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Abstract

In the present experimental investigation, Al-3 wt%Cu and Al-3 wt%Cu-0.5 wt%Mg alloys castings are produced by a
horizontal solidification technique with a view to examining the interrelationship among growth rate (Gr), cooling rate
(CRr), secondary dendrite arm spacing (4,), Vickers microhardness (HV), and corrosion behavior in a 0.5 M NaCl solution.
The intermetallic phases of the as-solidified microstructures, that is, 8-Al,Cu, S—Al,CuMg, and w-Al,Cu,Fe, are subjected
to a comprehensive characterization by using calculations provided by computational thermodynamics software, optical
microscopy, and scanning electron microscopy/energy-dispersive spectroscopy. Moreover, electrochemical impedance
spectroscopy and potentiodynamic polarization tests have been applied to analyze the corrosion performance of samples of
both alloys castings. Hall-Petch-type equations are proposed to represent the HV dependence on /,. It is shown that the
addition of Mg to the Al-Cu alloy has led to a considerable increase in HV; however, the Al-Cu binary alloy is shown to
have lower corrosion current density (i.o;) as well as higher polarization resistance as compared to the corresponding
results of the Al-Cu-Mg ternary alloy.

Keywords Aluminum alloys - Solidification - Dendritic microstructure - Intermetallic phases - Microhardness -
Corrosion resistance

1 Introduction

Widely used in many fields, aluminum alloys have many
attractive attributes when compared with steel, which make
them prevalent to the manufacturing of products that
demands lightweight, good mechanical properties, suit-
able corrosion resistance, and excellent electrical conduc-
tivity [1]. Particularly, the industrial importance of Al-Cu
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and Al-Cu-Mg alloys (2xxx series) is mainly based on
their high specific mechanical strength; in addition, their
ductility and superior creep strength have been reported
being influenced by the microstructures resulted not only
from solidification processing conditions [2], but also from
thermomechanical ones [3]. Some commercial alloys of
this type are 2219, 2011, 2017, and 2024, which have been
widely used in engineering applications, such as in aircraft
fuselage structures, wing tension members, shear webs, and
ribs [4, 5]. Given the strategic importance of the afore-
mentioned alloys, efforts have been made on the devel-
opment of mathematical models to preview the
microstructure of these multicomponent alloys [6]. Cur-
rently, a number of technical compositions have already
been standardized; however, new alloys based on the Al-
Cu [7] and Al-Cu-Mg [8] systems have been considered
and developed. Generally, Al-Cu—(Mg) alloys are used in
four different conditions: as-cast, heat treated after casting,
mechanically worked after casting, or worked and heat
treated. In all the cases, significant cost savings could be
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achieved through a better planning of the casting process
since it directly affects the microstructure formation, hence
improving the material application properties [9].

By examining the Al-Cu phase diagram, it can be seen
that during solidification the Al-rich primary solid phase
(a-Al), which is formed during cooling from the melt,
depending on the solidification conditions, may have cel-
lular and/or dendritic morphologies. Moreover, a number
of intermetallic compounds (IMCs) may be formed in the
interdendritic or intercellular regions, some of which are:
Al,Cu, AlCu, Al3Cuy, and Al4Cug. Furthermore, IMCs
such as AlL,CuMg, AlgCuMg,, AlCuMg, and AlsCugMg
may be observed in the as-cast microstructure when Mg is
added to Al-Cu alloys [10]. Microstructures of a refined
Al-rich matrix and homogeneously distributed IMCs have
been recognized to provide superior hardness and tensile
properties like ultimate tensile strength (UTS) and yield
strength (YS). However, the presence of IMCs, which
usually exhibits electrochemical characteristics that differ
from that of the o-Al matrix, is well known for inducing
localized forms of corrosion [11]. Moreover, Fe is a
common impurity in Al alloys and is normally present in
the form of Fe-rich IMCs, which are normally deleterious
for the material properties as they are sources of crack and
corrosion initiation and can enhance crack growth [12].
Therefore, a better understanding of the formation of IMCs
during solidification and their effects on both mechanical
and corrosion properties is essential for the development of
methods for quality castings.

The directional solidification (DS) may be considered an
interesting experimental technique permitting the effects of
alloy solute content (Cy), growth rate (Gg), cooling rate
(Cr), and temperature gradient (Gp) on the scale of den-
dritic structures (primary (4;), secondary (/,), and tertiary
(43) dendrite arm spacings) as well as on the formation,
morphology, and size of IMCs, to be investigated. Silva
et al. [13] used the DS technique to derive a Hall-Petch-
type expression relating hardness of a ternary Sn—Zn—Cu
solder alloy to the eutectic interphase spacing. Kakitani
et al. [14] solidified directionally an Al-Ni eutectic alloy
and have proposed experimental equations correlating
tensile properties to the eutectic colony spacing. Yuan et al.
[15] processed hypereutectic Nb—Si alloys by directional
solidification and have shown that the morphology of the
cross section of eutectic cells changed from a square
morphology to a nearly round morphology with increasing
growth rate. Jia et al. [16] used a Bridgman-type DS
equipment to investigate the cellular/dendritic microstruc-
tural transition, which has been shown to occur for growth
rates lower than 60 pm/s. Berkdemir and Giindiiz [2] have
analyzed Al-5 wt%Cu—(0.5-5) wt%Mg alloys grown in a
Bridgman-type furnace at a constant Gp equal to
4.84 £ 0.13 K/mm under different G values varying from
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16.7 to 83.3 pum/s. These authors have observed that both
the dendrite tip radius and 4, values decrease as Gg and Mg
contents (Co.n) increase. Zhang and Zhao [17], combining
simulations obtained by a 3-D cellular automaton (CA)
method and experimental results, have shown that the
evolution of 4; on an Al-11.6 wt%Cu-0.85 wt%Mg alloy
sample, grown under steady-state conditions, has an
exponential dependence on Gg. Bouchard and Kirkaldy
[18] have grouped DS investigations into two categories:
those involving solidification in steady-state heat flow and
those in the transient regime. In the former category, G
and Gy are independently controlled and maintained con-
stant over time. In the latter, which characterizes the
majority of industrial solidification processes, Gy and Gy
are interdependent and change continuously over time.

Most studies on DS involving transient heat flow con-
ditions have been carried out considering vertical upward
solidification conditions (with melt on top of the solid),
which is both thermally and solutally stable for alloys in
which the rejected element at the solidification front
induces a local liquid that is denser than the melt [19-23].
During horizontal growth, however, both thermal and
composition gradients may occur in the melt bath resulting
in quite complex movements by convection within the
fluid. Convective flow during horizontal solidification is
3-D and may also have a significant impact on solidifica-
tion thermal variables, solid/liquid (S/L) interface mor-
phology, resulting structures, and segregation [24]. El-
Bealy [25] and Mehrabian et al. [26] have also highlighted
that horizontal solidification can readily be carried out in
laboratory and it is of high practical significance being
analogous to solidification occurring from the side walls of
a large ingot.

Costa et al. [27] carried out vertical and horizontal
solidification experiments with an Al-6 wt%Cu alloy
under unsteady-state heat flow conditions. The authors
have observed that a — 1/3 power law may be applied to
represent A, variation with Cr for both growth directions.
Additionally, Dias Filho et al. [28] have shown that the A3
evolution of the same Al-Cu alloy during unsteady-state
horizontal solidification may also be related to Gg and Cy
by — 1.1 and — 0.55 power laws, respectively. In the study
by Vasconcelos et al. [29], the microhardness (HV)
dependence on microstructural features of a horizontally
solidified Al-6 wt%Cu alloy has been evaluated using
power and Hall-Petch-type experimental equation. In a
recent investigation, Kaygisiz and Marasli [30] analyzed
samples of a eutectic Al-30 wt%Cu—6 wt%Mg alloy
solidified in a Bridgman-type upward solidification furnace
and have proposed experimental equations to represent the
functional dependencies of lamellar eutectic spacings (/g)
of both Al,CuMg and Al,Cu phases, HV profile, tensile
strength (o), and electrical resistivity (p) on Gg.
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As pointed out by Zossi et al. [31] and Osério et al. [32],
the corrosion resistance of Al-based alloys is of techno-
logical importance, particularly at the surface of castings.
The analysis of the corrosion behavior of as-cast alloys is
complex; however, the literature highlights solidification
thermal and microstructural parameters as important fac-
tors to be considered. Yu et al. [33] analyzed the evolution
of microstructure and corrosion behavior of an Al-Si-Cu-—
Mg alloy modified with different La contents and reported
that the microstructure changed from coarse cells to fine
cells with the increase in La from 0 to 0.9 wt% and that the
highest corrosion resistance was associated with a fine
cellular microstructure. Osério et al. [34] developed a
comparative experimental study on the electrochemical
behavior of directionally solidified samples of a Pb—
1 wt%Sb alloy in both 0.5 M NaCl and 0.5 M H,SO4
solutions and have reported that the corrosion current
density decreased with the increase in the sample cellular
spacing for both examined electrolytes. Osorio et al. [35]
investigated the simultaneous effects of macrosegregation
and scale of dendritic spacings in DS Al-Cu-Si alloys and
concluded that the corrosion current density decreased with
the decrease in /1, along the casting regions affected by
macrosegregation. Soares et al. [36] analyzed the corrosion
behavior of horizontally solidified samples of Al-Cu
hypoeutectic alloys in a 0.2 M HCI solution. The authors
have observed that areas that tend to grow faster (finer
microstructures) have better corrosion resistance than those
having coarser dendritic microstructures. Esquivel and
Gupta [37] examined the corrosion behavior of Al-M (M:
Mo, Si, Ti, Cr) alloys and reported that alloys produced by
casting and containing coarse IMCs exhibited poor corro-
sion resistance. However, the Al-5 at% Cr alloy produced
by high-energy ball milling exhibited a considerably
improved corrosion resistance, which has been attributed to
the corresponding nanoscale refinement of the alloy
microstructure. Birbilis and Buchheit [11] have reported a
detailed characterization of the electrochemical behavior of
several IMCs in a NaCl solution. The observations have
also included electrochemical characteristics of Al,Cu,
Al,CuMg, and Al;Cu,Fe IMCs. Overall, it can be seen that
corrosion properties are significantly affected by the
microstructural characteristics, which may be modified by
both alloy composition and thermal parameters applied
during solidification.

Despite extensive studies on the characterization of Al—
Cu—(Mg)-based alloys, e.g., microstructural evolutions of
hypoeutectic AlI-Cu alloys [38] and Al-Cu and Al-Cu-Mg
eutectic alloys [39, 40] and on the -electrochemical
behavior of Al-Cu alloys [41], the mutual interaction of
solidification processing variables, microstructure features,
mechanical properties, and corrosion resistance of such
alloys has not been completely investigated so far.

Therefore, the main purpose of this study is to analyze the
growth of secondary dendritic arms of Al-3 wt%Cu and
Al-3 wt%Cu-0.5 wt%Mg alloys as a function of both Gg
and Cg values experienced during unsteady-state horizon-
tal solidification. Microstructure—microhardness correla-
tions considering the scale of the dendritic microstructure
and different IMCs distributed within interdendritic
regions, as well as the effect of the addition of 0.5 wt%Mg
to an Al-3 wt%Cu alloy on corrosion properties, such as
corrosion current density (i..;) and polarization resistance,
are also investigated.

2 Experimental

The chemical compositions of metals (commercially pure
Al and Cu as well as Mg—7 wt%Al-based alloy), which
have been used to prepare the investigated alloys, are
reported in Table 1. The prepared alloys have also been
subjected to quantitative and qualitative chemical analyses
by a Q4 TASMAN-CCD-based optical emission spec-
trometer in order to obtain their chemical compositions,
which are also given in Table 1.

The experimental setup used to achieve horizontal
solidification of Al-3 wt%Cu and Al-3 wt%Cu-
0.5 wt%Mg alloys ingots has been designed in such a way
that heat is extracted only through a cooling system placed
in the side wall of a stainless steel mold. The stainless steel
mold used was 150 mm long, 60 mm wide, 60 mm high,
and 3 mm thick, and the thermal contact condition at the
metal/mold interface was standardized with the heat-ex-
tracting surface being polished. Further details concerning
the applied casting assembly have also been described in
previous studies [4, 42].

Thermo-Calc and its database TTAL7 (ThermoTech
Aluminum Thermal Database v.7) have been applied for
determination of Scheil-Gulliver non-equilibrium solidifi-
cation path for each analyzed alloy. As a means to quantify
both Ggr and Cg profiles during horizontal solidification,
continuous temperature measurements in the casting have
been taken by using a set of eight fine type K thermo-
couples, accurately positioned with respect to the metal—
mold interface considering the centerline corresponding to
the longitudinal axis of the ingot, as presented in Fig. 1.
These thermocouples have also been previously calibrated
and connected by coaxial cables to a data acquisition sys-
tem controlled by a computer. Gg values have been
determined by the time derivative of a fitting function
representing a plot of position of each thermocouple in the
casting against time (¢) of passage of the liguidus isotherm
by each one. In order to calculate Cy values as a function of
position along the length of the casting, the time deriva-
tives of each cooling curve right after the passage of the
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Table 1 Chemical compositions

( Wi%) of metals used and Metals Al Fe Ni Cu Mg Si Cr Zn
prepared alloys Al Balance 0.175 00148 0024 00011 0103 - -
Cu - - - Balance - 0.09 0.27 -
Mg-Al 6.981 0.001  0.001 0.115 Balance 0.246 - 0.631
Al-3 wt%Cu Balance 0.22 - 3.14 - 0.04 0.02 -
Al-3 wt%Cu-0.5 wt%Mg Balance 0.13 - 3.69 0.42 0.05 0.007 -

<«—— Eight fine type K thermocouples

, Centgr Ii_ne correspt?nding to the
‘2 longitudinal axis of ingot

Sectioned horizontally solidified ingot

Surface of macrostructural
characterization

P

Samples for microstructural
analysis, microhardness, and
corrosion tests

Fig. 1 Representation of both positioning of thermocouples and
removal of the cast ingot samples

liquidus isotherm by each thermocouple have been
computed.

A representation of removal of ingot samples is also
shown in Fig. 1. After the horizontal solidification, each
resulting ingot has been sectioned along its longitudinal
direction (parallel to the direction of solidification). Sub-
sequently, the metallographic specimens have been
mechanically polished with abrasive papers and etched
aiming to reveal the macrostructure. Etching was per-
formed with a solution of Keller’s reagent (70 ml of H,O,
10 ml of HCI, 15 ml of HNO3, and 5 ml of HF) during 15 s
for the Al-3 wt%Cu alloy samples and with a solution of
Poulton’s reagent (5 ml of H,O, 60 ml of HCI, 30 ml of
HNOj;, and 5 ml of HF) during 5 s for the Al-3 wt%Cu—
0.5 wt%Mg alloy samples. In order to characterize and
quantify the dendritic structure, longitudinal sections of the
directionally solidified samples have been extracted along
the columnar zone, mechanically polished with abrasive
papers, and polished and etched with a solution of 5%
Keller’s reagent in water during 15 s. An image processing
system Olympus BX51 and the ImageJ software have been
used for measurements of A, by averaging the distance
between adjacent side branches on longitudinal sections of
primary dendritic arms [38, 43, 44], as shown in Fig. 2. At
least 30 measurements were taken for each selected posi-
tion along the casting length.
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In addition, some samples of the alloys were subjected
to microstructural characterization using a scanning elec-
tron microscope (SEM, Shimadzu, VEGA 3 SBU TES-
CAM) coupled to an energy-dispersive X-ray spectrometer
(EDS, AZTec Energy X-Act, Oxford). Moreover, to
investigate the effect of microstructure on microhardness
(HV) along the length of the ingots, HV measurements
were taken using a Shimadzu HMV-2 model hardness
measuring test device using a 50 g load and a dwell time of
10 s. The adopted Vickers microhardness value of a rep-
resentative position was the average of at least 25 different
measurements on each sample. Although both A, and HV
values of the Al-3 wt%Cu alloy have been presented in
recent studies [4, 42], the effects of 0.5 wt%Mg alloying on
these features have not been investigated.

Both electrochemical impedance spectroscopy (EIS) and
polarization tests have been performed on transverse
samples collected at two positions along the ingot length:
10 mm (fine microstructure) and 50 mm from the cooled
surface (coarse microstructure). Such electrochemical
corrosion tests have been carried out in a 0.5-cm? circular
area of ground and polished (1-um diamond paste finish-
ing) alloy samples using a stagnant and naturally aerated
0.5 M NaCl solution as the electrolyte at room temperature
(25 £ 2 °C). A conventional three-electrode system, con-
taining an Ag/AgCl reference electrode, a platinum blade
as a counter electrode, and the Al-3 wt%Cu—(0.5 wt%Mg)
alloys samples as the working electrodes, and an Autolab®
PGSTATI128 N potentiostat/galvanostat have been used in
the experiments. Electrochemical tests have been carried
out in triplicate with each alloy sample aiming to verify the
reproducibility.

EIS tests have been carried out using a potential
amplitude adjusted at 10 mV, peak to peak (AC signal) at
open-circuit potential (OCP), which has been initially
measured during about 1500 s. A frequency range between
10° Hz to 107" Hz, 10 points per decade, was selected. In
each potentiodynamic polarization test, OCP measure-
ments have been taken during about 200 s. After this,
polarization tests have been conducted by stepping the
potential at a scan rate of 0.167 mV/s from — 250 to
350 mV at OCP. After this, potentiodynamic polarization
curves have been plotted and both corrosion rate and
potential have been estimated by Tafel plots. Figure 3
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Fig. 2 Schematic representation of /, measurements at longitudinal sections, in which n is the number of secondary dendritic arms
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Fig. 3 Schematic diagram of the electrochemical cell applied for
corrosion tests

shows the schematic design of the device used for corro-
sion tests.

3 Results and Discussion

Figure 4 presents the temperature—time profiles for Al-
3 wt%Cu and Al-3 wt%Cu-0.5 wt%Mg alloys, where the
experimental cooling curves refer to thermocouples posi-
tioned along the length of the horizontal ingot at different
distances from the cooled surface considering the center-
line corresponding to the longitudinal axis. Based on these
thermal profiles, a plot of position from the cooled surface
(P) as a function of time corresponding to the liquidus front
passing by each thermocouple has been generated, as
shown in Fig. 4c. Very similar experimental points have
been found, and then, a single equation given by
P = 3.41"%7 has been proposed for both investigated alloys
ingots. The derivative of this function with respect to time
has provided Gy values, as shown in Fig. 4d. In addition,

Fig. 4d also shows the experimental Cr = f (P) profile that
has been calculated by considering the time derivative of
each cooling curve right after the passage of the liquidus
isotherm by each thermocouple. As can be noted, higher
Gr and Cy values are associated with positions near to the
cooled interface because of the good surface conformity
between the solidified shell and the mold surface during the
initial stages of solidification. With the advance of the
solidification front, decreasing profiles of both thermal
variables have been observed. This can be attributed both
to the thermal resistance of the solidified shell, which
increases with the advance of solidification, and to the
formation of air gaps at the ingot/mold interface due to
thermal and volumetric contractions accompanying
solidification.

The large spectra of Gg and Cg values experienced
during the horizontal solidification of the Al-3 wt%Cu—
(0.5 wt%Mg) alloys ingots have allowed a wide spectrum
of microstructural length scales and IMCs distribution to be
examined. The macrostructures and representative optical
microstructures of longitudinal sections at 10, 30, and
60 mm from the metal/mold interface of the two analyzed
alloys ingots are shown in Fig. 5. The macrostructure
consists of elongated columnar grains inclined to the heat
flow direction. This behavior of the columnar grains has
provided a convincing proof that during horizontal solidi-
fication, liquid convection occurs ahead the dendritic tips,
i.e., in front of the liquid/mushy interface, as reported by
Murakami et al. [45]. On the other hand, there is a clear
evidence that the columnar to equiaxed transition (CET)
was not sharp in the investigated cases, i.e., the CET
occurred in a zone rather than in a plane parallel to the chill
wall, in which both columnar and equiaxed grains coexist.
Similar macrostructures of horizontally solidified alloys
have been reported previously [27, 46, 47].

The values of A, were sufficiently distinct to make
reasonably accurate measurements along the columnar
region of the ingots. The average values of 4, as a function
of distance from the cooled interface are presented in
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Fig. 6, with the lines representing an experimental power
function fit to the experimental points. As expected, it can
be observed that /, increases with the distance from the
cooled interface. Figure 6 shows that, despite turbulent
flows associated with melt convection during horizontal
solidification, the equations given by 4, = constant (GR)72/
3 and A» = constant (CR)fll3 may represent the 4, evolution
at the centerline corresponding to the longitudinal axis of
the ingots. In addition, it can be noted that the addition of
0.5 wt%Mg to the binary Al-3 wt%Cu alloy has not
changed these growth laws. It is worth highlighting that the
— 2/3 exponent found in the mathematical expression /.
=f (Gg) is similar to that proposed by the Bouchard-
Kirkaldy’s model [18]. Moreover, such power growth law
equations have been proposed by Rocha et al. [38] (Al-Cu
alloys), Gomes et al. [48] (Al-Cu-Si alloys), and Faria
et al. [49] (Al4 wt%Cu and Al-4 wt%Cu—4 wt%Ag
alloys) to describe the /4, growth during transient upward
vertical directional solidification. Similar behavior has
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been observed for other systems of nonferrous alloys
directionally solidified upwards under transient conditions
[50-52]. Brito et al. [53] (Al-3 wt%Mg alloy) and Spinelli
et al. [54] (hypoeutectic Al-Cu alloys, including the Al—
3 wt%Cu alloy) have also proposed a — 2/3 power law to
represent the A, variation with Gy for downward direc-
tionally solidified samples. Likewise, Costa et al. [27] and
Carvalho et al. [55] have found exponential equations of
the form A, = constant (Cg)~'”* to correlate 1, with Cg for
horizontally solidified Al-6 wt%Cu and Al-9 wt%Si
alloys, respectively.

It is well known that low Fe concentration may be
present in alloys prepared from commercially pure Alu-
minum. However, Fe-rich intermetallic phases may be
formed even for low Fe fractions. According to the Scheil—
Gulliver non-equilibrium solidification path calculated by
the Thermo-Calc software for the Al-3 wt%Cu and Al-
3 wt%Cu-0.5 wt%Mg alloys in Fig. 7 (with 0.15 wt%Fe),
the presence of Fe results in the occurrence of several Fe
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Fig. 5 Horizontally solidified macrostructure and as-cast dendritic microstructures of longitudinal sections of: a Al-3 wt%Cu, b Al-3 wt%Cu—

0.5 wt%Mg alloys ingots

precipitates along liquid/solid transformation. During
solidification of Al-Cu—(Mg) alloys, solute elements can
also be segregated to the liquid at the solidification front
and, because of different variant and invariant reactions, a
number of secondary phases may form from the solute-
enriched liquid. Furthermore, it is possible to note that at
the end of the solidification process, the resulting
microstructure will consist mainly of the Al-rich () pri-
mary phase and an interdendritic mixture containing the
eutectic o« phase and IMCs such as 0-Al,Cu and -

Al;Cu,Fe in Al-3 wt%Cu-0.15 wt%Fe alloy, as well as S—
Al,CuMg in the ternary alloy.

A eutectic mixture formed in the Al-3 wt%Cu alloy
ingot is shown in Fig. 8. Under equilibrium conditions, the
occurrence of the eutectic reaction at 548 °C
(L — (Al) + Al,Cu) is not expected for such alloy com-
position. However, when solidification occurs under non-
equilibrium conditions, as in the present study, the non-
equilibrium Al,Cu phase can be formed, as observed in the
interdendritic regions. Consequently, an excess of Cu in the
last solid formed has occurred, which is often sufficient to
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Fig. 7 Scheil-Gulliver non-equilibrium solidification path calculated by the Thermo-Calc software for a Al-3 wt%Cu, b Al-3 wt%Cu—

0.5 wt%Mg alloys with 0.15 wt%Fe

result in formation of non-equilibrium eutectic Al,Cu
phase. The presence of both Al,Cu and Fe-rich inter-
metallic particles has also been confirmed by the solidifi-
cation path, which has indicated the presence of the
eutectic mixture for the binary analyzed alloy. Moreover,
Fig. 8 shows typical white-colored IMCs that can be
observed for positions farther from the cooled interface of
the horizontally solidified ingots.

A complete dendritic arrangement can also be observed
for the ternary alloy in Fig. 8, which shows representative
SEM micrographs. The identified secondary phases within
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the interdendritic regions include the following IMCs: 0, ,
and S particles. Dark areas are formed by the Al-rich phase
of dendritic morphology and the bright areas represent
interdendritic regions that contain IMCs as indicated by the
concentrations of the elements determined by EDS. Xie
et al. [56] have reported a very similar microstructure for a
directionally solidified Al-3.9 wt%Cu-0.9 wt%Mg alloy.
Element mapping of S particles is also presented in Fig. 8.
As can be seen, the addition of 0.5 wt%Mg to the Al-
3 wt%Cu alloy has not modified the growth laws 4, versus
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Fig. 8 EDS element mapping and point microanalysis detailing the phases formed during the solidification process of: a Al-3 wt%Cu, b Al-

3 wt%Cu—-0.5 wt%Mg alloys

Gr and A, versus Cg; however, a more complex arrange-
ment of phases has been found.

Figure 9 shows the evolution of Vickers microhardness
with the position from the cooled surface (P), Gg, Cr, and
Ay for the two examined alloys. Comparing the obtained
HV results of Al-3 wt%Cu and Al-3 wt%Cu-0.5 wt%Mg

alloys, it can be noted that the addition of Mg to the Al-
3 wt%Cu alloy has contributed to a considerable increase
in HV. One reason for this is the more complex arrange-
ment of phases of the Al-Cu-Mg ternary alloy (a-Al + 0-
Al,Cu + S-Al,CuMg + Fe-rich intermetallic particles) as
compared to that in the Al-Cu binary alloy, as well as the
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determination

distribution of Mg within the primary «-Al phase. In
addition, it is well known that the mechanical strength of
Al-based alloys is sensitive to changes in 4,. Thus, for both
analyzed alloys, higher HV values are associated with
smaller 4, values, which are the typical regions of the
horizontally solidified samples subjected to higher solidi-
fication rates (higher Gr and Cg values). Therefore, HV
dependence on /, has been characterized by Hall-Petch-
type equation given by HV =41 + 8247 and HV =
78 + 755 % for Al-3 wt%Cu and Al-3 wt%Cu—
0.5 wt%Mg alloys, respectively.

The experimental results of EIS tests for Al-3 wt%Cu
and Al-3 wt%Cu-0.5 wt%Mg alloys samples extracted
from two positions: P =10 mm and 50 mm from the
metal/mold interface, in a naturally and stagnant 0.5 M
NaCl solution at room temperature (25 + 2 °C), are shown
in Fig. 10. It is worth noting that triplicate experiments
have been carried out for each alloy sample. The EIS plots
in Fig. 10 represent the average values. The interpretation
of Bode and Bode-phase plots (Fig. 10a) has been
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performed considering three distinct ranges of frequency,
i.e., low frequencies from 107" to 10° Hz, intermediate
frequencies between 10° to 10* Hz, and high frequencies
from 10* to 10° Hz. At low frequencies, the impedance
modulus (IZ]) represents the polarization resistances of the
alloy samples. Consequently, the Al-3 wt%Cu alloy sam-
ple from P = 50 mm has the highest polarization resistance
(Rpo)- On the other hand, the lowest polarization resistance
has been verified for the ternary Al-3wt %Cu-0.5 wt%Mg
alloy sample from P = 10 mm. The polarization resistance
is directly proportional to the corrosion resistance, i.e., the
higher the polarization resistance, the higher the corrosion
resistance. At intermediate frequencies, double-layer
characteristics and maximum phase angles (0..) have
been characterized. The binary alloy samples have pre-
sented higher 0,,,, values than those of the ternary alloy
samples. The solution (electrolyte) resistance has been
characterized at high frequencies.

It can be seen in the experimental Nyquist plots
(Fig. 10b), mainly for P = 10 mm samples (fine dendritic
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Fig. 10 Bode and Bode-phase diagrams for: a Al-3 wt%Cu and b Al-3 wt%Cu—-0.5 wt%Mg alloys. Nyquist plots for: ¢ Al-3 wt%Cu, d Al-

3 wt%Cu-0.5 wt%Mg alloys samples in a 0.5 M NaCl solution at 25 °C

microstructure), the decrease in the capacitive semi-arc as a
result of the addition of 0.5 wt%Mg to the Al-Cu binary
alloy. It is worth noting that higher capacitive arc indicates
better corrosion resistance as compared to lower ones.
According to Szklarska-Smialowska [57], the formation of
a passive film is one of the main reactions that occur on the
surface of the sample during the initial period in which Al
and Al-based alloys are immersed in aqueous solutions.
The passive film on the surface can provide the protection
against Cl™ penetration, as reported by Song et al. [58].
Therefore, better resistance and stability of the passive film
(improved corrosion resistance tendency) have been found
for the Al-3 wt%Cu alloy as compared to that of the Al-
3 wt%Cu-0.5 wt%Mg alloy.

Since EIS parameters have indicated that the Al-
3 wt%Cu alloy has a better electrochemical behavior than
that of the Al-3 wt%Cu-0.5 wt%Mg alloy, potentiody-
namic polarization curves have also been analyzed. Thus,
Fig. 11 depicts such experimental curves obtained in a
stagnant and naturally aerated 0.5 M NaCl solution at room
temperature for the alloys samples at the two examined
positions (P =10 mm and 50 mm from metal/mold

interface). With a view to obtaining the corrosion current
density (i..) using Tafel’s extrapolation, both the cathodic
and anodic branches of the polarization curves have been
used. A lowest i, (0.103 uA/cmz) associated with a
corrosion potential (E.o;) of — 697 mV has been attained
for the sample P = 50 mm of the Al-3 wt%Cu alloy. On
the other hand, the highest i o (1.590 uA/cmz) associated
with E.,, equal to — 622 mV has been found for the
sample P = 10 mm of the ternary alloy. In a general
analysis, a rapid increase in the anodic current density may
be seen in the polarization curves of the ternary alloy
samples. Furthermore, the i.,, behavior of both
P = 10 mm (fine microstructure) and P = 50 mm (coarse
microstructure) samples has indicated that, in both cases,
the addition of 0.5 wt%Mg to the binary Al-3 wt%Cu
alloy has resulted in lower corrosion resistance tendency
for both P = 10 mm and P = 50 mm. These observations
confirm the previous trend shown by the EIS parameters, as
given in Table 2. For both analyzed alloys, the differences
between i, values obtained for samples at P = 10 mm
and P = 50 mm have not been significant.
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Table 2 Electrochemical

2 2
parameters of the examined Alloy Sample, P (mm) E.o (MV) Lo (MA/cm™) Ry (2 cm”) Oy (deg.)
alloys samples in a 0.5 M NaCl  »} 3 0 10 — 726 0.341 13,139 80.73
solution
50 — 697 0.103 16,494 80.33
Al-3 wt%Cu—0.5 wt%Mg 10 622 1.590 9147 78.38
50 ~ 630 1.193 12,612 77.34

Figure 12 shows typical optical micrographs of both
investigated alloys after the corrosion tests in a 0.5 M NaCl
solution. Localized corrosion in both the interdendritic
zones and the Al-rich («) matrix can be observed. Similar
microstructures have been found by Zossi et al. [31] for
Al-5 wt%Cu alloy after corrosion tests in 0.6 M and 1 M
NaCl solutions. The authors have observed localized cor-
rosion in both the Al-rich matrix (where the Cu content is
2 wt% or less) and the interdendritic zones (containing
higher Cu content). As previously reported [11, 59], the
presence of O-phase particles in the interdendritic regions
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induces galvanic interaction between these particles and
the adjacent a(Al) matrix that may lead to localized cor-
rosion. Such intermetallics possesses higher corrosion
potential as compared to that of the matrix and acts as a
cathode in localized corrosion inducing selective dissolu-
tion of the surrounding matrix [57]. It is expected that little
or no dissolution of these nobler particles occurs.

In order to understand the roles of IMCs of both Al-
3 wt%Cu (0-Al,Cu and Fe-rich intermetallics) and Al-Al-
3 wt%Cu-0.5 wt%Mg alloys (0-Al,Cu, S-Al,CuMg, and
Fe-rich particles) on the resulting electrochemical
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Fig. 12 Optical micrographs of a Al-3 wt%Cu, b Al-3 wt%Cu-0.5 wt%Mg alloys samples after the corrosion test in 0.5 M NaCl solution at

room temperature

corrosion behavior, Fig. 13 shows typical SEM micro-
graphs with EDS elemental mapping of both investigated
alloys after the corrosion tests in a 0.5 M NaCl solution.
Oxygen concentration in the matrix areas surrounding 0
and o particles for the Al-3 wt%Cu—(0.5 wt%Mg) alloys
after the corrosion tests can be seen. Birbilis and Buchheit
[11] as well as Li and Dang [59] have also reported that -
Al;Cu,Fe particles sustain relatively large cathodic current
densities because of the effect of both Cu and Fe, indi-
cating that it may be an archetypal nobler particle with low
dissolution rate and high efficiency for supporting oxygen
reduction. Considering the case of the ternary alloy, it has
been suggested that the S-Al,CuMg phase has not dis-
solved as unique entity. It may be assumed that the S-phase
initially dissolves as an anode by the selective dissolution
of Mg and Al leaving a Cu-rich layer with a porous
structure (dealloying mechanism). As a probable conse-
quence, the resultant Cu enrichment on the IMC surface
may lead this IMC to behave as a local cathode after some
unknown time, thus reversing the galvanic relationship
between Al,CuMg and the Al-rich matrix [11, 59].

4 Conclusions

(1) Similar equations may represent the A, evolution
with the corresponding solidification thermal vari-
ables at the centerline of the longitudinal axis of the
horizontally directionally solidified ingot for both
Al-3 wt%Cu and Al-3 wt%Cu-0.5 wt%Mg alloys,
i.e., the addition of 0.5 wt%Mg to the Al-3 wt%Cu
alloy has not affected the experimental growth laws
relating 4, to Gg and Cr. However, a more complex
arrangement of phases in the microstructure of the
ternary alloy (a-Al + 6-Al,Cu + S-Al,.
CuMg + Fe-rich particles) has been observed.

(2) The addition of 0.5 wt%Mg to the Al-3 wt%Cu
alloy has provided higher HV results, particularly in
areas of the horizontally solidified ingot subjected to
higher solidification rates. Hall-Petch-type equations
have been derived characterizing the experimental
variation of HV with A,, Gg, and Cy for both
investigated alloys. The addition of Mg has con-
tributed to a significant increase in HV.
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Fig. 13 Typical SEM micrographs with EDS elemental mapping of a Al-3 wt%Cu, b Al-3 wt%Cu—0.5 wt%Mg alloys after the corrosion test in
0.5 M NaCl solution at room temperature
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