl-KCI-0.3 mass% AlF3 salt solution.

Al,03+4A1F¢3~ = 3A1,OF¢2 ™ +6F- (12)
AlFg3~ = AlF,- 4 2F- (13)
Al,03+6A1F,~ = 3Al,0F% +2AlF; (14)
Al,03+3A1)0F¢2™ = 3A1,0,F4% 2AlF; (15)

In summary, according to the measurement results and
discussion of the coalescence ability of different salts, it is
clear that the stripping ability of oxide layer for KF, K3AlFg
or KAIF, is stronger while the stripping ability of oxide layer
for AlF; is weaker. Additionally, considering the requirements
of interfacial tensions in the Al melt-inclusion-flux system
for multifunctional refining flux, the combination of KF with
K3AlFs or/and KAIF, is an optimum selection for fluoride com-
ponent.

4. Conclusions

Based on theoretical analysis and experimental research, the
optimum fluoride component in the multifunctional refining
flux used for recycling aluminum scrap was determined in the

present investigation. The following major conclusions can be
drawn:

(1) Wettability analysis of spreading, separating, and inclu-
sion removal properties of the flux reveals that, the lower
value of of-y is helpful for flux to spread over the melt
surface and remove solid inclusions, while excessive low
value of op-m makes it difficult for flux to be separated from
Al melt. Moreover, the lower value of or-; and the higher
value of oy are also beneficial for flux to remove solid
inclusions.

In terms of the Al melt, inclusion, and flux system, when

KF, AlF3, K3AlFs or KAIF,; was added to equimolar NaCl-

KCl, it is found that, AlF3, K3AlFs or KAIF, can decrease

or-m slightly, and decrease op-; to varying degrees, while

KF can significantly decrease or-m and increase of-1.

(3) When aluminum chips were immersed in the equimolar
NaCl-KCl molten salt with addition of 0.3 wt.% KF, 0.3 wt.%
K3AlFg, 0.3 wt.% KAIF, or 0.3 wt.% AlF3, itis found that, the
stripping ability of oxide layer for KF, K3AlFs or KAIF, is
stronger, while the stripping ability of oxide layer for AlF;
is weaker. Furthermore, the stripping ability of oxide layer
for K3AlFg or KAIF, is inferior to KF.
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(4) According to a comprehensive consideration of the
requirements of interfacial tensions and oxide layer strip-
ping ability for the multifunctional refining flux of recycled
aluminum, the combination of KF with K3AlFs or/and
KAIlF, is an optimum selection for fluoride component.
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