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Iron reduction in aluminum by electroslag refining
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Abstract: The effect of electroslag refining on iron reduction from commercial aluminum was investigated. Cast electrodes of
commercial aluminum were electroslag refined using KC1-NaCl—Na;AlF; slag containing Na,B4O,. Experimental results indicate
that the iron content decreases with increasing Na,B,0; addition and remelting time, and the iron content decreases from 0.400% to
0.184% under 9% Na,B,0; addition for 30 min remelting. The elastic modulus, yield strength and ultimate tensile strength
commercial aluminum are improved, and the tensile elongation is increased by 43% after electroslag refining. The chemical reaction
between melt and slag to form Fe,B is the main reason for iron reduction and the thermodynamic calculation of the chemical reaction

theoretically accounts for the formation of Fe,B.
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1 Introduction

Iron is considered the most harmful impurity in
aluminum alloys, which comes from the bauxite ore and
ferrous metals.
equilibrium solid solubility in aluminum (0.05%, mass
fraction) [1], and most iron in aluminum alloys forms
together with other alloying elements [2], such as silicon,
manganese and copper. Fe-rich intermetallic compounds
are responsible for the inferior mechanical properties of
aluminum alloys [3,4]. This is mainly due to the
precipitation of brittle Fe-rich intermetallic phases which
appear as needles or platelets in the microstructure, and
these intermetallic phases seriously degrade the tensile
strength, elongation and ductility of the alloys [5,6].

The most extensive work on reducing deleterious
effect of the brittle Fe-rich intermetallic phases has been
carried out for decades. So far, two main categories of
methods have been developed. The first is to neutralize
the detrimental effect of Fe-rich intermetallic phase by
adding chemical elements and thermal treatment [7—10].
Manganese and chromium are the most common alloying
addition, which are used to transform the morphology of
Fe-rich intermetallic phases from needles or platelets to a

Iron has a very low maximum

more cubic form or globules [7]. Thermal treatments can
also modify the morphology and the type of the
intermetallic phases [9], but high superheating
temperature inevitably leads to high energy costs and
high oxidation loss. Furthermore, these treatments can
not remove iron from the aluminum alloy and these
harmful Fe-rich phases may turn up again in the
processing. The second category is the removal of iron
from aluminum alloy. Generally, iron removal from
aluminum alloy can be carried out by the precipitation
and separation of intermetallic phases from the liquid
alloys [11-13]. Several techniques, such as filtration,
centrifugal and electromagnetic separation, have been
developed to separate Fe-rich phases from the liquid
alloys. However, it is necessary to add chemical elements
to form Fe-rich phases in these processes. The
precipitation of Fe-rich phases is greatly influenced by
the content of chemical elements and the processing
temperature [11]. Moreover, these chemical elements are
usually detrimental to the aluminum alloy. Therefore,
these methods are very limited in application.

Electroslag refining (ESR) is a secondary refining
process which has already been well established for
producing steels and other high performance alloys
[14—16]. In the process, high current is applied through a
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resistive slag layer, and the heat generated within the slag
melts a consumable electrode. Metal droplets from the
electrode drop through the molten slag and solidify in a
mould to form ingot. Refining takes place because of the
reaction between the metal and the slag in the process.
By suitable choice of slags, chemical reaction between
the metal and the slag can be encouraged, such as the
removal of impurity elements and retaining necessary
alloying elements [14]. STOEPHASIUS et al [16]
investigated the removal of the main impurities out of
titanium and titanium-aluminum alloys by electroslag
refining using a CaF,-based active slag.

In the present work, electroslag refining was applied
to commercial aluminum for the reduction of iron. The
effect of electroslag refining on the reduction of iron was
systemically investigated, and the thermodynamic
mechanism of this process was also discussed.

2 Experimental

Commercial purity aluminum containing 0.40% Fe
(mass fraction) was used in the experiment. The
composition of the material is listed in Table 1. The slag
used was a mixed chloride-fluoride flux, containing 47%
KCl, 30% NaCl and 23% Na;AlFs (mass fraction). In
addition, the Na,B,0; was added to the slag for the
removal of iron and the addition was 3%, 5%, 7% and
9% (mass fraction) of the slag, respectively.

Table 1 Composition of commercial purity aluminum

Fe Si Cu Ga Mg
0.400 0.040 0.001 0.013 0.002
Zn Na K B Al
0.002 0.015 0.008 0.004 Bal.

The electroslag remelting experiments were carried
out in a 60 kVA single phase AC unit. Figure 1 is the
schematic illustration of electroslag remelting unit.
Before the electroslag remelting experiments, the
commercial aluminum was cast to electrodes with size of
d40 mmx>800 mm and the flux was prefused at 523 K in
an oven. In the remelting process, the solid starting
technique was used through the arc striking agent. 0.5 kg
slag was melted to form the slag bath and the molten slag
was super-heated to 1013 K in the remelting process. The
electrodes were subjected to electroslag refining to
obtain ingots with size of d70 mmx(250—300) mm under
a voltage of 10—15 V, a current of 600—700 A and a
descending speed of 27-107 mm/min. Finally, the
sludge was collected for X-ray diffraction (XRD)
analysis, and the aluminum samples for metallographic
observation and spectrum analysis were taken from the
ingots.

Consumable electrode
Thermoelectric couple

— Copper mould

Power
supply

Molten slag pool

— Molten metal pool
—Slag skin
Ingot

—Starting plate

Fig. 1 Schematic illustration of electroslag remelting unit

The chemical compositions of the aluminum sample
were analysed with inductively coupled plasma—atomic
emission  spectrometry machine (ICP-AE3, Iris
Advangtage 1000). Metallographs were observed by
scanning electron microscopy (SEM, JSM—6460). The
original NaCl and KCI in the molten sludge were
removed through a deionized water filter process. The
phases in the molten slag were detected with an X-ray
diffractometer (XRD, D/MAX 2550VL/PC). The tensile
properties were tested by a Zwick/Roell test machine.
Tensile tests at room temperature were carried out at a
tensile speed of 1 mm/min and each value of tensile
properties reported was the average of four tests under
the same condition. The dimensions of the specimens for
mechanical properties testing are shown in Fig. 2.
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Fig. 2 Dimensions of specimens for mechanical properties
testing

3 Results and discussion

3.1 Iron content

Figure 3 shows the dependency of the iron content
with different addition of Na,B,0,. Regardless of the
remelting time, iron content decreases with the increase
of Na,B,0O; addition. At remelting time of 30 min, the
iron content decreases from 0.400% to 0.209% with the
addition of 3% Na,B40;. When the addition of Na,B,0,
reaches 9%, iron content decreases to 0.184% at the
remelting time of 30 min and the maximum iron
reduction ratio is 54%. Iron content can be further
reduced when the addition of Na,B,07 is more than 9%.
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Excessive addition of Na,B40; should be avoided
because it would damage the stability of electroslag
refining process. The optimal addition of Na,B4O7 is 9%.
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Fig. 3 Tron content with different addition of Na,B40,
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Table 2 shows the contents of other impurity
elements in the commercial purity aluminum after
electroslag refining. Compared with the aluminum
sample before electroslag refining, there is no obvious
change on the contents of other impurity elements in the
aluminum samples after electroslag refining. The result
indicates that electroslag refining does not introduce new
impurity element to the commercial aluminum after
electroslag refining.

The relationship between iron content and remelting
time with different Na,B,O addition is shown in Fig. 4.
The iron content decreases as an first order exponential
decay function of remelting time with different addition
of Na,B,0;. The fitted equations corresponding to the
curves are also displayed in the figures. With different
addition of Na,B,0-, iron content decreases rapidly with
remelting time and nearly reaches a minimum when the
remelting time exceeds 20 min. It indicates that reactions

Table 2 Contents of impurity elements in commercial aluminum with different Na,B,0; addition after ESR

Content of impurity elements (mass fraction, %)

Addition of Na,B,0O, -
Si Cu Ga Mg Zn K Na B

3% 0.039 0.002 0.013 0.002 0.002 0.014 0.007 0.004

5% 0.041 0.001 0.011 0.001 0.001 0.014 0.006 0.003

7% 0.040 0.003 0.012 0.001 0.002 0.015 0.007 0.004

9% 0.038 0.001 0.011 0.002 0.002 0.016 0.008 0.004

0.40 0.40
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Fig. 4 Relationship between iron content and remelting time with different addition of Na,B,05: (a) 3%; (b) 5%; (c) 7%; (d) 9%
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between melt and molten slag has already completed
within a period of 20-30 min. Therefore, it is
unnecessary to remelt for a longer time, and the optimal
remelting time is 30 min.

3.2 Microstructures and mechanical properties

The microstructures of the aluminum samples
before and after electroslag refining are shown in Fig. 5.
Comparing the micrographs before and after ESR, the
needle shaped Al-Fe binary phase at grain boundaries
becomes less and thinner obviously.

Fig. 5 SEM micrographs of aluminum samples: (a) Before ESR;
(b) After ESR with 9% Na,B40- for 30 min

Figure 6 presents the mechanical properties of the
aluminum samples before and after ESR with 9%
Na,B,0; addition remelting for 30 min. The result shows
that the mechanical properties of the samples after ESR
have a minor improvement in the elastic modulus, yield
strength and ultimate tensile strength. However, the
tensile elongation of the sample after ESR is 43% higher
than that of the sample before ESR. The increased tensile
elongation and minor improvement in the -elastic
modulus, yield strength and ultimate tensile strength may
be attributed to the reduction of iron [4,5]. After ESR
with 9% Na,B,0; addition remelting for 30 min, the Fe
content of the aluminum sample decreases from 0.400%
to 0.184% and the platelets like Al-Fe binary phase at

grain boundaries becomes less and thinner. The

probability of cracks initiation on these brittle Fe-rich
phases decreases distinctly. Therefore, the mechanical
properties of the commercial purity aluminum are
improved after electroslag refining.
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Fig. 6 Mechanical properties of aluminum samples before and
after ESR with 9% Na,B,0; remelting for 30 min

3.3 Sludge analysis

The XRD pattern of the collected sludge after
electroslag refining is shown in Fig. 7. The elpasolite
(KoNaAlF¢) phase, Al,O; and Fe,B are found in the
sludge. The elpasolite phase is a resultant of AlF, >
combined with Na" and K, because Na;AlFs, KCI and
NaCl are resolved into Na®, AlF>, K™ and Cl in the
molten flux. ALL,O; is the common phase in the Al melt,
which is captured by molten slag. Fe,B phase may form
as a result of chemical reaction between the iron and
Na,B4O; and subsequently be captured by the molten
flux during the electroslag refining process. The melting
point of Fe,B is 1389 °C, higher than the temperature of
this molten flux [17]. Therefore, the formed particulate
Fe,B can be captured by the molten flux and finally
removed with the sludge, which accounts for the fact that
the electroslag refining can reduce the Fe content in the
commercial purity aluminum.
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Fig. 7 XRD pattern of collected sludge after electroslag

refining
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3.4 Thermodynamic calculation

In this chemically complicated slag-melt system, the
following reaction may take place to produce Fe,B
among Na,B,0-, Fe and Al [18].

Na,B,05(s)+14/3A1(1)+8Fe(l)=
7/3AL,05(s)+4Fe,B(s)+2Na(l) 1)

Under practical conditions, the Gibbs free energy of
reaction (1) at 1013 K can be calculated as:

a’*(A1,0,)a” (Fe,B)a* (Na)
a3 (Al)a® (Fe)a(Na,B,0,)
xz(Na)

x3(ADXS (Fe)

e
AGyy13x =AGjg3 +RT In

=AG 3¢ +RTIn (2)
where a(Al,O5) , a(Fe,B), a(Na,B,0,), a(Al),
a(Fe) and a(Na) are the activities of Al,O;, Fe,B,
Na,B,0;, Al, Fe and Na in the molten droplets,
respectively. a(Al,0;), a(Fe,B), and a(Na,B,0,)
can be considered to be 1 for solid state matter. For
simplification, a(Al), a(Fe) and a(Na) are replaced
by their approximately mole fraction: x(Al), x(Fe) and
x(Na), respectively. x(Al) and x(Fe) can be calculated as:

x(Al) = 0.99542/27 = 0.998066 (3)
0.99542 /27 +0.0040/56
x(Fe) 0.0040/56 =0.001934 (4)

- 0.99542/27+0.0040/56

In Egs. (3) and (4), 27 and 56 are the relative atomic
mass of Al and Fe, respectively. x(Na) changes with the
addition of Na,B,0-, as listed in Table 2.

Table 2 Molar fraction of Na with different Na,B,0- additions

Addition of Na,B40,/% x(Na)
3 0.008041
5 0.013402
7 0.018763
9 0.024123

The standard Gibbs free energy at 1013 K,
AG, 3¢ » can be calculated by Eq. (5), based on Gibbs
free energy function method. Using the standard S;4;3x
and H. 2%81( data of the substance shown in Table 3 [19],
AG{sx  of reaction (1) can be calculated to be
—839614.636 J/mol.

AG3 3k = AHgoex —TAS, 013 (3)

Substituting 7 with 1013 K, R with 8314
J/(mol K ™), x(Al) with 0.998066, x(Fe) with 0.001934,
x(Na) and AG), with —839614.636 J/mol in Eq. (2),
the Gibbs free energy of reaction (1) is calculated under
practical conditions, and the results are shown in Table 4.

Table 3 Thermodynamic data of reaction (1)

Substance Sio13x /(Imol K™ H9 /(J-mol ™)
Al,O3 103.136 —-1675274
Fe,B 96.990 —71128

Na 71.182 0

Na,B,0, 305.135 —3276490

Al 43.108 0
Fe 42.632 0

Table 4 Gibbs free energy of reaction (1) with different
Na,B,0; additions
Addition of Na,B,07/%

AG1013K/(J~m0171)

—499801
—491196
—485528

o N W W

—481296

The negative value of AGo;3x with different
Na,B4O; additions indicates that reaction (1) can
spontaneously take place in the slag-melt system. The
minor difference between the values of AG;3x with
different Na,B,O, additions also illuminates that the
addition of Na,B40; can hardly affect the occurrence of
the reaction. Therefore, thermodynamic calculation
theoretically accounts for the formation of Fe,B in the
electroslag refining process.

Moreover, in the electroslag refining process, the
reaction takes place in three stages. During the formation
of a droplet on the electrode tip, as the detached droplet
falls through the slag, and after the molten metal is
collected in a pool at the top of the ingot, the reaction
interface between melt and slag is multiplied many times.
Meanwhile, as the remelting current enters the molten
slag in the electroslag refining process, it interacts with
its induced magnetism to create the electromagnetic
force. The electromagnetic force formed in the
electroslag refining process has a function of stirring to
the molten slag. Therefore, the reaction balance between
melt and slag is broken and the reaction interface is
renewed continuously. Therefore, the reaction between
melt and slag is improved to great degrees in the
electroslag refining process.

4 Conclusions

1) Electroslag refining can decrease the iron
concentration in commercial purity aluminum from
0.400% to 0.184% (>54% reduction in iron). The iron
content decreases with the addition of Na,B40; and the
remelting time. The optimal addition of Na,B,0; and
remelting time are 9% and 30 min, respectively.
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2) The elastic modulus, yield strength and ultimate

tensile strength of commercial aluminum are improved,
and the tensile elongation is increased by 43% after
electroslag refining.

3) The chemical reaction between melt and slag to

form Fe,B is the main reason for iron reduction and the
thermodynamic calculation theoretically accounts for the
formation of Fe,B spontaneously.
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