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Abstract. The presence of inclusions such as oxides, carbides or refractory particles can be harmful to the
mechanical and surface characteristics of castings. Inclusion-rich metals result in lower fluidity and feeding
capability during casting. Nowadays, solid fluxes are widely used in foundries in order to reduce the inclusion
content of aluminium melts. In this study, the effect of four different fluxes on the melt quality was studied. First, the
inclusion content of the flux-treated melt, and then the properties of the fluxes (ie. chemical composition and
melting temperature) were examined.

Introduction

Inclusions are discontinuities of the material which are non-metallic or sometimes intermetallic
phases embedded in a metallic matrix [1]. Inclusions can occur in the form of solid particles, films or
liquid droplets in the molten alloys [2]. The quantity and type of inclusions in the melt are determined
by the quality of charge and alloying materials, as well as the melting and melt handling processes. The
most common inclusions in aluminium alloys are non-metallic compounds: oxides, nitrides, carbides,
and borides. Inclusions can be observed in the form of single particles, clusters and agglomerates [3-
5]. Inclusions reduce mechanical properties by detracting from the effective cross-sectional area when
stress is applied and because of the concentration of stresses at the inclusion interface [6, 7].
Inclusions in the melt can negatively influence melt fluidity and prevent interdendritic feeding [8, 9].

Flux treatment usually consists of the addition of a solid blend of inorganic compounds to the melt.
These compounds may perform several functions, such as the removal of non-metallic impurities from
the melt, the protection of the melt surface or the refinement and/or degassing of the molten alloy [10,
11]. The effect of fluxes is determined by their chemical composition, morphology, added quantity, as
well as the temperature of the melt and the method of flux addition. It is important that the
compounds in the fluxes should be able to form low-melting high-fluidity mixtures at working
temperature [12, 13]. Generally, the base flux components can be classified into four major groups
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based on their primary influence on the mixture: chlorides, fluorides, solvents of aluminium oxides
and oxidizing compounds. Chlorides are mostly used for their fluidizing effects, but they can also be
used as fillers and carriers. Fluoride salts act as surfactants and wet the interface between the
inclusions and the liquid metal. Therefore, fluoride salts promote inclusion separation and metal
coalescence. Oxidizing compounds are used to accelerate exothermic chemical reactions, which
stimulate the coalescence of larger aluminium droplets trapped in the dross. Thus, the recovery of
useful metal is facilitated. On the other hand, the heat released during the reactions promotes the
interfacial reactions between the molten flux and the inclusions in the melt [10-12].

In this study, the effects of different fluxes on the inclusion content of an aluminium alloy melt were
compared. In order to find the reason for differences in melt cleaning efficiency, the chemical
composition and thermal properties of the flux blends were investigated.

1. Experimental Procedure

Melt treatments consisting of rotary degassing with N, gas and flux addition were executed on an Al-
7Si-0.4Mg-0.5Cu alloy melt using four different fluxes (4, B, C and D). Each flux was used in 8 treatment
cycles. The quantity of metal treated in one cycle was approximately 1 ton. The metal was melted in a
stack smelter then transported by a transport ladle to a resistance heated holding furnace where the
melt treatments were performed (Figure 1). In each case, the melt was poured onto a lesser quantity
of melt (ca. 200 kg) which remained in the holding furnace from the previous cycle. The treatment
parameters and the quantity of flux added (400 g) were the same in each cycle. The N3 gas flow rate
was 20 L/min; the rotor revolution was 500 RPM during vortex formation and 250 RPM in the
degassing phase. The treatment time was 10 minutes in each case. The molten metal temperature in
the holding furnace was maintained between 740 °C and 750 °C.
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Figure 1. The stages of melt preparation: a) pouring from melting furnace, b) melt transport to holding furnace, and
c) melt processing.

The inclusion content of the melts treated with different fluxes was investigated by the evaluation of
K-mould samples, which were prepared in a gravity die called K-mould. The sample itself is a flat plate
with four notches that act as fracture points. The fracture surface of samples can be examined either
by visual inspection or with a microscope. Based on the number of inclusions, a K-value can be
determined which can be used for the quantitative characterization of the melt purity (Equation 1).

K== (1)
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where K is the K-mould value, n is the number of examined samples, and § is the total number of
inclusions found in n pieces [14, 15]. The effect of different fluxes on the melt purity was evaluated
using the comparison of the K-values determined before and after the melt treatments. The percentage
of change in K-values (AK [%]) was calculated using Equation 2.

Kz — Ky

AK =
Ky

100 2)

where Kj is the K-value determined before the melt treatment and Kz is the K-value determined after
the melt treatment. During each melt preparation, K-mould samples were cast 3 times; the number of
samples cast at once was 5. During the investigated 32 cycles (8 cycle/flux blend), 480 K-mould
samples were cast. The fracture surface of K-mould samples was inspected with a stereomicroscope at
a magnification of 25X. The inclusions found on the fracture surfaces were examined with scanning
electron microscope (SEM) combined with energy dispersive X-ray spectroscopy (EDS analysis). In
each case, the first K-mould samples were prepared from the melt in the transport ladle. After the melt
was poured into the holding furnace and the produced wet dross was removed, another series of K-
mould samples were prepared. The third series of samples were cast after skimming, following the
fluxing and degassing treatment.

The elemental composition of the fluxes was examined with EDS analysis. The thermal properties of
the fluxes were investigated with derivatographic measurements. The derivatograph is capable of
performing differential thermal analysis (DTA) and thermogravimetric (TG) measurements on the
same sample at the same time. During the investigations, a MOM Derivatograph-C apparatus was used
with a platinum crucible, the rate of heating was 10 °C/min, the maximum temperature of the
measurement was 1000 °C. a-Al,03 was used as reference material, the mass of each flux samples was
150 mg.

2. Results and Discussion

2.1. Inclusion Analysis

The average K-values of the melts at the different stages of melt preparation can be observed in Figure
2.
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Figure 2. Average K-values at the different stages of melt preparation
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It can be seen that the melts had different inclusion contents even in the transport ladle which was the
result of the differences in the quality of charge materials. In each case, the melt in the transport ladle
was poured onto a small quantity of melt remaining in the holding furnace from the previous cycle.
Thus, the inclusion content of the melt was influenced by the quality of the residual melt. This way, the
applied flux blends had an indirect effect on the average K-values of the melts even before the
treatments were carried out. The average AK values for each flux blends are illustrated in Figure 3.
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Figure 3. The average change in K-values (AK)

Average change in K-

IS
=

&
&

The treatments executed with flux C were the most effective in reducing the K-values and flux B was
the second most efficient. Flux blend A had the poorest results. The melt treatments performed with
flux A resulted in the increased inclusion content of the melt, which caused a positive change in the
average K-value. An example of inclusion found during the examination of K-mould samples can be
seen in Figure 4.
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Figure 4. Inclusion found on a fracture surface of a K-mould specimen: a) microscopic and b) SEM image

In most cases, creased film-like inclusions were found on the fracture surfaces. Based on the EDS
analysis, in most cases, the inclusions had significant oxygen and nitrogen content. Therefore, the
inclusions found are probably nonmetallic compounds like Al;03, AIN and Mg0-Al;Os.

2.2. Properties of Fluxes

The elemental composition of fluxes measured with energy dispersive X-ray spectrometer (EDS) and
the SEM images of flux grains are shown in Figure 5. The compositions presented were measured on
the surface area of the flux grains. Elemental composition values of flux D presented in Figure 5. were
measured in case of three different grain. Elemental composition measurements on different flux
grains were executed in case of flux 4, B and C. It was found, that the measured composition values are
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almost identical. Therefore, the flux grains have consistent chemical composition. As it can be seen in
Figure 5., the grains of flux D have significantly different composition values, which is a common
attribute of powder fluxes according to the literature [12]. The inhomogeneity of the chemical
composition of flux D could be the main reason for the lower AK values and thus the lower efficiency of
melt cleaning.

The measured elemental composition values can be used to predict the quality and quantity of basic
flux components like chlorides, fluorides and oxidizing compounds. Based on the chlorine and sodium
content of flux 4, the grains mainly consist of NaCl. During the analysis there was no detectable
amount of fluorine in the grains, therefore probably there are no fluorides in flux A. The absence of
fluorides could be one of the reasons for the inefficiency of this flux regarding inclusion removal.
Based on the fluorine and oxygen content of flux B, the flux is relatively richer in fluorides and
oxidizing compounds. Flux C contains the highest amount of oxidizing compounds, but the fluorine and
thus the fluoride content of this flux is significantly lower than in the case of flux B. By the comparison
of the measured K-values and the elemental composition of fluxes it can be concluded that the more
effective fluxes (B and C) contain reactive components (like oxidizing compounds and fluorides) at
higher concentration values and their grains have consistent chemical composition.
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As it can be seen in Figure 5. the grain sizes of flux A and D is significantly smaller than the other two
fluxes since they are powder fluxes while flux B and C are granular. According to R. Gallo and D. Neff
[12], granular fluxes are more efficient regarding melt cleaning because of the consistency of their
chemical composition. This statement is in agreement with the results of the present study.
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With the aid of derivatographic measurements, the melting temperature of fluxes can be determined,
which is an important property that significantly influences the melt cleaning efficiency. The
evaluation process of the measured data is described via the analysis of DTA, TG and DTG curves
recorded during the investigation of flux C (Figure 6.). The DTA curve represents the temperature
difference between the inert reference material and the flux sample during heating. Negative peaks on
the DTA curve indicate endothermic reactions while positive peaks are the signs of exothermic
reactions. The TG curve gives information about the percentage of the mass change of the flux sample.
The DTG curve is the first derivative of the TG curve with respect to temperature. In order to find the
melting temperature of the flux, the temperature values where strongly endothermic reactions occur
according to the DTA curve, but no mass-change can be observed on the DTG curve should be
identified. In case of flux C, two significantly endothermic reactions with no mass-change can be
identified. The first one is around 510 °C and the second one is around 615 °C. The results indicate that
the melting process of this flux starts at 510 °C, and the melting of another phase with higher melting
temperature takes place at 615 °C.

Flux C
1y 0
\ DTA ====- DTG = ==TG
\
05 \
'(._J' o L B ¥ - R T
g, 50 b 150 250 350 450 0 650 750™ 850 “850
< N -10
E 05 \ —
- \ =
— N\ ot
o ]
A
=4 \ =
=R . -15
o \
E 15 \

v -20

225 -25
Temperature [°C]

Figure 6. The derivatographic curves of flux C

With the aid of the evaluation process described above the melting temperature of each flux has been
determined. Then, the temperature values were compared with the average change in K-values (AK) in
order to find a relationship between the melt cleaning efficiency and the melting temperatures of the

fluxes (Figure 7.).
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Figure 7. The comparison of melt cleaning efficiency and the melting temperature of fluxes

Based on Figure 7., it can be stated that in the case of the four fluxes investigated, the fluxes with lower
melting temperature were more efficient regarding inclusion removal. According to O. Majidi et al.
[16], the melt cleaning efficiency is dependent on the fluidity of molten fluxes. Since the viscosity of
molten fluxes is temperature dependent, at a constant temperature the viscosity of molten fluxes with
lower melting temperature is lower and their fluidity is better. During melt treatment, the molten
fluxes with better fluidity can be dispersed more evenly in the molten metal which results in better
melt cleaning efficiency. The described statement is in agreement with the results of the present study.
Flux A has the highest melting temperature which is actually higher than the maintained melt
temperature (740-750 °C), therefore the grains of flux A could not melt during melt processing. Since
the flux grains were in solid state after addition, they were not capable of exposing any inclusion
removing action, moreover, they contributed to the degradation of the melt quality via the
entrainment of the surface oxide film of the melt during flux addition, which resulted in higher K-
values. The main reason for the high melting temperature of flux A could be its chemical composition, i.
e. its high NaCl content (see Figure 5.).

3. Summary

From the results of the present study, it can be concluded that the melt cleaning efficiency of different
fluxes is highly dependent on their chemical composition, morphology and melting temperature.
Based on the results of K-mould tests, flux C was the most effective in inclusion removal. The more
effective fluxes (like B and C) are granular, contain oxidizing compounds and fluorides at higher
concentration values, their grains have a consistent chemical composition and they have significantly
lower melting temperature than the temperature of the treated molten alloy.
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