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Macrosegregation and porosity formation are investigated by both a numerical model and transient
directional solidification experiments. The macrosegregation pattern, and the theoretical and apparent
densities are presented as a function of the casting length. X-ray fluorescence spectrometry was used
to determine the experimental macrosegregation profiles. The measurement of microporosity was per-
formed by a pyknometry procedure. The local composition along an Al-6 wt%Cu-1 wt%Si casting length is
used as an input parameter for simulations of microporosity evolution. The results show that the addition
of 1 wt¥% silicon to the Al-Cu alloy composition increases significantly the volumetric fraction of pores
as compared with the corresponding porosity exhibited by an Al-6 wt%Cu alloy casting. It is also shown
that the use of a carbon steel chill mold induced an abnormal increase in the fraction of pores close to
the casting cooled surface which was caused by a higher Fe concentration provoked by the diffusive flux
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1. Introduction

Microporosity formation during casting and solidification of alu-
minum alloys often causes severe problems in the manufacture of
quality products. The process parameters during transient solid-
ification affect the microstructural development of the alloy and
consequently the final engineering performance of the casting. The
dendrite arm spacings; segregation patterns; nature, size, distribu-
tion and morphology of precipitates as well as porosity, all affect
final mechancial properties. Porosity has also a deleterious effect
on the machinability and surface properties of aluminum castings
[1-4].

Porosity in aluminum castings is normally a result of two phe-
nomena: insufficient feeding and/or hydrogen precipitation during
solidification. Because of its low solubility, the atomic hydrogen
rejected by the solid phase enriches continuously the melt around
the solid phase already formed. When the liquid reaches its criti-
cal hydrogen concentration, molecular hydrogen bubbles begin to
form, and depending on the local hydrogen content, partial pres-
sure and gas diffusivity, bubbles evolve either to grow or to dissolve
back into the melt [5].

To prevent shrinkage from appearing as porosity, material
movement, i.e., feeding, has to occur through the alloy mushy zone.
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Piwonka et al. have reported that porosity forms because of the
impossibility of the liquid to fill up the regions where the pores
are forming [6]. In alloys with large solidification ranges, depend-
ing on the local solid fraction, five distinct feeding mechanisms
may be envisaged: liquid feeding, mass feeding, interdendritic feed-
ing, burst feeding and solid feeding. A detailed description of these
mechanisms can be found in the literature [7-9]. Liquid metal feed-
ing occurs above the liquidus temperature when the liquid is free
to move to the point of metal shrinkage; mass feeding occurs when
solid crystals first form in the liquid. In mass feeding the dendritic
crystals are carried along with the liquid, as in the slurry. These den-
drites initially grows independently of each other, but impinge and
form an interconnected solid network at the dendritic coherency
point, usually between 10% and 50% solid [10]. After coherency the
material starts to develop strength and the resistance to material
movement increases drastically. Interdendritic feeding occurs after
the coherency point. Liquid travels through tortuous, narrow inter-
dendritic channels. In this context, is important to know the solid
fraction at the coherency point, as it determines just how difficult
it will be to feed porosity. The coherency point depends on grain
size [11], alloy composition, and cooling rate [12]. Burst feeding
occurs when the strength of the dendritic network is insufficient to
resist the increasing pressure induced by continuous solidification
shrinkage [7,8]. Solid feeding denotes the feeding of solid mate-
rial by deformation, i.e., the stress on the dendrites increase and
the network may collapse, giving rise to transport of solid frag-
ments and liquid. Alloy composition has a fundamental role on
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the feedability during solidification. The narrowing interdendritic
fluid paths may become blocked by inclusions or growing inter-
metallic particles in the melt stream. Iron, for instance, exists as
a commom impurity element in aluminum alloys. For Al-Si alloys
the main microstructural consequence is the formation of AlsFeSi
intermetallic particles, which affect porosity levels in such alloys.
Dinnis et al. developed an experimental program to analyse the
effect of iron concentrations on porosity levels of Al-Si-Cu foundry
alloys [13].

Studies on transient solidification of ternary alloys related to
microstructural parameters, solidification modelling, solute segre-
gation and porosity formation are relatively scarce in the literature
[14-17]. The main difficulty is related to the determination of
the ternary solidification path and the intermediate phases reac-
tions, which has to be coupled with the model. Macrosegregation
is critical in determining porosity along the casting length due
to the resultant impact upon the local density. Ferreira et al.
proposed a numerical scheme to simulate the transient solidifica-
tion of an Al-Cu-Si alloy for the analysis of inverse segregation,
considering the absence of intermediate phases and reactions
[18]. In a recent study Ferreira et al. proposed a numerical
approach taking into account secondary phases transformations,
which permits the prediction of macrosegregation profiles dur-
ing the transient directional solidification of ternary alloys [19].
Tsoukalas applied a genetic algorithm method to determine the
optimum process parameters in real industry environmment lead-
ing to minimum porosity in Al-9.5 wt%Si-3 wt%Cu die castings
[20].

In this paper, a model considering intermediate phases
and reactions is used to simulate the macrosegregation pro-
file and microporosity formation along the length of a ternary
Al-6 wt%Cu-1 wt%Si casting. The simulated segregation pattern is
checked against experimentally measured values and is used for
theoretical calculations of local density as a function of the solute
content along the casting length. The local compositionis used as an
input parameter for simulations of microporosity evolution, which
is compared with the experimenal pores distribution. The effect
of a higher Fe concentration on regions close to the casting sur-
face (which have been contamined by the steel chill mold) on local
porosity formation is also examined.

2. Numerical model
2.1. Macrosegregation

The numerical model approach used to simulate the macroseg-
regation profile during solidification is based on a model previously
proposed by Voller [15,16] and modified by Boeira et al. [21,22] to
deal with microporosity formation. For times t < 0, the molten alloy
is at the nominal concentration Cyp, and contained in the insulated
two-dimensional mold defined by 0<x<Xj, and 0<y<Y,.

In the development of the numerical solution (thermal and solu-
tal coupled fields), the following assumptions were assumed:

(i) the region is two-dimensional, defined by 0<x<X, and
0<y<Yy,, whereY),isapoint far removed from the segregation
region;

(ii) the segregation region does not remain free of porosity;

(iii) the solid phase is stationary, i.e., once formed has zero veloc-
ity;

(iv) due to the rapid nature of heat and liquid mass diffusion, the
liquid concentration C;, the temperature T, the liquid density
p; and the liquid velocity u; are assumed to be constants in a
representative elemental volume [14];

(v) the partition coefficient kg and the liquidus slope m;, may
either assumed to be constants or variables and read from
the ThermoCalc databases;

(vi) equilibrium conditions exist at the solid/liquid interface, i.e.,
at this interface we have:

T=f(C G and Ci=koCp (1)

where T is the equilibrium temperature, C is the concentra-
tion, and C¢ is the interface solid concentration;

(vii) the specific heats, cs, cf, Ceuts, Ceutt, the thermal conductivi-
ties, ks, ki, keyts, keyrr and the densities ps, o1, Peuts, PeutL, are
constants within each phase, but discontinuous between the
solid and liquid phases. Latent heats of phase formation, AHq,
AH, and AHgy: are taken as the difference between phase
enthalpies;

(viii) the metal/mold thermal resistance varies with time, and is
incorporated in a global heat-transfer coefficient defined as
hg.

The ThermoCalc software has been used to generate equilib-
rium phase diagrams. Through the ThermoCalc TCAPI interface for
Intel Visual Fortran, it is possible to recall and to record data from
ThermocCalc prior to any numerical simulation of multicomponent
alloys, a procedure that provides more accurate phase diagram
data. The pseudo-binary phase diagrams as a function of Cu, Si and
H concentrations and the phase diagram surfaces for the hypoeu-
tectic AlI-Cu-Si system obtained by this routine are presented in
Figs. 1 and 2, respectively.

Considering the assumptions previously presented, the mixture
equations for multicomponent solidification are the following:
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Fig. 1. Al-Cu-Si-H system. Pseudo-binary phase diagram as a function of Cu (a), Si (b) and hydrogen (c).
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and the variables are defined as
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where g, g5 and g are the liquid, solid and gas volume fractions,
fi. fs and fg are the liquid, solid and gas mass fractions, u and v are
the volume averaged fluid velocities, D; and Ds are the liquid and
solid mass-diffusion coefficients, k;, ks and kg are the liquid, solid
and gas thermal conductivities, cp;, cps and cpg are the liquid, solid
and gas heat capacities, and finally, p;, ps and pg are the liquid,
solid and gas densities.

A micro-scale model is invoked to extract nodal values of liq-
uid concentration C; from each solute density field (oC)¢, where
¢=Cu, Si. The key variable in this calculation is the nodal liquid
fraction calculated in the previous step. A detailed discussion was
previously presented by Voller [15], in which the application of the
back diffusion model proposed by Wang and Beckermann [17] is
suggested.

The species local liquid concentrations are given by

ld
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Fig. 2. Al-Cu-Si-H system. Phase diagram surfaces: liquidus surface (a), eutectic surface (b) and silicon solubility surface (c).
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2.2. Microporosity formation

The present porosity model is based on a previous formula-
tion by Kuznetsov and Xiong [23], where the porosity formation
has been separated in two distinct stages: nucleation and growth.
They adopted as the nucleation condition, the moment in which
the mean hydrogen contents in the liquid and in the solid phases
(CLH+5) are less than that of the initial hydrogen concentration in
the molten alloy (C('j). The condition of pore nucleation can be
expressed as

Go<c (20)

Though the initial hydrogen concentration in the melt can be con-
sidered to be constant for certain experimental conditions, the
hydrogen concentration in the liquid and in the solid phases can
vary according to the thermal evolution of the system. This can be

quantified as

ps-(1-8)-CG'+p-g-Cf

CH
ps-(1-g)+pL-8

L+S =

(21)

where ps, prand g are the density of the solid phase, the density
of the liquid phase and the volumetric liquid fraction, respectively.
The hydrogen concentration in the liquid, C{', and in the solid, C?,
can be related through the equilibrium partition ratio, ky of the
H-AIl-Cu-Si phase diagram shown in Fig. 1c. The equilibrium par-
tition ratio of hydrogen for the Al-H system is 0.069 [24,25]. The
mass concentration dissolved in the liquid phase, C{', can be cal-
culated by the equilibrium constant, Keq, of the diatomic gaseous
reaction. By considering that the solubility of the diatomic gas in a
pure liquid metal obey the Sievert law, we have

a
/Phiag)

and the equilibrium constant is defined in terms of the hydrogen
solubility as

Keq = (22)

Keg=Ko-S (23)
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where Kj is equal to 2.822 x 10~7 [23] and the solubility of hydro-
gen can be obtained through the application of Van’t Hoff equation
[24], whose parameters A and B are functions of the local mass
concentration of solute and are those used by Boeira et al. [21,22].

Once the barrier imposed by the nucleation condition, given by
Eq. (20), is overcome the growth of pores in the mushy zone occurs.
It can be quantified by a mass balance analogous to that given by Eq.
(21), nevertheless, it takes into account the gas volumetric fraction
in the system. For cases where no macrosegregation of hydrogen is
considered, we have,

ps-gs-Col+pp-g-Cl+ pg - g6 - CH
Ps-8s+pPL-8L+ PG 8c

=CH (24)
Consequently, mass, volumetric fractions and the thermophysical
properties of the alloy consider the gas fraction according to Egs.
(11)-(14) and (16). The density of the gas can be obtained from the
ideal gas equation of state or by a more accurate equation of state
similar to that proposed by Peng-Robinson [26].

The pressure of the gas phase results from the association
between the local pressure (metalostatic + dynamic pressure) in
the mushy zone and an additional pressure imposed by the surface
tension:

2-0’,_(;

Pg =P+ =K (25)

o1 is the surface tension between the gas and the liquid phase,
which according to Poirier et al. [24] can be calculated as a function
of copper concentration in the liquid by

016 = 0.868 +0.721 x 1073 - C; +1.29 x 107°C2 (26)

Table 1

It is assumed that the pore continues to grow after its nucleation
until the solidification is complete. The following linear correlation
between the radius of the pore and the volume fraction of the liquid
phase is established

0
r=T1o + (fmax. — rO)gLiogL
&L

(27)

where rg, 'max. and g? are, the pore nucleation radius, the maximum
radius that the pore reaches when local solidification is complete
and the volume fraction of the liquid phase when the gas pore first
appears, respectively.

To model the formation and evolution of porosity, it was
assumed absence of hydrogen macrosegregation. In this way, the
hydrogen initially dissolved in the melt is redistributed into the lig-
uid phase and it can be dissolved in the melt until the solidification
is complete, or it can combine itself to form molecular hydrogen. It
may form gas bubbles in the melt which can grow until the end of
solidification.

3. Experimental procedure

The casting assembly used in the directional solidification experiments has
been detailed in previous articles [27,28]. The experimental setup consists of a
water-cooled mold with heat being extracted from the bottom, promoting a vertical
upward directional solidification. The stainless steel mold had an internal diame-
ter of 50 mm, a height of 110 mm and a wall thickness of 3 mm. Experiments were
performed with an Al-6 wt%Cu-1 wt%Si alloy, under thermally and solutally stable
solidification conditions. The thermophysical properties of this alloy are based on
values reported previously for thermal conductivities [18] and on the ThermoCalc
software databases for heats of transformation, partition coefficients, specific heats
and diffusion coefficients. These data are summarized in Table 1. Continuous tem-
perature measurements in the casting were monitored during solidification via the
output of a bank of fine type K thermocouples sheathed in 1.6 mm OD stainless

Thermophysical properties of the Al-6 wt%Cu-1 wt%Si alloy used in the numerical simulation.

Properties Units Al-6 wt%Cu-1 wt%Si
Liquidus temperature, T; °C 638

Initial eutectic temperature, Tg °C 530.2

Final eutectic temperature, Tgg °C 527.6
Silicon transformation temperature, Ts; °C 513.2
Fusion temperature, Tr °C 660
Thermal conductivity (solid), ks WmK-! 180
Thermal conductivity (liquid), k; Wm'K-! 87.9
Thermal conductivity (gas), k; Wm-'K-! AT

Density (solid), ps kgm3 2713.4
Density (liquid), pr kgm3 2529.5
Specific heat (solid), cps Jkg 1K1 1063
Specific heat (liquid), cp. Jkg 1 K! 1125
Specific heat (gas), cpy Jkg 1K1 AT

Latent heat of fusion, AH; at 638 <T<530.25°C Jkg! 289,600
Latent heat of fusion, AH, at 530.25 <T<527.54°C Jkg! 15,800
Latent heat of fusion, AHey: at T=527.55°C Jkg! 57,200
Liquidus slope, mt" °C(wt%)~! 3.437
Liquidus slope, m;! °C(wt%)! 7.091
Copper partition coefficient, kg” - 0.1028
Silicon partition coefficient, k5! = 0.1120
Equilibrium partition coefficient H-Al-Cu-Si, ky 0.049
Dynamic viscosity of the liquid, kgm-1s! 3x103
Thermal expansion coefficient, S K1 —4.95x 10>
Solutal expansion coefficient, B¢ (wt%)1 -0.72
Liquid mass-diffusion coefficient of Cu, Dy m?2s! 3.0x107°
Solid mass-diffusion coefficient of Cu, Ds m2s! 3.0x10°13
Liquid mass-diffusion coefficient of Si, D, m? s-1 1.0x10°°
Solid mass-diffusion coefficient of Si, Ds m?s-! 7.0 x 1012
Permeability constant, Ko m?2 6.67 x 10-11
Global heat-transfer coefficient Wm2K-! 14,000t 008
Water temperature °C 20
Nominal concentration of hydrogen, C¢! wt% 0.63 x 103
Molar mass of the gas kg kmol—!

Pore nucleation radius, ry pwm 10
Maximum pore radius, r'max,. pwm 70

External pressure, Pex Pa 101,324
Universal gas constant Pam? kmol~! K~! 8314
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steel tubes, and positioned at 5, 10, 15, 30, 50 and 70 mm from the heat-extracting
surface at the bottom of the crucible. All thermocouples were connected by coax-
ial cables to a data logger interfaced with a computer and the temperature data
were acquired automatically. The casting was sectioned in the longitudinal direc-
tion and the macrostructure was examined. Next, the sample pieces were sectioned
into transverse slices and a square central part was cut by the use of a precision
saw (Buehler Isomet 4000 with a 0.3 mm thick diamond disk) into pieces of approx-
imately 1.0 mm. Subsequently, the segregation samples were investigated by using
a Rigaku Rix 3100 X-ray fluorescence spectrometer to estimate its average concen-
tration through an area of 100 mm? probe (probe effective area or the so-called
“mask radiated area”). The same sample is rearranged in the mask in order to per-
mit a total of 10 readings of composition at different positions to be obtained. The
final results are presented as average local concentrations with the corresponding
standard deviation represented by error bars.

The determination of the quantity of pores was based on the pyknometry proce-
dure proposed by McClain et al. [29]. Six different measurements were undertaken
for each position along the casting length, with average values and the correspond-
ing standard deviations representing the experimental volumetric fraction of pores.
Pyknometry techniques are less time consuming than image analysis techniques
and are much less affected by the randomness of the porosity location in the sam-
ple [30]. Firstly, the ASMT B 311-93 (Reapproved, 2002) standard was applied in
order to determine the apparent density of all the samples as a function of distance
from the chill. Secondly, the fraction of pores as a function of the theoretical (p,,) and
apparent (pgp ) densities was determined. The last step was to provide the theoretical
local density for each sample position, based on the experimental macrosegregation
profile, by using the following equation:

% Pores = Pin = Lap (28)
Pth

This equation depends not only on the local solute concentration but also on the
number of phases involved, their composition and their respective fractions. The
phasesinvolved and their volumetric fractions for certain level of local concentration
(position dependent) are provided by ThermoCalc® (TCAPI5 interface) using Scheil’s
model. This procedure is necessary in order to avoid a negative volumetric fraction
of pores as previously reported in the literature [31].

4. Results and discussion

Fig. 3a shows the resulting macrostructure of an
Al-6 wt%Cu-1wt%Si alloy casting after upward directional
solidification in the vertical water-cooled mold. Fig. 3b exhibits the
corresponding experimental solute distribution along the casting

Fig. 3. (a) Casting macrostructure and (b) corresponding experimental composition
distribution along the casting length.

Fig. 4. (a) Comparison of hg profiles for an Al-6.2wt%Cu alloy and an
Al-6 wt%Cu-1 wt%Si alloy. (b) Detail of experimental and simulated Cu and Si pro-
files corresponding to positions close to the casting surface highlighting the Cu
inverse segregation.

length. It is important to remark that a solute profile corresponding
to the Fe distribution along the casting has also been included
in Fig. 3b. The commercially pure grade aluminum used in this
work to prepare the ternary Al-Cu-Si alloy contains approxi-
mately 0.08 wt%Fe. This Fe nominal concentration is constant
along the casting length except for regions close to the casting
cooled surface, where a considerably increase in Fe was noticed
(1.02 £ 0.26 wt%Fe), as shown in Fig. 3b. This increase in Fe content
was provoked by a diffusive flux of iron from a SAE 1020 steel
sheet which physically separates the metal from the cooling fluid
in the solidification apparatus. This higher Fe concentration at the
regions close to the casting surface will affect the solidification
path and the porosity formation, and will be discussed later in this
section.

Fig. 4a shows the time dependence of the overall metal/coolant
heat-transfer coefficient, hg, as a function of time, for the ternary
alloy examined in the present study (hg =14,000¢~%%% W m=2K-1)
and for an Al-6.2 wt%Cu (hg =11200t~%922 Wm~2 K-1) which was
solidified in a previous investigation under similar conditions in the
same solidification apparatus [22]. It can be seen that the incor-
poration of 1%Si with respect to the binary Al-6.2wt%Cu alloy
composition has permitted a significantly higher hg profile to be
obtained, mainly at the beginning of solidification of the Al-Cu-Si
alloy. Higher heat-transfer coefficient tends to decrease the severity
of inverse segregation in binary Al-Cu alloys [22]. The macroseg-
regation profile for the Al-6 wt%Cu-1wt%Si alloy casting [19] is
shown in Fig. 4b where experimental measurements are compared
with numerical results. A comparison between the inverse Cu pro-
file shown in Fig. 4b with that obtained in the previous study
with the Al-6.2 wt%Cu [22], i.e., alloys with similar Cu concentra-
tions, permits to demonstrate that the higher initial hg values of
the ternary alloy associated with differences in the solidification
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path have induced higher Cu concentrations at the ternary alloy
casting surface. It can also be seen in Fig. 4b that the model com-
putes the inverse (Cu) solute concentration profile, and a very good
agreement with experiment is observed. No macrosegregation is
observed with respect the silicon distribution along the length of
the directionally solidified casting, except for a single point of posi-
tive segregation, probably associated with both the formation of the
mushy zone length and the backward flow induced by solidification
contraction.

Once the alloy composition is specified, the only means remain-
ing to exert control on microstructural parameters is in modifying
the thermal variables during solidification (solidification velocity,
cooling rate and thermal gradient). The direction of solidifica-
tion with respect to the gravity vector has also to be considered
because gravity driven segregation can also be produced [32]. These
solidification thermal variables affect significantly the formation of
dendrite spacings during freezing, which strongly affect the devel-
opment of porosity. Hence, accurate porosity data obtained during
transient directional solidification are fundamental to understand
the coupling phenomena among the solidification thermal vari-
ables, microstructure features and porosity formation. Fig. 5 shows
typical transverse microstructures obtained during the directional
solidification of an Al-6 wt%Cu-1 wt%Si alloy, for different cooling
rates. It can be seen that the primary dendritic spacing increases as
the cooling rate decreases, i.e., from the bottom to the top of the
unidirectionally solidified casting. The primary dendritic spacing
evolution with the cooling rate is shown in Fig. 6 compared with
the corresponding values for binary hypoeutectic Al-Cu alloys [33].

The use of anisotropic permeability channels have proved to
provide more accurate simulated results for pores evolution along
the casting length of binary Al-Cu alloys [22]. The simulations
performed in the present study are based on permeability coeffi-
cients which are function of the primary dendritic arm spacing. The
experimental dendrite growth laws shown in Fig. 6 were used to
determine the permeability coefficients. Fig. 7 shows the evolution
of the theoretical density (based on the macrosegregation profile of
Fig. 4b and on the corresponding apparent densities). The resulting
simulations of pore volumetric fractions along the casting length
compared with the corresponding experimental results are shown
in Fig. 8. It can be seen that for both alloys the numerically simu-
lated trend is in good conformity with the experimental scatter. The
volumetric fractions of pores depict linear ascending trends from
the bottom to the top of the casting for both alloys. However, the
datasets for the Al-6%Cu-1%Si and Al-6.2%Cu alloys show points of
inflection. These oscillations observed in the porosity experimental
data can probably be associated with the occurrence of burst feed-
ing, i.e., the strength of the mushy zone is exceeded by the stresses
caused by continued solidification shrinkage. The numerical simu-
lation determines porosity to be a linear function of position along
the casting length because the numerical model does not take into
account the effect of burst feeding.

The results of Fig. 8 show that the addition of 1wt%Si to the
composition of an Al-6 wt%Cu alloy increases significantly the vol-
ume of pores. It can also be seen an abnormal volumetric fraction
of pores close to the ternary alloy casting surface, which is caused
by the corresponding higher Fe concentration shown in Fig. 3b.

Iron and silicon alone do not seem to have any special con-
tribution to porosity. However, they form intermetallics whose
morphology affects feeding [13]. It has been reported in the lit-
erature that porosity increases with iron content because AlsFeSi
platelets (3 phase) block the interdendritic channels, impeding
feeding and leading to micro-shrinkage porosity [34,35]. The nom-
inal content of iron (0.08 wt%Fe) in the ternary alloy used in the
present study would form only small amounts of Al;Cu,Fe phase
along the ingot length during transient solidification. Then, for a
first sample situated close to the cooled surface (<7 mm) having

Fig. 5. Typical transverse microstructures of the directionally solidified casting. P is
the position from the casting cooled surface and T is the cooling rate.

about 1 wt%Fe, according to Fig. 9a, we have the following solidifi-
cation sequence:

(i) primary aluminum dendrites (FCC_A1) up to fs = 0.36, followed
by the AlsFe compound which is formed until f¢=0.53 is
reached;

(ii) after this, AlsFeSi_a is formed until fs=71.4;
(iii) from fs=71.4 to 81.5, Al;CuyFe is formed;
(iv) between fs=81.5 and fs =83.4, the Si phase precipitates;

(v) finally, from fs=83.4 to fs=1, the ternary eutectic reactions
take place.

For positions farther than 7 mm from the casting surface (as ref-
erence, a sample positioned at 16 mm from the cooled surface has
been considered), the solidification sequence, shown in Fig. 9b can
be summarized as follows:
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Fig. 6. Experimental evolution of primary dendritic arm spacing with cooling rate.

(i) primary aluminum dendrites (FCC_A1) solidify until the solid
fraction reaches fg=0.795;
(ii) from fs=0.795 to 0.836, Al;Cu,Fe is formed;
(iii) between fs=83.6 and fs = 84.2, the Si phase precipitates;
(iv) finally, from fs=84.2 to fs=1, the ternary eutectic phase is
formed.

Fig.7. (a)Theoretical density calculated as a function of local experimental chemical
composition and (b) apparent density experimentally determined.

Fig. 8. Comparison between results for a binary Al-6.2wt%Cu alloy [22] and a
ternary Al-6 wt%Cu-1 wt%Si alloy: numerically calculated and experimental micro-
porosity scatter.

Dinnis et al. [13] stated that the effect of iron on porosity
levels in hypoeutectic Al-Si foundry alloys is complex due a rela-
tion between copper and iron content. They concluded that the
existing theories were incomplete and inadequate to explain iron
addition-porosity formation. They demonstrated that increasing

Fig. 9. Solidification path (ThermoCalc TTALS): (a) for regions close to the casting
cooled surface and (b) for positions > 7 mm from the casting cooled surface.
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iron concentrations have been shown to increase porosity in a wide
range of Al-Si-Mg-Cu alloys. However, the effect of iron on poros-
ity changes as the silicon and copper concentrations of the alloys
change. Increasing iron concentrations also lead to a refinement in
the size of the regions of Al,Cu.

5. Conclusions

The macrosegregation evolution and microporosity forma-
tion in a ternary Al-6 wt%Cu-1wt%Si alloy were evaluated by a
numerical modelling approach, considering secondary phases, local
composition, and consequently local density. Unidirectional solidi-
fication experiments were carried out under conditions of transient
metal/mold heat-transfer coefficient (hg) in order to provide exper-
imental results to validate the model predictions. A very good
agreement has been observed between theoretical predictions and
experimental results. Macrosegregation is absent for the silicon
content, along the length of the casting, but a comparison between
the present experimental inverse Cu profile and that obtained in
a previous study with an Al-Cu alloy with similar Cu concentra-
tion, demonstrated that the higher initial hg values of the ternary
alloy associated with differences in the solidification path, have
induced higher Cu concentrations at the ternary alloy casting sur-
face. The volumetric fractions of pores depict an ascending linear
trend from the bottom to the top of the casting. The numerically
simulated trend is in good conformity with the experimental scat-
ter, except for points of inflection which were observed in the
porosity experimental data and that can probably be associated
with the occurrence of burst feeding, not considered by the numeri-
cal model. A significant increase in the fraction of pores was noticed
when 1 wt%Si was added to the composition of an Al-6 wt%Cu alloy.
It was shown that a higher Fe concentration at the regions close to
the casting surface caused by a diffusive flux of iron from the steel
chill mold increased remarkably the volume of pores at the casting
surface.
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