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1 Introduction
1060 industrial pure aluminum has many advantages, 
such as easy processing, good corrosion resistance, 
excellent thermal conductivity, and low density[1]. In 
the refrigeration industry, due to its low cost, 1060 
industrial pure aluminum is usually used as a substitute 
for copper in producing important components such 
as evaporators, condensers, capillaries, and dry filters. 
However, it is challenging to eliminate inclusions from 
the aluminum melt during the purification process, 
which negatively affects the quality of aluminum 
products. In 1060 industrial pure aluminum, inclusions 
disrupt the matrix’s continuity and exhibit notable 
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differences in properties compared to the matrix. 
Non-metallic inclusions serve as typical sources of 
fatigue cracks. The larger the inclusion size, the lower 
the fatigue strength[2, 3]. The inclusions in the matrix 
tend to cause stress concentrations at the sharp corners. 
They are common sources of material fractures and 
corrosion[4, 5]. Gao et al.[6] analyzed the “hard spots” in 
Al-Si-Cu alloy and found that the primary compositions 
of these “hard spots” are Al2O3 and trace amounts of 
Al4C3. The hardness of these spots ranged from 818.1 HV
to 1,425.7 HV, which was over 14 times that of the 
aluminum alloy matrix. The formation of Al4C3 is 
caused by the introduction of carbon in the aluminum 
production process, such as the direct contact between 
graphite electrodes and molten salts in the electrolytic 
aluminum process, and the reaction between different 
organic compounds and melts during the processing[7, 8].
He et al.[9] investigated the impact of CO2 generated 
through the anodic effect on the aluminum melt during 
the electrolysis process. They discovered that CO2 

reacted with the aluminum melt to form α-Al2O3 at 
high temperatures. Many studies have confirmed 
that over 99% of the inclusions in aluminum melts 
are Al2O3 inclusions, including various types such as 
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α-Al2O3, γ-Al2O3, and η-Al2O3. These inclusions can exhibit 
fragmented, granular, membranous, or plate-like shapes, with 
a wide size range from 1 nm to 1,000 μm[10, 11].

The preparation of high-quality 1060 aluminum ingots 
primarily depends on the purification level of the aluminum 
melt. Researchers have conducted extensive studies to 
efficiently remove inclusions from the melt[12-16]. Aluminum 
melt purification methods can be categorized into adsorption, 
non-adsorption, and composite purification. Among these 
methods, the salt fluxes method, as a kind of adsorption 
method, has become widely adopted in industrial production 
due to its advantages, such as ease operation, low cost, and 
high efficiency[17, 18]. It can effectively remove water from the 
solvent thoroughly, homogenize the components, and facilitate 
purification. Majidi et al.[18] investigated the impact of melting 
temperatures and adding salt fluxes on the refining process 
of A380 and A319 aluminum alloys. It is determined that 
the NaCl-KCl-Na2SiF6-CaF2 flux is effective in removing 
inclusions from aluminum melt at 740 °C. Shi et al.[19] 

determined the optimal composition of fluoride in salt fluxes. 
They studied the interfacial tension between aluminum alloys 
and different fluoride salts added at 740 °C. The results 
indicated that adding KF, NaF, Na3AlF6, MgF2, and AlF3 
reduced the interfacial tension between the aluminum alloy and 
the salt flux. The use of 0.5wt.% salt flux with 5wt.% KF in 
processing A356 aluminum alloy led to reduced levels of gas 
and inclusions. Tenorio et al.[20] studied the interaction between 
salt and inclusions during aluminum recycling, experimenting 
with equimolar NaCl and KCl. The results indicated that this 
mixture can facilitate the detachment of aluminum oxide 
layers. Wan et al.[10] identified the fluoride composition in 
salt fluxes used for aluminum recycling. Zhou et al.[21] used 
thermodynamic theory and surface renewal kinetics models 
to study the removal of inclusions in aluminum melts and 
the mechanism of aluminum grain refinement. They found 
that the tensile strength of specimens (castings) increased by 
8.59% after treatment with salt fluxes. As for the detection 
of inclusions in aluminum and aluminum alloys, there are 
many available methods, including optical microscopy[22], 
ultrasound (both solid and liquid)[23], X-ray photography 

and tomography[24, 25], electromagnetic induction[26], fracture 
testing[27], vacuum testing[24], filtration and centrifugation[28], 
and chemical dissolution[29]. The primary limitation of these 
methods is their inability to rapidly determine the composition 
concentration, and size distribution of inclusions. In particular, 
the most popular detection methods, such as LiMCA (liquid 
metal cleanliness analyzer), are only capable of measuring the 
number and size distribution of inclusions larger than 10 μm 
in aluminum melts. PoDFA (Porous Disk Filtration Apparatus) 
is used to collect particles in molten metals onto the surface 
of fine ceramic filters, thereby assisting in the identification of 
inclusion types[30]. In this study, scanning electron microscopy 
was employed to observe inclusions in 1060 aluminum, and 
image analysis software was used for statistical analysis, 
effectively determining the composition, quantity, and size 
distribution of inclusions. 

There are comprehensive reports on methods for removing 
inclusions from the melt and the failure behavior caused by 
inclusions[5, 16]. However, there is limited research regarding 
the factors that influence inclusions in aluminum melts and 
the mechanisms of formation, particularly concerning the 
analysis of typical inclusions morphology, quantity, and size. 
This study used the salt fluxes method to purify the 1060 
industrial pure aluminum melt. The morphology, size, and 
quantity distribution of Al2O3 inclusions after purification at 
different temperatures were analyzed. The various salt fluxes 
compositions (including chlorides, cryolite, and calcium 
carbonate) and the forming mechanisms of inclusions were 
also investigated. Finally, mechanical properties were tested 
using the samples purified with modified salt fluxes at 740 °C.

2 Experimental 
2.1 Materials
1060 aluminum obtained from Zunyi Hengjia Aluminum 
Co., Ltd. in China was used as the raw material. The chemical 
composition of the 1060 aluminum is presented in Table 1. The 
reagents used in the experiment were all analytical pure and 
were purchased from Sinopharm Chemical Reagent Co., Ltd.

Table 1: Chemical compositions of 1060 aluminum (wt.%)

Mn Mg Cu Zn Si Fe Ti V Al

0.002 0.004 0.001 0.0051 0.0470 0.166 0.0080 0.0011 Bal.

2.2 Experimental procedures
The process of salt fluxes synthesis is as follows. NaCl: 
KCl=1:1 (molar ratio) was mixed and placed in a corundum 
crucible. The mixture was heated to 800 °C in a muffle 
furnace, then naturally cooled. Afterward, the mixture was 
ground and sifted through a 200-mesh sieve to prepare the 
basic salt fluxes[31]. To obtain modified salt fluxes, varying 
amounts of Na3AlF6 and CaCO3 were blended and ground 
together. Before introducing the salt fluxes into the aluminum 

melt, it was essential to thoroughly dry them at 300 °C for 4 h. 
This step can remove moisture and prevent the introduction of 
H2O to the melt[21].

Refining process of aluminum melt was as follows: A 150 g
aluminum ingot was placed in a corundum crucible, which 
was then placed inside a tube furnace, as illustrated in Fig. 1.
The samples were heated to a specific temperature and 
maintained for 1 h to ensure the aluminum ingot completely 
melted. At different refining temperatures, salt fluxes with 
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Fig. 2: Morphologies of inclusions in aluminum melt at different 
temperatures: (a1-a3) 740 °C; (b1-b3) 760 °C; (c1-c3) 780 °C; 
(d1-d3) 800 °C; (e1-e3) 820 °C 

varying compositions were wrapped in aluminum 
foil, introduced into the bottom of the melt, and 
vigorously stirred for 1 min using a molybdenum 
rod. The salt fluxes accounted for 1wt.% of 
the aluminum raw material. After removing 
the surface aluminum dross, the melt was cast 
into rod-shaped ingots. The remelted ingots 
were then cut into samples of 10 mm×10 mm×
10 mm for subsequent analysis. After purification, 
the refined samples were compared with 
unrefined (blank) samples under the same 
conditions to evaluate the purification efficiency. 
All experiments were conducted under strictly 
controlled and consistent external conditions.

Fig. 1: Schematic diagram of melting

statistical image. The total of view area A was calculated as the product of a 
single view area A0 and the number of fields of view N.

                                          (1)

                                          (2)

To obtain the tensile strength, samples with a diameter of 9 mm and 
a length of 30 mm were tested on a tensile tester (IBTC-5000, Care 
Measurement & Control, China) at room temperature. Three samples were 
cut from each ingot and tested at a speed of 0.5 mm·min-1.

3 Results and discussion
3.1 Effect of refining temperature on purification of 

aluminum melt
To determine the appropriate melt purification temperature, basic salt fluxes 
[NaCl:KCl=1:1 (molar ratio)] were used for the refining process. The 
typical morphology of inclusions in an aluminum melt at different refining 
temperatures is shown in Fig. 2. These inclusions typically exhibit small 
particles, films, and plates. EDS testing confirms that all these inclusions 
are mainly Al2O3, as shown in Fig. 3. α-Al2O3 and γ-Al2O3 coexist in 
the aluminum alloy, with the plate-like inclusions being γ-Al2O3 and 
the particle-like inclusions being α-Al2O3

[24]. This is consistent with the 
studies of Impey[32] and Lee[33] et al. As the temperature increases, there 
is an increase in the number of Al2O3 inclusions which are found in small 
particles, along with a corresponding increase in pores.

2.3 Analysis and characterization
The standard metallographic samples were 
cut from the equivalent positions in different 
aluminum ingots. The samples were ground, 
mechanically polished, and electrolytic polished. 
Subsequently, the polished samples were placed 
in an alcohol solution for ultrasonic cleaning. 
For electrolytic polishing, a 10% perchloric 
acid alcohol solution was used, the polished 
sample serving as the anode and stainless steel 
as the cathode. The polishing temperature was 
between 20-30 °C. Power voltage was 25 V, 
electrode spacing was 2 cm, and polish time 
ranged from 8-12 s. The characteristics of 
typical inclusions were analyzed using a scanning 
electron microscope (SEM, EM-30 plus, Coxem 
Co., Ltd.) under backscattering mode and energy 
dispersive X-ray spectroscopy (EDS, Ultim Max, 
Oxford Instruments, United Kingdom). In SEM 
testing, 50 consecutive images were taken at a 
magnification of 2000X for statistical analysis, 
with each photo measuring 100 μm×67.5 μm. 
The quantity and size of the inclusions were 
analyzed using the ImageJ image analysis 
software. 

The melt cleanliness, denoted as D, was 
determined by the ratio of the total inclusion 
area S measured by ImageJ software in the SEM 
image to the total field of view area A in the 

(a1) (a2) (a3)

(b1) (b2) (b3)

(c1) (c2) (c3)

(d1) (d2) (d3)

(e1) (e2) (e3)
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Fig. 4: Distribution of inclusion number and size at different 
purification temperatures

Fig. 5: Cleanliness (D) of aluminum melt at different 
purification temperatures

Fig. 3: SEM and EDS results of Al2O3 inclusions

The size and number distribution of inclusions at different 
purification temperatures is presented in Fig. 4. As the 
purification temperature increases, the number of inclusions 
increases, especially within the 0-10 μm range. Furthermore, 
during the melting process at temperatures above 800 °C, the 
proportion of inclusions in the 0-5 μm size range is notably 
higher than that in other size ranges. When analyzing the size 
distribution of inclusions, it becomes evident that inclusions 
in the 0-10 μm size range consistently dominate in quantity 
compared to other size ranges. Conversely, inclusions larger 
than 30 μm are less common.

The results of melt cleanliness (D) in the aluminum melt are 
illustrated in Fig. 5. It is evident that cleanliness decreases as 
the temperature increases. Especially, at 820 °C, the aluminum 
melt exhibits the lowest cleanliness. A decrease in melt 
cleanliness is observed to occur concurrently with an increase 
in inclusion content, indicating a significant correlation between 
these factors. This trend is attributed to the increased number 
of inclusions generated during high-temperature melting.

The size and quantity distribution of inclusions, along 
with variations in cleanliness, were primarily influenced by 
alterations in the surface structure of Al2O3 in the melt[24, 34, 35].
During the casting process, Al2O3 particles can form 
inevitably[34]. With increasing temperature, the aluminum melt 
undergoes enhanced oxidation due to exposure to air. The 
surface structure of aluminum oxide in the melt is changed. 
Yu et al.[36] used synchronous thermal analysis technology to 
investigate the oxidation process of aluminum in a non-high-
pressure air environment. The researchers also conducted phase 
analysis on the surface oxides of aluminum powder particles. 
Their findings suggested that γ-Al2O3 transformed into α-Al2O3 
at 773 °C, and α-Al2O3 began to grow at 800 °C. Impey et al.[32] 

observed the melt’s surface under melting conditions at 750 °C,
and noted that γ-Al2O3 was broken and the nodular structure was 

formed by the oxidation of the aluminum melt which seeped out 
at the fracture site. This phenomenon suggested that during the 
transformation of γ-Al2O3 into α-Al2O3, its volume decreased 
by 24%. The tensile stress caused by volume changes broke 
the originally dense oxide film. The small-sized oxide film 
was immersed in the aluminum melt. The higher refining 
temperatures render the aluminum oxide layer on the melt’s 
surface more fragile, causing it to submerge in the melt[32]. 
Consequently, as the exposed melt initiates oxidation, a new 
oxide layer forms and becomes entrained into the melt during 
production processes, leading to an increase in fine granular 
oxide inclusions. With increasing temperature, this oxidation 
intensifies, resulting in a significant rise in the number of 
alumina inclusions, predominantly in the 0-10 μm range. 
The proliferation of fine inclusions leads to a noticeable 
decrease in overall melt cleanliness, indicating that elevated 
temperatures not only enhance oxidation but also accelerate  
the dispersion and refinement of alumina inclusion surface 
structures within the 740-820 °C range.

The increase in porosity can be attributed to hydrogen 
absorption, melt oxidation, and the removal of transition 
elements from the melt, as shown in Fig. 2. Excess hydrogen 
in the melt forms pores with increasing temperature during the 
solidification process. Simultaneously, melt oxidation and the 
elimination of transition elements lead to increased pore count, 
ultimately increasing porosity within the melt[18, 37].
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3.2 Effect of Na3AlF6 on purification of aluminum melt
At 740 °C, experiments involving salt fluxes were conducted under 
various conditions, including without salt fluxes addition and with varying 
concentrations of Na3AlF6 salt fluxes. The morphologies of the aluminum 
ingot under different conditions are shown in Fig. 6. Without adding salt 
fluxes, flake-like Al2O3 inclusions, small chip-like Al2O3 inclusions, and 
dense pores appear in the sample. Conversely, when basic salt fluxes (NaCl 
and KCl) are introduced, Al2O3 inclusions appear as fine fragment. As the 
Na3AlF6 added increases, the number of fine fragmented Al2O3 inclusions 
gradually decreases. However, some larger block-like Al2O3 inclusions still 
exist. These block-like Al2O3 inclusions are partly individual particles, while 
others result from the aggregation of numerous fragmented Al2O3 inclusions.

The statistical results regarding the number and size of inclusions are 
illustrated in Fig. 7. A significant number of inclusions smaller than 5 μm 
are present when no salt fluxes are added. While, as the basic salt fluxes are 
added, the number of inclusions smaller than 5 μm significantly diminishes. 
Still, inclusions are substantially increased in the 5-20 μm range. With the 
introduction of Na3AlF6, the number of inclusions initially decreases but then 
increases. Notably, when adding 16wt.% Na3AlF6, the number of inclusions 
is the lowest.

Fig. 6: Inclusion morphology under different content of Na3AlF6 addition: 
(a1-a3) without salt fluxes; (b1-b3) 0wt.% Na3AlF6; (c1-c3) 8wt.% Na3AlF6; 
(d1-d3) 12wt.% Na3AlF6; (e1-e3) 16wt.% Na3AlF6; (f1-f3) 20wt.% Na3AlF6 

Without addition of salt flux, the cleanliness 
is relatively high, about 99.9970%. As Na3AlF6 
added in salt fluxes increases from 0 to 20wt.%, 
the cleanliness increases and then slightly 
decreases, as shown in Fig. 8. When adding 
16wt.% Na3AlF6, the cleanliness is the highest, 
about 99.9982%.

After adding salt fluxes, followed by stirring 
and holding, a layer of aluminum slag can form 
on the aluminum melt surface. The adsorption 
capacity of salt fluxes on aluminum oxide 
significantly impacts the cleanliness[10, 19, 31, 38]. 
The aluminum slag and residue in the crucible 
wall after purification with varying contents of 
Na3AlF6 was analyzed using XRD, as shown 
in Fig. 9. It can be seen from XRD results, 
aluminum slag treated by basic salt fluxes does 
not exhibit Al2O3 phase, indicating that the basic 
salt fluxes do not effectively transport oxide 
inclusions into the slag. 

When Na3AlF6 is introduced into the salt fluxes, 
the α-Al2O3 phase appears in aluminum slag. 
This suggests that adding Na3AlF6 to salt fluxes 
can carry oxide inclusions from the aluminum 
melt to the surface. This change is beneficial 
for separating Al2O3 inclusions from the melt 
and purifying the aluminum melt. Figure 9(f) 

Fig. 7: Distribution of inclusion number and 
size under different Na3AlF3 addition

Fig. 8: Cleanliness (D) of aluminum melt 
with various Na3AlF3 additions

(a1) (a2) (a3)

(b1) (b2) (b3)

(c1) (c2) (c3)

(d1) (d2) (d3)

(e1) (e2) (e3)

(f1) (f2) (f3)
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Fig. 9: Aluminum slag and residue in the crucible after purification with varying contents of Na3AlF6: (a) 0wt.% Na3AlF6; 
(b) 8wt.% Na3AlF6; (c) 12wt.% Na3AlF6; (d) 16wt.% Na3AlF6; (e) 20wt.% Na3AlF6; (f) slag at crucible bottom containing 
12wt.% Na3AlF6

(a)

(c)

(e)

(b)

(d)

(f)

indicates that the aluminum slag treated by salt fluxes at the 
crucible bottom contains α-Al2O3 and γ-Al2O3. It means that 
γ-Al2O3 tends to adhere to the crucible wall and bottom instead 
of entering the melt.

To gain a deeper insight into the adsorption mechanism 
of salt fluxes on inclusions, the NaCl-KCl binary phase 
diagram was calculated by Factsage 7.2 software, as shown 
in Fig. 10. The basic salt fluxes have the lowest melting point 
of 657 °C, which is lower than that of pure aluminum of 
660 °C. During the aluminum melting process, the basic slat 
fluxes form small droplets when stirring the melt, and the 
fluidity of the salt fluxes is enhanced. 

The possible reactions between NaCl, KCl, and the aluminum 
melt is represented as Eqs. (3)-(4). However, thermodynamic 
calculations suggest that this reaction is unlikely to occur. It 
means that NaCl and KCl are inactive components in the salt 
fluxes. Their droplets can wrap, adsorb, swallow inclusions, 

and carry inclusions up to the surface of the melt. Then, the 
inclusions can be removed through skimming. However, some 
inclusions are not captured by salt flux droplets. They settle to 
the bottom of the crucible, while others are suspended in the 
melt, as shown in the schematic diagram in Fig. 11.

3NaCl+Al=AlCl3+3Na                             (3)

3KCl+Al=AlCl3+3K                               (4)

Furthermore, the ability of salt fluxes to remove inclusions 
from the aluminum melt can be determined by their wettability 
with oxide inclusions. The strong wettability between salt 
fluxes and inclusions promotes the capture, encapsulation, and 
swallowing of the inclusions by the salt fluxes[39]. The decrease 
in wettability between inclusions and aluminum melt results in 
the rapid removal of inclusions[18, 40, 41]. The wetting angle is a 
key parameter used to determine the wetting performance, as 
shown in Fig. 12.
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Fig. 10: KCl-NaCl binary phase diagram

Fig. 11: Schematic diagram of basic salt fluxes refining

Fig. 12: Schematic diagram of wetting angle between  
salt fluxes and inclusion

The smaller the wetting angle, the better the wettability 
between salt fluxes and oxidized inclusions, leading to a 
stronger slag removal ability. The wetting angle (θ) is jointly 
determined by the interfacial tensions σM-F (between salt fluxes 
and aluminum melts), σF-I (between salt fluxes and inclusions), 
and σM-I (between aluminum melt and inclusions). Their 
relationship is as follows:

σM-I=σF-I+σM-Fcosθ                                    (5)

σ σ
σ                                    (6)

From Eqs. (5)-(6), it can be observed that minimizing the 
wetting angle requires increasing σM-I and minimizing σM-F 
and σF-I. Adding Na3AlF6 alters the interfacial tension between 
the salt fluxes, aluminum melt, and inclusions, thereby 
enhancing wettability. It is easier for the salt fluxes to adsorb 
inclusions[10, 42]. Furthermore, the addition of Na3AlF6 also 
contributes to dissolution and break up of inclusions. Al2O3 
exhibits high solubility in Na3AlF6. Adding a small quantity 
of Na3AlF6 is conducive to the adsorption and dissolution of 
Al2O3 inclusions. There are four types of ions once Na3AlF6 is 
molten, as shown in Eq. (7):

Na3AlF6=3Na+ +(1-α) AlF6
3- +2αF- +αAlF4-         (7)

where, α is decomposition rate of AlF6
3- [10]. AlF6

3- reacts with 
Al2O3 as follows[43]:

4AlF6
3- +Al2O3=3AlOF5

4- +3AlF3                                 (8)

2AlF6
3- +Al2O3=3AlOF3

2- +3AlF3                                 (9)

4AlF6
3- +Al2O3=3Al2OF8

4-                                 (10)

It is evident that AlF6
3- can react with Al2O3 through various 

pathways[44]. Al2O3 inclusions can effectively dissolve or 
fragment. The smaller inclusions will form and more easily 
be adhered to and taken to the melt surface by salt fluxes. 
Simultaneously, this process facilitates the encapsulation of 
aluminum droplets, resulting in the amalgamation of larger 
aluminum droplets, which reduces aluminum loss in the 
aluminum melt. This transformation can also explain the 
change of aluminum slag from solid blocks (aluminum and 
slag cannot be effectively separated) to powdery dry slag 
(ellipsoidal aluminum droplets and slag separation) after 
adding Na3AlF6. However, the amount of Na3AlF6 added 
should not be excessive. An excessive amount can increase 
the viscosity of salt fluxes[39]. The high viscosity hinders the 
upward movement of salt fluxes and decreases the purification 
effectiveness.

3.3 Effect of CaCO3 on purification of 
aluminum melt

Purification experiments were conducted with 16wt.% Na3AlF6 
and different content of CaCO3 added to the basic salt flux at 
melting temperature of 740 °C. As shown in Fig. 13, in the 
samples with 0wt.% CaCO3 and 2wt.% CaCO3 addition, the 
Al2O3 inclusions are mainly present as small fragments. As 
the content of CaCO3 increases, the number of granular Al2O3 
inclusions and black dense small pores increases. Larger 
inclusions are also accompanied by larger pores, as shown in 
Fig. 13(d1). When adding 8wt.% CaCO3, small and fragmented 
Al2O3 inclusions have become denser, accompanied by small 
black pores, and granular Al2O3 inclusions further increase.

The statistical results of inclusion distribution are depicted 
in Fig. 14. In comparison to the sample with 0wt.% CaCO3 

added, the samples containing CaCO3 exhibit an increase in 
small-sized inclusions below 5 μm. However, after adding 
2wt.% CaCO3, the number of inclusions larger than 10 μm 
decreases. As the content of CaCO3 addition increases, the 
proportion of Al2O3 inclusions also increases, leading to a 
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Fig. 13: Inclusion morphology under different content of CaCO3 addition: 
(a1-a3) 0wt.% CaCO3; (b1-b3) 2wt.% CaCO3; (c1-c3) 4wt.% CaCO3; 
(d1-d3) 6wt.% CaCO3; (e1-e3) 8wt.% CaCO3

Fig. 15: Cleanliness (D) of aluminum melt 
with different CaCO3 additions

Fig. 14: Distribution of inclusion number and 
size with different CaCO3 additions

gradual deterioration in the cleanliness of the aluminum melt. When the 
addition of CaCO3 exceeds 4wt.%, the inclusions significantly increase, 
especially those larger than 5 μm. The addition of 2wt.% CaCO3 results 
in the most effective purification, as shown in Fig. 15, with the highest 
cleanliness, approximately 99.99928%.

The promotion of purification by CaCO3 can be attributed to gas refining. 
CaCO3 undergoes an exothermic reaction at the melting temperature, as 
shown in Eq. (11):

3CaCO3+2Al=3CaO+Al2O3+3CO↑                        (11)
The release of CO gas during this reaction contributes to gas refining by 

forming bubbles, which assist salt fluxes in adsorbing Al2O3 inclusions and 
transporting them to the melt’s surface[41]. As part of the refining process, the 
rising temperature enhances the diffusion of Al2O3 inclusions into the salt 
fluxes. However, excessive CaCO3 addition can lead to local overheating. 
The burning loss and Al2O3 inclusions increase. At the same time, the 
amount of Al2O3 inclusions carried by salt fluxes decreases.

XRD phase analysis was conducted on aluminum slag treated with 
different contents of CaCO3, as shown in Fig. 16. When the addition of 
CaCO3 is only 2wt.% and 4wt.%, the phase is α-Al2O3. However, by adding 
6wt.% and 8wt.% CaCO3, there may be a relatively low content of α-Al2O3, 
which results in failing to find obvious diffraction peaks. In Figs. 16(a), 
(b), and (c), Na0.67Al6O9.33 (an aluminate mullite) is detected, which may be 
related to the addition of CaCO3. Due to the small amount of slag generated, 
XRD analysis results can only confirm the presence of entrained aluminum, 
NaCl, and KCl in the slag, as shown in Fig. 16(d).

3.4 Tensile properties 
Research and practice have shown that inclusions 
in aluminum alloys can lead to metallurgical 
defects. Metallurgical defects directly impact 
alloy materials’ strength, plastic deformation 
performance, and corrosion resistance[19, 45]. 
Tensile tests were conducted on samples refined 
with 16wt.% Na3AlF6 and varying amounts of 
CaCO3, the results are shown in Fig. 17. The yield 
strength (YS), ultimate tensile strength (UTS), 
and elongation (EL) are shown in Table 2.
The refined sample with a 2wt.% CaCO3 
addition exhibits the highest tensile properties. 
The increase in strength is correlated with the 
cleanliness of the sample. In the production 
of aluminum plates and foils, inclusions are 
known to cause holes and tears. The size and 
distribution of inclusions are crucial to their 
strength properties; small-sized precipitates 
and inclusions are preferable to larger ones. 
Such defects are less harmful within the grain 
structure than at the grain boundaries, where 
they can affect two or three adjacent grains 
simultaneously [46]. Therefore, the higher 
cleanliness which means a reduction in the 
number and size of inclusions, will contribute to 
improved performance.

(a1) (a2) (a3)

(b1) (b2) (b3)

(c1) (c2) (c3)

(d1) (d2) (d3)

(e1) (e2) (e3)
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Fig. 17: Stress-strain curves of samples refined with salt 
fluxes containing different CaCO3 contents

Fig. 16: Aluminum slag after purification with varying contents of CaCO3: (a) 2wt.%; (b) 4wt.%; (c) 6wt.%; (d) 8wt.%

Table 2: Tensile properties of refined samples with 
different contents of CaCO3 (MPa)

CaCO3 YS (MPa) UTS (MPa) EL (%)

2wt.% 71.46±1.26 80.93±1.43 14.10±0.63

4wt.% 68.48±1.34 78.03±1.29 12.86±0.45

6wt.% 66.11±0.95 75.31±1.13 13.50±1.17

8wt.% 63.87±1.45 65.13±1.54 10.36±1.84

concentration, diminishing the strength and plasticity of 
the material and causing significant harm to the material’s 
fatigue strength and fracture characteristics. Additionally, the 
hardness of Al2O3 inclusions significantly differs from that of 
aluminum alloy mixture, impeding normal flow during plastic 
deformation in processing and serving as a potential source of 
material failure, thus accelerating the fracture process of the 
materials[19].

4 Conclusions
In the salt fluxes purification process, the refining temperature 
and salt fluxes composition on the quantity and size distribution 
of inclusions and the mechanical properties of aluminum were 
investigated. The following conclusions can be drawn.

(1) Lower refining temperatures are more conducive to 
improving the cleanliness. As the temperature increases, the 
total area and the number of inclusions with sizes below 10 μm 
gradually increase. The degree of oxidation on the aluminum 
melt surface is enhanced. The γ-Al2O3 formed on the surface 
slowly transforms into α-Al2O3, which is more prone to 
fragmentation and suspension in the aluminum melt.

(2) Modified salt fluxes are effective in improving the 
cleanliness. In contrast, basic salt fluxes, while capable of 
adsorbing inclusions and floats, are difficult to separate 
between the melt and slag. The cleanliness is reduced, and 
aluminum loss is increased. Adding 16wt.% Na3AlF6 achieves 
the positive purification effect. It is related to dissolving and 
breaking up of Al2O3 inclusions and improving the separation 
between slag and melt.

Additionally, inclusions and aluminum alloy matrices 
possess different performances, such as elastic modulus 
and expansion coefficient[19, 21]. Under external forces, the 
sharp corners of Al2O3 inclusions are easy to cause stress 

(a) (b)

(c) (d)
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(3) Based on a 16wt.% Na3AlF6 addition, the incorporation 
of CaCO3 contributes to gas refining. Adding 2wt.% CaCO3 is 
beneficial for the removal of inclusions. But, when the CaCO3 
addition exceeds 4wt.%, local overheating occurs. The number 
of Al2O3 inclusions carried by salt fluxes is reduced, and small 
Al2O3 inclusions in the melt are increased. It rapidly decreases 
the cleanliness of the melt.

(4) When the salt fluxes composition is 37wt.% NaCl-
47wt.% KCl-16wt.% Na3AlF6-2wt.% CaCO3, the aluminum 
melt achieves the highest level of cleanliness, approximately 
99.99928%.

(5) The tensile properties of the aluminum samples are 
improved due to changes in inclusions and the enhancement of 
cleanliness. The yield strength, ultimate tensile strength, and 
elongation are highest at 71.46 MPa, 80.93 MPa, and 14.10%, 
respectively.
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