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This paper aims to investigate the copper and the magnesium effects on the microstruc-
ture, on the hardness, and on the resistance to micro-abrasive wear of the alloy Al-19Si.
Early findings could show that the hypereutectic Al-Si alloys fabricated by centrifugal
casting exhibited the possibility of obtaining a Functionally Graded Material (FGM), as well
as the less-dense particles tended to be concentrated in the region close to the tube inner
surface. It was observed that the wear resistance in this region was increased by the
concentration of primary Si and Mg,Si particles due to their smaller densities than that of
the Al Also, the Cu and Mg were added in contents of 2.5 and 5% by weight. Moreover, this
study focused on understanding the radial pB-Si and Mg,Si particles migration in the Al
—195Si alloy tubes and their effect on hardness and wear resistance. Firstly, a large quantity
of primary Si and Mg,Si particles were concentrated in the inner layer of the tubes pro-
duced by centrifugal casting in the alloys Al-19Si, Al-19Si—2.5Cu—2.5Mg and Al-19Si—5Cu
—5Mg. After that, the hardness increase was related to the number of primary particles
presented in this tube region. Therefore, the segregation of the primary particles towards
the inner surface of the tube was more pronounced in the casting end region and the wear
resistance was also related to the presence of the primary particles. However, an excessive
number of primary particles accumulated near this region could lead to higher wear due to
the higher particles tearing.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Over the last years, the decrease in vehicle weight has been
one of the most effective actions for the reduction in fuel
consumption and CO, emissions. Taking this information into
account, we aimed to investigate the use of lighter materials
in automotive components in this paper. In this context, the
aluminum alloys can be cited since the engine cylinder liners
production obtained by manufacturing processes assure the
requirements concerning the properties [1]. The application of
aluminum alloys as a substitute for steel and cast iron became
evident when comparing the difference in aluminum density
(2.7 g/cm?) to that of steel and cast iron (7.8 g/cm?). The Al-Si
hypereutectic alloy is a composite material with primary Si
particles as a reinforcement phase. However, primary Si
seriously reduces the mechanical strength and elongation of
the material [2]. An alloy with a heterogeneous microstructure
could be designed to produce a wear-resistant Al-Si alloy.
Hence, an alloy with a high volumetric fraction of hard par-
ticles must be obtained on the cylinder inner surface — where
better wear properties are required —, and a gradually reduced
fraction of hard particles in the intermediate and outer layers
— where better ductility and mechanical strength — can be
achieved.

Centrifugal casting technique is the ideal method for this
purpose, where tribological surfaces are needed on the pe-
riphery of the tubes [3]. The main characteristic desired in the
Al-Si alloys centrifugation process is the possibility of
obtaining a Functionally Graded Material (FGM) [4]. In the
centrifugal casting process, the centrifugal radial force con-
taining the melt material and produced during the mold
rotation will transport and distribute the secondary particles
or phases into the radial direction of the rotation axis [5].
Consequently, the secondary particles or phases with a lower
density than the matrix are concentrated in the region close to
the inner surface of the tube. As the density of silicon (2.33 g/
cm’) is lower than that of aluminum (2.7 g/cm®), centrifugal
casting results in a concentration of primary Si particles on
the tube inner layer, in which high wear resistance is required.
In spite of that, the intermediate tube and outer layers will
present a smaller fraction of primary Si, avoiding the brittle-
ness in the alloy.

The copper addition to aluminum alloys improves the
hardness and mechanical strength due to the formation of
CuAl, [6]. The Al-CuAl, composite has also been studied
through a centrifugal casting process [7], aiming to obtain a
material with a FGM. Additionally, the copper inclusion in
hypereutectic Al-Si alloys also increases the alloy density in
the liquid state, promoting the migration of the particles to-
wards the inner surface of the cylinder during the centrifugal
casting process. The magnesium addition in Al-Si alloys in-
duces the formation of the intermetallic Mg,Si [8]. Compared
to the Si, Mg,Si has lower density, higher elasticity modulus,
and moderate microhardness, being common in situ rein-
forcement for aluminum matrix composites [9]. This inter-
metallic has a density of 1.88 g/cm® and will also migrate to
the inner wall of the tube produced by centrifugal casting.
Several studies [1,3,5,10—15] have investigated the effect of
magnesium on the formation of Mg,Si and its migration

Table 1 — Chemical composition of the Al-198i alloy

tubes with additions of copper and magnesium,
produced by centrifugal casting.

Content [wt%] Silicon Copper Magnesium Aluminum

Tube 1 19.1 0 0 Balance
Tube 2 19.0 2.5 2.5 Balance
Tube 3 19.2 5.1 5.0 Balance

towards the inner surface of the tubes produced by centrifugal
casting, attempting to obtain an FGM.

Lin et al. [11] investigated the influence of the process pa-
rameters on the Si and Mg,Si particle segregation, evaluating
the hardness, wear-resistance, and thermal expansion of the
Al-Si—Mg tubes produced by centrifugal casting. These au-
thors noticed a better wear resistance in Al-Si FGMs
compared to conventional alloys in cylinder liner applications
for automobiles and motorcycles. Zhang et al. [3] observed in
their work that lower rotation speeds have not resulted in
significant changes in the distribution of Mg,Si particles close
to the inner periphery of the tubes, but it still culminated in a
higher volume fraction of casting defects. Regarding the
cooling rate, these authors noted that an extremely high rate
leads to a very fine microstructure in the outer periphery of
the tubes. Jayakumar et al. [S] observed that the increase in the
Mg content in the hypereutectic Al-Si alloy increases the
Mg,Si concentration, while the primary Si percentage de-
creases. Xie et al. [10] manufactured Al-19Si—Mg alloy tubes
produced by centrifugal casting and found that the higher the
centrifuge rotation speed, the mold temperature, and the alloy
casting temperature are, the greater the Mg,Si particles and Si
particles accumulation in the inner wall of the tube will be.
Zhai et al. [13] obtained greater hardness and wear resistance
due to the high fraction of primary Si and Mg,Si particles in
the region close to the inner surface of the Al-19Si—5Mg alloy
tubes, and a functional gradient of the microstructure and the
properties appears in these process conditions [4,16].

In view of the above, this work has investigated the effects
of copper and magnesium additions on the microstructure,

Fig. 1 — Photograph of Al-19Si alloy tubes with additions of
copper and magnesium produced by centrifugal casting.
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Fig. 2 — Cutting scheme of tubes produced by centrifugal casting.
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the hardness and the micro-abrasive wear resistance with
fixed-ball of the centrifugally cast hypereutectic Al-19Si alloy.
By adding copper and magnesium contents of 2.5 and 5% by
weight, the study focused on understanding both the radial
migration of the primary Si and Mg,Si particles into the tube
produced by centrifugal casting and their effect on the hard-
ness and wear resistance on the tube inner surface.

2. Materials and methods

The alloy used in this work was the Al-19 wt% Si with addi-
tions of 2.5 and 5% copper and magnesium, which required 3
tubes prepared by horizontal centrifugal casting. Also, the
equipment used was a Rigaku spectrometer, model RIX 3000.
The chemical composition that each tube performed by X-ray
Fluorescence analysis (XRF) is shown in Table 1.

The casting of the alloy was done through an air induction
melting furnace (Inductotherm Group, Brazil). The raw ma-
terials used in the melting were commercially pure aluminum
and silicon (99.9% of purity), electrolytic copper, and an Al-
90 wt% Mg alloy, which were provided by the Brazilian
Aluminum Association in accordance with the EN 1706 stan-
dard. The centrifugal casting was carried out in a horizontal
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Fig. 3 — Division scheme of the measurement fields for the
quantitative analysis of the phases and hardness along the
thickness of the tubes produced by centrifugal casting.

centrifugal machine with a steel mold of 120 mm diameter
and 500 mm length. The pouring of the alloys occurred at
750 °C into a mold at 350 °C. The liquid metal temperature was
measured by an immersion pyrometer with a type K ther-
mocouple, and the mold temperature was measured by an
optical pyrometer. The centrifugal casting rotation speed was
kept constant at 1,700 rpm for the 3 alloys. The tubes obtained
by the centrifugal casting process had 117 mm external
diameter, 97 mm internal diameter (10 mm thickness), and
480 mm length. Fig. 1 shows a tube produced by centrifugal
casting.

In the casting process, the liquid metal was poured into one
mold extremity, flowing toward the other extremity. This
liquid metal movement from one extremity to the other oc-
curs with the mold at a rotating speed of 1,700 rpm. Due to this
process, it was decisive to analyze the tubes obtained in 3
regions. The first region was chosen close to the beginning of
the casting, the second region was the tube middle region and
the third one was close to the end of the casting. The samples
taken from the rings of the tubes produced by centrifugal
casting were cut according to the schematic representation
shown in Fig. 2.

The rings were cut to 10 mm thickness in the 3 regions:
start, middle, and end of the casting. The first ring was taken
from 100 mm from the casting edge, the second one from the
middle of the tube, and the third one from 100 mm away from
the tube end. The samples of face number 3 were embedded,

Fig. 4 — Part of the tube ring produced by centrifugal casting
divided into 10 samples for micro-abrasive wear tests by a
fixed rotating sphere.
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Fig. 5 — X-ray diffractogram of the centrifugally cast (a)
Al-19Si—5Cu—5Mg (wt%) alloy (tube 3) and (b) Al-19Si-
2.5Cu-2.5Mg (wt%) alloy (tube 2).

grinded, and polished by standard metallographic procedures.
The microstructure was observed on an Olympus optical mi-
croscopy (OM) model BX51M, and a Hitachi TM-3000 scanning
electron microscopy (SEM) was needed was well. The phases
presented were analyzed into the XRD Multiflex equipment by
Rigaku by using a CuKe radiation with wavelength of
0.1542 nm and 26 angles between 10° and 90°. The quantitative
analysis was performed by SEM equipped with energy-
dispersive X-ray spectroscopy (EDS) QUANTAX 70.

Face number 3 was also used in the quantitative analysis of
B-Si and Mg,Si phases to determine the Vickers hardness
across the thickness of the tube. Monochromic images in
grayscale were obtained from the polished samples on face
number 3 for the quantitative analysis of the fraction of the B-
Siphase and the intermetallic compound Mg,Si and its pores.
Image-] analysis software was used for the determination of
these phases. Further, the distribution profile of the B-Si and
Mg,Si phases fraction over the thickness of the tubes pro-
duced by centrifugal casting were obtained according to the

measurement scheme presented in Fig. 3. The tube thickness
was divided into fields from the outer surface to the inner
surface, in such a way that six measurement fields were ob-
tained over the wall extension. This procedure was repeated
in five measurement lines, as shown in Fig. 3. The results
obtained from the B-Si and Mg,Si phases fraction were the
averages of five measurements per field. The Vickers hardness
profile and the tube walls were also performed by using the
same scheme shown in Fig. 3. The equipment used was a
Micromet 2001 by Buehler.

Subsequently, in order to evaluate the wear resistance of
the alloys, a ‘Micro-scale abrasive wear test’ — or ‘Ball-cra-
tering abrasion test’ equipment with a fixed rotating ball —
was used [17]. Other tests were performed with tempered AISI
52100 steel ball, which has 30 mm of diameter. For wear tests,
a solution of silicon carbide (SiC) with an average particle size
of 4.3 um immersed in distilled water was used as an abrasive.
The ball rotation speed during the test measured up to 40 rpm,
and the normal force measured by a load cell on the ball
reached IN. After that, ten samples from the rings cut were
taken from the tubes produced by centrifugal casting (begin-
ning, middle, and end of the casting), as shown in Fig. 4. The
micro-abrasive wear tests were conducted in times of
1-10 min. The diameter, height, and volume were the wear
crater dimensions analyzed. Finally, a magnifying glass and a
digital caliper were used to measure the diameter of the
spherical caps formed after the wear tests. Based on this
diameter values, the depth and volume were determined
using Egs. (1) and (2). In Egs (1) and (2), d is the diameter, h is
the depth, and V is the volume of the spherical cap.

h=15—225—0.25 x d 1)
h3

Ver(15 xR0+ 2)

3. Results and discussion

In the centrifugal casting process, numerous dynamic condi-
tions occur, and the molten metal is subjected to several

Al19SiMgCu

Fig. 6 — (a) Micrograph observed by SEM of a sample of the Al-19Si—5Cu—5Mg alloy tube in the region close to the casting
beginning. (b) Color map referring to the chemical elements present in the micrograph (a).
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Position 3

Position 5

Fig. 7 — Micrographs along the thickness of the Al-19Si—5Cu—5Mg alloy tube, according to the scheme shown in Fig. 3.

Position 4

Position 6

factors, such as acting centrifugal force, vibrations, the den-
sity of the material constituents, viscosity as a function of the
temperature and solidification speed when in contact with the
mold. Among the process parameters that affected the dy-
namic behavior of the particles, and consequently the profile
of the microstructure and properties over the thickness of the
tube produced by centrifugal casting, one can mention the
alloy chemical composition, the casting temperature, the
material and mold temperature and speed rotation of the
centrifuge as main factors. Only the chemical composition of
the alloys varied in this work, all the other parameters were
kept constant.

Initially, the possible phases presented in the alloys were
evaluated. The X-ray diffraction of the Al-19Si—5%Cu—5%Mg
alloy sample (tube 3) and of the Al-19Si—2.5Cu—2.5Mg (tube
2) are shown in Fig. 5. In this diffractogram, the presence of

the reflections of the a-Aluminum, B-Si phases, and the
intermetallic compounds Mg,Si and CuAl, are noted. The
microstructure of this sample observed by SEM/EDS in a
region close to the casting beginning is shown in Fig. 6.
Fig. 6(a) also shows some black regions that are pores. These
pores are concentrated in the region close to the inner sur-
face of the tube, the last region to solidify. The color map of
Fig. 6(b) regarding the presence of the alloy elements shows
the confirmation of the phases observed by XRD. The marks
in Fig. 6(b) indicate a matrix of the a-Aluminum (yellow), the
primary and eutectic particles of the B-Si (red), and the
intermetallic compounds Mg,Si (green) and CuAl, (blue). The
average porosity in the region close to the inner surface of
the tubes was 1.1% and 10.8% for the samples of the
Al-19Si-2.5Cu-2.5Mg and  Al-19Si-5Cu—5Mg alloys,
respectively.
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Fig. 8 — Micrograph of the Al-19Si alloy in a region close to
the inner surface of the tube produced by centrifugal
casting.

The phases presented in the Al-19Si—2.5Cu—2.5Mg alloy
(tube 2) were the same as those observed in the
Al-19Si—5Cu—5Mg alloy (tube 3), although there was a smaller
number of intermetallic compounds due to the lower content
of copper and magnesium. In the Al-19Si alloy (tube 1) only
the phases o-Al and B-Si were observed, since copper and
magnesium were not added. Next, the microstructures which
were present and the distribution profiles of B-Si and Mg,Si
particles over the thickness of the three tubes produced by the
centrifugal casting will be presented and discussed. Several
authors in similar studies on Al-Si alloys centrifugal casting
[1,3,5,10—15] observed similar microstructures and the same
particle distribution profile which were obtained in this work.
Fig. 7 shows micrographs, observed through optical micro-
scopy, over the wall thickness of the Al-19Si—2.5Cu—2.5Mg
alloy (tube 2), and according to the scheme shown in Fig. 3.
Observations of the microstructure evolution of the
Al-19Si—5Cu—5Mg (tube 3) and Al-19Si (tube 1) alloys as a
function of the position on the tube wall were similar to those

Fig. 9 — Micrograph of the Al-19Si—5Cu—5Mg alloy in a
region close to the external surface of the tube produced by
centrifugal casting, showing primary Mg,Si dendrites.

2:Si

100 pm 1

Fig. 10 — Micrograph of the Al-19Si—5Cu—5Mg alloy in a
region close to the inner surface of the tube produced by
centrifugal casting, showing aggregated particles of -
Silicon and Mg,Si.

observed in the Al alloy —19Si—2.5Cu—2.5Mg (tube 2). The
primary Si has a density of 2.33 g/cm® and Mg,Si of 1.88 g/cm?,
which was smaller than that of the aluminum alloy matrix
(2.7 g/cm®). By means of this, primary Si and Mg,Si were
segregated towards the inner surface during centrifugal
casting, which can be seen in the micrographs of positions 5
and 6.

In the region close to the tube outer surface, a rapid so-
lidification occurred due to the contact of the molten metal
with the mold surface. The centrifuge mold was preheated at
350 °C, but this temperature was insufficient to inhibit the
almost instantaneous solidification of a portion of the poured
liquid metal at 750 °C. There was not enough time for diffusion
or transport of the phases with different densities due to the
centrifugal force. The micrograph of position 1 shown in Fig. 7,
close to the outer surface of the tube shows this condition was
observed in this microstructure. Also, the presence of the
eutectic constituent Al-Si and the phases primary Si particles
(dark gray) and Mg,Si (black) were retained in the fast

45 -
—u— Al - 19 Si
40 —e—Al-19Si-2.5Cu-25Mg
= 35 —A— Al-19 Si-5Cu-5Mg
=
& 30 7
=
= 255 /
=]
ﬁ? 20
5 S
| =
o 154 § L\ 4
ol
= 101
54 Outer Inner
Surface Surface
o T T T T T T
0 1 2 3 4 5 6

Position on the tubes thickness

Fig. 11 — Total fraction of the B-Si plus Mg,Si phases at the
casting end position of the tubes of the Al-19Si alloy with
additions of copper and magnesium produced by
centrifugal casting.
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Fig. 12 — Chemical composition profile along the thickness
of tube 2 of the Al-19Si-2.5Cu-2.5Mg alloy obtained by X-
ray dispersive energy in the scanning electron microscope.
(a) Al and Si, and (b) Cu and Mg.

solidification of this region. It was expected that, by taking the
centrifugation action into account, there would be no primary
Si particles or Mg,Si in this region due to the lower density of
these particles concerning the aluminum. Although the CuAl,
phase was not shown in this micrograph, it was present in the
region close to the outer wall of the tube due to its higher
density compared to the aluminum. These particles could be
observed by SEM in Fig. 6.

Despite this small amount of primary Si and Mg,Si parti-
cles close to the tube outer surface, the vast majority of the
particles were concentrated close to the tube inner surface, as
desired, favoring a functional gradient of property in the
material (Functionally Graded Material - FGM). It was also
notable in Fig. 7 that the most central positions of the tube
thickness did not show indications of the presence of primary
particles. Besides, in the most central positions, the eutectic
constituent and regions with the presence of the primary «-
Aluminum phase were observed, as shown in position 4 of
Fig. 7. The primary a-Aluminum phase was not expected in a

45
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40 4 —e— Central tube region
—A— Final casting region 1

N N w
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Fig. 13 — Total fraction of the B-Si plus Mg,Si phases in the
Al-19Si—5Cu—5Mg alloy as a function of the position along
the thickness of the tube produced by centrifugal casting.

hyper-solidified Al-Si alloy in equilibrium conditions. Instead,
the gradient caused by centrifugal casting induced the central
regions to become depleted of silicon and then locally hypo-
eutectic. This observation could not be related to the forma-
tion of intermetallic Mg,Si phases and the consequent
removal of silicon from the liquid since it was also shown in
the alloy without Mg (Al—19Si).

As previously mentioned, a similarity between the micro-
structural observations in the three alloys studied could be
found. Nevertheless, some peculiarities of each one could be
more detailed. In the Al-19Si alloy, the microstructures close
to the tube inner surface (position 6) can be seen in Fig. 8. The
presence of a eutectic Al-Si microstructure was noted with
primary Si particles which were concentrated due to the
centrifugal casting with no intermetallic compounds since the
alloy did not contain copper or magnesium.

Fig. 9 corresponds to the Al-19Si—5Cu—5Mg alloy micro-
structure in the region close to the outer surface of the tube
(position 1). The presence of retained Mg,Si dendrites is
explained due to the faster solidification in this region caused
by the contact of the liquid metal with the colder mold, which
was also noticed. According to Zhang et al. [3], the compound
Mg,Si tends to crystallize in a dendritic structure shape. The
movement of these dendrites towards the inner surface of the
tube was very limited in the liquid alloy and only a small
number of dendrites could be broken by the liquid metal
impact and move again.

According to Xie et al. [10], the Mg,Si particles speed is
greater than that of the primary Si due to its lower density.
When Mg,Si small particles move towards the inner surface,
they collide with primary Si particles that move relatively
more slowly. After the collision, the Mg,Si particles move
together with the primary Si particles at a faster speed to-
wards the inner surface of the tube. The primary Si particles
moving together with the Mg,Si particles may collide with
each other and result in a Mg,Si particle being surrounded by
primary Si particles or several primary Si particles adhering
together. This aspect was observed by Xie et al. [10], and it was
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produced by centrifugal casting.

also detected in this work, as it can be seen in the micrograph
of Fig. 10, in which the primary Si and Mg,Si particles are
aggregated in the region close the tube inner surface of the
Al—-19Si—5Cu—5Mg alloy.

The graphs of the B-Si plus Mg,Si phases total fraction at
the end position of the casting of the tubes produced by the
centrifugal casting of the three investigated alloys are pre-
sented in Fig. 11. An obvious aspect exhibited in Fig. 11 is that
the higher the levels of copper and magnesium added in the
Al-19Si alloy, the higher the fraction of the B-Si plus Mg,Si
phases are as well. The copper increases the liquid aluminum
alloy density, favoring a faster displacement of the B-Si and
Mg,Si particles. The distribution profile graphs of the fraction
of the B-Si plus Mg,Si phases follow the same bias for the three
alloys. The results obtained from the particle fraction profile
as a function of the position over the tube thickness are in

160

= |nitial casting region
150 e Central tube region
Final casting region

140

130

120

110

Vickers Hardness [HV]

100 Outer

Surface

Inner
Surface

90

0 1 2 3 4 5 6 7 8 9 10 M
Distance from the Outer Surface [mm]

Fig. 15 — Vickers hardness of the Al-19Si—5Cu—5Mg alloy
as a function of the position along the thickness of the tube
produced by centrifugal casting.
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agreement with the work of Zhang et al. [3]. These authors
showed graphs comparable to those presented in this work
regarding the segregation of Mg,Si particles to the inner wall
of the Al-15% Mg,Si composite tubes produced by centrifugal
casting at varying speeds from 800 to 1600 rpm and using
copper and graphite molds.

The graphs in Fig. 12 show the chemical composition pro-
files over the tube thickness of a sample of the
Al—-19Si—2.5Cu—2.5Mg alloy obtained by X-ray dispersive en-
ergy in the scanning electron microscope. Chemical compo-
sitions over the tube thickness were carried out at 1 mm
intervals, starting at 0.5 mm from the tube outer surface. The
chemical composition profile also shows a gradation, which
could be observed in the microstructures and in the total
fraction profiles of the B-Si plus Mg,Si phases. In addition, a
significant variation in the chemical composition at different
positions in the tube thickness could be found due to the
fraction of the B-Si and Mg,Si phases present. The region near
the outer surface of the tube showed a chemical composition
with a higher silicon content and a smaller amount of
aluminum concerning the alloy nominal composition. This
occurred as a result of the retention of the particles from the B-
Si and Mg,Si phases, where the liquid alloy was solidified
immediately after reaching the mold surface. Also, the region
close to the inner surface of the tube showed many particles
from the B-Si and Mg,Si phases segregated by the centrifu-
gation action.

Moreover, the copper content was higher from the outer
wall to the middle of the thickness of the tube, with lower
values from the middle of the thickness to the inner wall of
the tube. Essentially, the tendency of the Mg,Si particles is to
migrate to the inner wall of the tube while the CuAl, particles
migrate to the outer wall of it, which could be explained by the
fact that Mg,Si particles have a lower density than CuAl,
particles. Besides, the magnesium content had an opposite
effect to that of the copper. Ultimately, when the copper
content increases, the magnesium content decreases, and
vice versa. The chemical composition profile over the thick-
ness of tube 3 (Al-19Si—5Cu—5Mg) showed a behavior similar
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Fig. 17 — Images of the craters formed in the micro-abrasive wear tests with a fixed rotating sphere in the specimens of
tubes produced by the centrifugal casting of the Al-19Si alloy for (a) 1 min, and (b) 10 min, and of the Al-19Si—5Cu—5Mg for

(c) 1 min, and (d) 10 min.

to that observed in tube 2 (Al-19Si—2.5Cu—2.5Mg). These re-
sults are in agreement with the ones observed by Jayakumar
et al. [5], who investigated the effect of magnesium on the
microstructure of the A390 aluminum alloys (Al-18wt% Si).
In Fig. 13, the graphs show the total fraction results of the
B-Si plus Mg,Si phases in the Al-19Si—5Cu—5Mg alloy as a
function of the position over the tube thickness in which it
was measured. The tubes produced by the centrifugal casting
of the 2 other alloys exhibited similar results and had the
same tendency in the particle fraction profile, although they
presented slightly different values. It was also noted that the
fraction of the particles near to the tube outer surface (Fig. 13 -
position 1) was high due to the rapid solidification. The frac-
tion of particles in position 1 had its highest value at the
beginning of the casting region, followed by the middle and
the final region. This finding occurred because position 1 in
the region of the beginning of the casting had the first contact
of the liquid alloy with the mold, solidifying first, and retain-
ing a larger number of particles than in the region of the
middle and end of casting. In the central regions of the
thickness of the tube produced by centrifugal casting (Fig. 13 -

positions 2 to 4) the fraction of the B-Si plus Mg,Si phases
decreased. As it approached the tube inner surface (Fig. 13 -
positions 5 and 6), the fractions of the B-Si plus Mg,Si phases
increased significantly. Regarding the effect of the casting
region on the B-Si plus Mg,Si phases distribution, it was
detected that the segregation of the particles towards the
inner surface of the tube was more pronounced in the casting
final region. This occurred as a result of the longer centrifu-
gation time until the solidification of this region, which
allowed a greater movement of the B-Si plus Mg,Si phases
particles towards the inner surface of the tube. This behavior
was repeated for the other two centrifuged tubes.

In Fig. 14, Vickers hardness graphs are presented over the
thickness of the tubes produced by the centrifugal casting of
the three alloys in the final casting region. It was seen that the
hardness values showed the same bias as the fraction of the B-
Si phases plus Mg,Si. The increase in the amount of B-Si and
Mg,Si particles also induced an increase in hardness. The
CuAl, compound did not segregate to the tube inner surface,
but due to its higher density, the tendency was to segregate to
the regions close to the tube outer surface. Hence, alloys with
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Fig. 18 — Graphs of wear tests in the casting end region for
the three investigated alloys.

higher copper and magnesium contents showed a higher
fraction of the particles from the p-Si, Mg,Si, and CuAl, phases
and, consequently, higher hardness values.

Fig. 15 shows Vickers hardness graphs over the thickness
of the Al-19Si5Cu—5Mg alloy at the beginning, middle, and
end of the casting. The final casting region showed higher
hardness values than the other regions, confirming the ten-
dency to increase the hardness as the segregation of the
particles increases as well. Similar behavior was observed in
the hardness profile of FGM tubes fabricated with the base
alloy A356 with additions of 2.5%Mg and 7.5%Mg by Ram et al.
[1]. The hardness change of the composite FGMs observed at
the inner surface zone was higher, gradually decreasingin the
middle zone and then fairly increasing near the outer surface
zones. Given the relation between the particle fraction in-
crease and the hardness increase, a correlation was sought by
plotting the average values of the hardness obtained by po-
sition in the thickness of the tubes as a function of the B-Si

= |nitial casting region
e Central tube region
4 Final casting region

Wear Crate Volume [mm®]

Sliding Distance between the Ball and the Specimen [m]

Fig. 19 — Graphs of wear tests of the Al-19Si-2.5Cu-2.5Mg
alloy, at the beginning, middle, and end of the casting
regions.

plus Mg,Si particles fraction. This graph, shown in Fig. 16,
displays an almost linear relation between the hardness and
the fraction of particles.

Fig. 17 shows images of the craters formed because of the
micro-abrasive wear test. Images Fig. 17(a) and (b) are relative
to the tests for 1 and 10 min in the Al-19Si alloy in the region
where the casting begins. The images Fig. 17(c) and (d) are
related to the tests for 1 and 10 min in the Al-19Si—5Cu—5Mg
alloy in the region where casting begins. Subsequently, Fig. 18
shows the graphs of the wear crater volume as a function of
the sliding distance between the sphere and the specimen in
the casting final region for the three investigated alloys. The
greatest wear, in general, occurred in the Al-19Si alloy
without any copper or magnesium addition. This finding is
consistent with the smaller number of particles on the inter-
nal surface and the less hardness of the tube of this alloy.

The magnesium addition led to the formation of the
compound Mg,Si, which along with the B-Si particles favored
a greater wear resistance, noticed with more evidence in the
longer tests. The necessity for the Mg,Si presence to comple-
ment the wear resistance of Al-Si hypereutectic alloys was
also observed by Zhai et al. [13]. These authors associate the
composite formed with eutectic matrix and B-Si and Mg,Si
particles to the concrete reinforcement model. The B-Si par-
ticles would be the “stones” and the Mg,Si would be the
“sand”, while the eutectic would be the cement. In the correct
amount and morphology, these constituents have a comple-
mentary reinforcement relation in the Al-Si alloy. Regarding
alloys with the copper and magnesium additions, the result in
wear tests was the opposite of the expected. It can be seen in
Fig. 18 that the Al-19Si—5Cu—5Mg alloy presented a greater
volume of the crater in the wear tests than the
Al—-19Si—2.5Cu—2.5Mg alloy.

The Al-19Si—5Cu—5Mg alloy has a greater number of
particles on the tube inner wall and greater hardness than
the Al-19Si—2.5Cu—2.5Mg alloy. Therefore, the
Al-19Si—-5Cu—5Mg alloy should have greater wear resis-
tance, However, this was not what occurred. Although the
specimens tested for wear were not the same as the samples
analyzed for the B-Silicon plus Mg,Si particles fraction and
hardness, there was a finding by the number of tests per-
formed that the Al-19Si—5Cu—5Mg alloy suffered higher
wear than the Al-19Si—2.5Cu—2.5Mg alloy. The reason for
this fact seems to be related to two aspects that differenti-
ated these alloys. One aspect was the greater porosity found
on the internal surface of the Al-19Si—5Cu—5Mg alloy, ac-
cording to previously mentioned porosity averages. The
other aspect may be related to greater particles pull-out in
the alloy Al-19Si—5Cu—5Mg. As the tube internal surface of
this alloy has a higher particle fraction reaches, it can be
pulled out more easily, leading to an increase in the wear
crater. This second explanation can be verified when
comparing the wear test curves of the Al-19Si-2.5Cu-2.5Mg
alloy, in the beginning, middle, and end of casting regions,
as it is shown in Fig. 19. It can be noticed that in these
curves the wear craters were larger in the region of the end
of the casting than in the tube middle. As already
mentioned, the end of the casting region had a higher
fraction of B-Si plus Mg,Si particles, but it did not cause
greater wear resistance. This fact led to the interpretation
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that an accumulation of particles could lead to an easier
pull-out and, consequently, an increase in the wear crater.
This can be associated with the concrete reinforcement
model proposed by Zhai et al. [13], where an imbalance in
the quantities of stone, sand, and cement did not lead to
adequate properties.

4, Conclusions

All things considered, this paper analyzed the effect of Mg and
Cu proprieties on Functionally Graded Al-19Si alloy which
was prepared by centrifugal casting, and it led to the following
conclusions:

(1) First, a large quantity of primary Si and Mg,Si particles
were concentrated in the inner surface of the tubes
produced by the centrifugal casting of the alloys
Al-19Si, Al-19Si-2.5Cu-2.5Mg and Al-19Si—5Cu—5Mg.
The microstructure over the thickness of the tubes
produced by centrifugal casting showed that primary
particles were retained in the region close to the
external surface due to the fastest cooling of this region.
Moreover, the central region of the tube wall was
characterized by a eutectic microstructure with the
primary aluminum presence, and essentially without
the primary silicon and Mg,Si particles.

(2) Second, the increase of copper and magnesium con-
tents added to the Al-19Si alloy also increases the B-Si
plus Mg,Si phases fraction in all the regions over the
length of the tubes. Yet, the segregation of primary
particles towards the inner surface of the tube was
clearer in the casting end region.

(3) Furthermore, the hardness profiles over the thickness
of the tubes produced by centrifugal casting showed
the same tendency as the fraction of the p-Silicon plus
Mg,Si phases. The hardness increase was related to
the number of primary particles presented in the tube
region. The hardness values showed a practically
linear relationship with the fraction of primary
particles.

(4) In the final analysis, wear resistance was also related to
the presence of primary particles on the inner surface of
the tubes produced by centrifugal casting. On one hand,
the magnesium addition led to the formation of the
Mg,Si, which along with the B-Si particles favored
greater wear resistance. However, the excessive quan-
tity of primary particles that accumulated near the
inner surface of the tubes produced by centrifugal
casting could lead to greater wear due to the greater
pull-out of the particles.
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