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Abstract: Aluminum alloys are widely used to produce automotive components, thanks to their
great mechanical properties–to–density ratio. Engine components such as pistons are conventionally
produced by casting of Al–Si eutectic alloys (Silumin alloys) such as EN AC 48000. Due to the
harsh working conditions and the lower ductility if compared to aluminum–silicon alloys with lower
silicon content, pistons made of this alloy are prone to fatigue failures in the skirt region. In order to
overcome such limits, the use of a Functionally Graded Material (FGM) in the production of a piston
is proposed. The adoption of a functionally graded architecture can maximize the properties of the
component in specific areas. A higher level of thermal resistance in the crown of the piston can be
achieved with EN AC 48000 (AlSi12CuNiMg), while higher elongation at rupture in the skirt region
would be conferred by an EN AC 42100 (AlSi9Mg0.3). The FGM properties are strictly related to the
metallurgical bonding between the alloys as well as to the presence of intermetallic phases in the
alloys junction. In the present article, the characterization of gravity casted FGM samples based on
Al–Si alloys with respect to microstructure and mechanical testing is presented, with a specific focus
on the characterization by impact testing of the joint between the two alloys.
Keywords: aluminum FGM; impact test; EN AC 42100; EN AC 48000

1. Introduction
Functionally Graded Materials (FGMs) are advanced composite materials characterized by
variations in composition and/or microstructure along the entire piece, with the aim to obtain
specific properties in different areas of the part [1,2]. The gradual variation of composition and/or
microstructure along the FGM volume permit differentiated responses to an applied solicitation [3,4].
The microstructural variation in the volume of metallic FGM is due to the presence of two or more
phases metallurgical bonded to each other. In this sense, the transition between the two phases can be
critical for the presence of a junction that has to be continuous, ensuring a gradual modification of
both composition and properties into the entire volume, minimizing the severe risk of introducing
local defects.
FGM parts may be produced by different methods such as gas–based methods, liquid–phase
methods and solid–phase methods, while metallic FGMs are commonly obtained by casting techniques
(centrifugal casting, squeeze casting, gravity casting) [1–5].
Materials 2019, 12, 3475; doi:10.3390/ma12213475
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Several fields of application are relevant for FGMs: automotive, aerospace, biomedical and energy
sectors [6–9]. Recent FGM research [10] has been focused on several classes of materials and production
processes such as chemical vapor deposition, physical vapor deposition, additive manufacturing and
casting methods [11]. For example, FGMs in SiC–Al alloy can be used for Diesel engine piston and
brakes, while FGMs made of epoxy resin–glass are used for sonar domes in sub–marine applications [3].
The use of aluminum alloys is particularly common for the automotive sector. In recent years the
aluminum alloys market expansion has been guided by aerospace and automotive industries, because
of the stricter environmental demands [12–17]. Particularly, car components made of casted aluminum
alloys are common features in everyday cars (piston, engine blocks, rocker coves [18]); permanent
mould casting processes are still leading the production market of structural components. Furthermore,
aluminum alloys are sustainable class of materials, recyclable [19] with cost–effective processes and
characterized by good mechanical resistance, lightweight and weldability [20–22].
Recent works have suggested the production of aluminum–FGM pistons by gravity casting [23–26]
adopting a dual, functionally graded, composition: EN AC 48000 (AlSi12CuNiMg) in the piston
crown ensuring mechanical strength and thermal resistance, and EN AC 42100 (AlSi7Mg0.3) in the
piston skirt providing higher ductility. In fact, pistons are commonly made of Silumin alloy EN AC
48000 and are often subjected to fatigue cracking in the skirt because of the low alloy ductility [27–29].
Furthermore, in these alloys, the presence of Cu and Mg, either present in intermetallic phases or into
the α–solid solution, can affect corrosion resistance. Particularly, Zeng et al. [30] demonstrated that
Mg2 Si intermetallic and Si particles influenced the aluminium–silicon alloys corrosion rate. In corrosive
environment, Mg2 Si has initially an anodic behaviour while silicon has a cathodic behaviour and
corrosion may occurs on Mg2 Si surface. During Mg2 Si corrosion process, the preferential dissolution
of Mg causes an enrichment of Si in Mg2 Si intermetallic leading to the anodic dissolution and corrosion
of the base alloy. As Cu regards, Al2 Cu create a galvanic couple with aluminum matrix: Al2 Cu act as a
cathode accelerating the oxidation of the α–Al phase [31].
Since aluminum–silicon alloys are widely adopted in automotive applications, their mechanical
properties are well known [23–25]; conversely the mechanical properties of the aluminum–FGM are not
widely known. Indeed, the joint between the alloys can represent a weak point for low metallurgical
bonding due to shrinkage, entrapped air and oxides and bifilm that are intrinsically generated by the
casting process [32–36] which may affect the mechanical resistance of the FGM.
Since the production standards in the automotive sector require high quality castings and large
series production, it has to be proved that the junction between the alloys in the FGM does not
represent a preferential site of defectiveness and failure. For this reason, the characteristics of the
aluminum–aluminum FGM obtained via gravity casting have been investigated in this work. FGMs
were obtained as previously seen in [25] and T6 heat treated [37]. The joint between the two alloys, is a
metallurgical bonding between them, for this reason this sort of metallurgical interface was studied by
means of micro–hardness tests, impact tests, and SEM microstructural analysis, in order to characterize
the quality of the bonding between the two alloys and investigate the intermetallic nucleation near the
alloys junction. Both the mechanical characterization and the intermetallic observation approach were
useful in emphasizing any possible critical issue.
2. Materials and Methods
In this work, two aluminum alloys belonging to the Silumin group have been used. EN AC 42100
(hereinafter called alloy 1) belongs to the hypoeutectic system Al–Si–Mg (see Table 1 for composition)
and is characterized by a low alloying element content and high ductility. The hardness of EN AC
42100 alloy may be increased by T6 heat treatment, thus achieving strengthening by the precipitation
of the intermetallic Mg2 Si. EN AC 48000 (hereinafter called alloy 2) has an eutectic composition and
belongs to the Al–Si–Cu–Ni–Mg system (its composition is reported in Table 1) containing alloying
elements as Ni, Cu and Mg that influence respectively the thermal fatigue resistance [29,38] and the
mechanical resistance: Cu already in as–cast conditions, Mg after heat treatment [39]. This specific
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alloy composition is often called piston alloy because it is commonly used to cast these parts and is
characterized by high mechanical resistance and low ductility [40]. Its mechanical resistance can be
improved by heat treatment T6 promoting the nucleation of strengthening intermetallics as Mg2 Si,
Al2 Cu, Al3 Ni and other more complex intermetallic phases [41].
Table 1. Chemical compositions and mechanical properties of the alloys [25].
Alloy 1—EN AC 42100—AlSi7 Mg0.3
Elements
Min (%)
Max (%)

Si
6.5
7.5

Fe
–
0.19

Cu
–
0.05

Mn
–
0.10

Mg
0.25
0.45

Zn
–
0.07

Ti
–
0.25

Al
Bal.

Rm 290–340 (Mpa)
A 4%–9%
Rp0,2 220–280 (Mpa)

Tensile properties in T6 state

Alloy 2—EN AC 48000—AlSi12 CuNiMg
Elements
Min (%)
Max (%)

Si
10.5
13.5

Fe
–
0.7

Cu
0.8
1.5

Tensile properties in T6 state

Mn
–
0.35

Mg
0.8
1.5

Ni
0.7
1.3

Zn
–
0.35

Ti
–
0.25

Al
Bal.

Rm 350–400 (Mpa)
A 0.5%–2%
Rp0,2 320–390 (Mpa)

FGMs casting procedure has been carried by manual casting the two alloys in a pre–heated steel
mould. The mould surfaces were prepared by sandblasting and painted with a BN–based stop off
paint to prevent casting from sticking during ejection [42,43]. No grain refinement or modification of
The alloys were casted as it, without any addition of grain refiners or modifiers.
Melting of the alloy was performed in an electric furnace with a graphite crucible; the gravity
casting process was operated manually and was guided by some key–parameters [25] that play an
essential role in the production of an FGM with good interface quality. These parameters are the casting
sequence, the soaking temperatures of the two alloys, the mould pre heating temperature and the
elapsed time between the casting of the two alloys. Considering the nature of the casting performed
(manual mode), temperatures higher than liquidus have been chosen: 710 ◦ C for alloy 1 and 750 ◦ C for
alloy 2. The mould was thermalized to 400 ◦ C in order to avoid thermal shock during casting and have
a proper solidification of the casting.
Casting sequence depends on the solidification interval, influencing the metallurgical bond
between the alloys. In particular, alloy 1 has a large solidification range (Figure 1) while alloy 2 has a
minor gap. In this sense, in Figure 1 the Differential Scanning Calorimetry (DSC) thermograph during
cooling form liquid is reported for both alloys (TGA–DSC9216.18, Seratam, Caluire-et-Cuire, France).
For alloy 1 the thermal events shown in Figure 1 are [44]:
Peak 1 = Liquid → α(Al) + Si + (other alloying elements)

(1)

Peak 2 = Eutectic solidification

(2)

Peak 1 = Liquid → α(Al) + Si + (other alloying elements)

(3)

For alloy 2 [45,46]:

The wider solidification interval of alloy 1 allows one to obtain a barrier effect when pouring
alloy 2, thanks to the primary solidification of the α–aluminum–phase that avoids the two alloys from
mixing completely. In the area of contact between alloy 1 and alloy 2, the partial remelting of alloy 1
generates a gradient microstructure. The metallurgical bonding is stabilized by alloy 2 infiltrating into
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Figure 1. Differential Scanning Calorimetry (DSC) graph obtained for both the alloys during cooling
with Seratam TGA–DSC9216.18.

Casting obtained are square bars of 25 mm × 125 mm × 15 mm with the alloys–junction located
approximately in the middle of the bars. The size of the casted parts was chosen as the one that can permit
the production of different kind of samples (tensile specimens, impact specimens, fatigue specimens).
After casting, samples were analyzed in terms of microstructure and mechanical properties, focusing
on the properties of the metallurgical junction between the two alloys. After each test, specimens were
analyzed by SEM analysis (SEM LEO 1450VP, Carl Zeiss Microscopy GmbH, Jena, Germany, equipped
with an Oxford Link Pentafet probe, INCA Energy, Oxford, UK).
2.1. Microstructural Characterization
The FGM sample for microstructural analysis was cut from a casted ingot, heat treated T6 and
polished using SiC papers from 180 grit up to 2400 grit than polished on a cloth with colloidal silica
and finally etched with Keller’s reagent for 40 s. Microstructural analysis focused on: (I) alloys
microstructures; (II) alloys interface; (III) intermetallic phases at the interface, (IV) eutectic silicon
particles size. After the microstructural observation (optical microscope LEICA MEF4M, Leica
Microsystems, Heerbrugg, Switzerland) the same specimen was used to perform the micro–hardness
indentations. By means of image analysis software (LEICA QWin, version 3.5, Leica Microsystems,
Heerbrugg, Switzerland), the eutectic silicon average size in bulk and near the interface was measured
for each alloy on a polished sample.
2.2. Micro–Hardness
Micro–hardness measurements were performed along the FGM interface by a microhardness tester
with parameters 15 s, 50 Kgf–HV 0.5 (LEICA VMHT, Leica Microsystems, Heerbrugg, Switzerland).
Measurements were made along parallel lines crossing the interface to detect variation in local hardness.
A 100 µm step was adopted between one indentation and the subsequent one. The micro–hardness test
was chosen instead of macro–hardness because it can give important information about the intermetallic
phases nucleated at the interface between the alloys. In fact, microstructural elements (intermetallic
as well as silicon particles) are larger than the actual indentation: this can permit to recognize the
difference between the soft matrix hardness in alloy 1 (alloy with minor alloying elements), the hard
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In Figure 4 are shown SEM micrographs and the EDS analysis for the main intermetallic phases
present into the FGM microstructure. These intermetallics influence both the mechanical properties,
in terms of hardness, and the impact properties, affecting the amount of energy absorbed. Rounded
shapes increase the energy absorption promoting the ductile fracture while polygonal shapes
Materials 2019, 12, 3475
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based acicular intermetallic; (d) Mg2Si intermetallic.
based acicular intermetallic; (d) Mg2Si intermetallic.
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Abrupt variations in hardness values were due to the kind of intermetallic indented [60]. In alloy 1,
the nucleation near the interface of hard complex intermetallics causes an increase in hardness values.
The SEM micrograph in Figure 5 shows details of the indented phases: hardness marks appear small
in correspondence of hard intermetallic and large in correspondence of α–dendrites.
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Figure 7. (Top): graphical relation Energy absorbed–dimples average size calculated by image analysis
Figure 7. (Top): graphical relation Energy absorbed–dimples average size calculated by image
The graph also shows the correlation Energy absorbed–% of alloy 1 detected in the fracture surface.
analysis The graph also shows the correlation Energy absorbed–% of alloy 1 detected in the fracture
(Down): difference between dimples average size measured on surface fracture and calculated by
surface. (Down): difference between dimples average size measured on surface fracture and
image analysis.
calculated by image analysis.
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2
image analysis (µm ) and the amount of alloy involved into the fracture. Good accordance was
highlighted between the dimples measured experimentally and the trend predicted by the relation;
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measured experimentally and the trend predicted by the relation; the higher values in dimple size
measured depend on the plastic deformation of the material during the dimples formation. Normally,
an impact test requires a well–defined interface in composite materials, while in this specific case
the interface shape varies quite a lot. This was caused by the different bonding between the alloys
during each casting. The interface shape is closely related to the casting process that, in turn, is closely
related to a high number of variables. In this sense, the graph in Figure 7 clearly indicates that the
interface shape may affect the absorbed energy encouraging the fragile fracture in the presence of
a higher content of alloy 2. The interface in the FGM corresponds to a high metallurgical bonding,
as highlighted by the diffusion of Ni–Cu and Fe–Al–Ni intermetallic phases into the alloy 1 (as showed
Figure 3) and by the hardness measures.
Author Contributions: Conceptualization, M.R., E.F. and F.S.G.; methodology, E.F.; formal analysis, E.F. and
F.S.G.; investigation, E.F. and F.S.G.; writing—original draft preparation, E.F. and F.S.G.; writing—review & editing,
R.B.; data curation and funding, J.B.; supervision and funding, M.A.G., and R.B.
Funding: This research was also funded by VEGA, grant number 1/0732/16.
Conflicts of Interest: The authors declare no conflicts of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.
14.
15.
16.

Sobczak, J.J.; Drenchev, L. Metallic Functionally Graded Materials: A Specific Class of Advanced Composites.
J. Mater. Sci. Technol. 2013, 29, 297–316. [CrossRef]
Nikbakht, S.; Kamarian, S.; Shakeri, M. A review on optimization of composite structures Part II: Functionally
graded materials. Compos. Struct. 2019, 214, 83–102. [CrossRef]
Sarathchandra, D.; Subbu, S.K.; Venkaiah, N. Functionally graded materials and processing techniques:
An art of review. Mater. Today Proc. 2018, 5, 21328–21334. [CrossRef]
Udupa, G.; Rao, S.S.; Gangadharan, K.V. Functionally Graded Composite Materials: An Overview.
Procedia Mater. Sci. 2014, 5, 1291–1299. [CrossRef]
Naebe, M.; Shirvanimoghaddam, K. Functionally graded materials: A review of fabrication and properties.
Appl. Mater. Today 2016, 5, 223–245. [CrossRef]
Arsha, A.; Jayakumar, E.; Rajan, T.; Antony, V.; Pai, B. Design and fabrication of functionally graded in-situ
aluminium composites for automotive pistons. Mater. Des. 2015, 88, 1201–1209. [CrossRef]
Pompe, W.; Worch, H.; Epple, M.; Friess, W.; Gelinsky, M.; Greil, P.; Hempel, U.; Scharnweber, D.; Schulte, K.
Functionally graded materials for biomedical applications. Mater. Sci. Eng. A 2003, 362, 40–60. [CrossRef]
Sola, A.; Bellucci, D.; Cannillo, V. Functionally graded materials for orthopedic applications—An update on
design and manufacturing. Biotechnol. Adv. 2016, 34, 504–531. [CrossRef]
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Šimčák, D.; Kvačkaj, T.; Kočiško, R.; Bidulský, R.; Kepič, J.; Puchý, V. Evaluation of hight purity aluminium
after asymmetric rolling at ambient and cryogenic temperatures. Acta Metall. Slovaca 2017, 23, 99–104.
Lombardo, S.; Peter, I.; Rosso, M. Gravity Casting Of Variable Composition Al Alloys: Innovation And New
Potentialities. Mater. Today Proc. 2019, 10, 271–276. [CrossRef]
Rosso, M.; Lombardo, S.; Gobber, F. Sequential Gravity Casting in Functionally Graded Aluminum Alloys
Development. In Light Metals 2017; Ratvik, A., Ed.; The Minerals, Metals & Materials Series; Springer:
Cham, Switzerland, 2017; pp. 877–883.
Fracchia, E.; Lombardo, S.; Rosso, M. Case Study of a Functionally Graded Aluminum Part. Appl. Sci. 2018,
8, 1113. [CrossRef]
Fracchia, E.; Gobber, F.; Lombardo, S.; Rosso, M. Gravity casting of an aluminum alloy FGM: Heat treatment
optimization and final properties. La Metallurgia Italiana 2019, 4, 5–12.
Mbuya, T.; Sinclair, I.; Moffat, A.; Reed, P.; Mbuya, T.; Reed, P. Micromechanisms of fatigue crack growth in
cast aluminium piston alloys. Int. J. Fatigue 2012, 42, 227–237. [CrossRef]
Krishnankutty, P.; Kanjirathinkal, A.; Joseph, M.; Ravi, M. High Cycle Fatigue Properties of near eutectic Al
Si Piston Alloy. Mater. Today Proc. 2018, 5, 8406–8413. [CrossRef]
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