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a b s t r a c t

In this study the mechanical behaviours of Al–12Si–XMg alloys (where Mg contents varied up to 20%)
have been investigated. The alloys were prepared by casting followed by extrusion at 300 ◦C with a ratio
of 1.6. Precipitation of the Mg2Si phases was observed in the Mg containing Al–12Si alloys as two different
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morphologies; i.e., as a polyhedral primary particle and as a Chinese script. Results showed that volume
fraction and size of the primary Mg2Si particles increased with increasing the Mg content. Mg containing
alloys exhibited higher hardness, compression strength and lower corrosion resistance than the Mg free
alloy.

© 2010 Elsevier B.V. All rights reserved.
g
n situ Mg2Si particles

. Introduction

Among the materials of the tribological importance, hyper-
utectic Al–Si alloys preferentially have received considerable
ttention for wear related applications such as internal combustion
ngines, pistons, liners, pulleys, rockers and pivots. Reduction in
ensity and thermal expansion coefficient, improvement in hard-
ess, ambient temperature mechanical properties (modulus and
trength) and wear resistance along with an excellent castability
an be achieved by addition of Si to Al. However, increase in Si con-
ent gives rise to coarsening of eutectic Si, encouraging formation
f relatively brittle needle Si phase in the microstructure, which
eads to deterioration of mechanical properties of the alloy [1–3].

An alternative approach to the production of Al–Si alloys with
mproved mechanical properties is to reinforce the matrix with
ard ceramic particles, such as SiC and Al2O3 [4,5]. It should be
entioned that most of the metal matrix composites suffer from

hermodynamic instability of interfaces among the ceramic rein-
orcement/matrix and poor wettability of the reinforcement [6].
dditionally, small particle size of the reinforcement and the den-
ity differences between the reinforcement and the matrix make

he fabrication of the composites more difficult [7]. Recently, a new
n situ particle reinforced alloys have been synthesized by nucle-
tion and growth of the reinforcement from parent matrix as an
lternative to conventional composites reinforced with external
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ceramic particles [8–24]. As compared to the conventional metal
matrix composite fabrication, this new process has advantages of
inherently stable and equilibrium interface between the reinforce-
ment and matrix along with an easy production at low costs [8–24].

Since the intermetallic compound Mg2Si exhibits low density,
low thermal expansion coefficient, high melting temperature, high
hardness and elastic modulus [9,13,15], it is an attractive candi-
date for in situ reinforcing of Mg and Al alloys. In previous studies
[7–14,19,20] in situ Mg2Si reinforced composites produced by ingot
casting metallurgy did not display satisfying mechanical properties
due to the large size and brittle dendritic solidification charac-
teristics of both the Mg2Si phase and matrix. Therefore, several
researches have been correspondingly focused on the refinement
and modification of Mg2Si phases by addition of red phospho-
rous [8], Ca or P [12], rare earth elements [14], mischmetal of
Ce–30La–17Nd–10Pr [14], sodium salts of NaCl–30MgCl2–10KCl or
NaCl–NaF–KCl [11,16], strontium [11,17,21,22], Ce [22] and mix-
ture of K2TiF6 and KBF4 [18,23] to the melt.

Considerable amount of researches are available in the literature
[8–24], concerning the preparation and processing of the in situ
alloys containing Mg2Si particles as the reinforcement. However,
reports on the corrosion behaviour of the in situ composites seem
to be scarce. Therefore, this work deals with the mechanical and
corrosion behaviours of the in situ Mg2Si reinforced Al–12Si–XMg
alloys.
2. Materials and methods

Commercially pure 12 wt.% Si containing Al ingot alloy and pure Mg were used
as starting materials to prepare the Al–12Si–XMg alloys. The Mg contents varied
between 0 wt.% and 20 wt.% in the investigated alloys. The Mg was added to the

http://www.sciencedirect.com/science/journal/09258388
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Table 1
The chemical composition (%) of the investigated alloys.

Si Mg Fe Cu Mn Zn Ti Al

Al–12Si–0Mg 13.5 0.1 0.6 0.1 0.4 0.1 0.15 85.1
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Al–12Si–5Mg 11.3 5.2 1.5 0.2 0.3 0.1 0.05 81.7
Al–12Si–10Mg 11.1 11.0 1.7 0.2 0.2 0.1 0.05 76.7
Al–12Si–20Mg 12.2 19.1 2.1 0.3 0.3 0.1 0.05 65.9

l–12Si alloy melt at 800 ◦C along with 0.05% of Sr, 0.20% of red phosphorous and
.30% of NaCl + 30MgCl2 + 10KCl mixtures which were all preheated at 300 ◦C before
harging into the melt. In order to balance the oxidation loss the above additions
ere charged with an extra of 15 wt.%. Degassing was conducted by using C6Cl6

efore casting. After cleaning the slag, the melt was poured at 800 ◦C into a chill
ould to produce the rod shaped ingots of 20 mm in diameter and 300 mm in length.
fter casting, the rods were extruded directly to 16 mm diameter (corresponding to
xtrusion ratio of 1.6) at 300 ◦C. Chemical compositions of the investigated alloys
etermined by optic emission methods are given in Table 1.

Characterizations of the extruded rods were carried out by mechanical and
orrosion tests as well as microstructural examinations.

Microstructural survey of the extruded Al–12Si–XMg alloys was conducted on
n optical light microscope (LOM) after preparing the samples according to stan-
ard metallographic procedures. Volume fractions and average sizes of the phases
resent in the microstructures of the investigated alloys were measured by using

inear intercept method. For linear intercept methods 5 different photographs were
aken from the surface of the each sample and then 10 lines were drawn on the each
hotograph. The phases were identified with Cu K� on an X-ray diffractometer.

Room temperature mechanical properties of the alloys were determined by
ardness measurements and compression tests. Hardness survey of the investigated
lloys was measured on Shimadzu HMV2 microhardness tester by applying inden-
ation load of 2000 g with a Vickers indenter. At least, ten successive measurements
ere made for each condition. Round specimens with 20 mm of length and 10 mm

f diameter were tested by a Dartec Universal testing machine at a crosshead speed

f 0.5 mm/min to determine the compression behaviour of the alloys. The results of
he compression tests were compiled by averaging the decision of five specimens.

Corrosion tests were carried out on the basis of intergranular corrosion tests
y considering ISO 11846 standards. The corrosion behaviour of the alloys was
xamined by immersing the samples in a solution of “30 g/l NaCl + 10 ml/l HCl” in

Fig. 1. LOM micrographs of the (a) Mg free, (b) 5 wt.% Mg,
pounds 503 (2010) 122–126 123

deionized water in a Pyrex glass cell exposed to atmospheric air. The amount of the
solution in the beaker was estimated by taking into account the surface area of the
specimens as 0.3 ml/mm2. Evaluation of the corrosion was determined by weight
loss-measuring test and by potentiodynamic polarization measurement. After the
tests the samples were cleaned in 50 vol% nitric acid for 3 min as recommended by
ASTM G1-90 and were dried. At least three samples were subjected to immersion
tests and average values of three samples are reported.

For the weight loss-measuring test the disc shaped samples
(20 mm × 15 mm × 4 mm) were suspended in the solution with a plastic string for
12 h. Before immersing in the solution the surfaces of the samples were ground
with 1200 mesh SiC abrasive paper and then cleaned with deionized water followed
by rinsing with methanol and dried. After the test, the samples cleaned/dried were
weighed by an electronic balance having a resolution of ±0.1 mg. The normalized
weight loss values of the investigated alloys were calculated in the unit of g/mm2

by dividing the weight loss of the each sample by their initial total surface area.
For the potentiodynamic polarization measurement, machined samples (10 mm

in length and 15 mm diameter) were mounted on copper rod using epoxy resin
for electrical connection, and open surface of all samples were polished with up
to 1200 grit SiC emery paper and then cleaned with deionized water followed by
rinsing with methanol and dried. The potentiodynamic polarization measurement
was carried out at room temperature using a Gamry model PC4/300 mA potentio-
stat/galvanostat controlled by a computer with DC 105 Corrosion analysis software.
The electrochemical cell consisted three electrodes: a working electrode, a reference
electrode (a saturated calomel electrode, SCE) and a counter electrode (a carbon rod).
During the electrochemical corrosion test, the electrode potential was scanned at a
scan rate of 10 mV/min from −1000 mV towards anodic potential and the corrosion
current values were recorded in 1 mV steps for both anodic and cathodic polariza-
tion in the unit of mA/cm2 by dividing the current values of the each sample by their
initial total surface area.

Finally, the surfaces of the samples were examined with a LOM. Cross-sections
of the samples were also investigated by a LOM and scanning electron microscope
(SEM) after employing conventional metallographic preparation procedure in order
to examine corrosion penetration through the thickness.
3. Results and discussion

Microstructures of the extruded Al–12Si–XMg alloys are shown
in Fig. 1. The microstructures were mainly composed of needle

(c) 10 wt.% Mg and (d) 20 wt.% Mg containing alloys.
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Fig. 3. The effect of Mg content of the alloys on size of the primary Mg2Si particles,
the volume fraction of the primary Mg2Si and Si particles.
ig. 2. XRD patterns of the (a) Mg free, (b) 5 wt.% Mg, (c) 10 wt.% Mg and (d) 20 wt.%
g containing alloys.

haped light grey colored phases, polygonal shape dark parti-
les, Chinese script and white colored matrix. Porosities were not
etected in the microstructures. Considering the results of the XRD
nalysis presented in Fig. 2, the microstructural constituents were
dentified as Si (needle shaped light gray color phases), Mg2Si and Al
white colored matrix). Mg2Si appeared in two different morpholo-
ies (i.e., polyhedral shape dark particles and grey colored Chinese
cript phases) as mentioned in the literature [8–28].

Since the compositions of the investigated alloys were hyper-
utectic, it is suggested that the polyhedral dark particles, which
ere identified as primary Mg2Si particles, were in situ formed dur-

ng initial stage of the solidification process. Although the forming
echanism of the primary Mg2Si particles has not been explained

learly, the addition of the modifiers such as Sr, red phospho-
us and salt mixtures to the melt may result in an increase in
he number of nuclei and changed in the morphology and size
f the primary Mg2Si particles [14,18,21–23] by suppressing their
nisotropic growth through modifying both the solid-liquid inter-
acial energy and surface energy of the solid Mg2Si phase or by
oisoning the surface of the in situ Mg2Si nuclei owing to the seg-
egation of Na or K at the liquid–solid interface [7,10,11].

Detailed microstructural examinations revealed that the pri-
ary Mg2Si particles were homogeneously distributed in the
icrostructures (Fig. 1). The variation of the size of the primary
g2Si particles, the volume fraction of the primary Mg2Si and

i particles against the Mg contents is presented in Fig. 3. Upon
ncrease of the Mg, the volume fraction and size of the primary

g2Si particles precipitated in the matrix increased linearly while
he volume fraction of the Si needle particles decreased. The micro-
copic studies also revealed that, in the Al–12Si–20Mg alloy, the
orphology of the primary Mg2Si particles formed as irregular

hape, whereas the Chinese script Mg2Si phases were refined
Fig. 1). As seen in Table 1, to generate the primary and Chinese
cript Mg2Si, almost all of the Si element reacted with Mg in the
l–12Si–20Mg alloy.
The results of the room temperature mechanical tests are plot-
ed in Fig. 4, against the Mg content of the investigated alloys. The
ardness and compression strength increased with increasing the
g content of the alloy attributed to the increment of the primary
g2Si volume fraction and size. The addition of the 10 wt.% Mg

Fig. 4. The effect of Mg content on the (a) hardness and (b) compression strength
of the investigated alloys.
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ig. 5. The effect of the Mg content on the weight loss-measuring test of the inves-
igated alloys.

ielded the hardness value of 80 HV2, which is 30% higher than the
ardness of the Mg free alloy. Further addition of the Mg resulted

n severe hardening. The hardness of the Al–12Si–20Mg alloy was
lmost two fold of that of the Al–12Si–10Mg alloy. The increase in
ompression strength is continual with increasing the Mg content.
he mechanism of hardening was believed to be due to the combi-
ation of solid solution and formation of the in situ particles being
bstacles to the movement of dislocations [5,29].

The results of the weight loss-measuring test are presented in
ig. 5 as the variation of the normalized weight loss values with
espect to the Mg content of the examined alloys. Higher corro-
ion loss was detected with increasing the Mg content of the alloys
especially above 10 wt.% Mg). The results of the potentiodynamic
olarization measurement are shown in Fig. 6 according to Mg addi-
ion. The polarization results showed that the corrosion potential
Ecorr) is relatively constant (Fig. 6a) while the corrosion current
ensity (Icorr) of the Al–12Si alloy altered with varying Mg alloying
ddition. The variation in the Icorr, extracted from the polariza-

ion curves, as a function of the Mg content in the alloy is given
n Fig. 6b. The polarization results are very much in line with the

eight loss-measuring test results.
LOM micrographs of the surfaces and cross-sections of the cor-

oded alloys are displayed in Fig. 7. Corrosion attack was localized

Fig. 6. The effect of the Mg content on the potentiodynamic polarization measure-
ment: the (a) potentiodynamic polarization curve and (b) corrosion current density
of the investigated alloys.

Fig. 7. LOM micrographs of the surfaces and cross-sections of the investigated alloys after corrosion tests.
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ig. 8. SEM micrographs of the cross-sections of the corroded (a) Mg free and (b)
0 wt.% Mg containing alloys.

nd propagated into the inner sections with increasing the Mg
ontent, causing rougher surface appearance. SEM micrographs
resented in Fig. 8a indicate that in the Mg free alloy the Al matrix
djacent to the Si needles was preferentially consumed by the cor-
osion. It is suggested that the Si needles effectively acted as a
athode and the Al matrix became anode in galvanic cell [30–32].
n the case of the Al–12Si–XMg alloys, the corrosion loss can be
orrelated with the primary Mg2Si particles, which remained in
he microstructures of the corroded alloys (Fig. 8b). Since the
hinese script Mg2Si phases and Si needles were refined on the
l–12Si–20Mg alloy microstructure (Fig. 1), it is suggested that the
rimary Mg2Si particles acted as a cathode during the corrosion
ests. Thus, the 20% Mg addition to the Al–12Si alloy resulted in
he increase in the number of the weaker spots in the microstruc-
ure and the corrosion quickly progressed by the dissolution of
he matrix as reported by Winkler and Flower [33]. Detrimen-
al effect of intermetallics such as MgZn2, Mg2Si and Al2CuMg on
he corrosion resistance of Al alloys has also been reported in the
iterature. It is essential that alloying elements, to improve mechan-
cal properties, should limit precipitation of intermetallics in the

icrostructure of Al alloys not to sacrifice the corrosion resistance
30–37].
. Conclusions

The following conclusions can be drawn from the results of the
resent investigation conducted on the hot extruded Al–12Si–XMg
lloy, varying Mg content between 0 wt.% to 20 wt.%.
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[
[
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pounds 503 (2010) 122–126

The microstructure of the Al–12Si–XMg alloys consisted of
the Si needles and Mg2Si precipitates (as primary polygonal
precipitates and as a component of Chinese script) in the Al matrix,
while in the microstructure of the Mg free alloy the Mg2Si type
intermetallic precipitation was not detected. The volume fraction
and size of the primary polygonal Mg2Si particles increased with
increasing the Mg content of the alloy. The Mg addition increased
the hardness and compression strength of the Al–12Si–XMg alloys
attributed to the increase of the Mg2Si precipitation. The corro-
sion loss of the Al–12Si–XMg alloys in “30 g/l NaCl + 10 ml/l HCl”
solution increased with increasing the Mg content and progressed
by preferentially consumption of the Al matrix adjacent to the
primary Mg2Si particles.
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