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a b s t r a c t

The effect of Ce addition on the AA A360 (Al–10%Si–0.5%Mg) alloy was investigated using equilib-
rium thermodynamic calculation, thermal analysis, differential scanning calorimetry (DSC) and scanning
electron microscopy (SEM). The purpose is to study the variations that occur during solidification and
precipitation with different Ce additions, as well as their effect on the mechanical properties. The results
eywords:
e modification in A360 alloy
eaction kinetics
echanical properties
ifferential scanning calorimetry

show that the Ce addition decreases the eutectic (�Al + Mg2Si) temperature. The solidus temperature also
decreases with the increasing Ce addition. The precipitation enthalpy determined using DSC decreases
with the Ce addition, while precipitation takes place more rapidly and intensively, indicating increased
reaction kinetics. The mechanical properties like hardness and tensile strength also increase with the Ce
addition. The phase that contributed to the hardness of the investigated alloy was composed of Al, Ce,
Mg and Si.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Aluminium–silicon casting alloys have numerous applications
n the automotive industry because of a specific feature involv-
ng high strength-to-weight ratio, thereby increasing mechanical
erformance and decreasing fuel consumption in vehicles. 6xxx
eries Al–Si–Mg alloys (EN standard) are widely used alloys
or automobile die-casting industry. It is used for thin-wall
astings [1] in automobile, aircraft and chemical industry. Mg
ddition to the binary Al–Si alloy enables heat treatment [2,3],
nd consequently the increase of the mechanical properties
4–8].

Rare earth metals, such as cerium (Ce), have been found to
mprove the mechanical properties of Al–Si castings through mod-
fying their microstructure and enhancing the tensile strength [9]
nd ductility [10], heat resistance and extrusion behaviour [11]. The
olidification of Al–Si alloys with Ce addition can be described by
ernary phase diagram in Fig. 1. [12], which unfortunately does not
nclude other alloying elements and other multicomponent phases

ith Ce. It was reported that these Ce-phases may act as nucleation
ites for (Al) or (Si) crystals in both hypo- and hypereutectic Al–Si
lloys [13]. The solidification sequence of such investigated alloy
s following: primary crystals of �Al together with Al15(FeMn)3Si2

hase, eutectic (�Al + �Si) together with AlFeSi-� phase, eutectic
�Al + Mg2Si) and eutectic (�Al + Al5Mg8Si6Cu2) [4], at the end of
he solidification also Ce-rich phase solidify.

∗ Corresponding author. Tel.: +386 12000418; fax: +386 14704560.
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The influence of Ce on ternary Al–Si–Mg alloys was not inves-
tigated yet. This investigation represents great importance from
this reason that this ternary A360 alloy presents the basics for the
commercial Al–Si–Mg alloys.

2. Experimental

A commercial A360 alloy was melted in an electric induction furnace, and
various concentrations of pure (99.9%) Ce (0, 0.01, 0.02, 0.05 and 0.1 wt.%) were
added. Chemical composition of the investigated samples is presented in Table 1.
Based on the obtained chemical compositions of the alloys (Table 1) the equilib-
rium solidification and equilibrium phase diagrams (Fig. 2) were simulated with
Thermo-Calc program TCW 5 and database COST507. Mass fraction of the phases
regarding the Ce addition was calculated. After the basic alloy was melted, the
Ce was added into the melt. After 10 min the melt was poured into a measur-
ing cell with a controlled cooling system (simple thermal analysis – STA) with
the purpose to record cooling curves at different cooling rates. Simultaneously,
the specimens for the tensile tests were also cast into a mould made according
to standard DIN50125. The characteristic solidification temperatures were deter-
mined from the cooling curves, and the influence of Ce was defined. Furthermore
the samples for DSC and microstructure analysis were taken from the specimens
after STA. The DSC instrument (Jupiter 449c, NETZSCH) was calibrated and the basic
curve was recorded. The measurements were carried out after 7–10 days after cast-
ing into STA under a protective Ar-atmosphere by following temperature program:
heating rate 10 ◦C/min up to 710 ◦C → holding at 710 ◦C for 10 min → cooling rate
10 ◦C/min. Moreover DSC curves were plotted, temperatures of the precipitation
were marked and the formation enthalpies of precipitates were determined. The
precipitate fraction regarding temperature and the intensity of the precipitation
was determined. In addition the specimens were examined using a scanning elec-

tron microscope (SEM) SIRION 400nc, FEI Company equipped with an EDS analyzer
INCA 350. Cerium phase was identified. Hardness was measured using universal
Brinell hardness tester and the tensile strength was defined on as cast specimens
made according to standard DIN50125 using Simulator of thermomechanical states
GLEEBLE 1500D.

dx.doi.org/10.1016/j.jallcom.2011.04.059
http://www.sciencedirect.com/science/journal/09258388
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Table 1
The chemical composition of investigated Al–Si–Mg alloy.

Alloy Element/wt.%

Si Mg Mn Cu Ti Fe Ce Al

AlSi10Mg 10.75 0.39 0.26 0.04 0.02 0.53 0 Rest
AlSi10Mg + 0.01 Ce 10.61 0.39 0.27 0.04 0.02 0.59 0.009 Rest
AlSi10Mg + 0.02 Ce 10.67 0.38 0.30
AlSi10Mg + 0.05 Ce 10.37 0.37 0.29
AlSi10Mg + 0.1Ce 10.78 0.40 0.29
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Ce addition in the alloy (Table 3). The same tendency was observed
Fig. 1. Liquidus surface of ternary system Al–Si–Ce [12].

. Results and discussion

.1. Effect of Ce on the equilibrium solidification

Fig. 2 shows the calculated equilibrium vertical cross section
iagram at 0.02 wt.% Ce. Here the solidification starts with forma-
ion of Si2Ti phase. Next phases formed during solidification are
rystals of �Al and AlFeSi-� phase. Upon further cooling the phase
lMnSi-� (presumably Al15(FeMn)3Si2) precipitates followed by
he binary eutectic reaction (�Al + �Si) at 573 ◦C. At line 15 that
resents liquid the solidification ends and this is the solidus tem-
erature. Moreover the Mg2Si phase precipitates from the solid

Fig. 2. Isoplete equilibrium phase diag
0.04 0.02 0.60 0.016 Rest
0.04 0.03 0.66 0.047 Rest
0.04 0.02 0.61 0.097 Rest

solution at around 510 ◦C and Al2Cu phase at around 160 ◦C.
Database COST507 indicates that Ce phase solidifies at around
560 ◦C as Al8Ce phase. This database in incomplete and it should be
complemented with multicomponent Ce phases. Fig. 3 shows the
calculated mass fraction of phases at temperature 298 ◦C in depen-
dence of Ce-addition. The increasing Ce-content in the alloy reduces
the mass fractions of �Al and �Si phases, and consequently eutectic
(�Al + �Si). Mass fraction of Mg2Si slightly reduces with increas-
ing Ce addition and mass fraction of Al8Ce phase increases as the
concentration of Ce increases.

3.2. Effect of Ce on the solidification

Fig. 4 shows a typical cooling curve together with a differen-
tial cooling curve of A360 alloy. The characteristic solidification
temperatures were determined in all specimens with various Ce
additions (Table 2). Striped line indicates the theoretical, with the
Thermo-Calc calculated, liquidus temperature for these alloys. The
liquidus temperature (Eq. (1)) was modelled using multiple regres-
sion method in Origin 7.0 program:

TL = 660, 39286 − 6.7%Si − 2.5%Mg ∂y (1)

Dotted line in Fig. 4 indicates theoretical calculated eutectic
temperature (Eq. (2)) of this alloy:

TE = 573, 82143 + 0.2%Si − 2.5%Mn − 5%Mg (2)

The main difference in comparison to Ce-free alloy on the cool-
ing curve occurred at the temperature of eutectic solidification TE2
(�Al + Mg2Si) where the temperature decreased with the increasing
on the heating and cooling DSC curves (Fig. 5). The eutectic temper-
ature for the (�Al + Mg2Si)-eutectic decreased when Ce was added
(Table 3).

ram of A360 with 0.02 mass% Ce.
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Fig. 3. Calculated weight fraction of phases in dependence of Ce addition in A360 alloy at 298 ◦C.

Table 2
Characteristic temperatures of solidification of A360 alloy from STA.

Mass% Ce TLtheor./◦C TL/min/◦C TL/max/◦C �TLp./◦C �TLr./◦C

0 587.4 579.6 581.5 7.8 1.9
0.01 588.3 580.5 584.5 7.8 4
0.02 587.9 578.2 582.5 9.7 4.3
0.05 590 580.8 584 9.2 3.2

Mass% Ce TEtheor./◦C TE/min/◦C TE/max/◦C �TEp./◦C �TEr./◦C TE2(Mg2Si)/◦C TE3(AlFeMnSi)/◦C TS/◦C

0 573.4 562.5 566.5 10.9 4 551 547.5 536.5

3

c
W

F
t
l

0.01 573.3 565.3 567.9 8
0.02 573.3 564 567.5 9.3
0.05 573.3 565.6 568.1 7.7

.3. Effect of Ce on the precipitation of Mg2Si precipitates
The addition of Ce and cooling rate also influences on the pre-
ipitation of Mg2Si phase that occurs at around 210 ◦C (Fig. 6a).

hen specimens were cooled with cooling rate of 10 K/min,

ig. 4. Cooling curve and differential cooling curve of A360 alloy with indicated
heoretical calculated equilibrium liquidus and eutectic temperature (horizontal
ine).
2.6 550.5 547.8 538.3
3.5 548.5 547.6 534.9
2.5 547.5 546.5 535.5

the precipitation occurs at 212.9 ◦C in the Ce-free alloy, whilst
the precipitation temperature is reduced to 212.2 ◦C, 207.9 ◦C
and 202.3 ◦C when 0.02 wt.% Ce, 0.05 wt.% Ce and 0.1 wt.% Ce
is added to the alloy, respectively. The precipitation enthalpy
also decreases with increasing Ce addition and increases with
the increasing cooling rate at STA (Fig. 6b). It was anticipated
that Ce in A360 alloy decreases the activation energy for the
precipitation of Mg2Si phase and consequently precipitation
enthalpy.

Fig. 7a clearly shows that Ce also influences the precipitation
intensity. When Ce is added the precipitation takes course faster
than at pure alloy. Optimal concentration of Ce in the alloy accel-
erates precipitation of Mg2Si phase. Faster cooling rates prevent
diffusion of Mg out of the solid solution, consequently, during re-
heating the precipitation is more intense (Fig. 7b). The slope of

the transformation curve increases as the precipitation kinetics
increases.

Table 3
Eutectic temperature for (�Al + Mg2Si) determined using STA and DSC.

Wt.% Ce TE2(Mg2Si)/◦C

STA DSC

0 551.0 553.2
0.01 550.5 549.8
0.02 548.5 549.4
0.05 547.5 549.7
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Fig. 5. Heating (a) and cooling (b) DSC curve of A360 alloy.
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Table 4
Tensile strength and Brinell hardness.

Wt.% Ce Tensile
strength/MPa

Brinell hardness/HB

10 K/min 100 K/min 300 K/min

0 212 57.7 67.5 77.9
0.01 245 63.6 67.5 83
0.02 218 54.8 70.2 73
0.05 225 59 59 84.9

found when the influence of alkaline earth metal Ba in Al–Si–Mg
alloy was investigated. Ba increased the mechanical properties, but
only when suitable concentration of Ba in the alloy was added
[16].
.4. Effect of Ce on the microstructure

Figs. 8 and 9 show SEM micrographs of A360 alloy with
e. In the microstructure all the standard microstructure ele-
ents characteristic for this type of the alloy were found:

rimary crystals of �Al, eutectics (�Al + �Si) and (�Al + Mg2Si)
nd also AlFeSi (presumably Al5FeSi-�) and AlFeMnSi (presum-
bly Al15(FeMn)3Si2)phase. Ce formed intermetallic compound
ombined of Al, Ce, Mg and Si that solidifies in rounded
olyhedral shape (Fig. 8). The composition of Ce-rich phase

s close to Al2CeSi2. This may correspond to presumably a
etastable �4 phase found in Ref. [12]. When the specimens
ere deeply etched [14] the precipitates Mg2Si were also detected

Fig. 9).

.5. Effect of Ce on the mechanical properties

Tensile strength increases from 212 N/mm2 up to 245 N/mm2

t 0.01 wt.% Ce where it reaches maximum and decreases
own to 218 N/mm2 at 0.02 wt.% Ce and to 225 N/mm2 at
.05 wt.% Ce (Fig. 10). When suitable concentration of Ce

s added the alloy reaches the same tensile strength as it
as heat treated, so the additional treatment is not neces-

ary.
The Brinell hardness was tested on all investigated specimens

fter STA. Results are shown in Table 4 and Fig. 11. The hardness of
360 alloy is improved when suitable concentration of Ce is added
nd at higher cooling rates. As it was reported [10], Ce-phases act
s a barrier for dislocation moving and in this way increase the

echanical properties.
Ce-phase in A360 alloy occurred in rounded polyhedral. Authors

hat investigated Al–Si–Ce system [11–13], described the solid-
fication of �1 (Ce(Si1 − xAlx)2), �2 (AlCeSi2), �3 (AlxCeSi2 − x) and
�4 (Al2CeSi2) phases. In this investigated alloy with 10 wt.% Si
only �2 phase could occur, which solidifies as a ternary eutectic
(�2 + �Al + �Si). The solubility of Ce in Al is <0.01at.% at room tem-
perature. The reason for low solubility can be found in big difference
in atomic radius; for Ce is 1.81 Å, for Al is 1.41 Å. For this reason Ce
in these alloys forms intermetallic compounds [15]. Similar was
Fig. 6. Comparison of precipitation temperature regarding the Ce addition (a) and
precipitation enthalpy regarding the Ce addition and cooling rate at heating DSC
curves (b).
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Fig. 7. Fraction of precipitation transformation regarding Ce addition (a) and regarding cooling rate (b).

Fig. 8. SEM micrograph of specimen A360 with 0.01 wt.% Ce from STA: Ce-phase (Spectrum 1), AlFeMnSi (Spectrum 2), AlFeMnSi (Spectrum 3), AlFeMnSi (Spectrum 4) (a),
Ce-phase (b) and AlFeSi (1) and Ce-phase (2) (c).
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Fig. 9. Deeply etched specimen from A360 + 0.02 wt.% Ce from STA.

Fig. 10. Tensile strength of A360 all
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ig. 11. Brinell hardness of A360 alloy regarding Ce addition and cooling rate.

. Conclusions
The effect of Ce and cooling rate on the solidification and precip-
tation were investigated. Furthermore, tensile strength and Brinell
ardness of modified A360 alloy were analysed.
oy with various Ce additions.

1. When the equilibrium calculation is considered, wt.% of Mg2Si
slightly reduces with increasing Ce addition. Wt.% of Ce-
phase increases as the concentration of Ce increases. Database
COST507 in Thermo-Calc program have some deficiency: they
should be complemented with multicomponent phases with Ce.

2. The solidification of eutectic (�Al + Mg2Si) shifts to lower tem-
perature when Ce is added.

3. Ce influences on the precipitation temperature and it is decreas-
ing with the increasing concentration of Ce. The precipitation
enthalpy also decreases with increasing Ce addition. When Ce is
added the precipitation kinetics is faster. Addition Ce in the alloy
and higher cooling rate accelerates the precipitation kinetics.

4. Rare earth metals such as Ce have been found to improve the
mechanical properties of Al–Si castings where they modify the
microstructure and enhance the tensile strength and hardness
when Ce is added. Phase that enhanced the hardness was found
to be quaternary intermetallic phase composed of Al, Ce, Mg and
Si.
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