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Abstract

Understanding the influence of iron impurity on the formation of the structure and the properties of hypereutectic aluminum-silicon alloys
are important for achieving the required quality of castings, especially those obtained from secondary materials. In the present work, the
influence of different iron contents (0.3, 1.1, and 2.0 wt.%) on the crystallization process, microstructure and mechanical properties of the
Al-15% Si alloy was studied. It is shown that the presence of iron impurity in the Al-15% Si alloy leads to increasing the eutectic
crystallization time from 6.2 to 7.6 s at increasing the iron content from 0.3 wt.% to 1.1 wt.%, changing the structure of the alloy eutectic
in the solid state. The primary silicon and B-AlsSiFe phase coexist in the structure of the Al-15% Si alloys at a temperature below 575 °C
in the range of iron concentrations from 0 to 2 wt.% in equilibrium conditions. In the experimental alloys structure, the primary crystals of
the B-phase were metallographically detected only in the alloys containing 1.1 and 2 wt.% of iron impurity. Increase of the iron content up
to 2 wt.% significantly reduces the mechanical properties of the Al-15% Si alloy due to the formation of large platelet-like inclusions of B-
AlsSiFe phase.
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i substantially reduces the quality of the castings [5]. Many issues
1. Introduction related to the effect of iron on the structure and properties of Al-Si
alloys have been underinvestigated up to date. It especially
concerns hypereutectic Al-Si alloys [6]. Depending on its state,
iron in such alloys can have both negative and positive effects, in
second case allowing to improve the high-temperature properties
and thermal stability of the alloy [7]. In turn, the negative effect of
iron can manifest itself in a significant decrease in tensile

The problem of contamination of the initial charging materials
with harmful residual elements, primarily iron, draws the
relentless focus of researchers and manufacturers [1-4]. Due to its
very low solubility in solid aluminum (max. 0.05 wt.%), the iron
impurity in aluminum alloys promotes the formation of various
intermetallic phases with coarse-grained structure, which
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strength, ductility, toughness, corrosion resistance and other
properties [8, 9].

In the Al-Si-Fe system, phases of different composition and
morphology can be formed depending on the Fe/Si ratio in the
alloy [10]. At small iron content (less than 0.8 wt.%) in low-
silicon AI-Si alloys, the iron-containing phase falls out as a
chemical compound AlgFe,Si (o) crystallizing in the form of
skeleton-like crystals (“Chinese script”). The AlsFeSi (B) phase is
formed with an increase of silicon and iron content. The primary
crystals of this phase have a plate-like shape (needle-like in the
plane of the 2D section) [11, 12]. The Al FeSi, (8) phase is often
exist in silicon-rich alloys (> 14 wt.% Si); the AlsFeSi (y) phase is
observed in alloys rich in iron (> 6 wt.% Fe) and silicon (> 14
wt.% Si) [13]. Along with the alloy chemical composition, the
morphology of intermetallic compounds in iron-containing Al-Si
alloys significantly depend on the conditions of the castings
solidification [14], and also on the conditions of the melt
treatment [15].

The main structural constituents of hypereutectic Al-Si alloys

are aluminum dendrites (a-solid solution), eutectic (a-Al + Si) and
primary silicon crystals [16]. The iron-containing a-phase
(AlgFe,Si) is practically not formed in industrial aluminum-silicon
alloys. Iron at concentrations 0.5...0.8 wt.% is usually fixed into
the eutectic (B + a-Al + Si) in the form of thin plates distributed
among silicon needles and cores. During the crystallization of this
eutectic, the B-phase (AlsFeSi) is the leading one, and the growth
of silicon crystals together with aluminum starts from it. If the
amount of iron exceeds 0.8%, AlsFeSi primary crystals appear
[17]. Tt should be noted that brittle B-phase (AlsFeSi) is an
undesirable constituent of the Al-Si alloy structure, since cracks
are easily formed on the sharp edges of the needle crystals, and
then propagate along its entire length [18]. A high fraction of
iron-containing B-phase in aluminum alloys also leads to a
decrease in the fluidity of the melts [19].
Hypereutectic aluminum-silicon alloys can be considered as
natural in-situ composites where the particles of primary silicon
play the role of the endogenous reinforcing phase [20]. In this
connection, it is expedient to analyze the influence of impurity
elements on the change of the structural and morphological
characteristics of hypereutectic Al-Si alloy and their technological
and operational properties with account of cast metal matrix
composites behavior [21]. The presence of primary silicon
particles in the eutectic matrix causes high wear resistance,
thermal stability, and low coefficient of thermal expansion [22].
In this case, a combination of good casting and mechanical
properties is possible in hypereutectic Al-Si alloys with a
relatively low silicon content, for example, Al-15% Si [23]. Such
combination of properties makes these alloys promising for
manufacturing of shaped castings with complex configuration for
automotive and aerospace applications (engine blocks, pistons,
etc.). In particular, the Al-15% Si system is the basis of the
industrial alloy A390, which serves as one of the common piston
materials [24]. Taking into account the modern trends in
increasing the amount of the secondary alloys using for castings
manufacturing (including hypereutectic Al-Si alloys), it is
important to estimate the effect of iron impurity on the processes
of structure formation and properties of cast parts.

In recent studies devoted to hypereutectic Al-Si alloys, the
main attention has been focused on modifying the Fe-rich
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intermetallic compounds to reduce its harmful effect. In
particular, it was reported that the addition of 0.6 wt.% Mn to the
hypereutectic alloy Al-17.5%Si-1.2%Fe changed the beta
intermetallics into the modified alpha phases [25]. On an example
of the Al-14Si-2Fe alloy (wt.%), it was shown that the application
of pressure up to 300 MPa during rheo-squeeze casting can
significantly reduce the size and improve the morphology of Fe-
rich phases [26]. Changes in the structure and mechanical
properties of alloys are possible by various energetic influences
(for example, electron-beam treatment), leading to a significant
increase in the fatigue life of the samples [27]. However,
information on the crystallization behavior of hypereutectic Al-Si
alloys in the presence of an iron impurity is limited.

The aim of this work is to study the effect of different iron
contents (0.3, 1.1, and 2.0 wt.%) on the crystallization process,
microstructure and properties of the Al-15% Si alloy.

2. Materials and Methods

Pure components was used for the obtaining of experimental
alloys: aluminum (> 99.99 wt.% Al), silicon (> 99.0 wt.% Si),
carbonyl iron (> 99.8 wt.% Fe). Aluminum ingot was melted in an
alundum crucible in a vertical resistance furnace. The thermal
modes of the melting and pouring was monitored during the
whole experiment by a calibrated K-type immersion
thermocouple with an accuracy of +1.5 °C. Lump-graded silicon
was added to the aluminum melt at 800 °C. After dissolving the
silicon, powdered iron (<0.5 mm), obtained by grinding drops in a
planetary ball mill Fritsch Pulverisette 6 (Germany), was added.
Before adding into the melt, the powdered iron was twisted in an
aluminum foil of 15 pm thick and compacted into briquettes 10
mm in diameter and 5 mm in height using the hydraulic press
Carver 3664 (USA). After the addition of the components, the
melt was held for 10 minutes at 850 °C and then manually stirred.
Then surface oxides were removed and the melt was purified by
dry salt flux addition (47% KCI, 30% NaCl, 23% NazAlFg) in the
amount of 0.3 wt.% at 730 °C. The prepared melt was poured at
the same temperature into a preheated steel mold with a wall
thickness of 30 mm for obtaining samples with a diameter of 20
mm and a length of 100 mm. The mold was coated with a zinc
oxide to the thickness about 0.3 mm by a spray gun. Casting
regimes for all samples were identical. The chemical composition
of the experimental alloys was measured using an ARL
ADVANT'X (Thermo Fisher Scientific Inc., USA) X-ray
fluorescence spectrometer. Studies of crystallization processes
were carried out by the method of differential thermal analysis
(DTA) at the standard apparatus "Thermoscan-2" (Russia).
Analysis of the samples contained in alumina crucible was carried
out in the temperature range 25-1000 °C in an air atmosphere at
heating/cooling rates of 5 °C/min. The instrumental error of
temperature measurements during DTA tests was estimated as
1.2 °C.

The metallographic specimens were cut from the cast samples
at a distance of 15 mm from the ingot bottom and prepared
according to a standard procedure. The microstructure of the
experimental alloys was investigated in the as-cast unetched
condition using the Raztek MRX9-D (Russia) digital
metallographic ~ microscope.  Statistical ~ processing  of
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metallographic images was carried out using the ImageJ v.1.51
software (NIH, USA). The elemental composition of the phase
constituents was determined using a Tescan Vega SBH3 (Czech
Republic) scanning electron microscope (SEM) with an energy-
dispersive microanalysis system (Oxford Instruments Advanced
AZtecEnergy). X-ray diffraction analysis was performed using D8
ADVANCE (BRUKER) with CuKa radiation (A = 1.5148 A, 40
kV and 40 mA) in the 26 range (20-85°).

The mechanical properties were examined on standard
samples with a working part diameter of 10 mm and a length of
50 mm in the as-cast condition on the universal test machine
WDW-100 (China) at room temperature (~25 °C) in accordance
with ASTM B557 requirements. When investigating the
properties and characteristics of experimental alloys, the
arithmetic mean and confidence intervals of the measured values
were calculated for each series of experiments using the
MathCAD v.14.0 software.

The equilibrium phase diagram of Al-Si-Fe system was
calculated using Thermo-Calc software with the Al-Alloys
Database v5.1 (TTALDS5).

3. Results and Discussion

Reportedly [28], phases (Si), AlsFe, AlgFe,Si (aAlFeSi) and
AlsFeSi (BAlFeSi), that can take part in various non-variant
reactions, are in the equilibrium with the aluminum solid solution.
According to the polythermal section of the Al-Si-Fe system
calculated for 15 wt.% silicon (Fig. 1), the a-Al, primary silicon
and B-AlsFeSi phases coexist at the equilibrium conditions below
575 °C in the range of iron concentrations from 0 to 2 wt.%. This
is in good agreement with the theoretical and experimental data
reported in [29] for the Al-Si-Fe system at a fixed iron content of
2 wt.%, which showed the presence of the same phases under
these conditions. The isothermal section of the aluminum angle of
the Al-Si-Fe phase diagram at 800 °C (Fig. 2) shows that for the
equilibrium  conditions the formation of binary AlsFe
intermetallics in the Al-15% Si alloy is possible only at iron
concentrations exceeding 25 wt.%. At 25 °C, the three-phase
region of coexistence of a-Al, Si and B-AlsFeSi occupies the
largest part of Al-rich corner including concentration range
considered in this work (Fig. 3). At the same time, the presence of
various binary and ternary phases, including non-equilibrium
ones, is possible in the structure of real industrial alloys at higher
cooling rates during crystallization.
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Fig. 1. Calculated polythermal section of Al-Si-Fe phase diagram
at constant silicon content equal to 15 wt.% (fragment in the iron

concentration range 0-2 wt.%)
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Fig. 3. Calculated isothermal section of Al-Si-Fe phase diagram at
25 °C (Al-rich corner)

Fig. 4 shows the microstructures of as-cast samples of the Al-15%
Si alloy, containing an iron impurity in different concentrations.
Phase constituents, which corresponds to the results of phase
diagram calculation, has been metallographically detected in the
cast structure of the experimental alloys. In the Al-15% Si-0.3%
Fe alloy (Fig. 4 a, b), silicon is released as a block-like or
polyhedral crystals having an average size of 18 pm. With an
increase in the iron content to 1.1 wt.%, an increase in the average
size of primary Si to 41 pm is observed, and at 2 wt.% Fe, a
decrease to 17 um. The quantitative parameters of the primary Si
particles are given in Table 1. In the microstructure of alloys with
2 wt.% iron the needle-like primary crystals of the B-phase clearly
appear on the background of the eutectic; its average length is 190
um and maximum length is 425 um (Fig. 4 e, f). Differences in
the eutectic structure of alloys with various iron concentrations
can be associated with the change in the eutectic crystallization
interval, the increase of which leads to the eutectic coarsening.
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Fig. 4. Microstructure of Al-15% Si alloy with different iron
content: 0.3 wt.% (a, b); 1.1 wt.% (c,d); 2.0 wt.% (e,f)

Table 1.
Quantitative parameters of primary silicon particles in Al-15 % Si
alloys with different iron content

Iron content, wt.%

Parameter 03 11 20
Average size, um 18 41 17
Maximum size, um 40 61 35
Total area, % 4.1 3.4 3.6

To assess the elemental composition of the iron-containing
phases, an EDX analysis was performed on example of an Al-
15% Si alloy with 2 wt.% iron. Fig. 5 demonstrate an SEM image
showing needles (platelets) of iron-containing phase and primary
silicon crystals against the background of eutectic and a-Al solid
solution. The elemental composition at different points is shown
in Table 2. Needle-like inclusions containing 16.38 wt.% Si and
2441 wt% Fe can be identified as B-AlsFeSi (composition
interval 13-16 wt.% Si and 23-26 wt.% Fe, as reported in [30]).

Table 2.
Elements distribution in phase constituents of Al-15% Si-2% Fe
alloy

Point Elements content, wt.% / at.% Sugﬁzzzed
(Fig. 5) Al Si Fe
1 59.21/68.26  16.38/18.14  24.41/13.6 B-AlsFeSi
Primary
2 1.19/1.24 98.81/98.76 0 L
silicon
3 97.99/98.17  18/173 02101  O-Alsolid
solution
Eutectic
4 79.5/80.16 20.46/19.82 0.04/0.02 (-Al + Si)
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100um

Fig. 5. SEM image of microstructure of Al-15% Si-2% Fe alloy
and points of elemental analysis

The presence of B-AlsFeSi phase is also confirmed by the results
of the XRD analysis (Fig. 6). Phase identification according to the
ICDD PDF-2 database indicates that the observed phase have a
monoclinic crystal structure with lattice parameters a=b=0.612
nm, ¢=4.15 nm, and B=91°, which is corresponds to the work
[31].

a-Al

acae]

o-Al

- u-Al

w

B-AlsFeSi
—— a-Al

w-Al
o-Al

|

L
n).

Si
Si

i

L :
__,A‘ o JLJL i J
% 13 & & %

i

T B-AlFesi

|
t. P-AlskeSi

B
3

Fig. 6. XRD pattern of Al-15% Si-2% Fe alloy

It was found experimentally that increase of the iron amount up to
1.1 wt.% reduces the alloy liquidus temperature (Table 3).
However, with the increase of iron up to 2.0 wt.%, the liquidus
temperature becomes higher than at 1.1 wt.% Fe, but it remains
significantly lower than that of the Al-15% Si-0.3% Fe alloy. The
tendency for a decrease in the liquidus temperature at 1.1 wt.% is
consistent with equilibrium calculations in Thermo-Calc, which
predict values of 615, 612, and 619 °C at 0.3 wt.%, 1.1 wt.% and
2.0 wt.% Fe, respectively. The solidus temperature at 1.1 wt.% Fe
is slightly lower than that of the initial alloy, and at 2 wt.% Fe — is
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higher. The presence of iron also increases the time of eutectic
crystallization. Along with this, the increase is not proportional to
the increase of the iron content: at 1.1 wt.% Fe it is greater than
that of the alloy with 0.3 wt.% Fe, and at 2 wt.% Fe decreases
again, but insignificantly.

Table 3.
Crystallization parameters of Al-15 % Si alloy with different iron
content

Iron content, wt.%

Parameter 03 11 50
Liquidus temperature, °C 651 619 630
Solidus temperature, °C 575 572 584
Time of eutectic 6.2 76 79

crystallization, min

The observed facts can be related to the following. In the Al-
15% Si-0.3% Fe alloy, the iron-bearing phases are in the structure
of eutectic (B + a-Al + Si) [32]. With increase of iron content to
1.1 wt.%, the eutectic volume fraction increases [28], as well as
the presence of primary crystals of the B-AlsFeSi phase is noted
(see Fig. 4 c, d). In a complex, this leads to increase in the eutectic
crystallization time and to decrease in the liquidus temperature of
the alloy. Apparently, a longer eutectic crystallization time can
contribute to the intensification of liquation processes and to the
formation of a pronounced dendritic structure. At 2 wt.% Fe, large
crystals of B-AlsFeSi phase are observed against the backdrop of
some refinement of the primary silicon crystals and decrease in
the amount of eutectic, which contributes to decrease in the
eutectic crystallization time from 7.6 s to 7.2 s and increase in the
liquidus temperature as compared to the alloy containing 1.1 wt.%
Fe. Presumably [33], a decrease in the size of silicon inclusions at
2 wt.% Fe may be caused by the fact that the ternary iron-
containing intermetallic compounds 8-AlsFeSi, and B-AlsFeSi can
act as substrates of primary silicon crystallization in hypereutectic
aluminum-silicon alloys.

Dependence of the critical iron concentration (from the
standpoint of its influence on casting and mechanical properties)
on the silicon content in aluminum-silicon alloys was proposed by
J. Taylor [34]:

[Fe]erie = 0.075-[Si, wt. %] — 0.05 (1)

It is obvious that an increase in the silicon concentration in the
alloy will lead to an increase in the critical iron concentration,
allowing to use the alloys with a higher iron content in practice.
Exceedance of the critical iron concentration leads to a sharp
deterioration of mechanical properties of castings due to the
formation of large intermetallic inclusions of B-phase having
unfavorable shape. This is due to the fact that with an increase of
iron impurity content, the total amount and average sizes of iron-
containing intermetallics increase, which leads to an extreme drop
in ductility due to the transition to brittle fracture [35]. According
to the equation (1), the calculated value of critical iron content for
the Al-15% Si alloy is ~1.08 wt.%.

Mechanical properties of the Al-15% Si alloy significantly
decrease with an increase in the iron content above the critical
value (Fig. 7). With a content of 2 wt.% Fe, the tensile strength
decreases on the average by 1.4 times, and the ductility by 2.6
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times compared with the alloy with 0.3 wt.% Fe. At the same
time, the presence of iron impurity at the amount of 1.1 wt.%
leads to a relatively small decrease in the ductility of the
experimental alloys. Such nature of the change in properties can
be explained by the fact that with an increase in the iron content
from 1.1 to 2.0 wt.%, large and brittle lamellar precipitates of the
B-AlsFeSi phase appear, which have a relatively low bond
strength with the aluminum matrix and easily breaks under load.
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Fig. 7. Ultimate tensile strength (MPa) and elongation (%) of Al-
15% Si alloy with different iron content (0.3; 1.1; 2.0 wt.%)

The obtained results confirm that secondary hypereutectic
aluminum alloys with an iron content of about 1 wt.% can be
successfully used in the manufacture of cast products, because
satisfactorily high values of tensile strength and ductility remain
at this concentration. Thus, from the point of view of
recyclability, hypereutectic Al-Si alloys allow a higher content of
iron impurity in comparison with hypoeutectic ones. In the case of
exceeding the critical concentration, as the practical experience of
foundries shows, it is advisable to use casting technologies that
provide high cooling rates of the melt in the mold. The high
cooling rate positively affects the structure of the alloys, changing
the morphology of the iron-containing phases and allows to
produce high-quality castings with a sufficiently high mechanical
properties.

5. Conclusion

In this work, the crystallization behavior and microstructure
evolution of Al-15%Si-XFe alloys (where X = 0.3, 1.1 and 2
wt.% Fe) was studied. The eutectic crystallization time increases
from 6.2 to 7.6 s with an increase in the iron impurity content in
the Al-15% Si alloy from 0.3 wt.% to 1.1 wt.%. At that, the
amount of the eutectic phase increases, which leads to a decrease
in the liquidus temperature of the alloy from 651 to 619 °C. A
subsequent increase in the iron concentration up to 2.0 wt.% leads
to a slight decrease in the eutectic crystallization time to 7.2 s and
an increase in the liquidus temperature to 630 °C. According to
thermodynamic calculations, the primary silicon and the (-
AlsFeSi phase coexist in the structure of the Al-15% Si alloys at a
temperature below 575 °C in the range of iron concentrations
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from 0 to 2 wt.% in equilibrium conditions; meanwhile, in the real
alloys structure, the primary crystals of the PB-phase were
metallographically detected only in the alloys containing 1.1 wt.%
and 2 wt.% of iron impurity. An increase in the iron content in the
alloy from 0.3 to 1.1 wt.% leads to a decrease in tensile strength
from 183 to 152 MPa and elongation from 1.36 to 1.11%,
respectively. Further increase of the iron content up to 2 wt.%
significantly reduces the tensile strength (to 132 MPa) and
ductility (to 0.51%) of the Al-15% Si alloy due to the formation
of large intermetallic inclusions of B-AlsFeSi phase having large
sizes (average length is 190 um and maximum length is 425 pm)
and unfavorable shape.
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