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A B S T R A C T

High recycling rates worldwide underline the economic and environmental value of aluminum scrap. However,
several alloying elements in recycled Al negatively affect the final properties of castings, among which Fe has the
most permissive effect on the mechanical properties. The extremely restricted solid solubility of Fe in Al leads to
the formation of brittle Fe-containing intermetallic compounds (IMCs), and a possible strategy is to use modifiers
of harmful IMCs by alloying. The present work aims to investigate the substitutional characteristic of Fe, Mn, Cr
in the α-IMC taking the Al-12 %Si alloy as a reference, i.e., by analyzing the directional solidification (DS) of
binary (Al-12 %Si), ternary (Al-12 %Si-1 %Fe) and quaternary (Al-12 %Si-1 %Fe-1 %Mn and Al-12 %Si-1 %Fe-
0.6 %Cr) alloys. For all DS alloys castings, the macrostructure is shown to be characterized by columnar grains
associated with solidification cooling rates (Ṫ) from 0.4 to 42.3 °C/s. The microstructure of the four alloys
examined is shown to be typified by an α-Al dendritic matrix with interdendritic regions formed by α-Al, Si and
different IMCs, which have been characterized and associated with the local Ṫ. The evolvement of iron-con-
taining IMCs morphologies according to the addition of alloying elements in Al-Si alloys, is as follows: plate-like
for Fe, plate-like and Chinese script for Mn, and fishbone and trefoil/blocky for Cr. Experimental power laws
equations are determined relating the primary (λ1), secondary (λ2) and tertiary dendritic arm spacings (λ3) to Ṫ,
for any experimentally examined DS alloy casting. The microhardness (HV) of the alloys is correlated with λ3
and Hall-Petch type equations are derived relating HV to both λ3 and Ṫ. The Al-12 %Si-1 %Fe-0.6 %Cr alloy
achieved the highest HV among all the alloys examined.

1. Introduction

The global recycling of aluminum scrap has been increasing year by
year due to several factors, such as: i) finite availability of bauxite, the
main primary raw material used to make aluminum; ii) energy savings
since remelting recycled aluminum saves almost 95 % of the energy
required for the elaborative reduction of Al2O3; iii) the avoidance of red
mud generation, a non-ecologically friendly residue from the electro-
lysis process; iv) the reduction in greenhouse gas emissions associated
with the electricity consumption and subproducts from electrolysis; v)
recycling aluminum-based automotive components from old and dis-
mantled vehicles can reduce waste disposal in landfills [1–4]. However,
several alloying elements in recycled aluminum negatively affect the
final properties of the castings and some solutions have been proposed

to address this issue. The conventional solution is to accept the im-
purities by adding primary aluminum for lowering their concentration
[5]. On the other hand, this methodology is ineffective as it does not
mitigate the inevitable accumulation of undesired elements in scrap
metals recycling [6]. Therefore, removing unwanted elements seems to
be the only path, but in some cases, this is not economically feasible, as
for example iron [7].

Iron has the most permissive effect on the mechanical properties of
Al-Si based alloys, which is a concern in the automotive industry due to
the extensive applications of such alloys, such as in pistons. The ex-
tremely restricted solid solubility of iron in Al (about 10 ppm) leads to
the formation of brittle Fe-containing intermetallic compounds (IMCs)
such as the β-Al5FeSi IMC, which consists of three-dimensionally in-
terlinked thin platelets [8,9]. Considering the Al-Si-Fe ternary alloy
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system, Belov and coauthors reported in their book, that the solubility
of iron, although still low in aluminum, varies considerably with tem-
perature [9]. This solubility is different depending on the IMCs formed
(Al3Fe, α-AlFeSi and β-AlFeSi) but in general varies from 0.002 % to
about 0.05 % in the temperature range of 400 °C to about 630 °C, re-
spectively. This β-phase is detrimental to mechanical properties when
formed in the primary stage due to its large size, but it has negligible
influence as part of the eutectic mixture due to its small size [10].
Transition metals such as Mn, Ni, Cr, Co, V, and Ti have been added to
Fe-contaminated Al-Si alloys to change the morphology of the β-parti-
cles. In other words, the strategy is to use modifiers of harmful IMCs by
alloying [11]. For example, a less damaging morphology of Chinese
script (Fig. 1) takes place when forming α-Al15(Fe,Mn,Cr)3Si2, in which
(Fe,Mn,Cr) denotes that Fe, Mn and Cr can replace each other in the
same BCC crystal structure [12]. However, star-like and polyhedral
morphologies are possible to be formed depending on the ratio between
the alloying element: Fe and on the solidification cooling rate [13–15].

Due to the aforementioned substitutional characteristic of Fe, Mn,
Cr in the α-IMC, the present work comparatively analyzes the following
alloys: Al-12%Si, Al-12%Si-1%Fe, Al-12%Si-1%Fe-1%Mn and Al-
12%Si-1%Fe-0.6%Cr. It can be noted that the progressive addition of
alloying elements consisting of binary (Al-12%Si), ternary (Al-12%Si-
1%Fe) and quaternary (Al-12%Si-1%Fe-1%Mn and Al-12%Si-1%Fe-
0.6 %Cr) alloys will permit a better understanding on the role played by
each added element. This procedure has been previously implemented
in our research group, such as in the Al‐Si‐Fe‐V alloy system [16], a
work that also focused on the recycling of Fe contaminated Al-Si alloys.
The relatively high 1% Fe content was chosen to simulate its accu-
mulative effect in the scrap cycle. Regarding the Mn content, it is re-
ported that it should not be less than half of that of iron [17] and for the
Cr content, a Cr:Fe ratio not lower than 0.3 [10], i.e., a smaller amount
of Cr than Mn is more effective in transforming β-AlFeSi into α-AlFeSi
[18]. Working with Cr:Fe lower than 0.3, and associated with high
cooling rates due to the high pressure die casting process, Timelli et al.
[19] observed the formation of primary sludge particles and primary
Alx(Fe,Mn,Cr)ySiz IMCs in Al-9%Si-3%Cu-Fe alloys. Generally, the
increase in Mn, associated with the decrease in the solidification
cooling rate, induces the formation of coarser Fe-IMCs [20]. Liu et al.
[21] observed that the increase in cooling rate during the solidification
of commercial 206 Al-Cu alloys with 0.15% Fe decreases the formation
of the β-AlFeSi IMC, but increases the α-AlFeSi IMC, for the seven Si:Mn
ratios analyzed and six cooling rates ranging from 0.2 up to 7.5 °C/s. In
Al-9 %Si alloys with 0.3%Fe, even for a Mn:Fe ratio of 2:1 and high
cooling rates, iron-rich needles were not totally depleted [22]. Ana-
lyzing an Al-7 %Si-1.2%Fe alloy with Mn additions, Song and co-
authors [23] realized that the β-AlFeSi IMC can be eliminated with the
addition of 1.06%Mn, but with reduction in ductility due the formation

of a star-like Fe-IMC. However, a deeper analysis is needed when the
solidification cooling rate is involved, since it may change the α-IMC
morphology to polyhedral or star-like [15].

Thus, the present work not only takes into account the additions of
Cr and Mn, but also focuses on the influence of a wide range of soli-
dification cooling rates obtained through directional solidification
under unsteady-state heat flow regime. Microstructural characteriza-
tion of the IMCs has been provided by X-Ray Diffraction, Optical and
Scanning Electron Microscopies and Energy Dispersive Spectroscopy.
The hardness behavior is discussed considering not only the nature and
modification of the IMCs but also the evolution of the dendritic growth.
To the best of the present authors´ knowledge, such an extensive and
comparative analysis determining correlations involving solidification
thermal parameters, microstructural growth and hardness response has
not been yet performed considering the additive alloying effect of dif-
ferent elements in Al-Si based alloys.

2. Materials and methods

The nominal compositions of the alloys studied in this work are Al-
12 wt%Si, Al-12wt%Si-1 wt%Fe, Al-12 wt%Si-1 wt%Fe-1 wt%Mn and
Al-12 wt%Si-1 wt%Fe-0.6 wt%Cr. The compositions of each commer-
cially pure metal used to prepare these alloys are shown in Table 1.
Firstly, to produce each alloy, 800 g of aluminum was placed inside an
alumina coated SiC crucible and taken to an electric resistance furnace
at 800 °C to be melted. After this, according to the composition of each
alloy, pieces of Si, Fe, Mn and Cr were added to the molten aluminum.
To ensure homogenization, the addition of each element occurred in-
dividually, followed by stirring the resulting liquid bath using an alu-
mina-coated stainless-steel bar and its return into the furnace for about
45min. Argon gas was injected into the molten mixture for approxi-
mately 2min to eliminate possible trapped gases. Each molten alloy
was poured into a stainless-steel cylindrical split mold with dimensions
of 60mm internal diameter, 150mm height and 3mm wall thickness,
whose internal surface was previously coated with alumina to minimize
the radial heat losses during solidification. The main components of the
water-cooled upward directional solidification apparatus, including the
properly positioned mold, are schematically represented in Fig. 2.

The temperature controller of the electric furnace heaters allows the
melting of the alloys with the desired melt superheat. The solidification
process starts when the electric heaters are switch off and the water
flow, which is controlled by the water flow meter, starts at the bottom
of the mold extracting the released heat. A water flow of 20 L/min is set
when 10% of superheat above the liquidus temperatures of each alloy
is reached. During the cooling process, K-type thermocouples, pre-
viously placed at different positions (P) along the length of the mold,
having the cooled surface of the casting as reference, are responsible for
continuously monitoring the temperatures during solidification pro-
gress. The thermal profiles (temperature–time) are recorded through a
data logging system, connected to a computer, at a frequency of 5 Hz.
To obtain the solidification thermal parameters, the data acquired
during the experiments are further processed allowing the determina-
tion of growth rates (v) and cooling rates (Ṫ) over the length of each
directionally solidified (DS) alloy casting. At the time when the liquidus
temperature (TL) is reached at each thermocouple location (P), Ṫ is
determined by the derivative of the cooling curve with respect to time

Fig. 1. Transformation of the plate-like β-AlFeSi into Chinese script α-Al(Fe,M)
Si by modifying a transition metal (M).

Table 1
Chemical composition (in wt%) of the elements used to prepare the alloys.

Element Al Si Fe Mn Cr Cu Zn Ni S P

Al Bal. 0.055 0.073 - - 0.01 0.05 0.006 - -
Si 0.084 Bal. 0.21 - - - - 0.016 - -
Fe 0.0003 - Bal. 0.002 - - - 0.002 - -
Mn - - - Bal. - - - - 0.033 0.0026
Cr 0.39 0.06 0.19 - Bal. 0.002 0.004 - 0.01 0.002
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(t). A profile of P× t is obtained considering the time for the liquidus
temperature to pass through each thermocouple, and v, in turn, is a
result of the time derivative of the P× t profile, i.e., represents the
evolution in time of TL from the bottom towards the top of the casting.

Longitudinal and transverse microstructures were analyzed on
samples extracted at different positions from the metal/mold interface
(water cooled surface) to the top of DS castings. Silicon carbide papers
from 100 to 1200 mesh were used to grind the samples and diamond
paste (1 and 3 µm) was employed for polishing. As shown by the
schematic representation of Fig. 3, a decreasing profile of cooling rates

(from the cooled surface of the casting) is accompanied by an increasing
profile of the length scale of a dendritic microstructure, that is, higher
cooling rates promote more refined microstructures while lower cooling
rates, coarser microstructures. The composition of the alloys was ver-
ified in a Shimadzu µ-EDX 1300 X-ray fluorescence equipment. Optical
images of longitudinal and transverse sections were obtained through
an Olympus Inverted Metallurgical Microscope (model 41GX). Inter-
metallic compounds (IMCs) were characterized by a ZEISS-EVO-MA15
Scanning Electron Microscope (SEM) equipped with a QUANTA 650
FEG Energy Dispersive X-Ray Spectrometer (EDS), used to quantify, and

Fig. 2. Split stainless-steel mold and the main components of the water-cooled upward directional solidification apparatus.

Fig. 3. Schematic representation of the samples and the relation between position from the metal/mold interface x cooling rates/microstructural length scale
represented by λ1.
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determine the distribution of elements in the microstructures. Taking
similar cooling rates as parameter, three positions (bottom, medium
and top of castings) of each alloy were characterized by X-Ray Dif-
fraction – XRD using a X′Pert-MDP diffractometer to acquire the pat-
terns at the 2θ range from 20° to 90° with a Cu-Kα radiation with a
wavelength of 0.15406 nm.

The triangle method was employed to obtain the primary dendritic
arm spacings (λ1) on transverse sections of the samples and the linear
intercept method [24] was carried out to acquire the secondary (λ2) and
the tertiary (λ3) dendritic arm spacings on the longitudinal and trans-
verse sections, respectively. Considering at least, 8 different regions (over
600 measurements), the size of the different IMCs was measured based
on the area and the circularity was calculated using Eq. (1).

=Circularity 4* *Area/Perimeter2 (1)

Vickers microhardness tests were performed using a Shimadzu
HMV-2 model hardness tester with a load of 0.5 kgf and a dwell time of
15 s. The average of at least 20 measurements was the hardness value
adopted for each representative sample.

3. Results and discussion

3.1. Phases characterization

In the unsteady-state directional solidification experiments, it was
possible to obtain Ṫ from 0.4 to 42.3 °C/s along the length of the castings.
Although the different cooling rate profiles (Fig. 4a), there is a common
range between 1.2 and 15.8 °C/s. In this range, Ṫ above 10 °C/s can be
classified as a high cooling rate and Ṫ < 4 °C/s as a low cooling rate.
Even for the lowest cooling rates, columnar grains prevailed along the
length of the DS alloys castings, as can be seen in Fig. 4b–e. Table 2
shows the chemical composition of the alloys and segregation was not
detected along the length of the DS castings.

Fig. 5 depicts the typical microstructure of the four alloys examined,
characterized by an α-Al dendritic matrix with interdendritic regions
formed by α-Al, Si and IMCs. For the Al-12%Si alloy, a small fraction of
IMC was observed to occur, due to the presence of Fe in both aluminum
and silicon (Table 1), which probably promoted the formation of the β-
AlFeSi IMC. The IMCs in the Al-12%Si-1%Fe alloy exhibited a plate-
like morphology (detail of Fig. 5b) with two types of length: shorter

than 50 µm, present in all the analyzed samples, and longer than
100 µm, mainly found in samples that solidified at Ṫ > 11 °C/s and
outside the interdendritic region. In the Al-12%Si-1%Fe-1%Mn alloy
samples, besides the plate-like phase, an IMC with Chinese script
morphology was observed to occur, as can be seen in the detail of
Fig. 5c. The arrangement of the primary IMCs and consequently a
possible evidence of growth direction seems to be affected during the
process of ramification of the dendrites, which occurs after the forma-
tion of IMCs. At high Ṫ, the plates are the major fraction, and as the
cooling rate decreased, the fraction of Chinese script IMC progressively
increased until it becomes the majority. At this point, it is obvious that
1%Mn was not capable to completely change the plate-like IMCs. On
the other hand, a more effective modification was observed in the mi-
crostructure of the Al-12%Si-1%Fe-0.6%Cr alloy, with the absence of
plates and predominance of compact IMCs (detail of Fig. 5d). Fig. 6 is a
schematic showing the evolution of the IMCs with respect to Ṫ, in the
DS Al-12%Si-1%Fe-0.6%Cr alloy casting. In order to complement the
IMCs characterization, the results of the EDS analysis will be shown
later in this section. At a first view, the compact morphology could be
described as Chinese script but a deep etching (bottom of the second
column in Fig. 6) revealed a connected structure, like a fishbone. The
fishbone morphology has already been mentioned in other studies
[25–27] and was usually associated with the improvement of me-
chanical properties. Normally, the fishbone morphology is more com-
pact and rounded than the plate-like and blocky IMCs, which can re-
duce the local stress raiser. In our previous study [25], the partial
transformation of plate-like Al3Ni into fishbone Al3Ni improved the
ultimate tensile strength of the Al-11%Si-5%Ni alloy. In addition, Yang
et al. [27] noticed that the addition of Cr into an Al-Si-Cu-Mg-Ni-Fe
alloy promoted the formation of α-Al(Fe,Cr)Si fishbone instead of
needle-like β-AlFeSi. Consequently, the elongation increased up to
53.5%. A trefoil-type and blocky IMCs were also present in the mi-
crostructure of the DS Al-12%Si-1%Fe-0.6%Cr alloy casting, but it
proved to be quite sensitive to the cooling rate, appearing at 42.3 °C/s
and below 5 °C/s, outside the interdendritic regions. Unlike the refined
fishbone, the trefoil/blocky IMC was coarse and reached more than
50 µm2 in size.

Another contribution of the alloying elements, mainly Fe, was the
modification of the eutectic Si (Fig. 5), in which the length of the Si
particles was reduced and the number of particles per area increased.

Fig. 4. a) Experimental cooling rate profiles of the alloys, and macrostructures of the DS castings of b) Al-12%Si, c) Al-12%Si-1%Fe, d) Al-12%Si-1%Fe-1%Mn and
e) Al-12%Si-1%Fe-0.6%Cr alloys.

R. Kakitani, A.V. Rodrigues, C. Silva et al. Journal of Alloys and Metallurgical Systems 1 (2023) 100005

4



Zhang and collaborators [28] proposed that clusters of AlFeSi – the
inception of β-AlFeSi – are precursors of the eutectic Si, supporting the
nucleation and growth. So, it seems that the different IMCs of the alloys
were able to modify the eutectic Si.

In Fig. 7, the simulation of the equilibrium phase fraction, by the
JMatPro software, pointed out that the β-AlFeSi IMC precipitates in the
three Fe-containing alloys, while the less deleterious α-Al(Fe,Mn)Si is
solely formed in the Al-12%Si-1%Fe-1%Mn alloy casting. By adding
0.6%Cr to the Al-12%Si-1%Fe alloy, the Al13Cr4Si4 IMC is the fourth
phase to compose the final microstructure, without a phase transfor-
mation of the α-Al(Fe,Cr)Si IMC. To confirm the phases, Fig. 8 shows
the XRD profiles of three samples of each alloy. Despite the different
solidification cooling rates of each sample, no remarkable differences in
the XRD profiles have been detected. The main peaks in Al-12%Si alloy
(Fig. 8a) matched with the α-Al and Si phases, and only two peaks were
correlated with the β-AlFeSi IMC, in agreement with the low fraction
found in the microstructure. As expected, due to the higher volume of
plates, there were more peaks related to the β-AlFeSi IMC in the Al-
12%Si-1%Fe alloy (Fig. 8b). Even though the XRD profiles confirmed
the same phases in the simulation of the Al-12%Si-1%Fe-1%Mn alloy,
only three phases were identified in the DS Al-12%Si-1%Fe-0.6 %Cr
alloy casting, i.e. α-Al, Si and α-Al(Fe,Cr)Si, as can be seen in Fig. 8c–d.
The Al13Cr4Si4 phase according to Fig. 7d, in equilibrium conditions,
has the lowest solid fraction of all phases, which may have contributed
to the lack of detection by the XRD equipment, due to its low sensibility
for tiny phases quantities. Additionally, it is worth noting that the
cooling conditions of the directional solidification provided unsteady-
state heat flow conditions that altered the solidification kinetics, pro-
moting or hindering the formation of phases.

The SEM-EDS results of the Fe-containing alloys are shown in Fig. 9.
The main focus of the SEM-EDS analysis was the IMCs, but the solid
solution of Si in α-Al was shown to be 0.9 ± 0.3wt%. In the Al-12%Si-
1%Fe alloy, the plate-like IMC had an atomic proportion of Fe/Si be-
tween 0.3 and 0.5, however, it is worth noting that the amount of Si

could be overestimated due to the pear-shaped volume interaction of the
X-Ray beam. The #1 point is located in a large β-AlFeSi plate (Fig. 9a)
and Fe/Si is close to 0.5. Despite the difference in morphology, in the Al-
12%Si-1%Fe-1%Mn alloy, Mn was detected in both types of IMC. In the
plates, the atomic proportion (Fe+Mn)/Si was 0.3–0.5, whilst in the
Chinese script phases, the ratio was higher than 1.0 (#2 and #3, re-
spectively, in Fig. 9b). The literature reports the α-AlFeSi phases as
Al8Fe2Si or Al12Fe3Si2 (hexagonal) and Al15Fe3Si2 (body-centered cubic),
where Mn can replace Fe and Fe:Si > 1 [29–31]. Therefore, based on
the morphology and atomic composition, it is assumed that the plates are
β-AlFeSi and the Chinese script phase is α-Al(Fe,Mn)Si. From the XRD
profiles, the α-Al(Fe,Cr)Si phase is the only IMC in the Al-12%Si-1%Fe-
0.6%Cr alloy, despite having three different morphologies. In Fig. 9c,
points #4 and #5, the SEM-EDS analysis revealed that (Fe+Cr):Si > 1
and the amounts of Si and Cr are higher in the trefoil/blocky phase than
in the fishbone IMC. Since the trefoil/blocky precipitated at 42.3 °C/s
and Ṫ < 5 °C/s, in the highest cooling rate the solute rejection was very
high and a few Cr rich nuclei may be promoted, thus developing the
coarser α-Al(Fe,Cr)Si IMC. For Ṫ < 5 °C/s, it seems that the kinetic
conditions permitted the formation of Cr-rich nuclei through diffusion in
the liquid. The high amount of Fe in the IMCs excludes the possibility of
occurrence of the Al13Cr4Si4 IMC.

In the foundry industry, large Fe-rich IMCs are known as sludge. The
formation of sludges occurs above the alloy liquidus temperature and is
influenced by Fe, Mn, and Cr concentrations [32,33]. Eq. (2) is the
sludge factor (SF), an empirical equation that evaluates how much
sludge could precipitate [34].

SF= 1 * (wt%Fe)+ 2 * (wt%Mn)+3 * (wt%Cr) (2)

The Al-12%Si-1%Fe-1%Mn and Al-12%Si-1%Fe-0.6%Cr alloys
have similar SF values: 3 and 2.8, respectively – but the precipitation
conditions and fraction of sludges (large plates and trefoil/blocky) are
different. In the literature, there is no consensus if high cooling rates are
favorable conditions to form sludges. At the range of 0.5–40 °C/s,

Table 2
Chemical compositions of the alloys, in wt%.

Element Al-12Si Al-12Si-1Fe Al-12Si-1Fe-1Mn Al-12Si-1Fe-0.6Cr

Al Balance
Si 11.9 ± 0.3 12.0 ± 0.3 12.2 ± 0.5 12.1 ± 0.4
Fe 0.2 ± 0.1 1.2 ± 0.2 1.2 ± 0.3 1.1 ± 0.1
Mn - - 0.9 ± 0.2 -
Cr - - - 0.64 ± 0.04

Fig. 5. Typical microstructures of: a) Al-12%Si, b) Al-12%Si-1%Fe, c) Al-12%Si-1%Fe-1%Mn and d) Al-12%Si-1%Fe-0.6%Cr alloys, solidified at 3.5 °C/s. The
details show the main intermetallics found in each DS alloy casting.
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Ferraro et al. [33] observed that the fraction of sludges increases as the
cooling rate increases. However, Timelli et al. [32] verified in differ-
ential scanning calorimetry tests (2, 10, 20 °C/min) an opposite beha-
vior, i.e., formation of sludges only for the lowest Ṫ. Based on the alloys

of the present study, it seems that Cr has a stronger role on sludges
formation. So, a better comprehension of the influence of the alloying
elements is an essential task.

Fig. 6. Evolution of the IMCs in the DS Al-12%Si-1%Fe-0.6%Cr alloy casting as a function of the cooling rate. The detail (bottom of the second column) exhibits the
IMCs after deep etching.

Fig. 7. Equilibrium phase fraction (calculated by the JMatPro v. 13.2 software) following the decrease in temperature for: a) Al-12%Si, b) Al-12%Si-1%Fe, c) Al-
12%Si-1%Fe-1%Mn and d) Al-12%Si-1%Fe-0.6%Cr alloys.
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Fig. 8. XRD profiles for: a) Al-12%Si, b) Al-12%Si-1%Fe, c) Al-12%Si-1%Fe-1%Mn and d) Al-12%Si-1%Fe-0.6%Cr alloys.

Fig. 9. SEM-EDS results of: a) Al-12%Si-1%Fe, b) Al-12%Si-1%Fe-1%Mn and c) Al-12%Si-1%Fe-0.6 %Cr alloys at a cooling rate of 3.5 °C/s.
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3.2. Microstructural measurements and hardness

The dendritic spacings were measured and correlated with the
cooling rate, following power law functions, as can be seen in Fig. 10.
The exponents were based on previous works on directional solidifi-
cation of Al alloys [35,36]. It is evident that the increase in cooling rate
induced the refinement of the dendritic spacings whilst the influence of
the alloying elements was not obvious. The inclusion of 1%Fe in the Al-
12%Si alloy did not modify the primary dendritic spacing, but with
additions of 1%Mn and 0.6%Cr, λ1 became 82% and 47% coarser,
respectively. In contrast, the alloying elements refined the secondary
dendritic spacing, which decreased 24% as compared to those of the Al-
12%Si alloy. Regarding the tertiary dendritic spacing, the refinement
only occurred for the Al-12%Si-1%Fe-0.6%Cr alloy (reduction of
31%), and a single experimental correlation was able to describe the
evolution of λ3 for the other alloys examined.

The harmful effects of the β-AlFeSi phase are mainly attributed to its
high brittleness, sharp edge plate morphology, and size. For plates
having small size and uniform distribution in the microstructure, the
ductility would not be severely affected. Hence, the size distribution of
IMCs has been evaluated and can be observed in Fig. 11. The measure-
ments were performed on three samples of each alloy casting, i.e.,
samples that solidified at high (Ṫ > 11.0 °C/s), moderate (Ṫ=6.0 °C/s)
and low (Ṫ=3.5 °C/s) cooling rates. At high cooling rates, the β-AlFeSi
plates of the Al-12%Si-1%Fe alloy ranged from 1.1 to 723.8 µm2, with

most of them< 4µm2. However, due to the presence of large plates, the
mean size and error (5.2 ± 2.9 µm2) were relatively large. Decreasing to
moderate Ṫ, the large plates disappeared and, hence, the mean and
maximum sizes significantly decreased to 3.3 and 110.0 µm2, respec-
tively. Comparing to the latter condition, the mean size increased by
27% at low Ṫ. In Section 3.1, it was observed that Mn acted to partially
transform the β-AlFeSi plates into α-Al(Fe,Mn)Si particles having a
Chinese script morphology, while Cr induced a complete presence of α-Al
(Fe,Cr)Si, having morphologies characterized by fine fishbone and coarse
trefoil/blocky. The three cooling rate intensities were not able to ensure
the formation of α-Al(Fe,Mn)Si particles smaller than the β-AlFeSi plates
of the Al-12%Si-1%Fe alloy casting. From the size distribution shown in
Fig. 11b, it can be seen that there is a significant number of IMCs with
5.1–25 µm2, which corresponds to β-AlFeSi particles in the Al-12%Si-1%
Fe-1%Mn alloy casting.

In Fig. 12a, the count per area of Al-12%Si-1%Fe and Al-12%Si-
1%Fe-1%Mn alloys castings shows a slight increasing trend with the
decrease in cooling rate, but there are some relevant points to consider:
(i) the increase in particles for the ternary alloy is explained by the lack
of large plates, which provides greater amount of solute to form smaller
plates; (ii) in the Al-12%Si-1%Fe-1%Mn alloy, the size of one β-AlFeSi
particle is equivalent to more than one α-Al(Fe, Mn)Si Chinese script
particle, which is at the same time accompanied by increase in the
fraction of α-Al(Fe, Mn)Si and coarsening of the IMCs with the decrease
in Ṫ; and (iii) since the amount of IMCs in the Al-12%Si-1%Fe alloy

Fig. 10. Evolution of dendritic spacings as a function of cooling rate: a) primary, b) secondary and c) tertiary dendritic spacings.
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casting is always higher (up to 35%), it is consistent to say that the
IMCs in the Al-12%Si1%Fe-1%Mn alloy casting are larger.

The area fraction of Fe-contained IMCs (Fig. 12b) corroborates the
microstructure observations. In the Al-12%Si-1%Fe alloy casting, due
to the large plates, the area fraction is 4.3% (high Ṫ), decreasing to
3.3 % with the absence of large plates (moderate Ṫ), and reaching 4.6%
because of the coarsening of the IMCs (low Ṫ). The gradual replacement
of β-AlFeSi for α-Al(Fe,Mn)Si decreased the area fraction from 5.6% to
3.2%, and maintained in 3.5% at low Ṫ.

The full presence of α-Al(Fe,Cr)Si particles in the Al-12%Si-1%Fe-
0.6 %Cr alloy casting resulted in the smallest and largest IMC mean
sizes (Fig. 11c). The compact fishbone is the most refined IMC, on the
other hand, at low Ṫ, the number of trefoil/blocky is expressive, in-
creasing the mean size. In the transverse section, the α-Al(Fe,Cr)Si is
discontinuous, leading to a high number of small particles, as can be
seen in Fig. 12a, where the count per area in the Al-12%Si1%Fe-
0.6 %Cr alloy casting is higher than 1100 units/mm2, at high and
moderate Ṫ. At low Ṫ, the coarse trefoil/blocky dramatically reduced
the fraction of fishbone particles, and consequently, the count per area
dropped to 2550 units/mm2. In contrast, for the Al-12%Si-1%Fe-1%
Mn alloy casting a rising bias can be associated with the area fraction,
which increases from 4.7% to 7.5%. As the distribution of α-Al(Fe,Cr)
Si trefoil/blocky was quite irregular, the area fraction at low Ṫ pre-
sented a high standard deviation.

Through the shape factors, such as circularity and aspect ratio
(Fig. 12c–d), it is clear the modification in the Fe-contained IMCs. The
circularity in the Al-12%Si-1%Fe alloy was around 0.35, achieving
0.39 with the addition of 1%Mn (as a result of the partial formation of
α-Al (Fe,Mn)Si) and rising to 0.48 in the Al-12%Si-1%Fe-0.6 %Cr
alloy. The lack of plates and the roundness of fishbones supported the
increase in circularity. While the aspect ratio (AR) in the Al-12%Si-1%
Fe alloy casting increased with the reduction in cooling rate, an op-
posite behavior was noted in the Al-12%Si-1%Fe-1%Mn alloy casting.
In fact, during coarsening of β-AlFeSi plates, the length tends to grow
more than the width, resulting in elongated plates and a higher AR. As
expected, in the Al-12%Si-1%Fe-1%Mn alloy casting, the AR de-
creased as the fraction of α-Al(Cr,Mn)Si Chinese script increased. Even
with the precipitation of trefoil/blocky, the AR in the Al-12%Si-1 %Fe-
0.6 %Cr alloy kept around 2.5.

The microhardness of the alloys was correlated with λ3 (lowest
dendritic arm spacing), following Hall-Petch type equations, as can be
seen in Fig. 13a. The mechanical behavior of the alloy is a function not
only of the reinforcement response of the phases formed, but also of the
solid solution and the degree of refining of the microstructure. How-
ever, the correlation between hardness and λ3 is associated with the
more representative influence of the highest order dendritic spacing on
the mechanical properties [37]. The experimental equations showed
improvement in hardness as the dendritic spacing became more refined,
however, in the specific range in which (λ3

−1/2 =0.25–0.30 µm−1/2),
HV of the Al-12%Si-1%Fe-1%Mn alloy casting was not sensitive to λ3.
The solid solution of Si in the α-Al matrix was the same for all alloys
examined, so the distinction between the equations can be attributed to
the different Fe-contained IMCs. Without alloying elements to form
IMCs, the Al-12%Si alloy has only Si as a hard phase and exhibited the
lowest hardness profile. In the same λ3 range, the hardness of Al-12%
Si-1%Fe alloy was superior to the others, thanks to the brittle β-AlFeSi
IMC. The mixture of β-AlFeSi and α-Al(Fe,Mn)Si particles in the Al-
12%Si-1%Fe-1%Mn alloy provided a higher profile than that of the Al-
12%Si-1%Fe-0.6%Cr alloy, although the latter reached the highest
hardness among all the alloys examined. The recognized sludge in the
microstructure has been highlighted by a pink circle around the cor-
responding points in Fig. 13a. Although the hardness test has been
randomly performed on the surface of the sample, the length of error
bars around the average value of hardness is higher for points with
presence of sludge. This greater variation in the values may be due to
the contrast in hardness of the sludge particles (harder) with respect to
the remaining phases. The indentations may be located either entirely,
or partially and offlay the sludge. With a view to a better comprehen-
sion on the role of IMCs, HV was also correlated with the cooling rate
(Fig. 13b), by applying a power law function. Based on the cooling rates
intensities, at high Ṫ, the Al-12%Si-1%Fe and Al-12%Si-1%Fe-1%Mn
alloys have equivalent hardness, whereas a value 5% higher is related
to the Al-12%Si-1%Fe-0.6%Cr alloy. Probably, the minor fraction of α-
Al(Fe,Mn)Si balanced the fact that the addition of Mn reduced the
number of particles. Besides, the uniform distribution and size of the α-
Al(Fe,Cr)Si fishbone improved the mechanical behavior. For moderate
Ṫ, the hardness of Al-12%Si-1%Fe-1%Mn alloy is shown to be lower
than the other Fe-contained alloys, matching with the increase in the α-

Fig. 11. The size distribution of the Fe-containing intermetallics at different cooling rates: a) Al-12%Si-1%Fe, b) Al-12%Si-1%Fe-1%Mn and c) Al-12%Si-1%Fe-
0.6%Cr alloys. A single bin size (5 µm2) was applied in the histograms.
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Fig. 12. The distribution of the Fe-containing IMCs in terms of a) count per area and b) area fraction at different cooling rates. The shape factors of these IMCs: c)
circularity and d) aspect ratio.

Fig. 13. Vickers microhardness of the alloys as a function of a) (λ3)
−1/2 and b) cooling rate.
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Al(Fe,Mn)Si Chinese script fraction. In the case of Al-12%Si-1%Fe-
0.6 %Cr alloy, at low cooling rates, with the presence of coarse trefoil/
blocky IMCs, the hardness was inferior to that of the Al-12%Si-1%Fe
alloy. Therefore, the β-AlFeSi plates are responsible for raising the
brittleness of the alloys, whereas the α-Al(Fe,Mn)Si Chinese script and
the α-Al(Fe,Cr)Si fishbone particles increase hardness because of their
compact morphology and better distribution in the microstructure.

4. Conclusions

• The present unsteady-state directional solidification experiments,
allowed to obtain solidification cooling rates (Ṫ) in the range from
0.4 to 42.3 °C/s along the length of the alloys castings experimen-
tally examined, with a common range between 1.2 and 15.8 °C/s.
For all directionally solidified (DS) alloys castings the macro-
structure is characterized by columnar grains, which prevailed from
bottom to top.

• The typical microstructure of the four alloys examined is char-
acterized by an α-Al dendritic matrix with interdendritic regions
formed by α-Al, Si and IMCs: Al-12%Si alloy: the presence of Fe in
both Al and Si promoted the formation of the β-AlFeSi IMC; Al-12%
Si-1%Fe alloy: plate-like morphology IMCs; Al-12%Si-1%Fe-1%
Mn alloy: plate-like and Chinese script IMCs; Al-12%Si-1%Fe-
0.6 %Cr alloy: absence of plates and predominance of compact IMCs
having a fishbone morphology as well as a trefoil/blocky IMC,
which depends on the local cooling rate.

• Experimental power law equations have been determined relating
the primary (λ1), secondary (λ2) and tertiary dendritic arm spacings
(λ3) to Ṫ, for any DS alloy casting experimentally examined. The
addition of 1%Fe to the Al-12%Si alloy was shown not to affect λ1,
but with additions of 1%Mn and 0.6%Cr, λ1 became 82% and 47%
coarser, respectively. The alloying elements refined λ2, which de-
creased 24% as compared to those of the Al-12%Si alloy. Regarding
λ3, the refinement only occurred for the Al-12%Si-1%Fe-0.6 %Cr
alloy (31% reduction), and a single experimental correlation was
able to describe the evolution of λ3 for the other alloys examined.

• The microhardness (HV) was correlated with λ3 (lowest dendritic
arm spacing), and Hall-Petch type equations have been determined
relating HV to λ3 for any DS alloy casting experimentally ex-
amined. The experimental equations showed improvement in HV
as λ3 became more refined, however, in the specific range in which
(λ3

−1/2 =0.25–0.30 µm−1/2), HV of the Al-12 %Si-1 %Fe-1 %Mn
alloy casting was not affected by λ3. The Al-12%Si-1 %Fe-0.6 %Cr
alloy, reached the highest HV among all the alloys examined. For a
better understanding of the role of IMCs, HV was also correlated
with Ṫ.
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