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The article is dedicated to research on the elimination of high iron content (above 3-4%) in aluminium
alloys through sedimentation. The aim was to determine the effect of sedimentation time on reducing
the iron content in material from a refining bath with high iron content and to identify the phases formed
in the structure. Melts were prepared from the material obtained from the refining bath, which consisted
of an AlSi12 alloy with 3-4% Fe content. After melting, sedimentation was carried out for 2 hours, 4 hours,
and 6 hours. Sedimentation was conducted while maintaining the alloy in a liquid state throughout the
entire sedimentation period. After sedimentation and cooling of the castings, samples were taken to pre-
pare metallographic specimens, and analyses were conducted to measure the iron content in the individ-
ual samples and to observe the reduction of iron content depending on the sedimentation time. Addi-
tionally, the identification and description of the intermetallic phases formed in the structures of the
sedimenting castings from the refining bath were carried out using a scanning electron microscope with

EDS analysis.
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1 Introduction

Iron is always found in aluminium its alloys. It en-
ters the melt in various ways, from the primary pro-
duction of aluminium, through the dissolution of iron
or from steel tools used in aluminium during the melt-
ing and casting process, as an impurity and contami-
nation of secondary raw materials, in refining baths
during the casting of automotive pistons, to inten-
tional alloying with iron. Thus, iron is most commonly
present in aluminium alloys as an impurity element but
also as an alloying element in several alloys (e.g., EN
AW 4006 — AlSilFe, EN AW 2031 — AlCu2.5NiMg,
etc.). As an alloying element, iron improves the
strength properties of aluminium alloys at higher tem-
peratures and increases their hardness but decreases
the ductility of the material. Partially, iron also im-
proves the machinability of aluminium alloys. How-
ever, iron reduces corrosion resistance and can cause
pitting corrosion; it also decreases the thermal and
electrical conductivity of aluminium alloys and, due to
the precipitation of brittle intermetallic phases, re-
duces fatigue properties and plasticity of the material.
Therefore, iron forms intermetallic phases in alumin-
ium alloys, given its low solubility in the solid state (ap-
proximately 0.03%). Iron forms intermetallic phases
with aluminium, where the structure and type of crys-
tal lattice of the resulting intermetallic phase differ
from the original structure of the base metal, such as

FeAlg, FeAls, FexSiAlg, and FeSiAls. These intermetal-
lic phases mainly negatively affect the mechanical
properties of aluminium alloys. In Al-Cu alloys, iron
forms the intermetallic phase Al;FeCus, which de-
pletes the solid solution of copper, thereby reducing
the strength properties of Al-Cu alloys. Additionally,
iron blocks grain growth when iron-rich dispersed
particles are precipitated in the structure. Al;FeCus
crystallizes in a tetragonal lattice with a density of 4.44
g/cm3, while aluminium has a density of 2.702 g/cm3
and crystallizes in a cubic K12 lattice. In Al-Cu-Ni al-
loys at elevated temperatures, iron increases strength
properties. The intermetallic phase FeAls crystallizes
in a monoclinic lattice, with a density of 3.78 g/cm3
and a relatively high melting point of 1160 °C. Its
coarse crystals tend to crack and cause notches. These
notches limit the formability and resistance to fatigue
fractures in aluminium alloys [1-8].

The ternary phase diagram of Al-Si-Fe is quite
complex and contains many phase transformations
(Fig. 1). This system is characterized by a high number
of ternary phases, stable and unstable. The presence
of these phases influences mechanical properties, cot-
rosion resistance, mechanical processing, etc. Cur-
rently, the phase diagram of the Al-Si-Fe system is not
precisely established, and research is being conducted
to supplement it for expansion and better understand-
ing. Table 1 lists the structures that occur in the phase
diagram of Al-Si-Fe [1, 2, 9, 10].
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Fig. 1 AIFe-Si phase diagram [1]

The term "refining bath" refers to the melt of the
aluminium alloy AlSi12, which is used in the technol-
ogy of gravity casting aluminium pistons for internal
combustion engines. Specifically, the refining bath is
used to connect the cast iron ring carriers (lubricating

Tab. 1 Chemical notation of the structures t5, 16, 14

and scraper rings on the piston) with the piston itself,
which is made from the alloy AlSi;zMgNiCu [11]. The
AlSiy; alloy (Table 2) has excellent casting properties,
with good resistance to hot cracking, good machina-
bility, weldability, high chemical resistance, and good
corrosion resistance. This material is suitable for pro-
ducing complex, thin-walled, and cyclically stressed
castings. However, the material cannot be heat treated
by precipitation hardening [12-15].

In the production of internal combustion engine
pistons, cast iron ring carriers (Fig. 2) are immersed in
the refining bath (melt of aluminium alloy AlSi12) and
kept there for 3-4 minutes at a temperature of 720-730
°C. A layer from the refining bath forms over the en-
tire surface of the ring carriers (Fig. 3). These treated
carriers are then placed into a vertically divided metal
mold. The mold is closed and filled with an aluminium
alloy of  similar chemical composition
(AlSi12MgNiCu) to that of the refining bath, resulting
in the casting of the piston and embedding of the cast
iron catrier into the piston. Thanks to the aluminium
layer on the cast iron carriers, the carrier bonds firmly
with the aluminium material of the cast piston. After
the casting solidifies, the mold is opened, and the pis-
ton casting proceeds to further technological pro-
cessing (precipitation hardening, surface machining by
turning), resulting in a finished piston.

Structure Chemical notation Decomposition temperature [°C]
Al2FesSio 855
o =Ts AlgFesSi 715
Al; 4FexSi 710
AlsFeSi 700
B =7t AlysFeSi 694
AlFeSin 667 5
Aly FeSip 865
0 =14 AlsFeSi, 834
Al7FeSiz; -
Tab. 2 Chemical composition of the AlSir2 alloy [16]
Element Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti
Element con- | 10.5- | max. | max. | max. max. max.
tent [wt. %] | 13.5 | 0.40 0.03 0.35 - - - 0.10 - - 0.15

When the iron content in the refining bath in-
creases, it must be replaced, as it cannot be used for
further refinement of the ring carriers. The threshold
value for iron in the refining bath is a maximum of 4%
Fe; if this value is exceeded, the refining bath must be
replaced without fail. If the refining bath is not re-
placed and continues to be used with increased iron

content, the embedding of the catriers into the piston
will result in poor bonding of the carriers with the pis-
ton material. This will cause an increase in hardness of
the surrounding material due to the presence of iron,
leading to cracking of the material and destruction of
the piston. This is because iron in aluminium and its
alloys forms intermetallic phases, which tend to crack
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(they are brittle).

Overall, a significant amount of refining bath with
a high iron content of approximately 4% is generated
as waste in the process of producing automotive pis-
tons. This creates a major issue with its further utiliza-
tion, with the main problem being the iron content.
Thus, a method is being sought to effectively reduce
the iron content in a significant portion of the materi-
al's volume and use it as secondary raw material in the
production of aluminium alloys. The reason is not
only to produce pistons of the required quality but also
to increase cost-effectiveness and reduce costs due to
the replacement of the refining bath. Therefore, a
method is being sought to utilize as much refining
bath as possible with sufficient purity [17].

Fig. 2 Cast iron carrier before immersion in the refining bath

Fig. 3 Carrier with an aluminium layer formed [17]

2 Experimental

A supply of discarded refining bath (alloy
AlSii2Fey) with a high iron content was secured, and a
chemical analysis was performed using a portable
spectrometer. The measurement results are shown in
Table 3. From this material, samples for individual
melts of the same weight were subsequently prepared
and subjected to different sedimentation times after
melting under the same conditions for the liquid
metal. The material was melted in an electric resistance
furnace at 780 °C, and after melting and removing
dross from the surface of the melt, the melts were left
in the furnace at 720 °C to sediment for 2, 4, and 6
hours. One melt was conducted without sedimenta-
tion, and all melts were performed in the same type

[17] and size of graphite crucible (Figs. 4, 5).
Tab. 3 Chemical composition of refining bath
Element Si Fe Cu Mn | Mg Cr Ni Al
- +
Element con- 44 17+ 15 1 360 £ 054 | 0572004 | - - | om2z02s | BLAE
tent [wt. %] 3.05

Fig. 4 Batch prepared for melting

Fig. 5 Melts after melting and sedimentation
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Fig. 7 Sample from the casting of sedimenting refining bath
after 2 hours

After cooling, samples approximately 1.5 cm thick
were taken from each casting, longitudinally from the
center of the castings across their entire height (Figs.
6-9). Subsequently, the iron content in the samples
was measured at specific distances from the bottom to
the top of the castings using a portable spectrometer.
The measured iron content values at specific points
and in individual samples according to sedimentation

Tab. 4 Iron content depending on distance and sedimentation time

time are shown in Table 4, which also includes the dis-
tances from the bottom of the casting. The results in-
dicate that the effect of sedimentation on the elimina-
tion of Fe phases becomes apparent only in the 6-hour
variant. In this 6-hour sedimentation, the highest con-
centration of iron is evident up to 4 cm from the bot-
tom, i.e., within 1/3 of the total height of the casting.

Fig. 8 Sample from the casting of sedimenting refining bath
after 4 hours

Fig. 9 Sample from the casting of sedimenting refining bath
after 6 hours

Distance from the bottom of the casting [cm] [ron content after sedimentation [70]
2h 4h 6h
0 4.41 3.41 4.12
2 2.92 3.55 9.63
4 5.22 4.02 5.28
6 2.57 3.23 2.40
8 1.54 4.18 2.86
10 2.95 2.56 2.22
12 3.92 3.29 3.60
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The next step involved taking and preparing metal-
lographic samples to determine the phases formed in
the casting structures. For preliminary phase identifi-
cation, the Al-Fe-8i phase diagram was used, which al-
lows to predict the expected phases based on the
chemical composition of the supplied material. To
identify and document the resulting structural phases,
a confocal laser microscope and a scanning electron
microscope were used to determine the chemical com-
position of the formed phases.

3 Results and discussion

For structural assessment and identification of in-
dividual structural components, a confocal laser mi-
croscope was used, mainly for the casting with 6 hours
of sedimentation. From a chemical composition per-
spective, it practically represents an AlSi2Fes alloy.
Identification of individual structural components in
the AlSiioFey4 alloy made it possible to identify the in-
dividual components of the structure, which were
then subsequently analyzed using EDS on the scan-
ning electron microscope. In Figure 10 and Figure 13,
the microstructure of the AlSi;oFey alloy is docu-
mented, showing very coarse plate-like intermetallic
phases, likely AlsFeSi, and fine Si needles precipitated
in the eutectic. Figure 11 shows plate-like intermetallic
phases AlsFeSi, Si needles, and light brown branched
intermetallic phases, likely Aliao(Fe,Mn,Cu)sSi> inter-
metallic phases with Cu content due to the brown or
pink coloring and based on EDS analyses. Figure 12
documents a large cluster of light to brownish-colored
branched intermetallic phases resembling "Chinese
script,” likely representing intermetallic phases of the
Alia(Fe,Mn,Cu)3Si> or Ali2(Mn,Cu)sSiz type based on
coloration (presence of Cu), shape, and EDS analyses
[18].

Fig. 11 Coarse plate-like intermetallic phase (on the right), Si
needles, and light brown branched intermetallic phases

Futalate. . / y “:\ A ;‘ a
Fig. 12 Large cluster of light to brown-colored branched inter-
metallic phases resembling ""Chinese characters”

Fig. 13 Coarse plate-like intermetallic phase and fine Si nee-
dles

For chemical analysis of individual structural com-

ponents in the AlSi12Fe4 alloy, a scanning electron
microscope TESCAN VEGA 3 LMU equipped with
dles a Bruker EDS analyzer was used. Point EDS analyses
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of four different structural components were per-
formed on the scanning electron microscope, includ-
ing coarse irregular plate-like formations of various
shapes and sizes up to several hundred micrometers,
lighter coarser branching skeletal formations forming
networks (so-called "Chinese characters"), irregular
lighter needle-like branching skeletal formations, and
large clusters of skeletal formations (appearing brown
on the optical microscope) resembling "Chinese char-
acters."

On Fig. 14, there are evident coarse irregular-
shaped features of varying sizes up to several hundred
micrometers, where the area EDS confirms the pres-
ence of aluminium 67.9 at. %, iron 17.29 at. %, and
silicon 14.81 at. % (Fig. 15, Table 5). From the mor-
phology of this structural component, EDS analyses,
stoichiometric ratio within the chemical composition
of the plate-like feature, and theoretical knowledge, it
can be inferred that these are plate-like intermetallic
phases of the AlsFeSi type. Their overall occurrence in
the structure is significant, as evident in the structure
in Fig. 10 and Fig. 13. Especially, the intermetallic
phase of the AlsFeSi type, which occurs in large quan-
tities in the structure of all castings subjected to sedi-
mentation, is very dangerous because of its plate-like
morphology, making it very brittle and prone to crack-
ing. Its presence in the material will lead to the for-
mation of cracks and the destruction of components
due to the low plasticity of the material. Additionally,
the corrosion properties of the material with the oc-
currence of the mentioned intermetallic phases with
Fe will be poor.

~
SEMHV 300 Y

WD 1298 mm
Wiew hele 357 pm Det: SE 100 pm
SEM MAG: 397 x  Dalejmisy): 0129145

Fig. 14 Selected area for area EDS analysis of the
AISi12Fed alloy

VEGAS TESCA

Pecfoemancs in nanospace

il

Fig. 15 EDS analysis of individual elements

Tab. 5 Summary of the area analysis of the marked region in
Fig. 14 with the concentration of individual elements in the

AlSi12Fed alloy

Spectrum:

Element Series unn. C norm. C Atom. C Error (3 Sigma)
[wt.%] [wt.$] [at.$%] [wt.$%]

Aluminium K-series 51.94 57.01 67.90 8.00

Iron K-series 27.37 30.04 17.29 2.31

Silicon K-series 11.79 12.94 14.81 1.85

SEM H\V: 30.0 KV

:12.31 mm | |

View field: 141 ym | Det: SE 20 ym
SEMMAG: 983 x | Date(midly): 01128115

VEGA3 TESCAN

Performance in nanospace

Fig. 16 Selected area for area EDS analysis of the
AlSi12Fe4 ally

Figure 16 shows brighter, coarser, branched skele-
tal structures forming irregular shapes and sizes, where
area EDS confirms the presence of aluminium 82.12
at. %, iron 1.42 at. %, silicon 0.92 at. %, copper 2.93
at. %, and also a high content of nickel 12.58 at. %
(Fig. 17, Table 6). From the morphology of this struc-
tural component, EDS analyses, stoichiometric ratios
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within the chemical composition of the plate-like
structure, and theoretical knowledge, it can be con-
cluded that these are coarse branched complex inter-
metallic phases with the composition AlssNigCuzFeSi.
The mentioned intermetallic phase has a very low con-
tent of silicon and iron but a high content of nickel.
Its overall occurrence in the structure is very small and
rare.

cps/eV.

Fig. 17 EDS analysis of individual elements

Tab. 6 Summary of the area analysis of the marked region in
Fig. 16 with the concentration of individnal elements in the

AlSi12Fed alloy

Spectrum:

Element Series unn. C norm. C Atom. C Error (3 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]

Aluminium K-series 57.44 68.25 82.12 8.82

Nickel K-series 19.14 22.74 12.58 1.64

Copper K-series 4.83 5.73 2.93 0.58

Iron K-series 2.06 2.45 1.42 0.32

Silicon K-series 0.69 0.82 0.95 0.27

SEM MV 300 kY

WX 92.31 mm | I VEGAD TESCAN

Wiew helkt 173 pm Det SE 50 ym
SEM MAG: TTE x Dateimidy): 12815

Performance n nanospace

Fig. 18 Selected area for area EDS analysis of the
AlSi12Fe4 alloy

On Fig. 18, irregular, brighter, needle-like
branched skeletal structures forming a network of ir-
regular shapes and sizes are visible, where area EDS
confirms the presence of aluminium 76.46 at. %, iron
2.40 at. %, silicon 3.83 at. %, copper 2.96 at. %, and
also a high content of nickel 15.77 at. % (Fig. 19, Table
7). From the morphology of this structural compo-
nent, EDS analyses, stoichiometric ratios within the
chemical composition, and theoretical knowledge, it
can be concluded that these are needle-like branched
complex intermetallic phases with the composition
AlyNijoFe2CusSi. The mentioned intermetallic phase
has a very low copper content but a high nickel con-
tent. Its overall occurrence in the structure is very
small and rare.

Fig. 19 EDS analysis of individual elements

Tab. 7 Summary of the area analysis of the marked region in
Fig. 16 with the concentration of individunal elements in the
AlSi12Fe4 alloy

Spectrum: Acquisition 399

Element Series unn. C norm. C Atom. C Error (3 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
Aluminium K-series 57.91 61.98 76.46 8.88
Nickel K-series 25.98 27.81 15.77 2.13
Iron K-series 3.76 4.02 2.40 0.45
Silicon K-series 3.02 3.23 3.83 0.61
Copper K-series 2.76 2.96 1.55 0.40

On Fig. 20, large rounded clusters of skeletal struc-
tures (appearing brown on the microscope) of the
"Chinese characters" type, forming a network of irreg-
ular shapes and sizes, ate visible, where area EDS con-
firms the presence of aluminium 79.04 at. %, iron 8.85
at. %, silicon 7.62 at. %, chromium 2.75 at. %, nickel
0.90 at. %, and manganese 0.83 at. % (Fig. 21, Table
8). From the morphology of this structural compo-
nent, EDS analyses, stoichiometric ratios within the
chemical composition, and theoretical knowledge, it
can be concluded that these are needle-like branched
complex intermetallic phases with the composition
AlFesSi3Cr. Additionally, the mentioned intermetal-
lic phase has a very low content of nickel and manga-
nese.
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Fig. 21 EDS analysis of individual elements

Tab. 8 Summary of the area analysis of the marked region in
Fig. 16 with the concentration of individual elements in the
AlSi12Fe4 alloy

Spectrum:
Element Series unn. C norm. C Atom. C Error (3 Sigma)
[wt.%] [wt.%] [at.$%] [wt.%]
Aluminium K-series 63.16 69.18 79.04 9.61
Iron K-series 14.63 16.03 8.85 1.26
Silicon K-series 6.34 6.94 7.62 1.02
Chromium K-series 4.24 4.64 2.75 0.46
Nickel K-series 1.57 1.72 0.90 0.26
Manganese K-series 1.35 1.48 0.83 0.23

4 Conclusion

The measured values of iron content in the
AlSi12Fe alloy during sedimentation (2h, 4h, 6h) indi-
cate that sedimentation for 2 and 4 hours does not lead
to detectable sedimentation of iron intermetallic
phases. From the results of sedimentation for 6 hours,

it is evident that sedimentation to eliminate Fe phases
occurs, with the highest concentration of iron occur-
ting up to 4 cm from the bottom, i.e., up to 1/3 of the
total height of the casting, ranging from 4.12 to 9.63
wt. % Fe. In the range of 6 — 12 cm from the bottom
of the casting, the concentration of iron ranges from
2.22 to 3.60 wt. %.

Practically, in terms of chemical composition, it is
an AlSi12Fe4 alloy with a lower content of chromium,
nickel, and copper as accompanying elements originat-
ing from the dissolution of cast iron rings or the alloy
itself. It was identified:

*  Coarse irregularly shaped skeletal structures -
coarse intermetallic phases of the AI5FeSi
type - up to several hundred micrometers in
size, following Si needles.

*  Brighter, coarser branched skeletal structures
- branched complex intermetallic phases with
the composition AlsgNigCupFeSi - forming a
network of irregular shapes and sizes. These
intermetallic phases have a very low silicon

and iron content but a high nickel content.

* Irregular brighter needle-like branched skele-
tal structures AlyNijoFe2CunSi forming a net-
work of irregular shapes and sizes. These in-
termetallic phases have a very low copper
content but a high nickel content.

* Large rounded clusters of skeletal structures
of the "Chinese script" type forming a net-
work of irregular shapes and sizes- needle-like
branched complex intermetallic phases with
the composition AloFe;Si3Cr with a very low

nickel and manganese content.
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