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Abstract Development and application of new expedient aluminum-based light
alloys are a key issue in current material science. In this study measurements are pre-
sented for the thermophysical properties of liquid Al-7Si, AlSi7Mg, and AlSi8Cu3
(mass%) alloys, which are the most utilized casting alloys in the aluminum industry.
Experimental data with respect to the density, viscosity, and the electrical and thermal
conductivities have been determined in a wide temperature range, and corresponding
fit relations have been derived. Comparisons with already published data and scaling
relations available in the literature are given.
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1 Introduction

An increasing demand for lighter cars and airplanes provokes an intensive research

in the field of high-strength light metals. Aluminum casting alloys are essential for
the automotive, aerospace, and engineering industries. Such alloys mainly contain Si,
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Cu, and Mg as the major alloying elements. Copper and magnesium strengthen the
alloy matrix and improve the mechanical properties and machinability [1,2]. Silicon
doping reduces the thermal expansion coefficient, increases corrosion and wear
resistance, and improves the casting and machining characteristics of the alloy [3].
Therefore, near-eutectic Al-Si alloys are widely used in automotive applications, espe-
cially for the piston fabrication. Due to their excellent castability, Al-Si alloys are
mainly used for highly complex and thin-walled castings. Moreover, these alloys fea-
ture a high strength-to-weight ratio.

A well-directed adjustment of the physical properties of Al-Si alloys in the
solid state also requires studies of the liquid metal. A knowledge of thermophys-
ical properties in the liquid state is of crucial importance to optimize technologi-
cal equipment and operations, such as solidification in casting processes or powder
production by atomization. Considerable effort has been made to set-up numerical
models for calculation of fluid flow, heat and mass transfer, and solidification in
casting processes. These numerical models are important tools for a better under-
standing of the physics of solidification and to improve the quality of products.
However, predictions of the numerical simulations concerning quantities such as the
time-dependent temperature profiles and concentration profiles, the extension and
the consistence of the mushy zone, solidification rates, or the morphology of the
resulting microstructure are extremely sensitive with respect to the thermo-physical
properties [4].

The density is directly related to the atomic structure and potential short-range
order of the liquid. On the other hand, it is a fundamental quantity for all technolog-
ical applications, since it determines essential dimensionless parameters characteriz-
ing fluid flow, such as the Reynolds number or the Rayleigh number. A knowledge
of the viscosity is of particular importance for considering the relationship between
melt convection and solidification. The thermal conductivity plays an important role
for heat transfer, especially in the mushy zone during recalescence. The applica-
tion of magnetic fields provides an attractive tool for electromagnetic flow control
in casting operations. The respective electromagnetic force scales with the electri-
cal conductivity of the metallic alloy. Furthermore, reliable information about the
structural heterogeneity of the melt can, in principle, be obtained from studies con-
sidering the temperature dependence of the electrical conductivity and the viscosity
[5,6].

Our investigations are restricted to hypoeutectic Al-Si alloys with Cu and Mg
admixtures, namely, the Al-7Si alloy and the commercially used cast alloys AlSi7Mg
(A356) and AlSi8Cu3 (226). The thermo-physical properties have been determined
for the density, dynamic viscosity, thermoelectric power, and electrical and thermal
conductivities. The measurements cover a wide temperature range above the liquidus
temperature.

2 Experimental Methods

The Al-7Si alloy has been prepared from 99.99mass% Al and 99.999mass% Si
according to the designated composition. AlSi7Mg and AlSi8Cu3 are commercial
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Table 1 Concentration of the alloying elements in the cast alloys AlISi7Mg and AlSi8Cu3 (in mass%)

Alloy Si Fe Cu Mn Mg Ni Zn Ti
(mass%)
AlSi7TMg 6.5-7.5 0.18 0.05 0.1 0.25-0.45 - 0.07 0.001-0.2

AlSi8Cu3 7.5-9.5 0.7 2.0-3.5 0.15-0.65 0.15-0.55 0.35 1.2 0.2

cast alloys which were provided by the Foundry Institute of the TU Bergakademie
Freiberg. The respective compositions are given in Table 1.

2.1 Density

The density, p(T'), was measured using the “large-drop” method. This method is a
modification of the sessile-drop method and allows for overcoming problems con-
nected with a large sessile drop asymmetry [7,8]. A circular crucible, which has
its upper circumferential edge chamfered to an acute angle, is overfilled with fluid,
so that an axisymmetric meniscus, with a diameter exceeding the diameter of the
crucible is produced standing above the rim. In the final analysis, this construction
reduces the error of the drop volume determination. The latter introduces a main
error in the density determination, while a mass determination error is negligibly
small. The experiments were performed in an atmosphere of 90% Ar + 10% Hp
after initially pumping out the working volume of the chamber in order to avoid
sample oxidation. The temperature has been measured with WRe5/20 thermocouple
placed near the specimen and was kept constant within 1 K. Density measurements
of the selected alloys in the liquid phase pose experimental difficulties because of
a large difference in the melting temperatures of the constituents. Aluminum evap-
orates extensively at elevated temperatures leading to a shift in the sample compo-
sition. Therefore, each sample was measured several times in order to get reliable
values of the density. In addition, the samples were weighed before and after the
experiments. If a sample lost more than 0.1 % of its initial mass, the measurements
were rejected. The total error for the density measurements is estimated to be about
3%.

2.2 Viscosity

The measurements of the viscosity were carried out using a computer-controlled oscil-
lating-cup viscometer [9]. The temperature dependence of the dynamic viscosity, n(T),
has been calculated from the corresponding logarithmic decrement and the periodic
time of the oscillations using the modified Roscoe equation. The experiments were per-
formed in a helium atmosphere under a negligible excess pressure of about 0.02 MPa
to 0.03 MPa. Each sample has been weighed before and after the measurements, and
no loss of mass has been observed. Cylindrical boron nitride crucibles with an internal
diameter of 14 mm were used. The temperature has been measured with a WRe-5/20
thermocouple located just below the crucible. The viscosity data were obtained with
an uncertainty of about 3 %.
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2.3 Electrical Conductivity and Thermoelectric Power

The electrical conductivity, o (7"), and thermoelectric power, S(T), were measured
by a contact method in accordance with the four-point scheme. The experiments
were performed in an argon atmosphere. Graphite electrodes for current and potential
measurements were placed in the wall of the vertical cylindrical BN-ceramic measur-
ing cell along its vertical axis. The potential electrodes were provided with thermocou-
ples for temperature measurements. Single thermoelectrodes of these thermocouples
were used for electrical conductivity determination. The melt temperature was deter-
mined by WRe5/20 thermocouples in close contact with the liquid. The resultant error
of the electrical conductivity measurements is about 2%, and 5 % for the thermo-
electric power determination. For further details of this method and its experimental
realization, we refer the reader to [10].

2.4 Thermal Conductivity

An experimental arrangement based on the steady-state concentric cylinder method
was used for thermal-conductivity measurements [11]. The apparatus comprises two
coaxial cylinders (stainless steel, BN, or graphite) separated by a gap, into which the
melt is poured. A central hole is drilled in the inner cylinder for an internal heater
made of a molybdenum wire, wound on an alumina form. The inner heater is used
for producing the necessary temperature gradient in the investigated melt layer. The
cell is closed by a BN cover, which is sealed with a special compound based on a
finely dispersed BN powder. The outer three-section furnace is made of molybde-
num wire wound on a BN form. The outer heater produces an overall temperature
level, and its upper and lower sections permit regulation of the temperature field over
the height of the apparatus. Tungsten—rhenium WRS5/20 thermocouples were used in
the experiments. Two thermocouples placed in the body of the inner cylinder allow the
examination of the temperature distribution over the radius of the apparatus. The coef-
ficient of thermal conductivity, A(7"), can be calculated from the formula for the heat
transfer in a cylindrical layer. The design of the apparatus assures maximum reduc-
tion of heat leakage and convection. The resultant uncertainty of thermal conductivity
measurements is about 7 %.

3 Results and Discussion
3.1 Density of Al-Si Alloys

The density of Al-7Si, AlSi7Mg, and AlSi8Cu3 liquid alloys was measured in a wide
temperature range above the liquidus temperature. The measured values of the den-
sity for the alloys studied are presented in Fig. 1. The temperature dependence of the
density in the temperature interval investigated can be well fitted with linear functions
for all compositions:

p(T) = pL + pr(T —TL), (D
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Fig. 1 Temperature dependence of the density for liquid Al-Si alloys. Lines are linear fits to the
experimental data (see Table 2 for details)

Table 2 Parameters of the

Jinear fits p(T) = pp + pr Alloy TL(K)  pLg-em™)  pp s
(T — T1,) to the measured (mass%) (10™"g-em™-K™)
density for liquid Al-Si alloys AlSi7 908 242 287

AlSi7Mg 873 242 —3.86

AlSi8Cu3 836 2.51 —3.41

where pr is the density at the liquidus temperature 71, and pr is the thermal coeffi-
cient of the density. The experimental data are plotted in Fig. 1. The parameters pr,
pr are obtained by fitting these data and are listed in Table 2 together with the liquidus
temperature 71 . The density results are compared to the reference data of pure alumi-
num [12]. It can be seen that the density increases with an increase of the copper and
silicon content, while the addition of magnesium has practically no influence on the
density value.

3.2 Viscosity of Al-Si Alloys

The viscosity data for Al and the Al-7Si, AlSi7Mg, and AlSi8Cu3 liquid alloys are
plotted in Fig.2 together with data published for pure aluminum [12]. It should be
noted that among different structure-sensitive properties the viscosity of pure liquid
aluminum reveals the largest scatter of values, e.g., from 1.2mPa - sto 1.4 mPa - s at
the melting point [12—16]. The present viscosity values obtained for Al are very close
to the data reported by Assael et al. [12].

The temperature dependence of the viscosity, 1, (in mPa - s) is well described by
the Arrhenius equation:

E
n = noexp (ﬁ) 2)
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Fig.2 Temperature dependence of the viscosity for liquid Al-Si alloys. For AlSi8Cu3 the solid line reflects
the Arrhenius fit to the experimental data (see Table 3 for details)

Table 3 Fitting parameters of

1 = 10 exp (E/RT) to the Alloy no (mPa - s) E (J-mol~ 1)

measured viscosity for liquid Al (mass%)

and Al-Si alloys Al 0.16 16626
AlSi7 0.206 13385
AlSi7TMg 0.193 13517
AlSi8Cu3 0.25 8609

where R is the universal gas constant (J - mol~! - K~1), T is the absolute tempera-
ture (K), E is the activation energy (J - mol~!), and no is a constant (mPa - s). The
fitting curve is shown in Fig.2 only for the AlSi8Cu3 alloy and is omitted for other
compositions, for the sake of clarity. The fitted numerical parameters corresponding
to different alloys are given in Table 3.

As seen from Fig.2, the viscosity and the activation energy of liquid aluminum
decrease with admixtures of silicon. The viscosity curves of liquid AlSi7 and AlSi7Mg
alloys are in close agreement with earlier reported data for the commercial A356 alloy
measured by the same oscillating-cup method [16]. These results confirm the assump-
tion that small magnesium amounts have practically no influence on the viscosity
[17].

The lower viscosity values of AlSi8Cu3 could be mainly affected by higher
silicon content. Such a tendency is already known from previous studies [18,19];
however, the authors provided no reasonable explanation for that behavior. The
Al-Si system phase diagram is of a simple eutectic type [20]. Structure investigations
revealed predominance of clusters, composed mainly of the atoms of different types
[21,22]. These clusters, whose lifetime prevails over the lifetime of clusters contain-
ing only one-type atoms, could be considered as self-dependent units of the viscous
flow. The valence electrons participate in the formation of inner bonds. As a result, an
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Fig. 3 Temperature dependence of the electrical conductivity for liquid Al and AlSi7, AlSi7Mg, and
AlSi8Cu3 liquid alloys. Lines are linear fits to the experimental data (see Table 4 for details)

Table 4 Parameters of the

—1 -1
linear fits o = 0 + do/ Alloyo/ T, (K) op (7 -ecm™h) dgzéc}T R
dT (T — Ti) to the measured (mass%) ( como )
electrical conductivity for liquid
Al and ALSi alloys Al 933 41400 —19.36

AlSi7 908 37310 —18.9

AlSi7TMg 873 36097 —74

AlSi8Cu3 836 34850 —11.99

interaction between the Al-Si clusters and surrounding atoms becomes weaker. As
mutual particle displacements are directed towards the weakest bonds, both the vis-
cosity and the activation energy decrease.

3.3 Electrical Conductivity and Thermoelectric Power of Al-Si Alloys

The electrical conductivity is displayed in Fig. 3 as a function of the temperature, o (T').
Measured values are presented for Al-7Si, AISi7Mg, and AISi8Cu3 melts together
with data for pure Al for comparison. The o (T') dependence for all the melts is well
described by the linear equation:

LY r—T) 3)
O = O —_— —
0 dr L

where oy is the electrical conductivity (in 7! - cm™!) at the melting point and do /dT
is the temperature coefficient of conductivity. The electrical conductivity of all melts
considered here decreases gradually with heating according to Eq.3. The parameters
of the linear fits are given in Table 4.

It was revealed that small amounts of silicon, copper, and magnesium decrease the
absolute conductivity value as compared with pure Al. The absolute o (T") values for
the AlSi7Mg alloy are found to be less than that for the binary Al-7Si. The lowest
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o (T) values were measured for the AlSi8Cu3 alloy. The lowest temperature coeffi-
cient of conductivity has been observed for the AlSi7Mg alloy. The present o (T') data
for A1Si7 and AlSi7Mg are slightly higher than the values reported in [23] (see Fig. 3).
The difference could be explained by the deviation in the sample compositions as well
as by experimental uncertainties.

It is generally assumed that an addition of admixtures decreases the electrical con-
ductivity. The conductivity increment Ao;j can be determined from the following equa-
tion:

~1 v
AO’i = Nie—zzi (4)

where %j is the scattering cross section of the conducting electrons at the admixture
particles, N; is the atomic fraction of these impurities, m is the electron mass, e is the
electron charge, and vf is the electron velocity at the Fermi level [24]. In a simplest
case, when the impurity scattering does not depend on other scattering mechanisms,
Aoj is independent of the temperature. However, Eq. 4 describes the decrease of the
electrical conductivity only roughly. A better approximation can be attained by using
the partial wave method and the Friedel sum rule [25]. Considering approximated
potentials in the scattering cross section, the following expression is valid:

Ao, ! = Nila + b(AZ)?] )

where a and b depend on the host metal and the row of the Periodic Table to which
the solute belongs. The variable A Z is the difference between valences of an impurity
and a solvent. Such a relationship, the so-called Linde rule, is valid for a number of
binary liquid alloys. The behavior of the electrical conductivity in multicomponent
systems is usually more complicated.

The electrical conductivity of the liquid alloy in the free electron approximation is
expressed as [26]

nee2

=—1L 6
°= ke (©6)

where 7 is the Planck constant, n. is the electron density, and L is the mean free path
of conduction electrons. The admixtures inevitably decrease the electron mean free
path, which leads, in turn, to a decrease in the conductivity.

The experimental temperature dependence of the thermoelectric power, S(T'), is
presented in Fig.4 for the considered alloys. The thermoelectric power of all lig-
uid alloys remains negative in the investigated temperature range. The absolute val-
ues increase practically linearly from —1 WV - K~ to =3V - K~!. The data for
AlSi7 and AlSi7Mg almost coincide, while the absolute S(7') values of AlSi8Cu3
are lower. Such thermoelectric power behavior is typical for metal systems. To the
best of our knowledge, such S(T') studies were carried out for the first time for Al-Si
alloys.
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Fig. 4 Temperature dependence of the thermoelectric power for AlSi7, AlSi7Mg, and AlSi8Cu3 liquid
alloys

Table 5 Parameters of the

Jinear fits A = 30 + b(T — Tj) Alloy LK) i W-mP.KDH) »pwW-ml.K?2
to the measured thermal (mass%)
Zﬁg(;:chvﬁy for liquid Al-Si AISiT 908 371 0.027

AlSi7TMg 873 88.3 0.037

AlSi8Cu3 836 76.2 0.046

3.4 Thermal Conductivity of Al-Si Alloys

The temperature dependence of the thermal conductivity, A(7T"), was measured in the
temperature range from the melting point up to 1,250K. The A(T) dependence could
be well described by the linear equation:

A=io+b(T —1TL) @)
where A is the thermal conductivity (in W - m~! . K~!) at the melting point and b is
the temperature coefficient of the thermal conductivity. The parameters of the linear
fits are specified in Table5. The thermal conductivity increases with heating for all
investigated alloys according to Eq.7. The absolute thermal conductivity values as
well as their temperature dependence suggest a prevalence of conduction electrons in
the heat transfer. These values also prove rather strong gas degeneracy [27]. In this
case the Wiedemann—Franz—Lorenz law can be used and the Lorenz number can be
determined. The calculations revealed that the Lorenz number is constant in the inves-
tigated temperature range and is very close to its theoretical (Sommerfeld-) value of
2445 x 1078 W - Q- K2

As shown in Fig. 5, the present data are consistent with thermal-conductivity results
reported in [23], which were calculated from the electrical conductivity.

@ Springer



Int J Thermophys (2009) 30:1400-1410 1409

105
100 |
95
j-‘ 90 + ©
g
Z 85t
< °®
80 | ° O AISi8Cu3
v AISi7TMg
75+ & AISI7
® AISi5[23]
70 1 1 1 1
900 1000 1100 1200 1300

T,K

Fig. 5 Temperature dependence of thermal conductivity for liquid AlSi7, AlSi7Mg, and AlSi8Cu3 alloys.
Lines are linear fits to the experimental data (see Table 5 for details)

4 Conclusions

Several thermophysical properties of liquid hypoeutectic Al-Si alloys have been mea-
sured in the temperature range from the melting point up to 1,250 K. Correspond-
ing fit relations have been derived for the density (see Eq. 1), the dynamic viscosity
(see Eq.?2), the electrical conductivity (Eq. 3) and the thermal conductivity (see Eq. 7).
The growing silicon content results in a gradual increase in the density and a decrease
in the dynamic viscosity of aluminum. Admixtures of Si, Cu, and Mg result in a
decrease of the electrical conductivity of aluminum. This finding is explained by a
decrease of the electron mean free path. The thermoelectric power is negative and
typical for metal systems. The experimental thermal conductivity agrees with calcu-
lated data according to the Wiedemann—Franz—Lorenz law, while the Lorenz number
is constant in the investigated temperature range.
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