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A B S T R A C T

The present study investigates the tribological properties of a newly developed multicomponent aluminium 
weight-light multicomponent alloy for wear based on the Al80Mg10Si5Cu5 system for lightweight automotive 
applications, especially back drum discs. The samples were manufactured by High-Pressure Die Casting (HPDC) 
employing cast alloy returns and secondary aluminium ingots and were tested at room temperature (RT) and 
200 ◦C. It has been observed that the Al80Mg10Si5Cu5 alloy offers a higher hardness and wear resistance at RT 
and especially at 200 ◦C compared with the AlSi9Cu3 reference alloy (x10 times reduction in wear rate). The 
impact of maintaining the external surface layer (skin) of HPDC cast parts has been studied for the ball-on disc 
test, showing improved tribological properties and the possibility of avoiding the machining of contact surfaces. 
The as-cast Al80Mg10Si5Cu alloy with the surface layer showed a wear rate coefficient of 5 × 10− 4 mm3/N.m2 at 
RT, a 50 % lower than that of the sample without skin. Solution heat-treated samples (72 h at 440 ◦C, water 
quenching at 75 ◦C, and natural aging) with the surface layer showed a wear rate coefficient of 11 × 10− 4 mm3/ 
N.m2, approximately 20 % lower than the sample without a surface layer. The wear rate of AlSi9Cu3 alloy 
decreased by more than 50 % in the samples without skin at RT. At 200 ◦C, wear rate coefficients were lower in 
the samples with the surface layer.

1. Introduction

Aluminium multiphase and non-equiatomic High Entropy Alloys 
(HEA) alloys based on the multi-component concept have been 
demonstrated to own excellent physical and mechanical properties, in 
contrast to single-phase alloys [1]. The effect of rapid solidification 
processes to obtain enhanced single-phase microstructures in these al-
loys has been collected in recent works [2]. On the other hand, the de-
mand for lightweight vehicles in the industry causes rapid growth in the 
manufacture of aluminium casting parts, especially for electric vehicles 
with the GIGAPRESS technology by High-Pressure Die Casting (HPDC) 
[3]. The electric vehicle market is continuously increasing, and lightning 
is critical to increase car autonomy. Aluminium drum brakes can be used 
for lighting electric cars, because the forces of rear brakes are lower than 
front brakes, and by using Kinetic Energy Recovery Systems (KERS), 
reducing brake forces. Also, front disk brakes act before rear drum 
brakes, with reduced pressure in the rear brakes [4]. Aluminium drums 
are lighter than iron drums, with improved heat dissipation and reduced 
fade, avoiding the possible corrosion of grey cast iron discs and disc 
failures [5].

AlSiCu are the most common aluminium alloys used in HPDC, but 
they present certain limitations in their mechanical properties [6] with 
AlSiMgCu alloys providing higher corrosion and higher strength, being 
generally improved by heat treatments, which makes them suitable for 
different automotive parts requiring good wear resistance and friction 
[7,8]. Insufficient wear resistance is a problem for aluminium alloys [9], 
though the tribological properties of Al alloys can be enhanced by 
balancing the type and quantity of alloying elements, or by introducing 
ex-situ reinforcing phases and by heat treatments [10–12]. To replace 
cast iron brakes and reduce vehicle weight, aluminium-based metal 
matrix composite (AMC) brake rotors have been developed. AMCs have 
higher heat conductivity, lower density, and higher specific strengths 
than aluminium alloys. AMCs present a ductile aluminium matrix rein-
forced with hard ceramic particles such as Al2O3, SiC, and SiO2 to obtain 
customized properties [13].

However, the main disadvantages of AMCs are their production cost 
(especially machinability cost), the difficulty in the control of particle 
size and distribution, because wear characteristics greatly depend on 
reinforcement volume and size of the reinforced particles [14], the 
complex casting processes, and mainly the low or difficult recyclability 
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of returns and scraps.
The most common method of enhancing the wear properties of cast 

aluminium alloys that are not AMCs is silicon alloying. Increasing the Si 
fraction, more Si hard crystals are produced, increasing the hardness of 
the alloy and its wear resistance. For tribological applications, the hy-
pereutectic Al-Si alloys (with Si > 13 wt%) are typically employed, with 
a primary phase of silicon combined with aluminium in the eutectic 
phase. The silicon phases’ type, morphology, size, and distribution are 
crucial to enhance the friction and wear resistance, by supporting an 
important portion of the load in the aluminium matrix regions deformed 
plastically [15–17]. In these alloys, Si in combination with Mg tends to 
precipitate as Mg2Si. An increase in the amount of Mg promotes an 
improvement in wear performance [18]. Complex intermetallic phases 
are key in preventing junction growth and adhesion in wear mecha-
nisms. Alloys with high intermetallic phases have lower wear rates [19]. 
An increase in copper in the alloy increases the mechanical properties, 
reduces the corrosion resistance, and could increase porosity [20,21]. In 
AlSi7Mg alloy, a minimum of 1 wt% Cu was needed to obtain the Al2Cu 
intermetallic phase that promotes finer grains and increased hardness 
and wear resistance, lowering the friction coefficient [22]. The mecha-
nism for improving the hardness of an aluminium cast alloy is also 
influenced by the reactions of Mg with Al and of Cu with Si, promoting 
different precipitates responsible of the strengthening of the alloy. The 
definition of the different phases’ formation and their behaviour is a 
complicated task because several phases can precipitate near or at the 
same time, such as β (Mg2Si), θ (Al2Cu), S (Al2CuMg) or Q 
(Al5Cu2Mg8Si6) [23]. During heat treatment, solution temperature, 
cooling rate, and time play an important role, resulting in several 
complex interactions. An aging process at an optimal temperature 
avoids the precipitation of large and non-coherent particles that could 
decrease strength and ductility. The combination of small amounts of 
other elements, as Fe, Mn, and Cr improves the hardness and strength of 
Al-Si alloys, increasing the wear resistance [24].

Focus on tribology studies of casting aluminium alloys, systems such 
as AlSi and AlSiCuMg(X) [25–27] are the most studied. In high silicon 
aluminium alloys, in general, the wear mechanism variates from ductile 
delamination, abrasive, and brittle delamination to ploughed abrasive 
wear by increasing the load [28]. Abrasion and oxidation are the 
dominant wear phenomena in the mild wear regime, but not always. 
Delamination, adhesion, and severe plastic deformation are the domi-
nant in the severe wear regime in AlSi9Cu3 HPDC alloys [23]. Delami-
nation has been related with the removal of large wear particles through 
the plastic deformation of the surface layer which occurs by subsurface 
crack nucleation followed by crack propagation [29,30]. This mecha-
nism is particularly evident at elevated temperatures, where subsurface 
separation forms transfer layers that adhere and increase the coefficient 
of friction [31]. Additionally, it has been reported that the wear rate at 
high temperatures is ten times greater than at room temperature [32]. 
Under these conditions, a scuffing mechanism can occur, involving se-
vere plastic deformation, material and layer transfer and accumulation. 
During high temperatures the adhesion between the layers can decrease, 
facilitating the delamination.

In some works, the wear mechanism changes with temperature from 
delamination to partial abrasive wear at RT to plastic deformation and 
oxidative wear (with plastic relaxation mechanisms becoming domi-
nant) over 150 ◦C [33–36]. In the AlSi9Cu3 alloy, the hardness de-
creases, and also the mechanical and wear properties, because of the 
precipitation of different phases [23,24]. The wear rate is much higher 
at temperatures higher than 150 ◦C than at RT, but it does not have a 
linear proportionality with temperature, with a significant increase at 
about 200 ◦C. The increase of temperature of the wear test, in AMCs and 
aluminium alloys promotes higher compactness and higher average 
resistance of the surface layer, accelerating the oxidation of particles. If a 
surface layer is formed before the surface layer breakdown, the wear 
rate is reduced [6]. But if the surface layer is not compacted, the su-
perficial particles are removed, the surface is damaged and delamination 

occurs, increasing the wear rate [23].
The mild to severe wear transition mechanism has been described by 

a combination of test variables such as the applied load, counter partner 
ball material, the sliding speed, and the contact surface temperature. 
Normally severe wear is related to a massive plastic deformation due to 
the thermal softening of the alloy and depending on the conditions, the 
aluminium alloys can work in a non-severe wear condition, controlling 
the delamination wear [9]. The conditions for obtaining a mild wear 
mechanism in AlSiCu(Fe) cast alloys have been studied [9,11,12,16,
37–39].

It is also noted that there is increased interest in using coatings for 
wear applications [40,41].

The ball on disc (BOD) test is one of the most employed tests for 
determining the wear properties of a material. The mechanism of wear 
rate analyzing the ball-on-disc test data can be divided into three main 
stages or phases [42–45]. The first phase corresponds to the removal of 
the surface layer with the maximum adhesion force between the base 
material and the ball because of the superficial asperities deformation 
and by increasing the number of residual particles. The second phase is 
normally related to the formation of a protective tribochemical surface 
layer or by a reduction in the ploughing and asperities deformation 
processes. There is sometimes a subphase when the rise in pin surface 
temperature can result in the formation of an oxide layer on the sliding 
surface, preventing the exposure of soft matrix material to the 
counter-ball surface, and reducing the wear rate of the pin surface [46,
47]. The third phase is characterized by an interfacial steady state of 
tribological conditions.

The applied load effect over the wear rate changes depending on the 
alloy, with some alloys showing weak wear rate at low loads, with a high 
increase in wear rate values at medium loads, and a gradual increase at 
high loads. Low applied pressure normally promotes the debris formed 
due to wear got trapped in the valley of the counter surface. Due to 
entrapment of debris in the valley, point contact by asperities from the 
disc is shifted to the contact surface. The shifting to contact surface and 
work hardening of samples led to steady-state wear [48,49].

An increase in applied pressure showed a temperature rise, leading to 
the removal of the oxide layer [48]. The fractured/fragmented oxide 
layer and the wear debris of counter surfaces can cause the formation of 
a mechanically mixed layer (MML) or transfer film (TF). Under the in-
fluence of applied pressure, the deformation of transfer film (TF) results 
in strain hardening of wear debris, increasing the hardness of the TF 
[48]. The constant formation and removal of the TF prevented the 
metal-to-metal contact, with the wear rate remaining constant in the 
steady-state-wear zone.

The transition from mild to severe wear values can vary from about 4 
to 8 N up to 30 N [50] depending on the applied load. In general, the 
specific wear rate values increase with an increase in the applied load.

For commercial brake rotors, the Coefficient Of Friction (COF) has 
values between 0.45 and 0.69. For some authors, there is not a linear 
increase in COF value increasing the load [51] and for others, there is a 
linear increase for Al-Al2O3 MMC and Al-SiC MMC alloys for example 
with stable friction coefficients between 0.30 and 0.60 for brake rotor 
applications [52].

The reported wear rate for drum brakes to define a mild or severe 
wear state varies. Severe wear rates have been reported, with k = 15 ×
10− 3 mm3/N.m for the Al7.1Si alloy [53], 6 × 10− 3 mm3/N.m for LM17 
alloy, and 7.5–10 × 10− 3 mm3/N.m for aluminium composites with 
pressure and velocity (0.2–1.0 N/mm− 2 and 1.6 m/s respectively) rep-
resentatives of braking conditions for brake rotors [54]. A LM27 alloy 
reinforced with rutile and sillimanite minerals Hybrid AMCs (HAMCs) 
for brake rotor applications showed wear rates at 500 m around 16.5 ×
10− 3 mm3/N.m for a commercial rotor material and 18 × 10− 3 mm3/N. 
m for the HAMC, with final steady wear values around 6 and 7 × 10− 3 

mm3/N.m respectively. Values between 0.37x10-4 to 2.37x10-4 mm3/N. 
m are generally within the severe wear regime [55]. However, in the 
case of aluminium cast alloys, with a 15 N test force, they are around 5 
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× 10− 3 mm3/N.m [56]. To determine the charge of the test, 15 N has 
been selected to compare the results with the bibliographic information 
for aluminium brakes because of the high bibliographic data variation 
depending on the tested alloy [56].

The selection of ball material is crucial because it can modify final 
results. With aluminium alloys, alumina is often employed as the ball 
material to avoid the formation of the MML containing Al–Fe–O during 
the tests when steel balls are employed, due to the affinity of aluminium 
with steel [55–57], minimizing the chemically driven aspects of adhe-
sive wear due to the minimal chemical-driven adhesion. So, the deter-
mination of the effect of the aluminium alloy on wear properties is easier 
with alumina counter ball [58].

The new developed Al80Mg10Si5Cu5 alloy has been designed to 
maintain its properties up to around 200 ◦C and the selection of alloying 
elements was carefully determined to obtain Mg2Si and Al2Cu inter-
metallic phases (that increase the wear resistance) but without the 
presence of primary Si (to obtain better mechanical properties and some 
ductility). The application of the newly developed alloy could be for 
aluminium drum brakes, especially for the rear brakes of small electric 
cars.

Recently, scrap-tolerant Al65Cu10Mg10Si10Zn5 and Al80Cu5Mg5-

Si5Zn5 HEA aluminium alloys have been studied, showing promising 
mechanical and wear properties [59] but there is still very little infor-
mation on the wear properties of HEA aluminium alloys and less with 
materials produced by an industrial process based on secondary 
aluminium alloys or scraps. Secondary aluminium ingots, cast 
aluminium returns, and magnesium scraps melted in an electric crucible 
furnace and the HPDC processes were employed to obtain low CO2 
manufacturing values [60].

So, in this study, the developed alloy will be studied at RT and 200 ◦C 
and compared with the most standard casting alloy (AlSi9Cu3 alloy) in 
the as-cast and thermally treated (TT) state.

In parallel, aluminium casting parts produced by HPDC show a skin 
region (or surface layer) in the external surface, which is nearly free of 
defects with improved mechanical properties [61]. However, the effect 
of maintaining the external surface layer on the wearing properties in 
the ball-on-disk (BOD) test has not been or very scarce studied [62].

2. Materials and methods

2.1. Manufacturing

The experimental Al80Mg10Si5Cu5 and AlSi9Cu3 alloys were 
manufactured by HPDC, with a 950t injection machine (PT-650, Pre-
tansa). For melting and holding the alloys, an electrical furnace of 500 
kg capacity (Dugo EBC, Dugopa) was employed. As charge material, 
secondary aluminium alloy ingots of AlSi7Mg and AlSi9Cu3 were 
employed as melting bath and were alloyed with AM60B casting returns. 
When the target composition of the specific alloy was obtained, the 
working temperature was adjusted to 700 ◦C, and the molten metal was 
injected into the metal die with an alloy temperature of 680 ◦C and a die 
temperature of about 250 ◦C. Once solidified, casting parts were 
extracted and instantly immersed in water at the temperature of 50 ◦C. 
Plane plates for wear tests with a crosshead distance of 290 mm were 
obtained.

Some casting samples were subjected to a specified developed ther-
mal treatment to improve the mechanical properties. The thermal 
treatment involved a solution treatment at 440 ◦C for 72 h, followed by 
water quenching at 75 ◦C, and natural ageing. The value of 75 ◦C for 
water quenching temperature after solution treatment was selected to 
reduce internal stresses. For the solution treatment, a chamber furnace 
with radiation heating was employed (LH 60/13, Naberthem).

2.2. Analysis of chemical composition

The composition of the experimental alloys was controlled during 

the casting process, by discharge optical emission spectrometry (OES, 
Spectro, Spectrolab).

2.3. Microstructural analysis

The microstructure of the two experimental alloys was characterized 
by an optical microscope (MO, DMI5000 M, Leica Microsystems), and 
the phases identified with a scanning electron microscopy SEM (FEI 
Quanta 200 ESEM), equipped with an energy dispersive X-ray spec-
trometry (EDS). Analysis software X-ray microanalysis (Pathfinder, 
ThermoFisher) was employed to obtain the images and data.

For the observation procedure, specimens were extracted from cast 
bars and prepared to employ standard metallographic procedures (hot 
mounting in conductive resin, grinding, and polishing).

2.4. X-ray powder diffraction tests

XRD patterns were obtained by employing a Philips X’Pert Pro MPD 
PW3040/60 X-ray diffractometer equipped with a copper anode oper-
ating with a 40 kV and 40 mA (1.6 kW) voltage. The scans were per-
formed using Cu-Kα radiation equipment with a wavelength of 
0,154184 nm in a 2θ range from 10◦ to 90◦, with a step size of 0.02◦ 2θ 
and each stage lasting 2s. The X-ray diffraction patterns were indexed 
with the PDF-2 database from the International Center for Diffraction 
Data (ICDD).

2.5. Characterization of hardness properties

Hardness was measured using the Vickers diamond indentation test 
(FV-700, Vickers Indenter, Leica) with a load of 3 kg for 10 s according 
to UNE EN ISO 6507-1. At least ten readings were measured. Hardness 
was also measured at 200 ◦C, with samples heated in an electric furnace 
(3119-406 LCF, Instrom) for 30 min. After the established time, samples 
were extracted, and indentations were performed.

2.6. Wearing test

Dry sliding wearing friction tests were carried out over the new 
Al80Mg10Si5Cu5 alloy (as-cast and heat-treated conditions) and 
AlSi9Cu3 (as-cast condition) in a sphere-on-plate reciprocating config-
uration using a ball-on-disk mode tribometer (MT2/60/NI/HT, Microt-
est S.A.). Tests were performed at RT according to the ASTM G99-05
standard without any lubricant, and at 200 ◦C using a similar tribometer 
inside an insulated chamber. An electrically heated furnace on the 
bottom of the sample controlled by a K-type thermocouple was 
employed. Before the test, samples were heated to 200 ◦C at 0.1 ◦C/s 
Fig. 1 displays the equipment and procedure used for tribo-tests at RT 
and 200 ◦C.

6 mm diameter alumina balls were used for each test as counter-face 
bodies. An alumina ball pin was employed as a counter-partner to 
minimize the chemically driven aspects of adhesive wear. These alumina 

Fig. 1. Detail of tribometer employment and their components.
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spheres have a hardness of 1250–1700 HV. Test conditions are sum-
marized in Table 1. These parameters were selected to compare the wear 
rate of the Al80Mg10Si5Cu5 with the bibliographic values of AlSi9Cu3 
alloy and other aluminium alloys at around 200 ◦C [63], selecting 15 N 
for the load so that it can be evaluated in aluminium drum brakes. The 
data acquisition and control of the coefficient of friction (COF) during 
the test was conducted through the MT4002 V12.0 (MT4002, Microtest 
S.A.) software connected to the tribometer. At least three times in each 
sample with a new alumina sphere in each test under identical condi-
tions were performed to assure the repeatability of the measurement.

Specimens from plate-shaped casting parts were extracted and 
machined, obtaining test coupons of about 50 x 50 × 5 mm. Then 
samples were polished using diamond particles of 3 μm to guarantee a 
roughness value below the maximum recommended value [64]. Also, 
samples with the external surface layer were tested to investigate the 
effect of maintaining the casting surface layer, considering that the 
roughness could affect the wear and lubrication behaviour, the friction 
coefficient, and the load transmission [42]. The roughness of all samples 
was measured using a portable device (Rugosurf, TESA), with at least 10 
measurements per sample. The resulting mean roughness (Ra) of sam-
ples with the surface polished was Ra <0.1 μm and Ra <1.0 μm for 
samples with the surface layer.

The testing parameter for revolutions per minute was slightly higher 
at 123.33 rpm, and the rest of the variables were as follows [23].

After each experiment, the wear rate was determined by 3D laser 
scanning confocal microscopy (DCM 3D, Leica). This technique allows 
for measuring the real shape of the wear track [65]. A total area of 20.8 
× 20.2 mm and 684 μm height was measured using a 5× objective. Fig. 2
shows a sample of a surface topography image of the wear track from 
which the total wear area was determined, measuring at least 16 2D 
profiles with the Leica map software. Then, the total loss volume was 
calculated, and wear coefficients were obtained in mm3/N.m [66,67]. 
Finally, the wear surface and subsurface were analyzed to determine the 
wear mechanisms, using a SEM scanning electron microscope equipped 
with EDS.

The specific wear rate w (mm3/N.m) was calculated using the 
following Equation (1): 

w = V/s x F                                                                       Equation 1

where V represents the volume loss (mm3), s (m) is the total sliding 
distance and F(N) is the applied load.

3. Results and discussion

3.1. Chemical composition of the experimental alloys

We can observe in Table 2, the obtained chemical composition in 
weight percentage of each alloying element for Al80Mg10Si5Cu5 and 
AlSi9Cu3 alloys. The alloy Al80Mg10Si5Cu5 was composed principally 
of aluminium (around 80 % wt.), magnesium (10 % wt.), and silicon and 
copper of almost equal weight (5 % wt.). AlSi9Cu3 alloy presented a 
chemical composition in agreement with the EN 1706:2020 standard.

We can observe in Table 2, also the presence of Fe and Mn in the 
Al80Mg10Si5Cu5 alloy. A percentage of about 0.25 wt% of Fe and 
approximately a half of the total content of Fe of Mn (0.13 wt%) has 

been carefully obtained from the combination of the different raw ma-
terials to avoid the presence of the well-known β-Al5FeSi detrimental 
phase and to avoid metal soldering in the die. In the case of the AlSi9Cu3 
alloy, the sludge factor (SF) of the alloy, calculated by Refs. [68,69] is 
1.0: 

SF = (wt.%Fe x 1) + (wt.%Mn x 2) + (wt.%Cr x 3)             Equation 2

3.2. Phase composition

The determination of the different phases has been determined by 
XRD, and the results can be observed in Figs. 3 and 4. The new 
Al80Mg10Si5Cu5 alloy in the as-cast condition presented an aluminium 
matrix and phases of Mg2Si, Al2CuMg, and Al2Cu. In the case of heat- 
treated Al80Mg10Si5Cu5 alloy, the Al2Cu phase was not visible in the 
XRD analysis, and an Al matrix with Mg2Si and Al2CuMg phases was 
identified.

Al2CuMg phases are more stable than Al2Cu, and Al2Cu tents to be 
transformed into Al2CuMg by natural or artificial ageing on Al-Si alloys 

Table 1 
Wearing test parameters.

Test Parameters Selected Value(s)

Load (N) 15.0
Velocity (m/s) 0.1
Rotation speed (rpm) 127.3
Sliding distance (m) 500.0
Track diameter (mm) 15
Environment Dry air

Fig. 2. Detail of wearing surface topography.

Table 2 
Obtained chemical composition for studied alloys in %wt.

Reference Al Si Fe Cu Mn Mg Zn

Al80Mg10Si5Cu5 78.9 5.6 0.3 4.7 0.1 10.3 0.1
AlSi9Cu3 87.2 8.3 0.6 2.4 0.2 0.2 0.7

Fig. 3. XRD analysis of as-cast Al80Mg10Si5Cu5 alloy.
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containing Cu and Mg, in concordance with obtained results [70].

3.3. Microstructure analysis

A microstructural analysis has been performed to determine the 
microstructure and presented phases. Fig. 5 shows a detailed back-
scattered SEM microstructure of the as-cast Al80Mg10Si5Cu5 alloy.

In Table 3 we can observe the SEM + EDS composition of the 
different analyzed regions.

From the SEM + EDS analysis, we can observe that there are dark- 
grey aluminium dendrites enriched with the rest of the alloying ele-
ments (region A). Blocky black phases (region B) are distinguished. The 
big blocky phases are correlated with pre-dendritic Mg2Si particles and 
the small ones with post-dendritic eutectic Mg2Si particles. Light grey 
particles (region C) are formed into the interdendritic spaces, and they 
have been correlated with Al2Cu phases. Finally, white phases (region D) 
are also precipitated into the interdendritic space, close to the light grey 
phases, and have been correlated with the Al2CuMg phases. Some oxy-
gen is also detected, mainly in the phases with the higher Mg content. 
That can be related to the fact that the melting process has been per-
formed without any protective atmosphere, and Mg is very prompt to 
oxidize.

Fig. 6 shows the microstructure of the as-cast Al80Mg10Si5Cu5 alloy 
with the cast surface layer and Fig. 7 without the surface. They showed 
principally a matrix of aluminium, dark regions corresponding to phases 
of primary and eutectic Mg2Si, and white precipitates presented at the 

interdendritic regions associated with Al2Cu and Al2CuMg phases.
The surface layer displayed a finer structure, with a smaller amount 

of eutectic Mg2Si. The size of the intermetallic Al2Cu and primary phases 
of Mg2Si presented the smallest size in the surface layer. This is in line 
with other studies [61], where the external surface layer is formed by 
smaller grain size, contains fewer phases, and is nearly defect-free [71].

Fig. 8 shows the microstructure of the heat-treated Al80Mg10Si5Cu5 
alloy with the surface layer and Fig. 9 without the surface layer. The 
Al80Mg10Si5Cu5 alloy in the TT state presented a globe-like shape 
microstructure resulting in an aluminium matrix, Mg2Si, and Al2CuMg 
phases. The Al2Cu phase was not identified. The aspect and size of the 

Fig. 4. XRD analysis of heat-treated Al80Mg10Si5Cu5 alloy.

Fig. 5. Analyzed phases in as-cast Al80Mg10Si5Cu5 alloy.

Table 3 
SEM + EDS composition of the identified regions in Al80Mg10Si5Cu5 alloy (wt. 
%).

Region Al Mg Si Cu Fe Mn O

A 87.4 5.8 1.8 2.4 – 0.2 2.4
B 62.9 16.1 13.1 2.5 – – 5.4
C 64.7 8.2 1.2 23.6 0.2 – 2.3
D 73.6 10.0 2.1 11.5 – – 2.8

Fig. 6. Surface cast layer backscattered SEM images (x400 augmentation) of as- 
cast Al80Mg10Si5Cu5 alloy.

Fig. 7. Prepared sample backscattered SEM images (x400 augmentation) of as- 
cast Al80Mg10Si5Cu5 alloy.
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phases presented quasi-similar microstructure in both regions of the 
sample.

Figs. 10 and 11 show the microstructure of as-cast AlSi9Cu3 alloy 
with the surface layer and without the surface layer. The AlSi9Cu3 alloy 
in the as-cast state presented a dendritic microstructure composed of an 
aluminium matrix, eutectic silicon (Al + Si), and Al2Cu intermetallic 
phases in the eutectic region. The sample with the surface layer showed 
a finer dendritic microstructure. On the contrary, segregated sludge 
particles were distinguished in the inner region, with more interden-
dritic porosity [23].

3.4. Hardness properties

The measured hardness values of the experimental alloys in the 
surface layer (S) and the inner region (I) are presented in Table 4 at RT 
and 200 ◦C.

The hardness of the samples was slightly higher in the surface layer, 
due to finer grain size and the smaller presence of microporosity. We can 
observe also how the as-cast Al80Mg10Si5Cu5 alloy has a higher 
hardness than the TT-Al80Mg10Si5Cu5 alloy, and the lowest hardness 
value is obtained with the AlSi9Cu3 alloy. So, as in the case of cast 
aluminium alloys, a higher hardness is expected to lead to higher 

wearing resistance results [24].

3.5. Friction curve analysis at RT

Figs. 12 and 13 show the evolution of the coefficient of friction (COF) 
measured on as-cast and TT-Al80Mg10Si5Cu5 and AlSi9Cu3 alloy at RT 
with and without skin, line in blue (as-cast Al80Mg10Si5Cu5), green 
(TT-Al80Mg10Si5Cu5), and red (AlSi9Cu3).

Al80Mg10Si5Cu5 and AlSi9Cu3 alloys presented similar values for 
COF at RT. In the samples with skin, the obtained values are very similar 
for both alloys in the as-cast stage, but COF values increased slightly in 

Fig. 8. Surface cast layer sample SEM images (x400 augmentation) of the heat- 
treated Al80Mg10Si5Cu5 alloy.

Fig. 9. Inner region sample SEM images (x400 augmentation) of the heat- 
treated Al80Mg10Si5Cu5 alloy.

Fig. 10. Outside region optical microscopy images (x200 augmentation) of as- 
cast AlSi9Cu3 alloy.

Fig. 11. Inner region optical microscopy images (x200 augmentation) of as- 
cast AlSi9Cu3 alloy.

Table 4 
HV3 Values of studied alloys at different temperatures.

Reference Hardness (HV3)

RT 200 ◦C

S I S I

Al80Mg10Si5Cu5 as-cast 136 ± 5 130 ± 13 126 ± 4 121 ± 10
Al80Mg10Si5Cu5 TT 125 ± 6 114 ± 12 115 ± 4 106 ± 11
AlSi9Cu3 as-cast 114 ± 5 95 ± 7 103 ± 6 86 ± 8
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the case of TT-Al80Mg10Si5Cu5 samples. It can be related to the 
observed modification of the microstructure in TT samples, with a more 
homogeneous microstructure and a reduction in the hardness. In this 
case, there is no direct correlation between the superficial hardness and 
COF values, probably because the smaller precipitates in the case of 
AlSi9Cu3 samples, including Fe-rich precipitates, that have high punc-
tual hardness. In the samples without the external surface, there is a 
correlation between the obtained hardness and the COF values, corre-
sponding the higher COF values to the lower hardness values, with 
AlSi9Cu3 with the highest COF values as expected. The samples without 
the surface layer presented COF higher values in all the cases. The 
absence of defects and smaller grain size and minor amount of eutectic 
in the external surface [61], contribute to increase the hardness [72].

The analyzed curves presented the 3-stage curve characteristic of 
metals, as reported in the literature [7,23,24]. In the different COF 
curves, the approximative stage positions are marked.

First, low values around 0.1 were measured (previous or zero phase), 
related to the settling of the materials in the test bar. In the case of the 
Al80Mg10Si5Cu5 and AlSi9Cu3 samples with the surface layer, the 
friction curve presented low COF values during the initial period, pre-
senting a previous stage, because of the surface layer acting as a lubri-
cant and superficial irregularities, [40]. A higher rugosity in the samples 
with the external surface promotes a reduction of the COF values in the 
previous or zero phase [73]. An initial rise in the coefficient of friction 
was correlated with abrasive and adhesive wear, concretely from 
galling. COF values increased with the distance run, reaching a 

maximum value of 0.60–0.70 (Stage 1). COF values increase when 
large-sized debris is accumulated on the worn surface, and they decrease 
when the debris is eliminated from the worn surface. In the sliding test, 
after approximately 100–150 m, the COF values gradually decreased to 
around 0.35–0.38. This stage corresponds to the transition period, 
occurring shortly after reaching the maximum peak and before the 
equilibrium phase.

Shearing of the junctions took place, and the coefficient felt off as the 
strong junctions, which were formed during quasi-static loading initial 
pressure, became replaced by weaker ones. After the plastic process 
starts, the surface is deformed enough to reduce the friction coefficient 
to the steady state value. The steady state is reached when the sliding 
force is higher than the friction force (Stage 3). All the obtained values 
are resumed in Table 5 to compare the results at the RT and 200 ◦C.

3.6. Analysis of friction curve at 200 ◦C

Figs. 14 and 15 show the evolution of the COF values measured for 
the samples of the Al80Mg10Si5Cu5 and AlSi9Cu3 alloys at 200 ◦C with 
and without skin of one representative sample. The evolution of COF 
values and the acting mechanisms were very different from tests at RT, 
between the as-cast state and the TT samples, and the alloys. In all the 
samples, there is a correlation between the obtained hardness and the 
COF values, corresponding to the higher COF values with the lower 
hardness values for AlSi9Cu3 alloy. However, the values for as-cast and 
TT samples were dissimilar, probably because the heating of the samples 
for preparing and performing the test promoted a partial aging of the 
microstructure of as-cast samples.

As-cast Al80Mg10Si5Cu5 alloy with and without the surface layer 
started with low COF values, around 0.1 (previous or zero phase). Then, 
increasing the distance, the COF value increased, reaching the maximum 
value of 0.45 (Stage 1). COF value decreased progressively (Stage 2). 
Finally, just after the highest peak, a steady value of around 0.43 was 
obtained (Stage 3), with slightly higher values than at RT, but without 
an expected high increase in the COF value. In aluminium alloys, as in 
AlSi9Cu3 alloy, temperatures higher than 150 ◦C decrease the hardness, 
mechanical, and wear properties [23]. In the samples with the surface 
layer, the maximum coefficient of friction is slightly smaller, possibly 
since at higher temperatures there is a higher oxidation of the surface 
layer and therefore smaller adhesion.

In the case of Al80Mg10Si5Cu5 alloy in TT conditions, COF value 
increased from the lower value (0.1) up to the value of 0.50–0.60, and 
finally reached the steady stage, with larger oscillations with a mean 
value of 0.47. These oscillations are possibly due to the entrapment and 
release of the debris particles between the sliding surfaces. This is 
consistent with some previous works [74–77] where higher abrasive 
particle sizes promote that the friction coefficient decreases. However, 
for fine abrasive particles, the tendency is reversed, being the 
adhesive-wear the main acting mechanism, and responsible for the 
increased COF values. It is noted that in the case of TT-Al80Mg10Si5Cu5 
without the surface layer, the COF values during the distance run were 
higher.

AlSi9Cu3 alloy in the as-cast state showed that the COF values 

Fig. 12. Evolution of the coefficient of friction for the studied alloys at RT (0.1 
m/s) with the surface layer.

Fig. 13. Evolution of the coefficient of friction for the studied alloys at RT (0.1 
m/s) without the surface layer.

Table 5 
Values for COF at RT and 200 ◦C.

REFERENCE Coefficient of friction μ (COF)

RT 200 ◦C

S I S I

Al80Mg10Si5Cu5 as- 
cast

0.38 ±
0.006

0.38 ±
0.008

0.41 ±
0.022

0.42 ±
0.010

Al80Mg10Si5Cu5 TT 0.38 ±
0.008

0.39 ±
0.007

0.53 ±
0.051

0.50 ±
0.017

AlSi9Cu3 as-cast 0.37 ±
0.003

0.39 ±
0.019

0.64 ±
0.069

0.80 ±
0.110
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increased from a lower level up to 0.80, being the alloy with the highest 
COF values. It showed more fluctuations in its values. Big fluctuations 
have been previously correlated with a larger volume of intermetallics in 
the alloy, with an inverse relation between COF values and hardness 
values [78]. It could be also related to the presence of very hard Fe-rich 
intermetallics [24]. The lowest fluctuations and COF values are obtained 
in the Al80Mg10Si5Cu5 alloys.

Remarkably, the COF curve at 200 ◦C presented a three-stage 
behaviour in all the alloys, with the previous stage suppressed. The 
cause could be the effect of the temperature over the samples because a 
more intense mechanism of plastic deformation and delamination takes 
place. It was demonstrated that the AlSi9Cu3 alloy showed higher 
average dynamic friction values than the Al80Mg10Si5Cu5 alloy, with a 
downward trend that is characteristic when the abrasion mechanism 
predominates [45] in Al80Mg10Si5Cu5 alloy.

In Table 5, mean values for the coefficient of friction at the different 
temperatures are collected.

As it has been described, the experimental alloys showed similar 
behaviour and values for COF at RT (0.38–0.39) whereas, at 200 ◦C, the 
wear mechanism and values for COF were very different, according to 
the type and condition of the alloy (from 0.41 for Al80Mg10Si5Cu5 to 
0.80 for AlSi9Cu3 alloy). COF values at 200 ◦C were higher because 
sliding wear is usually linked to two antagonistic effects: the wear pro-
cess and the oxidation. As its known, the higher the test temperature, the 
higher the wear rates, with the wear rate not being proportional to the 
temperature, but increasing significantly around 200 ◦C for aluminium 

alloys, as the mechanisms of plastic deformation are dominant [79]. The 
delamination mechanism contribution (caused by the oxidation layer 
and more brittle phases broken and embedded into the matrix increasing 
the contact conditions [80]) to friction coefficient values at high tem-
peratures to 200 ◦C is greater [81], as stronger atomic are formed be-
tween the aluminium alloy and the ball, with AlSi9Cu3 obtained values 
following previous works [23].

3.7. Wear surface analysis

Fig. 16 displays the 3D profiles of wear scars of as-cast, TT- 
Al80Mg10Si5Cu5 and as-cast AlSi9Cu3 alloys at different temperature 
conditions. In the case of the sample AlSi9Cu3 without the surface layer 
tested at 200 ◦C the employed scale is different from the rest to allow 
comparing the results.

The values for specific wear rates at the different temperatures are 
collected in Table 6.

As-cast Al80Mg10Si5Cu5 alloy with the surface layer showed the 
lowest values for the specific wear rate. At RT, the specific wear rate was 
4.9 × 10− 4 mm3/N.m and 3.6 × 10− 3 mm3/N.m at 200 ◦C. In the case of 
the sample without the superficial layer, the value for specific wear rate 
was slightly higher, being 1.0 × 10− 3 mm3/N.m at RT and 4.4 × 10− 3 

mm3/N.m at 200 ◦C. The surface layer contributed to increasing wear 
resistance, by presenting a higher hardness as well as a lower number of 
smaller and fragile eutectic intermetallic particles and defects. With the 
obtained values, it’s expected to observe a mild wear mechanism at RT 
and 200 ◦C [53–56].

The TT-Al80Mg10Si5Cu5 alloys showed higher wear rate values. 
These samples have lower hardness values with more spherical phases. 
The fact that abrasion and adhesion wear mechanisms were increased 
contradicts one of the findings reported in the literature [59] but it is in 
accordance with the increase of abrasion and adhesion values with a 
decrease in hardness values in AlSiCu alloys with temperature [23]. The 
sample with the superficial layer showed a specific wear value of 1.1 ×
10− 3 mm3/N.m at RT and 4.8 × 10− 3 at 200 ◦C. At RT, the specific wear 
rate was 1.4 × 10− 3 mm3/N.m and 5.1 × 10− 3 mm3/N.m at 200 ◦C in the 
inner area. Samples without the surface layer showed similar but slightly 
superior values to those of samples with the surface layer, which can be 
related to the modification of the surface layer structure after the TT, 
showing a more similar structure to that of the inner area, but with a 
smaller number of defects and a slightly higher hardness, that could 
explain a slightly better resistance to wear in the surface layer area. In 
this case, it’s also expected to observe a mild wear mechanism at RT and 
200 ◦C [53–56].

AlSi9Cu3 alloy showed higher values for specific wear rates. At RT, 
the sample with the superficial layer had a specific wear value of 6.9 ×
10− 4 mm3/N.m and 12.3 × 10− 3 mm3/N.m at 200 ◦C. The sample 
without the superficial layer showed a specific wear value of 1.6 × 10− 3 

mm3/N.m at RT being around 57 % higher than the value of the 
Al80Mg10Si5Cu5 alloy without the surface layer, 44.8 × 10− 3 mm3/N. 
m at 200 ◦C, around 10 times higher than the value of Al80Mg10Si5Cu5. 
The obtained values at 200 ◦C are in accordance with the values ob-
tained previously [23]. With the obtained values, it’s expected to 
observe a mild-severe wear mechanism at RT and severe at 200 ◦C 
[53–56].

The newly developed Al80Mg10Si5Cu5 alloy in the as-cast state 
presented the lowest values for the specific wear rate at RT and in the as- 
cast and heat-treated state at 200 ◦C compared with the AlSi9Cu3 alloy.

3.8. Analysis of Al2O3 counter-ball

An analysis of the condition of the balls after the tests was conducted. 
In all cases, some material adhesion was detected. Table 7 displays the 
average results and deviation of the length, width, and thickness of each 
trace of adhered material at RT and 200 ◦C. (N.A. = Not Appreciated).

For better observation, the images of the counter-balls are shown 

Fig. 14. Evolution of coefficient of friction for the experimental alloys at 
200 ◦C (0,1 m/s) with the surface layer.

Fig. 15. Evolution of coefficient of friction for the experimental alloys at 
200 ◦C (0,1 m/s) without the surface layer.
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Fig. 16. Wear profiles at RT and 200 ◦C.

Table 6 
Wear rate coefficients at RT and 200 ◦C.

REFERENCE 10− 3. K (mm3/N.m)

RT 200 ◦C

S I S I

Al80Mg10Si5Cu5 as-cast 0.5 ±
0.39

1.0 ±
0.19

3.6 ± 0.94 4.4 ± 0.96

Al80Mg10Si5Cu5 heat- 
treated

1.1 ±
0.43

1.4 ±
0.63

4.8 ± 0.33 5.1 ± 0.83

AlSi9Cu3 as-cast 0.7 ±
0.01

1.6 ±
0.16

12.3 ±
0.25

44.8 ±
1.23

Table 7 
Measurements of material adhering to the ball.

Measures (mm) Length Width Height

As-cast Al80Mg10Si5Cu at RT 2.00 ± 0.70 1.09 ± 0.15 N.A.
TT-Al80Mg10Si5Cu5 at RT 2.00 ± 0.26 1.25 ± 0.25 N.A.
As-cast AlSi9Cu3 at RT 2.17 ± 0.15 1.71 ± 0.38 N.A.
As-cast Al80Mg10Si5Cu at 200 ◦C 2.74 ± 0.37 1.37 ± 0.20 0.45 ± 0.08
TT-Al80Mg10Si5Cu5 at 200 ◦C 3.71 ± 0.21 1.77 ± 0.16 0.50 ± 0.11
As-cast AlSi9Cu3 at 200 ◦C 4.86 ± 1.17 4.57 ± 0.83 0.90 ± 0.41
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below. The area of adhered material can be observed in Fig. 17, while 
the resulting thickness in each case is shown in Fig. 18.

It can be easily observed that the adhered area is higher at 200 ◦C. 
Also, it was detected a higher thickness of adhered material at 200 ◦C, 
while at RT it was hardly detectable. The as-cast AlSi9Cu3 alloy tested at 
200 ◦C showed the strongest adhesion, consisting of several layers up to 
nearly 1 mm and some adhesion was observed in TT-AlSi10Mg5Cu alloy. 
The alumina counter-balls didn’t show any signal of wear, typical in 
steel counter-balls, which allows a better interpretation of results, with a 
minimal 3rd body wear from particle pull-out.

3.9. Analysis of wear surface at RT

The microstructural evolution of worn surfaces of the as-cast 
Al80Mg10Si5Cu5 alloy after the sliding wear test at RT is displayed in 
Fig. 19. The main wear mechanism was determined to be abrasion, 
characterized by plough lines in the same direction of the test direction 
produced by hard particle debris (principally Mg2Si particles) [82]. 
There is also a plastic deformation of the matrix, as the matrix has a 
lower hardness and is ductile, penetrating the harder phases [42,83–86], 
and some oxidized particles. When comparing samples with the surface 
layer and without the surface layer (Fig. 19) the Al80Mg10Si5Cu5 
as-cast alloy without the surface layer presented larger grooved regions 
and more pronounced plough lines. Also, where oxides are presented on 
the surface, the effect of the total wear and abrasion mechanism is lower 
[66] compared with the consequence of the formation of a mechanically 
mixed layer (MML) or transfer film (TF) [48,87,88]. The surface layer 
had higher hardness than the inner region, contributing to a decrease in 
the total wear. So, the results confirmed that the alloy acts under a mild 
wear regime.

In the analysis by SEM + EDS, it was observed that within the 
aluminium matrix (Point 1) some oxidized particles (Point 2) with a 
percentage of up to 40 % oxygen were detected. During the test, the 

asperities joints and surface material break up, and they form oxidized 
debris particles that are compacted back again into the matrix. While 
larger and primary Mg2Si phases are generally detached from the track, 
eutectic phases of Mg2Si (point 3) and Cu-rich intermetallics (Point 4) 
are supposed to remain embedded in the matrix. Table 8 collects the 
approximative chemical composition of the analyzed points.

The microstructural evolution of worn surfaces of TT- 
Al80Mg10Si5Cu5 alloy after the sliding wear test at RT is displayed in 
Fig. 20. Abrasion was again the main wear mechanism [86]. Also, re-
gions with plastic deformation over the plough lines on the track were 
arbitrarily presented, linked to the higher ductility and lower hardness 
values of the alloy in comparison to the as-cast state. The surface wear 
presented an area with debris and white zones near the ploughs, prob-
ably because of increased abrasion compared with as-cast Al80Mg10-
Si5Cu5 alloy samples. When comparing samples with the surface layer 
and without the surface layer (Fig. 20), the TT-Al80Mg10Si5Cu5 alloy 
without the surface layer presented more roughened grooves and 
ploughed regions. The surface layer, by presenting higher hardness 
values, contributes to a decrease in the total wear, showing an abrasion 
mechanism with fewer plough lines over the surface grooves and a 
smaller number of cracks. The increased abrasion area confirms the 
higher values of wear rate obtained in the tests, probably related to the 
difference in the obtained microstructure after the heat treatment. The 
results confirmed that the alloy acts under a mild wear regime but with 
more cracks in the wear track.

Fig. 17. Material track area after BOD tests. (a) As-cast Al80Mg10Si5Cu5 RT, 
(b) TT-Al80Mg10Si5Cu5 RT, (c) As-cast AlSi9Cu3 RT, (d) As-cast Al80Mg10-
Si5Cu5 200 ◦C, (e) TT-Al80Mg10Si5Cu5 200 ◦C, (f) As-cast AlSi9Cu3 200 ◦C.

Fig. 18. Material track thickness determination at RT: (a) As-cast Al80Mg10-
Si5Cu5 RT, (b) TT-Al80Mg10Si5Cu5 RT, (c) As-cast AlSi9Cu3 RT, and at 
200 ◦C: (d) As-cast Al80Mg10Si5Cu5, (e) TT-Al80Mg10Si5Cu5, (f) As- 
cast AlSi9Cu3.
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When microstructures were analyzed in TT-Al80Mg10Si5Cu5 alloy 
by EDS and phases estimated, it was observed that within the aluminium 
matrix (Point 5), oxidized areas at the edges of the ploughing areas 
(Point 6) with a percentage of 39 % of oxygen were detected, corre-
sponding to the white lines observed in the wear track. In this case, 
eutectic phases of Mg2Si (point 7) and Cu-rich intermetallics (Point 8) 
remained embedded in the matrix. Table 9 collects the approximative 
chemical composition of analyzed points.

The microstructural evolution of worn surfaces of as-cast AlSi9Cu3 
alloy after the test at RT is displayed in Fig. 21. The AlSi9Cu3 alloy 
presented abrasion as the main mechanism, but with some areas with 
ductile delamination [86–89]. The surface wear presented a large 
number of debris in different directions as a result of increased abrasion, 
in comparison with Al80Mg10Si5Cu5 alloy samples. It could be justified 
because it’s the alloy with the lowest hardness and the highest wear rate, 
including the higher number of hard precipitates, including iron phases. 
When comparing the samples with the superficial layer and without the 
surface layer (Fig. 21), the alloy without the surface layer presented an 
increased delaminated area. The surface layer, by presenting better 
hardness properties and fewer defects, contributes to a decrease in the 
total wear and therefore showing less abrasive and delaminated areas. 
The alloy showed mild wear but with some signs of severe wear.

EDS analysis of AlSi9Cu3 alloy showed that the aluminium matrix 

(point 9) was partially oxidized with around 32 % of oxygen in white 
colour particles (point 10). In the delamination mechanism, the layers 
that are created in the aluminium matrix get oxidized, and asperities are 
created. These asperities break up and get formed into debris particles, 
that are compacted back into the matrix. The rest of the phases rich in 
Cu, probably Al2Cu (point 11) and silicon (point 12) kept embedded. 
Also, iron intermetallic particles (point 13) were detected (see Table 10). 
The compact-shaped iron intermetallics tend to develop surface and 
subsurface microcracks, forming a rough interface with the matrix, 
which reduces the likelihood of decohesion at the interface. Conversely, 
needle-like iron compounds (β-Fe phase) are hard and brittle, making 
them prone to fracture compared to the eutectic Si particles or the α-Al 
matrix, resulting in the propagation of microcracks that eventually lead 
to macrocracks [24].

3.10. Analysis of wear surface at 200 ◦C

The microstructural evolution of worn surfaces of as-cast 
Al80Mg10Si5Cu5 alloy at 200 ◦C is displayed in Fig. 22.

The main wear mechanism was abrasion, characterized by the for-
mation of scratches on the worn surface in the sliding direction with 
some debris and slight plastic deformation of the aluminium matrix. The 
presence of higher plastic deformation in comparison to the as-cast 
Al80Mg10Si5Cu5 alloy tested at RT could be related to the increase in 

Fig. 19. SEM images of worn surface tested at RT for as-cast Al80Mg10Si5Cu5. 
(a), (b) and (c) = With surface layer at the magnification of×40, ×400 and 
x800. (d), (e) and (f) = Without surface layer at the magnification of×40, ×400 
and x800.

Table 8 
Chemical wt.% composition of analyzed point.

Elements Point 1 Point 2 Point 3 Point 4

Al 80.6 47.0 0.3 65.4
Mg 9.6 7.0 53.2 10.8
Si 4.1 3.1 28.6 0.9
Cu 5.7 2.7 – 21.6
O – 40.3 9.1 1.4

Fig. 20. SEM images of worn surface tested at RT for heat-treated 
Al80Mg10Si5Cu5. (a), (b) and (c) = With surface layer at the magnification 
of×40, ×400 and x800. (d), (e) and (f) = Without surface layer at the magni-
fication of×40, ×400 and x800.

Table 9 
Chemical wt.% composition of analyzed points.

Elements Point 5 Point 6 Point 7 Point 8

Al 75.8 48.6 37.4 62.1
Mg 11.8 6.1 32.5 6.7
Si 6.5 2.9 21.3 1.0
Cu 6.0 3.0 1.2 28.6
O – 39.5 7.7 1.7
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the temperature. Some delaminated areas were identified. Also, the 
presence of rounded debris is remarkable. When comparing samples 
with and without the superficial surface layer (Fig. 22), the sample with 
the surface layer presented fewer regions with plastic deformation, 
resulting in decreased wear, probably because the surface layer pre-
sented a higher hardness and fewer defects. The results confirmed that 
the alloy acts under a mild wear regime but with more plastically 
deformed areas than at RT.

Al80Mg10Si5Cu5 alloy microstructures was analyzed by EDS and 
phases were estimated. It was observed a similar microstructure to the 
one at RT and with and without surface layer. However, some dark-grey 
particles were observed (Points 14 and 15), corresponding to the 
oxidized particles of the aluminium matrix. These oxides could be 
formed in the test at 200 ◦C, where samples were tested without a 
protective atmosphere, oxidizing the sample surfaces. Table 11 collects 
the approximative chemical composition of the analyzed points.

The microstructural evolution of worn surfaces of the TT- 
Al80Mg10Si5Cu5 alloy after the test at 200 ◦C is displayed in Fig. 23.

The main wear mechanism was abrasion, with some ductile 
delaminated areas with extender crack propagation than in as-cast 
samples. As a results of severely plastically deformed layers, adhesion 
can also occur. However, adhesion was identified as a secondary 
mechanism [90]. The presence of rounded debris and delaminated areas 

is remarkable being abrasion the predominant wear mechanism. When 
comparing samples with and without the superficial surface layer.

When comparing the samples with and without the surface layer 
(Fig. 23), the sample with the surface layer presented less abrasion and 
more delaminated areas, which can be correlated with the observed 
higher COF value.

When microstructures were analyzed by EDS, the material was quite 
similar in the as-cast and in the TT sample. Due to wear, the layers that 
are being created in the aluminium matrix are oxidized, and finally, 
asperities are created. These asperities will break up and will be trans-
formed into debris particles which are compacted back into the matrix. 
Remarkably, the Al2Cu phase in the as-cast Al80Mg10Si5Cu5 alloy is not 
detected at 200 ◦C in the TT samples. This could also justify a higher 
wear rate at 200 ◦C on TT samples, because of the significance of the 
Al2Cu phase as a wear-resistant element, in line with previous findings 
in Al-Si-Cu-Mg alloys, where the formation of Al2Cu and Q (AlXMg5-

Cu4Si4) phases promotes the use of aluminium alloys at elevated tem-
peratures [91–94]. On the contrary, TT-Al80Mg10Si5Cu5 alloy 
presented the same microstructure at 200 ◦C. In these samples, the wear 
mechanism has moved from mild to mild-severe wear, so TT is not 
desirable for the developed alloy for wear applications.

The microstructural evolution of worn surfaces of the as-cast 
AlSi9Cu3 alloy after the sliding wear test at 200 ◦C is displayed in 

Fig. 21. SEM images of worn surface tested at RT for as-cast AlSi9Cu3. (a), (b) 
and (c) = With surface layer at the magnification of×40, ×400 and x800. (d), 
(e) and (f) = Without surface layer at the magnification of×40, ×400 and x800.

Table 10 
Chemical wt.% composition of analyzed points.

Element Point 9 Point 10 Point 11 Point 12 Point 13

Al 85.7 59.0 62.9 52.4 65.9
Si 7.6 6.1 5.3 40.2 16.9
Cu 2.2 1.9 31.8 2.0 0.9
Mn – – – – 1.8
Fe 0.7 0.8 – – 14.5
O 3.8 32.3 – 5.4 –

Fig. 22. SEM images of worn surface for as-cast Al80Mg10Si5Cu5. (a), (b) and 
(c) = With surface layer at the magnification of×40, ×400 and x800. (d), (e) 
and (f) = Without surface layer at the magnification of×40, ×400 and ×800 
at 200 ◦C.

Table 11 
Chemical wt.% composition of analyzed points.

Element Point 14 Point 15

Al 64.4 55.6
Mg 6.9 10.7
Si 5.1 3.8
Cu 2.9 2.5
O 19.9 27.4
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Fig. 24.
AlSi9Cu3 alloy in the as-cast condition presented a combination of 

some areas with abrasion and predominant ductile delamination wear 
mechanisms at 200 ◦C. Additionally, it was the one that exhibited the 
greatest plastic deformation. The wear surface presented regions with 
pronounced delaminated areas. As a result of severely plastically 
deformed layers, adhesion can also occur, being delamination one of the 
adhesion wear mechanisms [90]. The sliding direction and wear tracks 
were not discernible in the sample without the surface layer. The ma-
terial removal resulted from the delamination of subsurface layers. 
When a continuous mechanically mixed layer (MML) or TF is formed, 
the wear rate decreases in comparison with non-continuous MMLs [95], 
and in the analyzed samples a near-continuous MML was observed. 
Unlike the Al80Mg10Si5Cu5 alloy, the worn surface of AlSi9Cu3 pre-
sented highly plastically deformed material as indicated in Fig. 24. It can 
be observed that the wear mechanism promotes principally ductile 
delamination. The results confirmed that the alloy acts under a severe 
wear regime.

When microstructures were analyzed by EDS, the aluminium matrix 
didn’t show oxidized particles. This could be related to the highest value 
of COF at 200 ◦C, and delamination acting as the main wear mechanism. 
It was confirmed that the aluminium matrix was delaminated and some 
intermetallics were presented in the studied area. These precipitates had 
a polygonal shape, being correlated with the AlSi eutectic phase (point 
16 and point 18) and with Fe and Cu-rich particles (point 17 and point 
19). The presence in the track area of small polygonal phases could 
reduce the abrasion effect of bigger or acicular intermetallic phases, 
which could be correlated with the small ploughings on the test surface. 
Table 12 collects the approximative chemical composition of the 
analyzed points.

3.11. Subsurface analysis

Following there are shown the cross-section micrographs of the wear 
tracks tested at RT (Fig. 25) and 200 ◦C (Fig. 26) observed by optical 
microscopy (OM). As-cast Al80Mg10Si5Cu5 alloy, tested at RT exhibited 
smaller intermetallic phases, particularly Mg2Si, on the contact surface 
area compared to the rest of the area. The various phases have been 
determined by the SEM + EDS, as detailed in section 3.9. The amount of 
material removed from the contact surface due to the abrasion as the 
principal wear mechanism is clearly at higher magnifications. The 
deformation of the wear track resulting from compressive forces showed 
cracked Mg2Si phases and layered debris, due to hard asperities induced 
microcracking [86]. In the case of as-cast AlSi9Cu3, tested at RT, the 
deformed contact surface was smaller, but the presence of cracks was 
more noticeable in some regions due to signs of ductile delamination. 
Although abrasion was the principal wear mechanism a higher degree of 
delamination was observed [86,87], with some small superficial cracks. 
Additionally, on the contact surface, the silicon particles exhibited a 
more globular shape, in contrast to the more laminar shape observed on 
the inner surface. So, the subsurface analysis showed that the wear rate 
of Al80Mg10Si5Cu5 alloy is mild and the AlSi9Cu3 wear rate is mild but 
some small severe wear areas.

The as-cast Al80Mg10Si5Cu5 alloy, tested at 200 ◦C, exhibited a 
smaller deformed contact area compared to the alloy tested at RT. Some 

Fig. 23. SEM images of worn surface for TT-Al80Mg10Si5Cu5. (a), (b) and (c) 
= With surface layer at the magnification of×40, ×400 and x800. (d), (e) and 
(f) = Without surface layer at the magnification of×40, ×400 and ×800 
at 200 ◦C.

Fig. 24. SEM images of worn surface for as-cast AlSi9Cu3. (a), (b) and (c) =
With skin at the magnification of×40, ×400 and x800. (d), (e) and (f) =
Without skin at the magnification of×40, ×400, ×800 at 200 ◦C.

Table 12 
Chemical wt.% composition of analyzed points.

Element Point 16 Point 17 Point 18 Point 19

Al 83.9 76.8 84.7 71.7
Si 9.5 5.8 10.4 14.2
Cu 2.8 15.7 2.3 12.7
Fe 1.7 0.5 0.9 0.4
Mn 0.6 – – –
O 1.5 1.2 1.7 1.1

E. Villanueva et al.                                                                                                                                                                                                                             Wear 558–559 (2024) 205585 

13 



delaminated areas with fractured Mg2Si particles were visible on the 
contact surface, indicating that in addition to abrasion as the principal 
wear mechanism delamination wear also occurred due to the formation 
of sublayers [85,86]. In the case of the as-cast AlSi9Cu3 tested at 200 ◦C, 
a thicker layer with a finer microstructure, ranging from 10 μm to 40 μm 
thick, was detected compared to the sample tested at RT, indicating 
more severe wear. The increase in temperature promotes an increase in 
the oxidation rate of these alloys [96] as it was determined in section 
3.10. The fractured/fragmented oxide layer and the wear debris of 
contact surfaces could cause the formation of tribochemical reactions 
[85], and as a consequence, a mechanically mixed layer (MML) or 
transfer film (TF) [87,88,96]. If these transfer films form a continuous 
layer, wear rate is reduced [95]. The analysis showed that Al80Mg10-
Si5Cu5 alloy combines mild and some small severe wear rate areas at 
200 ◦C and AlSi9Cu3 a severe wear rate.

4. Conclusions

This paper has comprehensively investigated the friction and wear 
properties of a new Al80Mg10Si5Cu5 cast alloy and compared them 
with the AlSi9Cu3 cast alloy at RT and at 200 ◦C in as-cast and thermal 
treated state, including the effect of the external skin of die-cast parts on 
wear. The conclusions are as follows:

(1) →The novel Al80Mg10Si5Cu5 alloy developed for HPDC is 
characterized by enhanced wear properties compared to the 
standard AlSi9Cu3 alloy at RT (+50 % reduction in wear rate). 
This improvement is attributed to the hardness of the surface and 
subsurface, but also to the type and morphology of the micro-
structure in the new alloy, with abrasion as the main wear 
mechanism. AlSi9Cu3 alloy showed abrasion accompanied by 
some ductile delamination with a higher specific wear rate. At 
RT, Al80Mg10Si5Cu5 alloy showed a mild wear rate and 
AlSi9Cu3 mild wear but with some signs of severe wear.

(2) →At 200 ◦C, the wear rate and COF values are higher. 
Al80Mg10Si5Cu5 alloy in the as-cast condition with the surface 
layer presented again the lowest wear rate with abrasion wear, 
showing mild wear. TT-Al80Mg10Si5Cu5 alloy exhibited abra-
sion along with a predominant secondary ductile delamination 
wear mechanism in comparison to as cast Al80Mg10Si5Cu5 
alloy, showing mild wear but with some signs of severe wear. As- 
cast AlSi9Cu3 alloy exhibited the highest wear rates (x10 times 
reduction in wear rate) and predominantly showed the ductile 
delamination mechanism, showing severe wear.

(3) →Samples with the surface layer presented lower COF values and 
specific wear rates, because of higher hardness, better micro-
structure, and reduced quality defects. Avoiding the machining of 
HPDC cast parts could improve in-service performance under 
wearing conditions.

(4) → The newly developed alloy shows promise as a cost-effective 
and low CO2 alternative for aluminium drum brakes. It offers 
advantages due to its performance properties obtained from 
secondary aluminium alloys, which are also lighter than iron 
which potentially enhance fuel efficiency. Additionally, the 
HPDC process used for its production results in reduced cycle 
times among other advantages.
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