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Abstract: We present a study of cerium (Ce)
recovery in a liquid aluminium (Al) bath
through the metallothermic reduction of
cerium oxide (CeO,), using the mechanical
agitation technique with inert gas protection.
The conditions were as follows: 80 g of CeO,
added every 10 min; a flow of 6 L Ar/min;
a pressure of 1 atm; and a treatment time
of 1 h. The variables were the temperature
of the liquid (750, 800 and 850 °C) and the
magnesium content (0.5, 3.0 and 4.0 wt %).
The induction power of the oven ranged
from 8 to 10 kW. The results indicate that
the cerium oxide (RE) was reduced through
a metallothermic mechanism because the
amount of cerium present in the liquid bath
increased with agitation time. Phases were
identified by XRD and scanning electron
microscopy (SEM) and by the complementary
energy dispersive X-ray spectroscopy (EDS)
and electron backscatter diffraction (EBSD)
techniques. The results of these tests allowed
the products and stages of the reaction to be
determined. In the end, the addition of CeO,
led to a 3.90% increase in the amount of
cerium after 60 min of stirring. Therefore, this
technique offers an alternative method for the
fabrication of Al-Mg-Ce master alloys. Which
was used in an A-356 aluminum as a modifier,
obtaining better mechanical properties when
performing its characterization.
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INTRODUCTION

During the last 50 years, the science and
technology of aluminium and its alloys have
undergone important changes. This has led to
a considerable increase in the consumption
of this metal in industrialised countries.
Aluminium has properties that make it suitable
for a number of applications. One important
example is its use in Al-Si master alloys, which

arenow widelyused in theautomotiveindustry.
These applications have specific requirements
in terms of the mechanical properties of the
alloy, which demand an ever-increasing level
of control over the introduction of refiners
and modifiers in the metallic bath [1]. The
use of rare earths has been a subject of intense
research because rare earths such as cerium
change the morphology of the eutectic Si in
aluminium alloys, generating better physical
and mechanical properties [2].

This article presents a method to obtain
an Al-Mg-Ce master alloy, starting from the
metallothermic reduction of CeO, to Ce by
means of mechanical agitation in liquid Al-
Mg [3]. The method represents an alternative
way to make a product that can be used as a
modifier agent in conventional Al-Si alloys.
This alloy was added to an A-356 aluminum,
later it was characterized obtaining favorable
results.

EXPERIMENTAL PROCEDURE

The experiments were carried out using an
inductotherm brand 70 kW PowerTrack 75-30
electromagnetic induction oven in a silicon
carbide crucible with a capacity for 13 kg of
liquid aluminium.

To maintain a controlled inflow of CeO,
to the fusion unit, an agitation system with
speed control was integrated, and a graphite
agitator was used. The atmosphere was inert,
composed of 99.99% argon.

To obtain 3.9 wt% Ce in the alloy,
stoichiometry calculations were carried out,
which established the necessary amount of
CeO, to be added. The chemical composition
of the alloy in the experimental stage was 98
wt% aluminium and 99 wt% magnesium.

The experiments used to evaluate the
chemical behaviour of CeO, in the liquid bath
had the following parameters:

o Temperature: 3 levels; 750, 800, 850 °C

o Initial magnesium concentration: 3
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levels; 0.5, 3.0, 4.0 wt%

» Reagent grain size distribution: 1 level;
-140 to +200
Throughout the experiments, the following
conditions were kept constant:

« Initial amount of alloy: 10,000 g.

+ CeO, added: 80 g every 10 min and 6
L of Ar per min.

o Added amount of reagent: 480 g.
o Stirring rate: 320 rpm

o Treatment time: 60 min.

« Sampling time: 10 min intervals

o The form factor and dimensions of the
agitator

CHARACTERISATION

The Ce and Mg contents in the aluminium
alloy were analyzed chemically by means of
atomic absorption spectroscopy and spark
emission spectroscopy, respectively. Phases
were identified by X-ray diffraction (XRD).

The samples were also analyzed in a SEM
using energy dispersive spectroscopy (EDS)
and electron backscatter diffraction (EBSD).
To assess the crystallographic features of the
phases of interest by EBSD, the software TSL
Delphi 2 was incorporated into the computer
of the SEM.

When obtaining the master alloy Al-
Mg-Ce, it was used by adding it in a liquid
aluminum bath of an A-356 alloy and the
samples obtained were subjected to the
following characterizations: metallographic
analysis, hardness test, and tension test to
assess the efficiency of the master alloy as a
modifying agent.

RESULTS AND DISCUSSION
CHEMICAL ANALYSES

Figure 1 shows the results of the chemical
analysis of samples obtained by means of

metallothermic reduction, with different
magnesium concentrations at constant
temperature and stirring rate. The figure
demonstrates the incorporation of Ce into the
Al-Mg alloy. The cerium oxide was reduced
by the liquid alloy because the cerium content
increases with both time and temperature
of the liquid bath. The maximum cerium
concentration of the alloy was 3.90 wt%
at a temperature of 850 °C, with an initial
magnesium concentration of 4.0 wt%. The
treatment time was 60 minutes, and the mesh-
particle size was -140 to +200.

Figure 2 shows the concentrations of both
Mgand Cein the Al-Mgalloy bath as functions
of time at 850 °C with constant stirring. Figure
2 shows that the Ce concentration increases
with time as the Mg concentration decreases.

Recent studies have shown that a liquid Al-
Mg alloy can be kept at a temperature of 800
°C for up to 2 hours without significant Mg
loss due to evaporation or oxidisation by the
environment [4, 5]. This allows us to assume
that the Mg loss is due to the reduction of
CeO

X

X-RAY DIFFRACTION.

Figure 3 represents an X-ray diffraction
pattern obtained from a slag generated
during the stirring process. The percentage
of cerium reached during the formation of
the afore mentioned slag was of the order
of 3.90% e.p. The peaks captured in PDRX
identify MgO, MgAlL O,, AL,O,,CeO, as the
main compounds. The presence of the oxides
MgO and MgAl O, in the slag indicates that
both aluminum and magnesium are reducing
cerium oxide through a metallothermic
mechanism [6], where the oxygen of CeO,
joins the magnesium and aluminum forming
a spinel and an alumina during the reaction
and the metallic cerium deposits interstitially
in the liquid aluminum bath. The conditions
for obtaining the slag were; temperature
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Figure 1. Addition of Ce to an Al-Mg alloy with 4 wt% Mg as a function of time at different temperatures.
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Figure 2. Mg and Ce concentrations in the liquid Al-Mg alloy as a function of time.
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850°C, initial content of Mg 4%, CeO, powder
size -140 + 200 mesh adding 80g CeO, every
10 minutes / 61 Ar / min, for a time of 1 hour,
with agitation in the 320 rpm bath.

Figure 4 shows a schematic representation
in which the impermeable aluminum oxide
layer was reduced by magnesium in the
molten reducer and the cerium oxide was
reduced by Magnesium and AlLO, in the
molten reducer and dissolved “freely”. Since
metallic cerium has a great affinity for both
oxygen and nitrogen, this element is hardly
ever used naturally as a modifying agent. For
this reason, cerium is added to the metallic
bath in the form of a master alloy.

Figure 5 shows the XRD pattern of the Al-
Mg alloy sample with 4.0 wt% Mg, 60 min
stirring at 850 °C and the addition of 80 g of
CeO, every 10 min. The spectrum indicates
the presence of Al, Al,Ce and AlCe [7]. This
shows that part of the CeO, added to the
bath underwent a chemical reaction with the
alloy to yield Al,.Ce and AlCe. This matches
the results of the chemical analysis (Figure
1), which indicated that during the process,
3.90% Ce was added to the alloy.

Figure 6(a) shows a low-magnification
micrograph, in which a dark phase is observed
that corresponds to the Al matrix. A clear phase
is homogeneously distributed throughout the
matrix, showing the flake-like morphology
typical of Ce. The EDS spectrum of Figure 6(b)
indicates the presence of mainly Al and Ce.
The presence of Ce in this qualitative analysis
confirms the metallothermic reduction of
CeO, by Mg in the alloy, in agreement with
the results shown in Figures 1 and 4.

Figure 6(c) presents a micrograph of a
particle trapped in the matrix. Point analysis
by EDS [Figure 6(d)] indicates the presence of
Al, Mg and O, suggesting the formation of the
product Al MgO, (spinel) [8].

Finally, the micrograph of another particle
trapped in the matrix is shown in Figure 6(e).

Point analysis by EDS [Figure 6(f)] indicates
the presence of Al and O typical elements of
the Al O, (alumina) phase.

EVOLUTION OF THE AL-MG-CE
ALLOY.

Figure 7 shows the different concentrations
of cerium in a representative sample of the
different experimental tests carried out using
the stirring technique, where it is reflected
that the increase in magnesium in the bath
and high temperatures of the order of 850°C
are beneficial for the incorporation of the
cerium in the aluminum liquid bath

According to the results obtained (AQ,
SEM) it is established that the cerium oxide
is being reduced by the liquid alloy through a
metallothermic mechanism, since the cerium
content in the bath increases as the stirring
time passes.

ELECTRON BACKSCATTERING
DIFFRACTION (EBSD)

Figure 8 presents the results from the SEM,
EDS and EBSD analyses of the Al-Mg-Ce
master alloy, which were conducted after 60
min of treatment at 850 °C. Figure 8(a) shows
a micrograph in which a clear particle with
flake-like morphology is visible. Figure 8(b)
presents an EDS point analysis of the particle
(the arrow indicates the point of analysis), and
the spectrum indicates the presence of Al and
Ce.

Figure 8 [(c) and (d)] shows the results of
the EBSD analysis of the particle. In Figure
8(c), the characteristic pattern is presented.
Figure 8(d) shows the indexation of said
pattern by Kikuchi lines, indicating that the
particle corresponds to the intermetallic phase
Al Ce. According to the crystallographic chart
of this compound, the indexing was obtained
with a confidence of 1.0 (Crystallographic
chart 29-0012) [9].

The experimental characterisations of
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Figure 4. Scheme of the reaction mechanism in the metallothermic process with the presence of magnesium
and CeO2 in the liquid aluminum bath.
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Figure 5. XRD pattern of the Al-Mg alloy with 4 wt% Mg, 60 min stirring at 850 °C and the addition of 80
g of CeO, every 10 min.
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Figure 6. SEM and EDS of the Al alloy sample with 4 wt% Mg, obtained after 60 min of treatment at 850°C.
a) Low-magnification micrograph; c) particle micrograph (spinel); e) particle micrograph (alumina); and
b), d) and f) corresponding EDS spectra.
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Figure 7 presents three micrographs of the experimentation. The CeO, addition conditions were constant

(80g / 10min.) as well as the temperature at 850°C. The initial magnesium content was: for sample (a) 0.5%

Mg, sample (b) 3% Mg and sample (c) 4% Mg. The incorporation of cerium for these alloys were: (a) 0.77%
Ce, (b) 1.74% Ce and for (c) 3.90% Ce.

Figure 8. SEM, EDS and EBSD of an Al alloy sample with 4 wt% Mg, obtained after 60 min of treatment
at 850 °C. a) Micrograph; b) EDS spectrum of the clear particle; d) EBSD pattern; and d) indexation by
Kikuchi lines.




the alloy indicate that certain products were
formed, which can be verified from the
following reactions [10]:

2Mg + CeO, — 2MgO +Ce --------- AG®
at 850 °C = - 24.225Kcal
4Al + 3CeO, — 2AL0, + 3Ce ------ AG®
at 850 °C=- 16.418kcal
2MgO+ 2AL0O, — 2MgAlLO, ------- AG®
at 850 °C = - 27.549Kcal

According to the phase diagram, under
the temperature conditions used throughout
this work (850 °C), reduction of cerium oxide
by Al and [Mg]Al occurs, which generates
MgO, ALO, and MgAlLO,. The cerium
released from the CeO, during the reactions
tends to dissolve in the aluminium matrix
and subsequently form the compound Al.Ce
during solidification [11].

According to the reactions (1, 2 and 3)
determined by characterisation of the alloy,
the global solid-liquid reaction that takes
place during the metallothermic reduction of
the CeO, is as follows:

2Mg + 4Al + 4CeO,— 2MgAL O, + 4Ce ---
AG® at 850 °C =-20.451kcal .......... (4)

APPLICATION OF AL-MG-CE
MASTER ALLOY ON AN A-356
ALUMINUM.

The modification test consisted of using an
ingot of 600 grams of Al-Mg-Ce master alloy
obtained in the previous experimental test with
the composition of 3.90% ep of Ce To carry out
the test, first 10Kg of A-356 alloy were melted
at a temperature of 850°C. The Al-Mg-Ce
master alloy ingot was subsequently added and
kept for a time of 20 minutes with a protective
atmosphere of argon conducted through the
cover of the induction furnace used. Samples
were obtained to be characterized. The main
objective of this test was to add the ingot with

3.90% ep of cerium to the liquid Aluminum
bath to see the feasibility of carrying out the
modification of the eutectic silicon contained
in the A-356 alloy to achieve better mechanical
properties. The equipment used is represented
in Figure 9.

Figure 10 shows the effect of cerium on
the microstructure of an A-356 alloy. The
unmodified structure Figure 10 (a) consists
mainly of alpha aluminum, the eutectic silicon
is in fibrous form and laminated flakes, typical
of a microstructure free of modification. The
silicon present in the microstructure begins
its modification under cerium contents of the
order of 0.02% ep, obtained after 20 minutes
of treatment, as can be seen in Figure 10 (b).
They show a structure of eutectic silicon in
acicular form, representing a good degree of
modification, presenting a structure required
in Al-Si alloys to provide good mechanical
properties. Similar structures, showing the
refinement of eutectic silicon, have recently
been reported in previous investigations using
other modifiers such as strontium .

Figure 11 (a). It shows the precipitation of
the intermetallic cerium in the modification
treatment carried out by dissolving the Al-
Mg-Ce master alloy in an A-356 alloy. The
quantification of elements of the EDS spectrum
figure 11 (b), obtained by micro-point analysis,
shows that these precipitates are mainly
composed of Al, Si and Ce. The atomic ratios
recorded by the EDS spectrum and shown in
Table II indicate the presence of a compound
with the following Al Si, stoichiometry. The
Ce intermetallic is commonly identified when
an overmodification occurs in Al-Si alloys.
That is, when the maximum content of cerium
in solution is exceeded with the aluminum
matrix

Figure 12 shows the graphs of the tension
tests carried out on an Instrom machine with
a capacity of 10,000kgf, where the graph (a)
is the result of a test piece for tension of an
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Figure 9. Schematic representation of the equipment used in modification tests. The results of the chemical
analysis before and after the modification test are shown in Table L.

Element Al Fe Cu Mn Si Mg Zn Ti Ce
Alloy 88.06 0.385 0.16 0.23 10.1 0.268 0.12 0.16 0
A-356

Alloy 88.55 0.42 0.19 0.22 9.33 0.39 0.12 0.13 0.26
Modified

Table I. Chemical analysis of aluminum A-356 before and after the modification test.

(a) 500x (b) 500x

Figure 10. Modification of the structure of the eutectic silicon present in an A-356 alloy as a function of
the cerium concentration.
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Figure 11 shows the precipitate of the intermetallic in the matrix of aluminum A-356.

Elemento % e.p. % atm

Al 26,78 40,97

ALSi,Ce Si 24,57 36,11
Ce 48,65 22,92

Total 100,00 100,00

Table II. Atomic ratio recorded by the EDS spectrum shown in Figure 11
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Figure 12. Tensile test of an A-356 alloy by adding Al-Mg-Ce master alloy




alloy A-356, and the graph (b) is the A-356
alloy with addition of Al-Mg-Ce master alloy
with a content of 3.90% ep of Ce. The values
obtained for alloy A356 were: Maximum stress
153 Mpa with a hardness of 50HB. For alloy
A-356 with Al-Mg-Ce master alloy
additions were: Maximum stress 199 Mpa with
a hardness of 75HB. Therefore, this Al-Mg-Ce
master alloy can be used as a moditying alloy
in conventional aluminum alloys. For this
study, an increase of 30% was achieved with
respect to the maximum stress of aluminum
A-356 and with respect to hardness it was
50% with respect to the original sample,
this being significant since this aluminum is
used for manufacturing of engine heads and
monoblocks in the automotive industry.

CONCLUSIONS

The method presented in this work
allows for the metallothermic reduction of
Al-Mg alloys through the addition of CeO,
by mechanical agitation in a molten bath.
Using this procedure, 3.90% incorporation of
cerium was achieved at 850 °C, with an initial
magnesium concentration of 4 wt % and the
addition of 80 g of CeO, every 10 min with a
flow of 6 L Ar per min. Characterization by
XRD, SEM, EDS and EBSD allowed for the
identification of the phases involved in the
process and made it possible to determine the
reaction mechanism. In addition, the presence
of Mg influenced the reduction of CeO, in the
liquid alloy bath.

Based on the experimentation carried out,
the incorporation of metallic cerium in the
liquid bath of aluminum can be improved,
by modifying the addition of magnesium,
cerium oxide, particle size, temperature and
protective atmosphere.

The addition of Al-Mg-Ce master alloy
with 3.90% ep of metallic cerium, in an
A-356 aluminum served as a modifying
agent of the eutectic of silicon, observing

the morphological change of fibrous needles
and laminated flakes to an eutectic silicon
structure in acicular shape, in terms of its
brinell hardness properties (HB) an increase of
50% was obtained, therefore in the tension test
the increase was 30%, being something very
significant since the elongation values were
better achieving a value above 3%. With these
favorable results they can be useful to improve
a conventional aluminum used mainly in the
automotive or aerospace industry.
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