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Abstract

Data on the structure and mechanical properties of cast Al–Si alloys in a wide compositional range from hypo-to high hyper-eutectic
composition are scares. These properties depend on many factors during solidification of the alloys. In the present work, samples were
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btained by rapid cooling of levitated melts of various compositions from 11.5 to 35 wt.% Si. The measurements revealed linear con
ependences of density and Young’s modulus. The average temperature coefficient of Young’s modulus in the range from room t

o 500◦C and the yield point for bending both had maxima at about 20 wt.% Si. The hysteresis of the temperature dependence
odulus had a minimum at about 20 wt.% Si as well. Changing Young’s modulus temperature coefficient and Young’s modulus
s a function of the Si content are connected with the creation of the Guinier–Preston zones. Values of the yield point are expla
lasticity of components of the eutectic structure, primary crystals and grain boundaries. The extrema of the concentration depe

he mechanical properties occurred for the fine-grained structure arisen from coupled eutectic-like growth. Solidification at other
ed to formation of primary crystals of� solid solution or primary Si crystals.
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. Introduction

Al–Si alloys are widely used in different fields of industry.
arious additives are usually used to modify industrial alloys.
ecently, much attention has been given to unmodified cast
lloys, especially to hypereutectic Al–Si alloys. At the same

ime, the structure and mechanical properties of hypereutec-
ic unmodified cast alloys has been studied mainly for Si
ontent up to 19 at.%. It is only known that increasing the Si
ontent results in an increase of the strength of hypoeutectic
lloys and a decrease of the strength of hypereutectic alloys

1,2].
In addition to chemical composition, the structural and

echanical properties of alloys depend on many factors that
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act during solidification. Important factors are the structu
the melt, the crystallization rate, and the temperature g
ent at the liquid–solid interface[1–5]. As a rule these facto
are varied simultaneously, giving rise to contradictory in
mation on the structure and mechanical properties of A
alloys. Thus, for example, the yield stressσ0,2 was publishe
to increase[2,4] or decrease[1] with increasing content o
Si. In order to investigate the influence of the Si conten
structure and mechanical properties, it is necessary to pr
contamination by impurities from the crucible and the e
ronment, to maintain constant the superheating of the
to have a constant and rather high cooling rate, and effe
mixing of the molten alloy.

The aim of this work was to determine the influence
Si content on the structure and mechanical properties of
eutectic and hypereutectic Al–Si alloys with high Si con
obtained by fast cooling.
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We used electromagnetic levitation of the melt for im-
proved mixing and stirring of the liquid metal as well as to
avoid contamination by impurities from the crucible. The
melt was cast in the metal mould. It was anticipated that dif-
ference in the structure and properties of castings obtained at
constant rather rapid cooling of the melt would be determined
by the composition of the alloys only.

The effect of mechanical vibration and electromagnetic
stirring on the structure of solidified Al–Si alloys was stud-
ied in [6–8]. It was shown that mechanical vibration at vary-
ing frequencies between 15 and 41.7 Hz had reduced the
shrinkage pipes and produced grain refinement but caused
coarsening in the eutectic silicon and of primary silicon of
Al–12.5 wt% Si[6]. In [7,8] the possibility to refine Si parti-
cles by crashing them during cavitation of bubbles in the melt
under electromagnetic field was investigated. In our work the
solidification of the liquid took place in the mould outside the
region of electromagnetic field so there were no cavitation
during crystallization. Earlier levitation melting was used in
[9] to study the effect of undercooling on solidification of
Al–50 wt% Si hypereutectic composition.

2. Experimental procedure
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hardness tester with indentation loads of 5 kg was used to
measure Vickers hardness, HV. Deformation tests by three-
point bending were performed with an Instron 1341 testing
machine at the constant sag rate of about 0.5�m/s, the load
measurements being made at every second. The dimensions
of samples for mechanical tests were 1.6 mm× 2.5 mm×
20 mm.

3. Results

Optical microscopy revealed a fine-grained structure for
samples prepared by quenching of liquid metal.Fig. 1shows
the optical micrographs of Al–Si alloys obtained by casting
of levitated melts for (a) 11.5, (b) 20, (c) 25, (d) 30 and (e)
35 wt.% Si. In the hypoeutectic alloy (Fig. 1a) there is eutectic
structure with primary crystals of Si solid solution in Al. The
20 wt.% Si alloy (Fig. 1b) has an anomalous finest-grain eu-
tectic structure. There are star-shaped primary Si crystals on
the background of eutectic structure for the 25 wt.% Si com-
position (Fig. 1c). The concentration and size of primary Si
crystals increase with increasing Si content (30 and 35 wt.%
Si).

Fig. 2shows that the density of the alloys decreases almost
linearly with Si content.
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In the present work, 99.999% pure Al and semicondu
rade n-type Si of 2000� cm specific resistivity were use
evitation of Al–Si alloys was achieved by applying an al
ating inhomogeneous magnetic field produced by a le

ion coil. The levitation coil was connected to a RF-gener
f 300–600 kHz, and 10 kW power was used to produce

evitation field. The coil and the sample were housed
acuum chamber made of stainless steel and equipped
indows to allow visual observation by a video camera

emperature measurement by a pyrometer. The melting
arried out at temperatures from 830 to 1040◦C. The liquid
etal was cast into a massive Cu mould by decreasing t
uctor voltage. Castings had the shape of 4 mm diamete
0 mm in length. The melting and the casting were ca
ut in a He atmosphere of 1× 105 Pa pressure. The alloys
l–Si system of 11.5, 20, 25, 30, 35 wt.% Si were prepa
Sections were cut with a diamond saw and polished

icrostructure characterization, which was performed o
oys as-cast and after heating to 500◦C during measureme
f Young’s modulus as a function of temperature. Sam

or measurement of density and mechanical properties
ut by an electric spark technique.

The densityρ was measured by hydrostatic weighti
he error of measurements ofρ did not exceed 0.5%. Young
odulusE from room temperature to 500◦C was determine
n rod samples of 10–30 mm in length by a resonant ele
tatic method[10] using longitudinal oscillations at a fr
uency of 100–140 kHz. The error of measurementsE
ith an account of the dispersion for different samples
bout 1%. The precision of measurements of temperatu
endence ofE for a separate sample was about 10−3%. PMT
Fig. 3 shows that Young’s modulusE increases with in
reasing Si content. It is noteworthy that alloys prepare
uenching of the levitated melt had higherEvalues than thos
btained with conventional casting[5].

The Vickers hardness was measured only for samples
i content up to 15 wt.%. The Vickers hardness of transv
ections was slightly higher for 15 wt.% Si alloy (HV = 4
10 MPa) than for the sections of 11.5 wt.% Si alloy (HV

30± 20 MPa).
Fig. 4shows the temperature dependence of Young’s m

lus of Al–Si alloys with 11.5, 20, 25 and 30 wt.% Si as we
or Al–11.5 wt.% Si with added 0.01 wt.% Sr. Note that th
s temperature hysteresis of Young’s modulus for all al
uenched from the levitated state except for the Al–11.5 w
i–0.01 wt.% Sr alloy. The hysteresis depended on the
omposition.

Fig. 5shows the results of the bending test. Note tha
oadP corresponding to constant sagSof bending deforma
ion had a maximum near 20 wt% Si.

. Discussion

Increasing the Si content in Al–Si alloys resulted in
reasing ofρ and increasing ofE. These dependencies w
lose to linear, indicating that quenching of the melt w
arious Si content took place under the same conditions
inearity of concentration dependence ofρ suggests that th
amples had few, if any, pores. The small deviation from
arity of the concentration dependence ofEat room tempera

ure can be attributed both to less density of structure de



S.P. Nikanorov et al. / Materials Science and Engineering A 390 (2005) 63–69 65

Fig. 1. Microstructure of Al–Si alloys vs. Si content: (a) 11.5 wt.% Si, 1 is the primary crystal of� solid solution, 2 is the eutectic structure with needle like Si
component of black colour. (b) 20 wt.% Si. (c) 25 wt.% Si, 1 is star like primary Si crystal. (d) 30 wt.% Si, 1 is star like Si primary crystal. (e) 35 wt.% Si.

Fig. 2. Density of Al–Si alloys as a function of Si content (in wt.%).
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Fig. 3. Young’s modulus of Al–Si alloys vs. Si content at room temperature:
(1) present results, (2) the results for conventional casting into a mould[1].

(dislocations, pores) and to smaller amount of impurities in
comparison with ingots obtained by conventional casting to
mould. In conventionally cast alloys this dependence was
nonlinear[1], as shown inFig. 3.

The Si content influences both the character of the temper-
ature dependence ofE and the change ofE at room tempera-
ture after heating and cooling of the samples with various Si
contents (Fig. 4). Fig. 6shows the concentration dependence
of the average temperature coefficient of Young’s modulus,
�E/E�T, for cooling in the range from 500 to 20◦C obtained
using the data ofFig. 4. Fig. 7shows the hysteresis in Young’s
modulus,�E20/E20, after heating to 500◦C and cooling. The
extrema for both dependences occur at about 20 wt.% Si.
This behavior can be attributed to different changes in the
microstructure during heating of samples of different com-
position.

Data ofFig. 5 enable us to determine the yield point for
bending deformation depending on the composition of the

F contents: 1—11.5 wt.%, 2—20 wt.%, 3—30 wt.%, 4—35 wt.% Si; 5—Al–11.5% wt.%
S

Fig. 5. The sagSdependence on the loadP from three-point bending tests of
Al–Si alloys: 1—11.5 wt.% Si, 2—20 wt.% Si, 3—25 wt.% Si, 4—30 wt.%
Si, 5—35 wt.% Si. Sag rate was about 0.5�m/s, thePmeasurements being
made at every second.

Fig. 6. Concentration dependence of the average temperature coefficient of
Young’s modulus for cooling in the range from 500 to 20◦C.
ig. 4. Young’s modulus of Al–Si alloys vs. temperature for various Si
i–0.01% wt.% Sr.
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Fig. 7. The change in Young’s modulus caused by heating to 500◦C and
cooling back to room temperature.

alloy. The yield point P was determined by the intersection
of tangents to theP–Scurves for linear (elastic) and nonlin-
ear (plastic) ranges. As shown inFig. 8a, the loadP corre-
sponding to the yield point also exhibits a maximum at about
20 wt.% Si. The Si content corresponding to maximum value
of the yield point is higher then for the eutectic point of Al–Si
alloy (about 11.7%) that is seen fromFig. 8b, where high tem-
perate part of the phase diagram of the alloy is shown.

The mechanical behavior reported above is related to the
microstructure, which can be understood with the help of
the diagram of microstructure of Al–Si alloys vs. composi-
tion and solidification rate, as determined experimentally in
[11] for a Si content up to 17%.Fig. 9 shows this diagram
with the upper border of the region of coupled growth, the
region II, extrapolated by us from 17 to 35 wt.% Si. Note
that there is a wide range of Si concentrations and solidifica-
tion rates giving coupled growth of a fine fiber eutectic-like
structure without any primary crystals. The solidification rate
was estimated to be between 103 and 104 K/s. In [12,13] the
Fig. 8. (a) The yield point P as a function Si content. (b) T
he aluminum–silicon phase diagram (Si content in wt.%).
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Fig. 9. Diagram of Al–Si alloys microstructure vs. Si concentration and
cooling rateR, constructed from the data of[6], including extrapolation of the
upper border for coupled growth from 17 to 35 wt.% Si. Region I corresponds
to a fiber-like structure with primary crystals of� Si solid solution in Al.
Region II corresponds to a fine-grained eutectic-like structure. Region III
corresponds to a flake structure with primary Si crystals. The dotted boundary
separates the regions where the primary crystals are alpha phase (region I)
and silicon (region II). The star-like points indicate conditions used in the
present work.

melt quenching was performed for similar conditions and the
measured cooling rate supported our estimated value. The
alloys compositions and the approximate solidification rate
used in the present work are indicated by star-like points in
Fig. 9. From this figure, it follows that our Al–20 wt.% Si al-
loy was produced in the region coupled eutectic growth and
its finest eutectic-like structure without any primary crystals
is responsible for the maximum yield point. The samples of
Al–11.5 wt.% Si were obtained outside this region and had a
coarser eutectic structure with� dendrites, resulting in lower
yield point. The samples of 25 wt.% Si were cast close to the
border of the region III and the alloys with 30 and 35 wt.% Si
in the region III where primary Si crystals were growing. It is
necessary to note that the borders of the regions in[11] were
shown for 50% transformation of the structures. Therefore
the alloys with Si content in the region from 25 to35 wt.%
for our the solidification rate should have had inclusions of
primary Si crystals, the sizes and numbers of which increased
with increasing Si content. The interface between these crys-
tals and the eutectic matrix decreases the yield point.

Increasing the Si content is thought to decrease the tem-
perature coefficient of Young’s modulus due to increasing
covalent contribution to atomic bonding. The average tem-
perature coefficient of Young’s modulus of Al from 20 to
500◦C is about 6.5310−4 K−1 [14], while the temperature
c
i hat
t g-
i the
m odu-
l

exceeds the equilibrium value. The Guinier–Preston zones
can arise under heating of the samples during these measure-
ments. In the zones with higher Si concentration the contri-
bution of covalent interatomic forces increases. It causes the
increasing ofEduring the heating of samples and decreasing
of the temperature coefficient of E. Maximum on the concen-
tration dependence of the temperature coefficient of Young’s
modulus at 20◦C can be explained by the finest eutectic struc-
ture of the alloy making difficult the creation of the zones.
The same process of the zones creation can explain also the
temperature hysteresis of Young’s modulus and minimum on
concentration dependence of�E20/E20.

It is known[11] that the addition of Sr to Al–Si alloys leads
to finer-grained structures for all Si contents. This explains
why Al–11.5 wt.% Si–0.01 wt.% Sr showed no hysteresis.

5. Conclusion

Al–Si alloys prepared by rapid cooling of levitated melts
were used to elucidate the effect of Si content on mechan-
ical properties. The structure and mechanical properties of
quenched Al–Si alloys in a wide compositional range from
11.5 up to 35 wt.% Si were investigated. Extrema versus sili-
con concentration were found for the average temperature co-
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s.),
l. 1,
oefficient of Young’s modulus of Si for the〈1 0 0〉 direction
s 7.7910−5 K−1 [15]. Therefore, it is possible to assume t
he maximum of�E/E�T at 20 wt.% Si is caused by chan
ng the microstructure of the alloy due to annealing during

easurement of temperature dependence of Young’s m
us. In the quenched samples the Si content of� solid solution
fficient of Young’s modulus for cooling from 500 to 20C,
he hysteresis of Young’s modulus for heating and coo
ver this range, and the yield point. These extrema corres
o solidification in the region yielding coupled eutectic-l
rowth. In this region the process of Guinier–Preston z
reation is hampered. It explains extrema of concentr
ependences of temperature coefficient and temperatur

eresis of Young’s modulus. The decrease of yield poin
ower Si concentrations is attributed not only to the decr
ng size and concentration of Si in the eutectic structure
lso to an increased number of plastic dendrites of� solid so-

ution. The decrease of the yield point of hypereutectic al
ith increasing of the Si content is attributed to the increa

he interfacial area between primary Si crystals and eut
atrix.
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