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Abstract: Type AlSi9Cu3(Fe) alloy has been modified by alloying with iron, manganese, and chromium
elements to develop wear-resistant diecast hypoeutectic Al–Si–Cu alloys that can be applied for
high-temperature applications. Several alloys have been produced by varying iron, manganese,
and chromium levels (0.80, 1.00, 1.20 wt.% for Fe; 0.25, 0.40, 0.55 wt.% for Mn, and 0.06, 0.10 wt.%
for Cr). Brinell hardness measurements and pin-on-disk wear tests have been conducted from room
temperature up to 200 ◦C. The microstructural changes that occurred with the different alloying levels
have been quantitatively examined by metallographic and image analysis techniques. The results
showed how the increasing content of the Fe, Mn, and Cr promoted the precipitation of both primary
and secondary Fe-enriched particles, mainly with polyhedral, blocky, and star-like morphologies.
These compounds showed high hardness that is not affected by chemical composition and morphology
variation. At high temperatures, the diecast alloys always showed lower average hardness and wear
resistance, especially at 200 ◦C; however, a greater amount of Fe-rich particles can compensate the
alloy softening.

Keywords: aluminum alloys; high-pressure die casting; sludge; Fe-rich compounds; high temperature;
wearing; hardness

1. Introduction

The growing demand of Al-based alloys in the automotive sector is mainly ascribed to the need of
vehicles’ weight reduction as well as to increase their performance. Concurrently, the use of lightweight
materials aims to meet the energetic and environmental requirements. Due to their excellent castability
and high mechanical properties referred to the weight, Al–Si alloys are widely used among the Al
foundry alloys in the automotive industry.

Besides the tensile and fatigue properties, many efforts have been made to improve the tribological
properties of Al–Si-based alloys, especially for high-temperature components such as pistons, cylinder
block, and cylinder liners in internal combustion engines [1–4].

Aluminum alloys do not exhibit sufficient wear resistance [5]; however, the tribological behavior
of Al alloys can be improved by properly tailoring the type and amount of alloying elements as well by
the introduction of ex-situ reinforcing phases [6,7] and by postcasting heat treatments [8].

Silicon alloying is the most popular route to improve the wear response of casting Al alloys;
by increasing the Si fraction, the formation of hard Si crystals is stimulated and consequently,
the hardness and the wear resistance increase but, conversely, the machinability decreases. Thus,
although hypereutectic Al–Si alloys (Si > 13 wt.%) are usually used for tribological applications, the Si
content does not exceed 20 wt.% in commercial applications [9].
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Recently, Taghiabadi et al. [10] have reported how an optimized addition of iron can improve
the tribological behavior of Al–Si alloys. Furthermore, a few percent of iron enhances the mechanical
properties and the thermal stability of the material at high temperatures [11].

Iron is commonly considered an impurity element of Al–Si casting alloys, which detrimentally
affects the final mechanical properties. This is typically ascribed to the formation of brittle β-Al5FeSi
(β-Fe) phase, which appears as needles-like particles in the microstructure; as the needle tips act
as stress concentration points, the presence of β-Fe phase leads to a general reduction of tensile
properties (ductility and ultimate tensile strength) and wear resistance [12]. However, a high Fe level is
demanded in aluminum diecasting alloys to alleviate or eliminate die soldering phenomena occurring
in high-pressure diecasting (HPDC) processes.

Thus, a typical solution adopted in Al–Si alloys to contrast the negative effects of β-Fe needle-like
particles consists in the addition of transition metals (Mn, Cr, Ni, Mo, Co) and some alkaline earth
metals (Sr and Be) which modify the morphology of β-Fe phase into a less harmful and more compact
shape [13–15].

It is largely known [15–17] that both manganese, the most diffuse alloying element, and chromium
induce the precipitation of hard primary α-Al15(Fe,Mn,Cr)3Si2 (α-Fe) particles (i.e., sludge [18]) instead
of needle-like β-Fe phase. As reported in [19], the replacement of β-Fe with α-Fe phase leads to
enhancement of wear resistance. The α-Fe particles show a better bonding with the α-Al matrix
compared with the β-Fe phase and, therefore, they reduce the possibility of crack formation at the
interface matrix/particle.

The sludge formation is a typical problem in HPDC foundry, where the molten bath temperatures
are generally lower with respect to other foundry processes in order to extend the operating life of die
and tools.

Beside the melting and holding temperature and time, the alloy’s chemistry influences the sludge
formation. It is widely accepted how the sludge factor (also called iron equivalent value [20,21]) can be
considered a useful parameter to predict the precipitation of primary α-Fe particles. The sludge factor
can be determined from the initial contents of iron, manganese, and chromium in the alloy as [22,23]:

Sludge Factor (SF) = (wt.%Fe × 1) + (wt.%Mn × 2) + (wt.%Cr × 3) (1)

In this scenario, the automotive industry requires the best compromise to achieve excellent
performances in terms of wear and high-temperature resistance by using materials and processes
suitable for mass production. Because of that, wear-resistant automotive components are produced
by hypereutectic Al–Si alloys by means of low-pressure die casting instead of HPDC due to the high
density of silicon crystals in hypereutectic alloys, which reduce the life of dies and tools.

On the other side, the capability to enable the use of HPDC can exhibit several advantages
such as high production rate, low cycle time, and production of castings with greater geometrical
complexity. This can be achieved by preserving the use of hypoeutectic Al–Si alloys necessary to
ensure low wear rate of dies and by a proper design of sludge particles to optimize the wear and
high-temperature properties.

In this study, a diecast AlSi9Cu3(Fe) alloy was analyzed. Variations of the chemical composition
were systematically obtained by gradually increasing the content of iron, manganese, and chromium
in accordance to the tolerance limits of the EN 1706:2010 standard [24]. This paper investigates a set of
proposed alloys with increasing amounts of Fe, Mn, and Cr alloying elements, taking into account
their microstructure, hardness, and wear resistance at high temperature.

2. Materials and Methods

2.1. Experimental Alloys and Casting Parameters

In this work, a secondary AlSi9Cu3(Fe) foundry alloy was chosen as base alloy (Alloy 1) and
melted in a gas-fired chamber furnace at 760 ± 5 ◦C. The chemical composition of the base material is
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summarized in Table 1. The different experimental alloys were then prepared by progressively adding
precise amounts of Al–25Fe, Al–25Mn and Al–10Cr master alloys, which gradually dissolved into the
liquid bath. The homogeneity and dissolution of the elements was ensured by holding the liquid metal
in the furnace for 1 h. The temperature was then gradually decreased to 690 ± 5 ◦C, and the liquid
metal was degassed by using an argon–sulphur hexafluoride mixture (Ar/SF6 0.2%) for 10 min.

Table 1. Composition (wt.%) of the AlSi9Cu3(Fe) base alloy.

Si Fe Cu Mg Mn Cr Ni Zn Pb Bi Sn Ti Al

8.40 0.72 2.43 0.19 0.22 0.056 0.05 1.05 0.092 0.034 0.033 0.037 bal.

Eighteen different alloys were produced by varying the content of Fe and Mn over three targeted
levels (0.8, 1.0, 1.2 wt.% for Fe; 0.25, 0.40, 0.55 wt.% for Mn) and Cr over two levels (0.06, 0.10 wt.%).
The measured contents of iron, manganese, and chromium in the final alloys are shown in Table 2; they
result to be within the composition tolerance limits of the AlSi9Cu3(Fe) alloy, while the amount of the
other elements remains nearly similar to the base alloy; the sludge factor, SF, ranged from 1.32 to 2.90.

Table 2. Concentration (wt.%) of iron, manganese, and chromium in the experimental alloys. The sludge
factors, SF, obtained according to Equation (1), are also given.

Alloy No. Fe Mn Cr SF

1 * 0.72 0.22 0.056 1.32
2 0.72 0.22 0.102 1.47
3 0.73 0.43 0.061 1.77
4 0.71 0.39 0.105 1.81
5 0.72 0.59 0.058 2.07
6 0.72 0.56 0.104 2.14
7 1.01 0.22 0.057 1.62
8 1.03 0.22 0.099 1.76
9 1.04 0.43 0.059 2.08

10 1.05 0.43 0.108 2.24
11 1.01 0.57 0.056 2.31
12 1.01 0.57 0.094 2.42
13 1.22 0.21 0.055 1.82
14 1.38 0.22 0.099 2.11
15 1.25 0.40 0.054 2.21
16 1.39 0.43 0.100 2.54
17 1.27 0.53 0.056 2.51
18 1.42 0.59 0.103 2.90

* Base alloy.

A multicavity die was used to produce cast-to-shape specimens by means of a cold chamber
diecasting machine. The die allowed to cast two flat and cylindrical tensile specimens, one Charpy
specimen with V-notch and one plate from each shot. Further details of the HPDC machine and
casting process parameters are reported in [25]. More than 40 castings were produced for each alloy
composition; the specimens were stored at room temperature for six months and then analyzed.

2.2. Wear Testing

For the tribological tests, 45 mm diameter rotating discs were drawn from the diecast plates.
Preliminary X-ray inspections revealed the presence of casting defects in the region far from the ingate,
as reported in [26]; therefore, the discs were drawn close to the ingate of the plates, as shown in Figure 1.
Dry sliding wear experiments were carried out at different temperatures by means of a pin-on-disc
testing machine. The material used as 10 mm diameter round pin was a tempered EN2C45 steel
(surface hardness of 58 HRc). The pin surface was ground with 600 grit abrasive paper to guarantee
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identical surface roughness before each test. Prior to the tribological tests, the 45 mm diameter discs
were machined for removing 2.0 ± 0.1 mm from the surface, in order to provide a flat and fresh metal
surface. All the wear discs were then polished up to 0.5 µm average roughness (Ra), which was
evaluated by using a Taylor Hobson Surtronic 3+ stylus profilometer (AMETEK Inc, Berwyn, PA, USA)
with a resolution of 0.01 µm. The discs were cleaned using acetone before wear testing in order to
remove any external contamination from the surface. Dry sliding tests were carried out in air at room
temperature, 150 ± 5 ◦C, and 200 ± 5 ◦C, with a constant sliding speed of 0.1 m/s and a load of 15 N for
a distance of 540 m; the test time was about 90 min long.
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Figure 1. Die cast plate showing the investigated location (dimensions in mm).

For high-temperature experiments, each disc was heated and maintained for 30 min at temperature
before wear testing. Thus, for the tests at elevated temperatures, the discs were overall exposed for
approximately 120 min. Each test was repeated four times on new specimens. The mass loss was
measured by using an electronic balance with a resolution of 0.1 mg and used for the analysis of the
wear rate; the density of fully dense material was here assumed to be 2.770 g/cm3, as indicated in [11].

2.3. Hardness and Nanoindentation Measurements

Hardness tests were performed at different temperatures on machined specimens by using a
Brinell hardness testing procedure according to the standard ASTM E10-15a [27]. The hardness tests
were carried out at room temperature, 150, and 200 ◦C using a spherical indenter (tempered steel) with
a diameter of 2.5 mm and a load of 60 kgf. For hardness measurements at high temperature, each
specimen was heated and maintained for about 120 min at the testing temperature in order to compare
the hardness results with the wear data at high temperature. The hardness of each alloy, under the
different thermal conditions, was obtained as an average value of five measurements.

Nanoindentation tests were performed in order to determine the hardness and reduced modulus of
primary Fe-rich particles. All the experiments were conducted at room temperature using the nanotest
indentation module with a three-side Berkovich diamond indenter. A loading rate of 0.33 mN/s with
a maximum load of 20 mN and a constant dwell time of 30 s were applied. Optical microscopy
integrated in the indenter device was used for finely positioning the indenter tip on the particles. Single
indents were carried out on Fe-bearing particles larger than 15 µm to avoid any matrix influence on the
measurements. Three alloys with different Fe, Mn, and Cr levels were selected for the nanoindentation
tests, and, at least, 30 particles were analyzed for each alloy. Finally, hardness and Young’s modulus
were evaluated by applying Oliver and Pharr’s model on the load/penetration depth curves [28].

2.4. Microstructural Investigations

Samples of 6 × 15 × 10 mm3 were drawn from the cross section of the diecast plates and prepared
according to standard metallographic procedure. Microstructural investigations were carried out using
an optical microscope (OM, Leica Microsystems GmbH, Wetzlar, Germany) and a scanning electron
microscope (SEM, FEI Quanta™ 250, Thermo Fisher Scientific, Hillsboro, OR, USA) equipped with
an energy-dispersive X-ray spectrometer (EDS, EDAX™, AMETEK BV, Tilburg, The Netherlands);
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the OM micrographs were then processed by using an image analysis software for a quantitative
characterization. The polished specimens were etched using a sulphuric acid solution at 70 ◦C to
more easily detect the α-Fe phase by image analyzer. According to the results in Reference [29], only
Fe-rich particles over 10 µm in diameter were selected as primary phase and, thus, considered for a
characterization of sludge. The worn out surfaces and the wear mechanisms were not studied in the
present work.

3. Results and Discussion

3.1. Microstructural Analysis

3.1.1. Diecast AlSi9Cu3(Fe) Alloy

The microstructure of base alloy (Alloy 1) in Figure 2 mainly reveals an α-Al solid solution and an
eutectic mixture of Al and Si. The α-Al phase consists of fine equiaxed and less-branched dendrites.
Such a morphology is due to the intense shear and to the high cooling rate generally achieved in the
HPDC process, which favor greater nucleation than growth of the α-Al phase [30].
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Figure 2. OM micrograph of diecast base alloy (Alloy 1).

The eutectic Si particles appear fine and fibrous on the casting surface owing to higher cooling
rates, while they assume a coarse plate-like morphology at the center of the specimen, as typically
observed in the unmodified Al–Si alloys.

The α-Al15(Fe,Mn,Cr)3Si2 and Al2Cu phases were also identified as frequent intermetallic
compounds (Figure 2). Besides Al2Cu phase, another Cu-containing phase was occasionally observed
in the AlSi9Cu3(Fe) alloys and identified as Q-Al5Mg8Cu2Si6 phase [31].

The intermetallic compounds generally appear in the interdendritic region and in the grain
boundaries; moreover, α-Fe phase appears as polyhedral particles, while the Al2Cu phase precipitates
in the forms of blocky-like and lamellar particles, the latter as product of binary L→ α-Al + Al2Cu
eutectic reaction.

Ferraro et al. [29] found for similar alloys that the distribution of the α-Fe particles’ size shows a
bimodal distribution; in such work, the “α1-Fe” and “α2-Fe” labels are used to indicate the particles
larger than 10 µm and those ranging from few microns up to ~10 µm, respectively (Figure 3). While
the smaller α2-Fe particles are generally referred to as secondary intermetallic compounds, the coarser
α1-Fe ones, comparable in size to the α-Al cells, are considered as primary and, thus, defined as sludge
particles [22,23].
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Figure 3. SEM micrograph of base alloy; α1-Fe and α2-Fe particles are indicated.

The α1-Fe particles are generally formed in the ladle (or feed pipe) when the melt is transferred to
the cold chamber diecasting machine or in the shot sleeve before the plunger moves forward, where
the cooling rate can achieve 102 ◦C/s during solidification [32]. On the other side, the α2-Fe particles
are believed to be nucleated inside the die cavity under a cooling rate higher than 103 ◦C/s during
solidification [33].

It has been recently reported how the stoichiometry of theα-Fe compounds isα-Al12(Fe,Mn,Cr)3Si2 [34];
these compounds were described by Mondolfo [35] as a solid solution of iron and chromium in the
Al15Mn3Si2 phase, where iron and chromium atoms can substitute manganese atoms, resulting in the
final α-Al15(Fe,Mn,Cr)3Si2 stoichiometry. Fabrizi et al. [36] highlighted how the variability of the Fe,
Mn, and Cr concentration in the α-Fe precipitates is related to the initial alloy composition.

3.1.2. Influence of High Temperature on the Microstructure

Preliminary investigations of the nanoscale precipitates formed by thermal exposure during
high-temperature tests were carried out by bright-field transmission electron microscopy (TEM).

Before thermal exposure, fine precipitates with an average size of few nanometers are found
throughout the α-Al matrix (Figure 4a); when the alloy is thermal treated at 150 ◦C for 30 min,
the density of fine and slightly coarser precipitates seems to increase (Figure 4b). At 200 ◦C, the fine
precipitates completely disappear, and coarse platelets with {100}Al habit plane appear in the α-Al
phase (Figure 4c).
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The key factor to explain the microstructural evolution at higher temperature is the non-equilibrium
state of the diecast AlSi9Cu3(Fe) plates related to the rapid cooling during solidification in the HPDC
process. The EDS measurements in the as-diecast alloys revealed that 1.5 ± 0.3 wt.% Cu, 0.5 ± 0.1 wt.%
Mg and 2.4 ± 0.7 wt.% Si are retained in supersaturated solid solution (SSSS) inside the α-Al dendrites.
According to the CALPHAD equilibrium calculations, the solid solubility of these elements is negligible
at room temperature, while the solubility of Si, Cu, and Mg at 200 ◦C amounts about to 0.007, 0.110,
and 0.003 wt.%, respectively. The inhomogeneous solid solution supersaturation due to the diecasting
process enhances the chemical driving force for diffusion of Si, Cu, and Mg solute atoms, leading to a
controlled decomposition of the SSSS and the precipitation of strengthening fine particles.

3.1.3. Influence of Iron, Manganese, and Chromium on the Microstructure

The microstructures of the center of the plates produced with different Fe, Mn, and Cr contents
are reported in Figure 5. The α1-Fe sludge particles, appearing as dark compounds after chemical
etching, generally assume star-like and polyhedral morphologies. Their amount and dimensions
increase by increasing the Fe, Mn, and Cr levels in the alloy, in accordance with the SF value obtained
through Equation (1). The graph in Figure 6 shows the sludge fraction of the experimental alloys as a
function of their sludge factor; the sludge amount increases proportionally with the SF. At the same
time, more α2-Fe particles form and, therefore, the volume fraction of these increases. However, it has
been recently demonstrated how the sludge formation prevails over the whole precipitation of α-Fe
phase [37].
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Figure 6. Sludge area fraction as function of sludge factor, SF.

Needle-like β-Al5FeSi particles are also observed in the alloys with higher Fe:Mn ratio; the most
critical alloys appeared to be the Alloy 13 (Figure 5b) and the Alloy 14, having a Fe:Mn ratio of 5.81
and 6.27, respectively. Here, the manganese and chromium levels are not high enough to change the
crystallization mechanism of the Fe-rich particles from acicular to blocky shape; therefore, beside
blocky α-Fe phase, β-Fe needles coexist in the microstructure.

Upon increasing the Mn and Cr levels such as in Alloys 15 and 18, the amount and the dimension of
sludge compounds notably increase if compared with the diecast AlSi9Cu3(Fe) base alloy (see Figure 5c,d).
Needle-like β-Fe particles are also observed, but they appear smaller compared with those in Alloy 13;
moreover, the morphology of sludge seems to change towards a more irregular and star-like shapes.

The local variation of α1-Fe fraction along the cross section of diecast plates was studied, and the
results are summarized in Figure 7. Each point of the curves represents the average sludge fraction
obtained from at least three micrographs of about 620 × 460 µm2; the fraction profile was then realized
by acquiring micrographs at 600 µm intervals from casting surface to the center.
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Figure 7. Evolution of the area fraction of sludge particles along the cross section of the plates die cast
with different experimental alloys, here indicated with their sludge factor (SF), which was calculated
according to Equation (1). The micrographs refer to (a) the casting surface and (b) the center of the
plate (Alloy 14); the Fe-rich particles appear dark in the etched microstructures.
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The α1-Fe compounds tend to segregate in the central zone of the plate, which was the region
subsequently investigated by wearing tests. On the other side, the surface layer shows few sludge
crystals (see Figure 7). This segregation mechanism has been largely described in literature [16].

3.2. Hardness and Nanoindentation

Nanoindentation tests were performed on sludge particles to verify their individual specific
hardness. As found in [36], the different contents of iron, manganese, and chromium in the experimental
alloys lead to a variation of the chemical composition of the sludge particles and, potentially, their
mechanical properties. Therefore, sludge particles in three alloys with different iron, manganese,
and chromium levels (Alloys 1, 13, and 18) were analyzed. In addition, the relationship between sludge
morphology and the hardness was also investigated by testing polyhedral and star-like particles in
Alloy 18 with the highest sludge fraction (Figure 8).
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The average hardness and reduced modulus of the α1-Fe particles and α-Al matrix are given
in Table 3.

Table 3. Mechanical properties of sludge α1-Fe particles measured in three different experimental
alloys; the values for the α-Al matrix are also given as reference.

Alloy Hardness (GPa) Reduced modulus (GPa)

Alloy 1 10.1 ± 1.4 154 ± 15
Alloy 13 10.3 ± 1.3 157 ± 14
Alloy 18 10.7 ± 1.5 156 ± 15

α-Al matrix 1.1 ± 0.6 79 ± 30

Sludge particles exhibit high hardness and reduced modulus, which are almost constant regardless
of the iron, manganese, and chromium levels in the alloy; therefore, the sludge particles can be effectively
considered a “hardening phase”; in addition, the different sludge morphology seems to not be reflected
in the hardness value (Table 4).

Table 4. Hardness values of sludge particles with different morphology.

Sludge Morphology Hardness (GPa)

Polyhedral shape 10.6 ± 1.5
Star-like shape 10.8 ± 1.0

Although the average hardness values estimated in the present work well correlate with the
values of the α-AlFeMnSi phase reported in literature [38,39], Chen and co-workers [39] found slightly
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higher reduced modulus (~175 GPa). However, this discrepancy is in agreement with the accuracy of
the characterization method and it could be related to different causes such as sample preparation,
instrument calibration, and contact point detection as well adoption of different calibration procedures
for the estimation of the reduced modulus [40].

Brinell hardness measurements were also conducted at different temperatures to investigate the
influence of the iron, manganese, and chromium contents on the overall hardness of the experimental
alloys. The average hardness values as a function of the sludge factor are plotted in Figure 9. At room
temperature, the hardness ranges from 80 (Alloy 1 with a SF of 1.32) to 95 HB (Alloy 18 with SF of 2.90)
with an increasing tendency by greater content of iron, manganese, and chromium. This behavior can
be mainly ascribed to greater fraction of Fe-rich particles, which, as it results from Figure 6, is strictly
related to the increase of SF.
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Figure 9. Brinell hardness tendency as a function of the sludge factor, SF, in the diecast experimental
AlSi9Cu3(Fe) alloys.

At higher temperatures, the experimental AlSi9Cu3(Fe) alloys show lower average hardness,
especially at 200 ◦C, where the solute diffusion of Cu, Si, and Mg is more effective in promoting
precipitate coarsening within the α-Al matrix and it contributes to the alloy softening (see Figure 4c).
At 150 ◦C, the increased amount of fine and slightly coarser precipitates with respect to the as-diecast
alloys (see Figure 4b) leads to a reduction of the residual solid solution, which, therefore, less contributes
to the overall hardness. The volume fraction of strengthening particles cannot compensate the change
in the matrix solute level. However, the hardness shows again an increasing tendency by higher Fe,
Mn, and Cr levels. An improved hardness is expected to lead to an increasing wear resistance.

3.3. Wear Behaviour

Figure 10a shows the average wear rate of the experimental AlSi9Cu3(Fe) alloys against the
area fraction of sludge compounds for the different testing temperatures. The wear rate decreases
progressively with the sludge fraction, and this behavior is even more pronounced by increasing
the temperature during wear testing. On the other side, the variations of the wear rate at different
temperatures well fit with the sludge factor too (Figure 10b). The results suggest that for the testing
conditions considered in this study, the wear rate of the diecast AlSi9Cu3(Fe) alloys may be predicted
by the SF of the alloy using a linear regression model. The slope of the fitting curves reported in
Figure 10 increases progressively by increasing the temperature from room temperature up to 200 ◦C.
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The wear rate (in mm3/m·N × 10−3) can be statistically modelled for the different temperatures using a
relationship of the type:

Wear rate = a × SF + b, (2)

where the coefficients, a and b, as well as the R2 and p-values are indicated in Table 5.
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Figure 10. Average wear rate at different temperatures as function of (a) the sludge area fraction and
(b) the sludge factor in the diecast experimental AlSi9Cu3(Fe) alloys.

Table 5. Regression coefficients used to estimate the wear rate at different temperatures through
Equation (2), by using the SF expression. The R2 and p-values are also reported.

Coefficient
SF

Room Temperature 150 ◦C 200 ◦C

a −0.90 −2.07 −9.78
b 4.18 11.40 59.30

R2 0.61 0.55 0.70
p-value 0.0001 0.0001 0.006

Recently, Ferraro et al. [41] showed how, at room temperature, the tensile mechanical properties
of diecast AlSi9Cu3(Fe) alloys do not exhibit a significant drop when the fraction of sludge particles is
increased through iron, manganese, and chromium addition.

On the other side, the mechanical properties at high temperatures of Al–Si-based alloys can
be improved through precipitation of dispersoids, which are thermally stable and more resistant to
coarsening than traditional Mg2Si and Al2Cu precipitates. Unconventional Al–Si alloys have been
developed by adding Cu and Ni, and transition elements such as Ti, V, Mn, Cr, and Zr [42–45]. Among
the transition alloying elements, Mn combined with Cu and Ni turned out to be the most effective
elements to improve the high-temperature strength of the material.

The mild wear mechanism of AlSiCu(Fe) gravity-cast alloys has been studied and described in
literature [3–5,7,8,10,12]. High tangential stresses on and below the sliding surface cause the formation
of cracks in the material plastically deformed during dry sliding. These cracks can propagate and
coalesce, leading to fracture of the particles starting from the surface [4]. A fraction of these particles
goes out from the wear track, while the remaining part is accumulated on the wear surfaces, particularly
at the bottom of the grooves formed in the early stages of sliding. The sliding behavior with a constant
action of the pin at the bottom of the track accounts for this concentration of sludge and other hard
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oxide particles in the groove surface. Moreover, the local temperature combined with normal pressure
promoted the formation of a sort of compact and hard metal matrix composite in the surface layer with
a significant beneficial effect on tribological behavior of the material.

Therefore, the enhancement in the wear properties by increasing the iron, manganese,
and chromium content can be assigned to hardening effects of the hard α-Fe intermetallic compounds,
which help the substrate to support the load. The hardness increase of the diecast AlSi9Cu3(Fe) alloy
through the addition of iron, manganese, and chromium results in a wear resistance improvement,
as predicted by Archard wear law [46].

The α-Fe intermetallics have a compact morphology and they have modest tendency to develop
surface and sub-surface microcracks. Furthermore, the α-Fe phase forms a rough interface with
the matrix, and its bonding with the matrix declines the possibility of decohesion at the interface
(see Figure 11a).
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Figure 11. Micrographs of fractured (a) α-Al15(Fe,Mn,Cr)3Si2 particle and (b) β-Al5FeSi platelet after
wear testing.

On the other side, the β-Fe needle-like compounds are hard and brittle phase, and much more
easily subjected to fracture mechanism under load than the small eutectic Si particles or α-Al matrix.
For this reason, the β-Al5FeSi needles are considered as harmful for the final mechanical properties
of the alloy. Micro-cracks tend generally to initiate at these particles (see Figure 11b), facilitating the
propagation of the macro-cracks. The β-Al5FeSi compounds exist as discrete particles with a highly
faceted nature in the alloy matrix that can fracture through cleavage mechanism, particle–matrix
decohesion [47], or separation of folded bifilms [48]. Moreover, sharp edges of the β-Fe needle-like
compounds represent stress concentration points within the alloy’s matrix.

It was observed how the experimental alloys with higher density of β-Al5FeSi phase (Alloys 13
and 14, having higher Fe:Mn ratio) do not suffer a great decrease in the wear properties. Therefore,
the effect of β-Al5FeSi needles on the mechanical properties of the alloy significantly depends
on their size and volume fraction. This means that only the presence of large β-platelets in the
microstructure might lead to higher embrittlement of the alloy and to larger microcracking tendency,
and delamination of the surface can strongly occur. In the present work, the β-needles show maximum
length of about 25 µm and their presence coexists with both coarse and fine blocky α1-Fe and α2-Fe
compounds, respectively.

The material loss during dry-sliding at high temperature is generally controlled by two antagonistic
effects: wear process and oxidation. Higher temperatures, such as 150 and 200 ◦C, led progressively
to greater wear rates with respect to those obtained at room temperature. Furthermore, the wear
rate seems to not be linearly proportional to the temperature, but it increased significantly at 200 ◦C.
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In general, the strength of Al–Si–Cu alloys drastically decreases for temperatures higher than 200 ◦C [49],
where plastic relaxation mechanisms become increasingly dominant.

The effect of high temperature is to promote the compactness and average resistance of the
metal-matrix-composite surface layer described above, and to accelerate the oxidation of the residual
metal in the particles. If there are the conditions to allow the formation of the surface layer before
breakdown, then the wear becomes very low [6]. On the contrary, if the surface layer is not yet
compacted, then particles’ removal, damages to surface, and delamination occur, strongly reducing the
whole wear resistance.

Zhang and Alpas [5] found out how the transition mechanism from mild to severe wear is
realized by a joint combination of experimental variables such as the sliding velocity, the applied load,
and contact surface temperature. Severe wear mechanism is related to a massive plastic deformation
as a consequence of thermal softening of the alloy. In literature [5], the wear mechanism maps for
Al-based alloys show how the conditions to achieve a severe wear have not been reached in the present
work and the delamination wear is the controlling mechanism.

Figure 12 illustrates how the friction coefficient evolves with the sliding distance for different
experimental conditions. The Fe, Mn, and Cr alloying addition seems to not largely influence the
friction behavior at room or high temperatures. However, it is evident how that friction coefficient
varies over a narrow band.
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taken as references.

The friction coefficient at room temperature starts off from a low value (~0.2) and increases rapidly.
At the initial stage of the test, the surface roughness and preparation as well as the asperity deformation
play important roles in friction determination; thus, the contribution of adhesion to the friction is
expected to be moderate.

After a peak at about 20 m slid distance, the friction coefficient decreases, most likely due to the
surface asperities flatting. During this phase, the presence of wear debris on the surface causes several
oscillations of the friction coefficient minimizing the contribution of adhesion on the friction itself.
The friction coefficient seems to reach a steady state for sliding distance above 150 m, that is, when the
wear debris entrapped at the interface and the surface asperities achieve a dynamic balance [50].

During the tests at elevated temperatures, the friction coefficient decreases with increasing the
sliding distance, as shown in Figure 12 for Alloy 18; similar results were also obtained from all the
diecast experimental AlSi9Cu3(Fe) alloys. Here, the plowing friction [51], namely the resistance force
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related to the deformation of aluminum, becomes effective and plays an important role. The decrease of
the plowing friction, the removal of surface asperities, and, eventually, the crystallographic texturing of
material along the wear track [52] affect the friction coefficient, which significant decreases at the initial
stage. The contribution of adhesion to the friction during the tests at high temperatures is greater with
respect to that at room temperature; stronger chemical as well as atomic interactions form between hot
Al alloy and steel by temperature increasing.

After a sliding distance of approximately 200 m, the friction coefficient is almost constant.
The friction coefficient remains at a higher value at 200 ◦C, while, at 150 ◦C testing, it is comparable to
values obtained at room temperature.

4. Conclusions

In this research work, novel diecast AlSi9Cu3(Fe) alloys have been designed and produced by
systematically varying the amount of Fe, Mn, and Cr, and then tested. The major conclusions from this
work can be here summarized.

• The microstructure reveals primary α-Fe particles with star-like and polyhedral morphologies.
At higher Fe:Mn ratio, needle-like β-Fe phase appears too.

• The contents of primary Fe-rich compounds (sludge), as well as secondary Fe-rich particles,
increase by increasing the Fe, Mn, and Cr contents in the alloy.

• Sludge particles show high hardness and reduced modulus, which are not affected by the initial
contents of Fe, Mn, and Cr in the alloy; in addition, the different sludge morphology does not
cause any variation in the hardness behavior.

• At high temperatures, the experimental AlSi9Cu3(Fe) alloys show lower average hardness,
especially at 200 ◦C; however, greater sludge fraction leads to higher hardness values.

• The wear rate decreases progressively with the amount of sludge particles, and this behavior is
even more pronounced by increasing the temperature during testing. This feature is correlated to
the hardening effect of the α-Fe phase that helps the Al-matrix to support the load.
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