Effect of Dendritic Arm Spacing on Mechanical
Properties and Corrosion Resistance of Al 9 Wt Pct
Si and Zn 27 Wt Pct Al Alloys
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It has been reported that the mechanical properties and the corrosion resistance (CR) of metallic alloys
depend strongly on the solidiﬁcation microstructural arrangement. The correlation of corrosion behavior
and mechanical properties with microstructure parameters can be very useful for planning solidiﬁcation
conditions in order to achieve a desired level of ﬁnal properties. The aim of the present work is to
investigate the inﬂuence of heat-transfer solidiﬁcation variables on the microstructural array of both Al
9 wt pct Si and Zn 27 wt pct Al alloy castings and to develop correlations between the as-cast dendritic
microstructure, CR, and tensile mechanical properties. Experimental results include transient metal/
mold heat-transfer coefﬁcient (hi), secondary dendrite arm spacing (l2), corrosion potential (ECorr),
corrosion rate (iCorr), polarization resistance (R1), capacitances values (ZCPE), ultimate tensile strength
(UTS, sU), yield strength (YS, sy), and elongation. It is shown that sU decreases with increasing l2
while the CR increases with increasing l2, for both alloys experimentally examined. A combined plot
of CR and sU as a function of l2 is proposed as a way to determine an optimum range of secondary
dendrite arm spacing that provides good balance between both properties.
I. INTRODUCTION

ALUMINUM alloys with silicon as a major alloying
element constitute a class of material that provides the
most signiﬁcant part of all shaped castings manufactured,
especially in the aerospace and automotive industries.[1]
This is mainly due to the outstanding effect of silicon in
the improvement of casting characteristics, combined with
other physical properties such as mechanical properties and
corrosion resistance (CR). In general, an optimum range of
silicon content can be assigned to casting processes. For
slow cooling rate processes (sand, plaster, and investment),
the range is 5 to 7 wt pct, for permanent molds 7 to 9 pct,
and for die castings 8 to 12 pct.[2]
Zn-Al alloys (ZA) usually deliver high strength and
superior hardness when compared to the aforementioned
Al-Si alloys, combined with a good CR. Three members
of this family of alloys are generally identiﬁed industrywide as ZA-8, ZA-12, and ZA-27. The numerical components of the alloy designation indicate the approximate
aluminum content.[3,4] These alloys were originally
intended for gravity casting, but it was found that ZA-12
and ZA-27 could be pressure die cast by the cold-chamber
route with impressive results, especially ZA-27, which
achieved high values of tensile strength.[5]
The effect of microstructure on metallic alloys properties
has been highlighted in various studies and, particularly, the
inﬂuence of dendrite arm spacing upon the mechanical
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properties, i.e., ultimate tensile strength (UTS) and yield
strength (YS), has been reported.[6–13] Recently, some studies have also focused on dendritic network and corrosion
behavior relationships.[14,15,16] Although the metallurgical
and micromechanical aspects of the factors controlling
microstructure, unsoundness, strength and ductility, and
CR of as-cast alloys are complex, it is well known that
solidiﬁcation processing variables are of a high order of
importance. In the as-cast state, an alloy may possess
within individual grains a dendritic network of continuously varying solute content, second phases, and possibly
porosity and inclusions.[9] It is generally found that the
grain size reduction increases the metal tensile strength.
The well-known Hall–Petch equation shows that the yield
strength is proportional to the reciprocal of the square root
of the grain diameter.[6,7]
For cast metals, however, it is not always true that the
tensile strength improves with decreasing grain size.
Strength will increase with grain size reduction only if
the production of small grains does not increase the amount
of microporosity, the percentage volume of second phase,
or the dendrite spacing.[11] Also, it is not always true that a
ﬁner structure provides an improvement in the CR. Reports
can be found in the literature relating microstructural characteristics with the CR.[14–19] On the other hand, for pure
metals castings, the tendency of CR can be connected only
with the macrostructural form and grain size due to the
absence of representative dendrite branch formation.[11,20,21]
The cooling rate during solidiﬁcation deﬁnes the dendritic network ﬁneness. The solute redistribution, the
anodic or cathodic electrochemical behavior of each component of the alloy, and the dendrite ﬁneness are the three
main factors affecting the CR of castings.[14,15] It is well
known that there is a close correlation between thermal
variables and the solidiﬁcation structure, and as a direct consequence, morphological structure parameters such as grain
size and dendritic arm spacing also depend on heat-transfer
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conditions imposed by the metal/mold system. Thus, the
control of solidiﬁcation thermal variables such as tip
_
growth rate (VL), thermal gradient (GL), cooling rate ðTÞ;
and local solidiﬁcation time (tSL) permits a range of microstructures to be obtained.[12,13,22,23]
The present work focuses on the inﬂuence of heat-transfer
transient solidiﬁcation variables on the microstructural formation of both Al 9 wt pct Si and Zn 27 wt pct Al alloys
castings and on the development of correlations between
dendritic array spacing, CR, and tensile mechanical properties. The purpose of this article is to provide a method to
use solidiﬁcation parameters to optimize both mechanical
and corrosion properties in real applications. Experimental
results include the transient metal/mold heat-transfer coefﬁcient (hi), secondary dendrite arm spacing (l2), corrosion
potential (ECorr), corrosion rate (iCorr), polarization resistance (R1), capacitance values (ZCPE), UTS (su), YS (sy),
and elongation.
II.

SOLIDIFICATION THERMAL VARIABLES

Heat ﬂow across the metal casting/mold interface can be
characterized by a macroscopic average metal/mold interfacial heat-transfer coefﬁcient, hi (W m$2 K$1), given by
hi ¼

q
AðT IC $ T IM Þ

[1]

where q (W) is the average heat ﬂux, A (m2) is the area, and
TIC and TIM are metal and mold surface temperatures (K) at
the interface. It is well known that during the solidiﬁcation
process, the mold gradually expands due to heat absorption,
and the metal casting is subjected to shrinkage. As a result,
a gap develops due to insufﬁcient contact between the metal
and mold, and as a direct consequence, hi decreases rapidly.
In previous articles, the transient interfacial heat-transfer
coefﬁcient has been successfully characterized by using
an approach based on measured temperatures along the
casting and numerical simulations provided by heat-transfer solidiﬁcation models.[11,16,24–26] This coefﬁcient has been
expressed as a power function of time, given by
hi ¼ Ci ðtÞ$a

[2]

where t (s) is the time from the beginning of cooling during
the solidiﬁcation process, and Ci and a are constants that
depend on alloy composition, chill material, and melt
superheat.
Solidiﬁcation thermal variables can be analytically
described as a function of metal/mold parameters and casting operational conditions and, consequently, as a function
of the metal/mold interfacial heat-transfer coefﬁcient
(hi).[13,23–26] An analytical heat-transfer model describing
temperature distribution in liquid, mushy zone, solid, and
mold, and the displacement of solidus and liquidus isotherms during the unidirectional solidiﬁcation of binary
alloys, can be used for determining the tip cooling rate.[26]
The model has been validated in previous articles[11–13,23,25,26]
against experimental results concerning the solidiﬁcation of
Al-Cu, Zn-Al, and Sn-Pb alloys. Equation [3] gives a typical example of the tip cooling rate ðT_ L Þ; as a function of hi.
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However, other thermal variables such as temperature
gradient (GL), tip growth rate (VL), and local solidiﬁcation
time (tSL) may also be given as a function of metal/mold
solidiﬁcation parameters, as described in previous
articles.[11,13,23–26]
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where aSL is the thermal diffusivity of the mushy zone; f1
and f2 are solidiﬁcation constants associated with the displacement of solidus and liquidus isotherms, respectively;
KS is the solid thermal conductivity; TSol is the nonequilibrium solidus temperature; T0 is the environment temperature; TLiq is the liquidus temperature; Tp is the initial melt
temperature, m is the square root of the ratio of thermal
diffusivities of mushy zone and liquid, (aSL/aL)1/2, M is the
ratio of heat diffusivities of solid and mold material,
(kScMrM/kMcSrS)1/2, n is the square root of the ratio of thermal diffusivities of solid metal and mushy zone, (aS/aSL)1/2,
and SL is the position of liquidus isotherm from the metal/
mold interface.
III.

EXPERIMENTAL

Figure 1(a) shows the casting assembly used in solidiﬁcation experiments. The main design criterion was to
ensure a dominant horizontal and unidirectional heat ﬂow
during solidiﬁcation. This objective was achieved by
adequate insulation of the chill casting chamber. A low
carbon steel chill was used at a normal environment temperature of about 25 °C (initial mold temperature), with the
heat-extracting surface being polished.
Experiments were performed with Al 9 wt pct Si and Zn
27 wt pct Al alloys, which were melted in an electric resistance-type furnace, degassed in order to minimize porosity
incidence, and then poured into the casting chamber with a
melt temperature, Tp, of about 10 pct above the liquidus
temperature (Tp 5 665 °C and 550 °C for Al 9 wt pct Si and
Zn 27 wt pct Al, respectively). These alloys were prepared
by using commercially pure metals, as described in Table I.
Temperatures in both metal and mold were monitored
during solidiﬁcation using a bank of type J (mold) and K
(metal) thermocouples accurately located in the mold (at
3 mm from the casting surface) and along the casting length
at six different positions with respect to the metal/mold
interface, 3, 13, 23, 33, 43, and 53 mm, at the center of
the casting, as indicated in Figure 1(a).
All of the thermocouples were connected by coaxial
cables to a data logger interfaced with a computer, and
the temperature data were acquired automatically. The thermophysical properties of Al 9 wt pct Si and Zn 27 wt pct
Al alloys and the chill material, which were used to run
the necessary simulations, are summarized in Table II.
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 1—(a) Schematic representation of the casting assembly and location of specimens for (b) metallographic procedures and (c) tensile testing.

Figures 1(b) and (c) exhibit both the longitudinal and the
transversal specimens that were taken for optical metallographic examination and tensile testing according to speciﬁcations of ASTM Standard E 8M, respectively. In order to
ensure reproducibility of the tensile results, three specimens
were tested for each selected position, as indicated in
Figure 1(c), and both YS and UTS have been determined
at different positions with respect to the chill/casting interface. Longitudinal specimens had selected sections polished and etched for macrostructural and microstructural
examination. For the Al-Si alloy, the used etchant was a
solution of 0.5 pct HF. The etchant used to reveal the
microstructure of the Zn-Al alloy was a solution containing 5 g CrO3, 0.5 g Na2SO4, and 100 mL H2O and rinsed
in a solution of 20 g CrO3 and 100 mL H2O.[29]An image
processing system was then used to measure the secMETALLURGICAL AND MATERIALS TRANSACTIONS A

Table I.

Chemical Compositions of Zn, Al, and Si Used to
Prepare the Alloys
Chemical Composition of Zn

Element
(wt pct)

Zn
99.97

Fe
0.015

Pb
0.012

Si
0.003

Other
,0.001

Chemical Composition of Al
Element
(wt pct)

Al
99.93

Fe
0.038

Pb
,0.001

Si
0.033

Other
,0.001

Al
0.109

Other
,0.001

Chemical Composition of Si
Element
(wt pct)

Si
99.57

Fe
0.316

Pb
,0.001
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Table II. Casting and Chill Materials Used for Experimentation and the Corresponding Thermophysical Properties[8,27,28]
Properties
Thermal conductivity (solid)
Thermal conductivity (liquid)*
Density (solid)
Density (liquid)*
Speciﬁc heat (solid)
Speciﬁc heat (liquid)*
Latent heat of fusion
Liquidus temperature
Nonequilibrium solidus temperature
Solute diffusivity
Partition coefﬁcient
Gibbs–Thomson coefﬁcient
Liquidus slope

Symbol/Units
$1

$1

KS (W " m K )
KLiq (W " m$1 K$1)
rS (kg " m$3)
rLiq (kg " m$3)
cS (J " kg$1 K$1)
cLiq (J " kg$1 K$1)
L (J " kg$1)
TLiq (°C)
TSol (°C)
D (mm2 " s$1)
k0
G (K mm)
m (K/wt pct)

Al 9 Wt Pct Si
81
88.0
2670
2399
963
1078
405,548
604
577
3.10
0.13
9.10
6.0

Zn 27 Wt Pct Al
161
73
5000
4800
749
773
216,950
500
382
5.10
3.44
11.10
4.3

Steel SAE 1010
46
—
7860
—
527
—
—
—
—
—
—
—
—

*The thermophysical properties in liquid state are values corresponding to the liquid temperature close to the liquidus temperature.

Fig. 2—Typical macrostructural morphology for an Al 9 wt pct Si alloy
casting.

ondary dendrite arm spacing for each selected position from the casting surface (20 measurements for each
position).
Figure 2 exhibits a typical macrostructure of an Al 9 wt pct
Si ingot with the columnar-to-equiaxed (CET) transition
occurring at about half of the ingot length (at about 48 mm
from the chill/casting surface). Recent studies have shown
that the CET depends on critical values of thermal solidiﬁcation variables and that the solute content in hypoeutectic
Al-Si alloys is not found to signiﬁcantly affect the experimental position of the CET.[27,30] Some investigations on
vertically upward solidiﬁcation of Al-Cu[22] and Sn-Pb[31]
alloys have proposed a CET criterion based on critical
cooling rates of about 0.2 and 0.014 K/s, respectively, with
the columnar growth prevailing throughout the casting for
cooling rates higher than these critical values. Peres
et al.[27] have shown that for hypoeutectic Al-Si alloys,
the cooling rate at the CET was about 0.17 K/s, which is
quite close to the critical value found for Al-Cu alloys. In
the present experimental investigation, a value of about
0.20 K/s has been determined at the CET position. There
is no information available in the literature concerning the
CET occurrence for a Zn 27 wt pct Al alloy. In the present
investigation with this alloy, the CET was characterized
2528—VOLUME 37A, AUGUST 2006

by a position at about 50 mm from the metal/chill surface
and a cooling rate of about 0.40 K/s.
In order to determine correlations between the CR and
the microstructural pattern, electrochemical impedance
spectroscopy (EIS) and polarization tests were conducted
in a 500 mL volume of a 3 pct NaCl solution at room
temperature (25 °C), using a potentiostat coupled to a frequency analyzer system, a glass corrosion cell kit with a
platinum counter electrode, and a saturated calomel reference electrode (SCE), as prescribed by the ASTM standard
G3/89.[32] Such methods, as well as a quantitative analysis
(equivalent circuits) in diagrams of the electrochemical
impedance spectroscopy technique, were chosen to investigate the tendency of the CR. The EIS tests were conducted using a potentiostat coupled to a frequency
analyzer system, a glass corrosion cell kit with a platinum
counter electrode, and a saturated calomel reference electrode (SCE). The working electrodes consisted of as-cast Al
9 wt pct Si and Zn 27 wt pct Al alloy samples. These were
positioned at the glass corrosion cell kit, leaving a circular
1 cm2 metal surface in contact with the electrolyte. The
potential amplitude was set to 10 mV in open circuit and
the frequency range was from 100 mHz to 100 kHz. The
samples were further ground up to a 600 grit SiC paper,
followed by distilled water washing and air drying before
measurements. All of the EIS experiments were duplicated
and graphical outputs were obtained.
The polarization tests were conducted by stepping
the potential using a scanning rate of 0.2 mV/s from
$250 mV (SCE) to 1250 mV (SCE) related to open-circuit
potential. Using an automatic data acquisition system, the
polarization curves were plotted and both corrosion rate
and potential were estimated by the Tafel extrapolation
method. All the polarization tests were performed after
each correspondent EIS test. Thus, both experimental
results of electrochemical impedance and polarization tests
provided useful information to identify the tendency on the
CR. Measurements for EIS tests began after an initial delay
of 30 minutes for the sample to reach a steady-state condition. The volume of the electrolyte in the glass corrosion
cell kit, for each test, was kept constant. The initial pH
values of the electrolyte solution measured before each test
were in a range of 6.1 and 6.4.
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IV.

RESULTS AND DISCUSSION

A. Solidiﬁcation Thermal Variables
The temperature ﬁles containing the experimentally
monitored temperatures were coupled to a ﬁnite difference
solidiﬁcation model for determining the transient metal/
mold heat-transfer coefﬁcient (hi). The method, which is
based on the solution of the inverse heat conduction problem, has been used in recent articles to determine hi for a
number of solidiﬁcation situations.[11–13,21–23,25] Figure 3
shows casting/chill typical experimental thermal responses
compared to those numerically simulated and the resulting
hi proﬁles as a function of time for both Al 9 wt pct Si and
Zn 27 wt pct Al alloys.
The results of experimental thermal analysis inside the
casting have also been used to determine the tip cooling rate
(T_ L ), as a function of time or position. The cooling rate was
computed by determining the slope of the experimental
cooling curves immediately after the passing of the liquidus
front by each thermocouple inside the casting.
Figure 4 shows a comparison between the experimental and calculated tip cooling rate as a function of position from the metal/mold interface. The calculated tip

cooling rate was obtained by using the analytical expression given by Eq. [3]. In this equation, the appropriate
experimental values of hi, given in Figure 3, and the
thermophysical properties, as described in Table II,
have been used. A good agreement between experimental
results and predictions can be observed. Eventual discrepancies between experimental and calculated tip
growth rate are mainly caused by uncertainties in the
thermophysical properties and the presence of initial
convection currents in the liquid metal induced by ﬂuid
motion during pouring, which were not considered by the
analytical model.
Figures 5 and 6 exhibit typical Al 9 wt pct Si and Zn
27 wt pct Al microstructures, respectively, observed at
longitudinal sections and at different locations from the
casting surface.
The main structure of the as-cast hypoeutectic Al-Si
alloy (unmodiﬁed) consists of an Al-rich dendritic matrix
with a eutectic mixture in the interdendritic region formed
by needlelike silicon crystals set in an Al-rich phase. The
structure of the hypereutectic Zn-Al alloy, immediately
after solidiﬁcation, will be formed by an Al-rich dendritic
matrix involved by an interdendritic eutectic mixture.

Fig. 3—Typical experimental thermal responses compared to numerical simulations for (a) Al 9 wt pct Si and (b) Zn 27 wt pct Al alloys and (c) and (d) the
transient metal/mold heat-transfer coefﬁcient hi (W m$2 K$1) as a function of time (s), respectively.
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Fig. 4—Comparison
between experimental and calculated tip cooling
:
rates Eq. [3] (T L), as a function of position from the metal/mold interface
for (a) Al 9 wt pct Si and (b) Zn 27 wt pct Al alloys.

During subsequent cooling, a eutectoid decomposition takes
place.[14]
Measurements of secondary dendrite arm spacing (l2) as
_ have produced relationships
a function of cooling rate ðTÞ
of the form l2 } T_ $b ; where b is in the range 1/3 to 1/2.[33]
Alternatively, this may be given in terms of the local solidiﬁcation time (tSL), deﬁned as the time taken at a given
location inside a casting for the temperature to fall from
the liquidus to the nonequilibrium solidus. In such case,
b
l2 } tSL
. Figure 7 shows the measured secondary dendrite
arm spacing expressed as a function of distance from the
chill/casting interface. It can be observed that, as expected,
l2 increases due to the decrease in cooling rate with
increased distance from the chill/casting surface.
It is important to remark that the secondary spacing is
signiﬁcantly increased due to the contact time between the
curved and branched structures and the melt along the solidiﬁcation range. The ripening process modiﬁes the initial
wavelength of secondary arms and can even cause dissolution of tertiary or higher order arms.[34] Several approaches
have been proposed to account for the coarsening of dendritic side arms.[35–38] Such approaches may contribute to
arm coarsening at different stages of solidiﬁcation, but they
are all driven by the same need to reduce the total surface
energy of the system acting through diffusion in the liquid.
Kattamis et al.[35] have considered that the arms slightly
thinner than the average were assumed to laterally melt with
transport of material and deposition on larger arms, or alternatively, the arms melt off and material is transported from
the roots of the arms to their upper lateral surfaces.
The secondary dendrite arm spacings (l2) as a function
of tip cooling rate ðT_ L Þ for both Al-9 wt pct Si and Zn 27 wt
pct Al alloys are presented in Figure 8. Experimental power
laws relating l2 with T_ L were obtained for each case.
As expected for both alloys, the secondary arm spacing
decreases as the tip growth rate is increased. By comparing
the present experimental results for the Al 9 wt pct Si alloy
shown in Figure 8 with the general curve of secondary
2530—VOLUME 37A, AUGUST 2006

spacings as a function of cooling rate for aluminum alloys,
which appears in Prof. Fleming’s classic solidiﬁcation
book,[33] a very good agreement can be observed. It can
also be seen that a $1/3 power law characterizes the experimental scatter. This is in agreement with a report in the
literature that shows that, for secondary spacings, an
inverse cube root relationship with the cooling rate
describes the majority of the metallic binary systems
experimentally examined.[39] As can also be seen in Figure
8, for a given cooling rate, the Zn 27 wt pct Al alloy
exhibits a coarser dendrite arm spacing when compared
with the values corresponding to the Al-Si alloy. The relationship of l2 with T_ L for the Zn-Al alloy is not associated
with a $1/3 exponent, but rather a $1/6 exponent, which
ﬁts the experimental scatter. This seems to be associated
with the long nonequilibrium freezing range of such alloy
(DT 5 108 °C) and a relatively higher solute diffusivity,
which can be conducive to a much more effective coarsening process.
The analytical formula for T_ L, given by Eq. [3], can be
inserted into the experimental power laws shown in Figure
8 in order to establish general expressions permitting the
secondary dendritic spacing to be expressed as a function of
transient solidiﬁcation variables.
B. Dendrite Arm Spacing and Mechanical Properties
Figures 9 and 10 present the experimental results of UTS
(sU), YS (0.2 pct proof stress) (sy 5 0.2), and elongation as
a function of secondary dendrite arm spacing (l2) for the Al
9 wt pct Si and Zn 27 wt pct Al alloys, respectively. The
results are consistent with those found in the literature
concerning both Al-Si[1,2] and Zn-Al[5] commercial as-cast
alloys. It can be seen for both Al 9 wt pct Si and Zn 27 wt
pct Al alloys that UTS and elongation increase with
decreasing secondary spacing.
The improvement of strength by a reduction in l2 seems
to be the result of the number of separate effects, all of
which seem to operate beneﬁcially. Slight faults during
growth will cause the dendrite arms within a grain to
become slightly misoriented, and the higher the degree of
misorientation, the greater the resistance will be to the passage of a slip plane. Other contributions to the difﬁculty of
propagating slip across the interdendritic region include the
presence of segregated solute, which would alter the local
hardness by solute strengthening, and possibly by precipitation of other phases. Also, there may be present macroscopic particles that may be hard and strong, so constituting
effective barriers to slip. As l2 is reduced, the cast structure
becomes cleaner and sounder, and these qualities are
important contributors to improved properties.[40]
For both cases experimentally examined in the current
study, a more homogeneous distribution of the eutectic
mixture for smaller spacings seems to contribute to the
increase in UTS. However, the increase in solidiﬁcation rate
has other general beneﬁcial attributes, such as reduction in
gas porosity (in the present experiments, the alloys were
degassed just before pouring), more reﬁned eutectic structure (ﬁner silicon crystals for the Al-Si alloy), and greater
solute saturation. Therefore, the observed improvement in
tensile properties cannot be attributed solely to smaller
dendritic spacings.
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Fig. 5—Typical microstructures of longitudinal sections of Al 9 wt pct Si alloy samples at (a) 10 mm, (b) 20 mm, (c) 40 mm, and (d) 60 mm from the chill/
casting interface.

It can also be observed in Figures 9 and 10 that the YS is
essentially constant with increasing secondary dendrite arm
spacing for the Al-Si alloy, but increases signiﬁcantly with
decreasing l2 for the Zn-Al alloy. A similar observation
concerning a commercial Al 7 wt pct Si alloy has also been
METALLURGICAL AND MATERIALS TRANSACTIONS A

reported in the literature.[2] It should be emphasized that the
0.2 pct proof stress does not strictly represent the limit
between elastic and plastic tensile properties. The dendritic
spacing is not expected to affect signiﬁcantly the elastic
deformation, but it will affect the plastic deformation so
VOLUME 37A, AUGUST 2006—2531

Fig. 6—Typical microstructures of longitudinal sections of Zn 27 wt pct Al alloy samples at (a) 10 mm, (b) 20 mm, (c) 40 mm, and (d) 60 mm from the
chill/casting interface.

that the inﬂuence will depend on how deep in the plastic
region the proof stress will be located and on the particular
progress of plastic deformation of each alloy. The different
behavior on YS with l2 seems to be associated with such
factors. The deformation of the Zn-Al alloy is typical of
alloys formed by two different metallic solid solutions,
while the deformation in the Al-Si alloy proceeds by slip
2532—VOLUME 37A, AUGUST 2006

in the Al-rich matrix accomodated by a progressive fracture
in the increasing number of silicon particles.
The experimental equations appearing in Figures 9 and
10 can incorporate models expressing l2 as a function of
thermal solidiﬁcation variables (including metal/mold heattransfer coefﬁcient), such as Eq. [3], permitting expressions
correlating mechanical properties with solidiﬁcation conditions
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 9—UTS (su), YS (0.2 pct proof stress) (sy 5 0.2), and elongation as
a function of secondary dendrite arm spacing (l2) for an Al 9 wt pct Si
alloy casting.

Fig. 7—Secondary dendrite arm spacing (l2) as a function of position
from the chill/casting interface for (a) Al 9 wt pct Si and (b) Zn 27 wt
pct Al alloys.

Fig. 10—UTS (su), YS (0.2 pct proof stress) (sy 5 0.2), and elongation as
a function of secondary dendrite arm spacing (l2) for an Zn 27 wt pct Al
alloy casting.

Fig. 8—Experimental
secondary dendrite arm spacing (l2) vs tip cooling
:
rate (T L) for Al 9 wt pct Si and Zn 27 wt pct Al alloys.
METALLURGICAL AND MATERIALS TRANSACTIONS A

to be established. Previous articles have established general
expressions correlating mechanical properties, solidiﬁcation thermal variables, and the resultant microstructure
VOLUME 37A, AUGUST 2006—2533

for hypoeutectic
alloys.[11]

Al-Cu[13]

and

hypoeutectic

Zn-Al

C. Dendrite Arm Spacing and Corrosion Behavior
In order to investigate the CR tendency on both Al-9Si
and Zn-27Al alloys as a function of secondary dendrite arm
spacing, a number of samples collected along the ingot
length, as shown in Figure 11, were subjected to corrosion
tests (EIS and Tafel polarization techniques).
Each position exhibits a different mean secondary dendrite arm spacing, as shown in Figure 7, which is directly
associated with the local cooling rate during solidiﬁcation.
Figure 12 shows a comparison of experimental results
concerning EIS diagrams and potentiodynamic polarization
curves at four and ﬁve different positions from the chill/
casting surfaces for Al 9 wt pct Si and Zn 27 wt pct Al
alloys, respectively. The equivalent circuit and impedance
parameters are shown in Figure 13 and Table III, respectively. Qualitative and quantitative analysis from the EIS
diagrams, i.e., impedance parameters (polarization resistance and capacitances values),[41,42] current density, and
corrosion potential (obtained from potentiodynamic polarization curves) permit observation of a similar tendency of
CR for Al 9 wt pct Si and Zn 27 wt pct Al alloys. It is
observed that the CR increases with distance from the chill/
casting interface.

As a direct consequence, the modulus of impedance
(polarization resistance, R1) and the phase angle increase
with increasing secondary dendrite arm spacing. It is well
known that higher impedance and phase angle are conducive to nobler electrochemical behavior.
Analysis of EIS diagrams for both Al 9 wt pct Si and Zn
27 wt pct Al alloys (Figure 12) and impedance parameters
such as polarization resistance (R1) and capacitances values
(ZCPE),[41,42] indicated in Table III (each value represents an
average of three tests), permit the conclusion that the tendency of CR increases with increasing distance (position)
from the chill/casting surface. As a direct consequence, CR
increases with increasing secondary dendrite arm spacing.
It can be seen in Table III that, at position P1 (l2 5 35 to
40 mm), the capacitance of the Al 9 wt pct Si sample is of
about 70 106/V$1 sn cm$2 (or 70 mFcm$2) and the polarization resistance 2385 Vcm$2. On the other hand, at position P4 (coarser structure), the Al 9 wt pct Si sample
presents a lower capacitance and a higher polarization
resistance than those of position P1, as indicated in Table
III. The increase in R1 associated with a decrease in capacitance is conducive to improvements in CR. The CR
tendency can be better observed when analyzing the potentiodynamic polarization curves. For example, current density (corrosion rate) at P1 is higher than those at subsequent
positions, as shown in Figures 12(c) and (f). The Al 9 wt pct
Si alloy presents the following sequence of corrosion rates

Fig. 11—Schematic representation: (a) ingot, (b) macroetched half-ingot, and (c) selected distances from the casting surface for corrosion tests for both Al 9
wt pct Si and Zn 27 wt pct Al alloys.
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Fig. 12—EIS diagrams (Bode and Bode phase) and potentiodynamic polarization curves at different positions from the metal/mold interface for (a) through
(c) Al 9 wt pct Si and (d) through (f) Zn 27 wt pct Al alloys.
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immersed in some aggressive environment. However, the
Al-rich (a) phase and Si have dissimilar growth behaviors
with Si growing from the liquid in a faceted manner
(smooth growth interface) while the a phase solidiﬁes with
surfaces that are rough. The interdendritic regions will be
constituted by both phases and special attention should be
given to the boundary between these phases (Figure 14(b)).
Because of the different mentioned growth mechanisms
of each phase, their boundaries will not be perfectly conformed, but rather will be subjected to a certain deformation in the atomic level, mainly on the a phase side of the
interface. It seems that these regions, because of such localized deformation, could be more susceptible to corrosion
than a phase regions, which are not so close to the Si
particles. This could explain the present experimental
results; i.e., a coarser dendritic structure would exhibit a
higher tendency of improvement in the CR for the Al-Si
alloy since smaller dendritic spacings result equally in
smaller interdendritic areas and in more extensive distribution of silicon particles throughout the casting (thus contributing to dissemination of areas where corrosion could be
initiated and develop).
For the Zn 27 wt pct Al alloy, it is known that the ﬁnal
microstructure at room temperature will be composed of an
Al-rich dendritic matrix and an interdendritic lamellar
eutectic mixture. The morphology of the eutectoid transformation seems to not be affected. The corrosion performance of hypereutectic Zn-Al alloys will be more affected by
the contiguous nonlamellar deposition of the two phases,
which occurs during eutectoid decomposition of such
Zn-Al alloys, and coarser dendritic structures will tend to
improve their CR.[14]

as a function of the distance from the casting/chill interface
P1 (4.75 mA/cm2), P2 (3.27 mA/cm2), P3 (2.24 mA/cm2),
and P4 (2.38 mA/cm2). The Zn-27Al alloy shows the following sequence P1 (3.47 mA/cm2), P2 (2.40 mA/cm2), P3
(2.25 mA/cm2), P4 (1.98 mA/cm2), and P5 (2.82 mA/cm2).
Thus, it can be seen that both Al 9 wt pct Si and Zn
27 wt pct Al alloys show current density decreasing as
the secondary dendrite arm spacing is increased, as indicated in Figures 12(c) and (f).
It is also important to remark that P3 and P4 for the Al
9 wt pct Si alloy are positions located on both sides of the
CET transition, respectively, and present similar corrosion
rates. In a recent study,[14] similar effects of CET structures
upon the CR of binary alloys have been reported.
Analysis of experimental and calculated EIS results
(Table III) and potentiodynamic polarization curves
(Figures 12(c) and (f)) permits to conﬁrm that coarser dendritic structures tend to improve the CR of both Al 9 wt pct
Si and Zn 27 wt pct Al alloys.
For the Al 9 wt pct Si alloy, the Al-rich dendritic matrix
is delimited by interdendritic regions that are also constituted by a eutectic mixture, i.e., Al-rich phase and Si
particles, as shown in Figure 14. However, the eutectic
morphology is not lamellar but, rather, is formed by Si
particles disseminated throughout the Al-rich phase. From
the electrochemical point of view, Si is nobler than Al, so
that the latter will be more susceptible to corrosion when

D. Correlation between CR and Mechanical Properties
Figure 15 shows curves of corrosion rate tendency for
both Al 9 wt pct Si and Zn 27 wt pct Al alloys as a function
of position from the casting/chill interface. It can be
observed that these two alloys present a similar corrosion
rate (of about 2.4 mA/cm2) at position 3 (of about 35 and
40 mm from the metal/mold interface). At this position, the

Fig. 13—Equivalent circuit for modeling impedance data of the examined
alloys.

Table III.

Impedance Parameters for Samples of Al 9 Wt Pct Si and Zn 27 Wt Pct Al Alloys in 3 Pct NaCl Solution
Al 9 Wt Pct Si Alloy

Parameters
$2

Rel (V cm )
ZCPE (106/V$1 sn cm$2)
n
R1 (V cm$2)

P1* (35 to 40 mm)

P2 (55 to 62 mm)

18.5
70.1564.2
0.72
2385

18.7
66.9564.6
0.72
3858

P3 (68 to 75 mm)
19
54.1163.7
0.77
4069

P4 (80 to 85 mm)
18
52.1362.2
0.77
5367

Zn 27 Wt Pct Al Alloy
Parameters

P1 (55 to 62 mm)

P2 (70 to 75 mm)

P3 (85 to 90 mm)

P4 (92 to 95 mm)

P5 (95 to 100 mm)

17
58.0863.2
0.76
1083

17
44.8162.6
0.77
1165

16
61.7764.7
0.72
720

17
55.8863.4
0.74
660

16
70.8564.6
0.72
1289

Rel (V cm$2)
ZCPE (106/V$1 sn cm$2)
n
R1 (V cm$2)

*P1 through P4 or P5 represent the different positions (distance) from the metal/mold interface, as shown in Fig. 11(c).
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Fig. 14—Typical SEM dendritic microstructure of an Al-Si hypoeutectic alloy: (a) dendritic matrix and (b) detail of secondary arm spacing and interdendritic region.

Fig. 15—Corrosion rate tendency as a function of position from casting
surface for (a) Al 9 wt pct Si and (b) Zn 27 wt pct Al alloys.

secondary dendrite arm spacings are about 70 and 90 mm
for Al 9 wt pct Si and Zn 27 wt pct Al alloys, respectively.
Figure 16 combines CR and UTS plotted as a function of
secondary dendrite arm spacing for both Al 9 wt pct Si and
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 16—CR and UTS as a function of secondary dendrite spacing (l2) for
(a) as-cast Al 9 wt pct Si and (b) Zn 27 wt pct Al alloys.

Zn 27 wt pct Al alloys. In order to compare the behavior
of CR and tensile strength, the CR is represented by the
inverse of the corrosion rate, as shown in Figure 15. The
VOLUME 37A, AUGUST 2006—2537

UTS values are those indicated in Figures 9 and 10 for Al
9 wt pct Si and Zn 27 wt pct Al alloys, respectively. It is well
known that the great challenge in engineering applications
is the improvement of a property without provoking deleterious effects in another property. Thus, the aim of such
combined plots is to design an ‘‘ideal’’ range of microstructural dendritic spacings, which determines a region with a
compromise between good CR and good UTS for these
alloys. Evidently, for some speciﬁc application where one
such characteristic should be more signiﬁcant than the other
one, this range of equilibrium between CR and UTS should
not be considered.
V. CONCLUSIONS
The following main conclusions can be drawn from the
present experimental investigation.
1. For both Al 9 wt pct Si and Zn 27 wt pct Al alloys, the
UTS and elongation increase with decreasing secondary
dendrite arm spacing (l2). In both cases, a more homogeneous distribution of the eutectic mixture for smaller
spacings seems to be responsible for the increase in
tensile strength. The resulting experimental equations
of UTS and YS as a function of l2 can be connected
with models expressing l2 as a function of solidiﬁcation
thermal variables (including transient metal/mold heattransfer coefﬁcient) permitting expressions correlating
mechanical properties with solidiﬁcation conditions to
be established.
2. The experimental EIS diagrams, potentiodynamic
curves, and ﬁtted equivalent circuit parameters have
shown that coarser dendritic structures tend to yield
higher CR than ﬁner dendritic structures for both Al
9 wt pct Si and Zn 27 wt pct Al alloys. For the former
alloy, such tendency of better CR presented by coarser
dendritic microstructures seems to be associated with
the growth morphology of the two phases that constitute
the interdendritic eutectic mixture. For the Zn 27 wt pct
Al alloy, the better CR tendency for coarser dendrite
arms is connected with the ﬁnal microstructure, resulting
from the contiguous nonlamellar deposition of the two
phases, which occurs during the eutectoid decomposition.
3. The control of as-cast microstructures, by manipulating
solidiﬁcation processing variables, permitting the control of cooling rate and tip growth rate, can be used as
an alternative way to produce components with a compromise between good corrosion behavior and good
mechanical properties, which occurs for a speciﬁc range
of dendritic arm spacings.
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