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The objective of the present research was to study the corrosion susceptibility of different hypoeutectic
(Zn–1 wt.%Al, Zn–2 wt.%Al, Zn–3 wt.%Al, Zn–4 wt.%Al) and hypereutectic (Zn–16 wt.%Al, Zn–27 wt.%Al
Zn–50 wt.%Al, Zn–96 wt.%Al, and Zn–98 wt.%Al) zinc–aluminium alloys with different grains (columnar,
equiaxed and columnar-to-equiaxed transition, CET) and dendritic microstructures in 3% NaCl solution at
room temperature.

The corrosion resistance was analyzed by electrochemical impedance spectroscopy (EIS) as a principal
technique. The EIS results show that as the aluminium content increases the rate of formation of corro-
sion products on the alloys also increases. These products appear to have protective features in the light
of the results of voltammograms.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The uses of zinc can be classified into the following categories:
(i) coatings, (ii) casting alloys, (iii) alloying element in other alloys,
(iv) wrought zinc alloys, (v) zinc oxide and (vi) zinc chemicals.
However, nearly half of the zinc produced is used for zinc coatings
for corrosion protection of steel structures owing to the high corro-
sion resistance of zinc in atmospheric and other environments [1].

Zinc-based alloys with high amounts of aluminium (designated
as ZA alloys) comprise a family of die casting alloys that have been
used in a wide variety of demanding applications. The traditional
members of the zinc–aluminium casting alloys are Zn–8 wt.%Al,
Zn–12 wt.%Al and Zn–27 wt.%Al alloys. These alloys combine high
strength and hardness, good machinability with good bearing
properties and wear resistance often superior to standard bronze
alloys [2]. Zinc–aluminium alloys are known to possess excellent
bearing properties, particularly at high load and low speed. In addi-
tion, these alloys have found increasing use for many applications
and compete effectively against copper, aluminium and iron-based
foundry alloys [3].

The corrosion behaviour of zinc alloys depends on the type of
dissolved species, concentration, pH and temperature [4–7]. The
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presence of various chemical species can change the solubility of
the zinc dissolution products by forming complexes with zinc ions,
increasing the electrolyte conductivity, modifying the composition,
structure and compactness of the corrosion products, forming an
insoluble salt film on the surface, providing reactants for the ano-
dic and cathodic reactions, and changing the reaction kinetics
through catalytic or inhibitive adsorption.

Electrochemical techniques have been used in a number of stud-
ies on the corrosion of zinc in different solutions [2–44]. The kinetics
of the zinc electrochemical reaction processes such as dissolution,
deposition, hydrogen evolution, oxygen reduction, passivation, and
surface film formation, has been the subject of numerous electro-
chemical studies using different techniques such as dynamic
polarization [4,7–21], steady-state polarization [6,10,19,22–31],
measurement of current density–time transients [23,32–35], mea-
surement of potential–time transients [23,30,31,33–40], rotating
electrode [4,10,15,17,18,27,29,30,41–45] and impedance measure-
ments [4,6,17,19,24,26–29,46,47]. There are only a few research re-
ports on the effects of the microstructure on the corrosion resistance
in different processes, and most of them are related to surface prep-
aration and coatings [41,48–57].

Compared with corrosion testing methods such as weight loss
measurements, electrochemical techniques are fast and can be
used to obtain instantaneous information on a corrosion process,
which cannot be provided by weight loss measurements. Also,
impedance techniques, along with the linear polarization
technique, are the methods most commonly used for determining
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corrosion rates. The electrochemical impedance spectroscopy (EIS)
technique is a particularly useful method to study electrode kinet-
ics at the corrosion potential. One advantage of EIS is provided by
the small amplitude of the applied voltage perturbation signal,
which avoids every irreversible change that may occur in the
working electrode, and, at the same time, allows determining the
ohmic drop.

Besides, it provides information about the reaction mecha-
nisms, and/or allows evaluating the associated faradaic process
parameters such as charge transfer resistance, electrochemical
double layer and the resistive and capacitive contributions due to
the presence of reaction intermediates [58].

Usually, a corrosion process in a given environment can involve
one, two or all three of the following modes: (i) direct dissolution
without hindrance from corrosion products, (ii) direct dissolution
with hindrance from corrosion products (porous film) and (iii)
indirect dissolution through the formation of passive films (com-
pact film), and can change with time from one mode to another [1].

The nature of the corrosion process can be often revealed by an
impedance spectrum. Based on the impedance spectra of zinc in
deaerated sodium sulphate solutions, Deslouis et al. [6] found that
the corrosion resistance is determined by a dissolution and diffu-
sion controlled-process. Cachet et al. [4] found that the presence
of HPO�2

4 in a Na2SO4 solution increases the impedance of the zinc
electrode. A strong inhibition of zinc dissolution occurs owing to
the formation of a protective surface layer. A Warburg impedance
is measured at low frequencies indicating that the corrosion pro-
cess is controlled by the diffusion of ions through the phosphate
passivating layer. For the corrosion of a zinc electrode in bicarbon-
ate solution, Abdel-Aal et al. [22] proposed similar diffusion-con-
trolled processes through a carbonate passive film. Baugh [11]
found that the corrosion of a zinc electrode in ClNa at pH 3.8 is a
simple charge-transfer dissolution limited by a dissolution-con-
trolled proton reduction, since at high frequencies the Nyquist
impedance plot reduces to a semicircle and at low frequencies a
Warburg impedance develops. This author also proposed that for-
mation of an oxide film may be involved in the corrosion processes
since the double-layer capacitance is considerably smaller around
the corrosion potential than in the cathodic region. Deslouis et al.
[27] proposed an equivalent circuit for a zinc electrode in 0.5 M
Na2SO4 [1].

The corrosion of zinc in sulphate or chloride solutions seems to
involve a charge-transfer-controlled dissolution process, with a
formation of a corrosion product film on the surface and a dissolu-
tion process through the film [1,4,6,22,27]. When the zinc surface
is free of corrosion products or the corrosion film is of a porous nat-
ure, the corrosion process is controlled by charge-transfer-
controlled dissolution and/or by the diffusion of the reactants for
the cathodic reaction.

When the surface is covered with a passive film, the corrosion
process may be controlled by a diffusion process though the film
[1].

Among solidification processes, the columnar-to-equiaxed
transition (CET) and equiaxed growth still raise issues from the
metallurgical point of view and regarding the understanding of
the fundamental related physical phenomena [59]. On the other
hand, there are relatively few systematic studies in relation to
the corrosion behaviour of zinc-based alloys directionally solidi-
fied with different macrostructures and in a wide range of com-
positions. In particular, Osório et al. [60–62] obtained a sharp
plane transition, and thus considered columnar and equiaxed
macrostructures around the CET zone for the analysis. These
authors investigated a number of issues in Zn–Al alloys: (a)
the role of macrostructural morphologies in corrosion resistance,
i.e., the influence of the columnar and equiaxed macrostructures
on the corrosion resistance of aluminium and zinc casting
samples; the influence of longitudinal (columnar) and transversal
(pseudo-equiaxed) sections of the same sample on the corrosion
resistance of both metals; the influence of equiaxed grain size of
hot-dip galvanized steel sheets on corrosion resistance [60]; (b)
the influence of both the secondary dendrite arm spacings and
segregation effects on the corrosion resistance of hypoeutectic
and hypereutectic Zn–Al alloys [61]; and (c) the application of
electrochemical impedance spectroscopy to investigate the effect
of as-cast macrostructures on the corrosion resistance of hyper-
eutectic Zn–Al alloys [62].

In previous works, we correlated the effect of several parame-
ters, like thermal, metallurgical and electrochemical parameters,
on the CET macrostructure in Zn–4 wt.%Al, Zn–16 wt.%Al and Zn–
27 wt.%Al alloys [63].

The grain and dendrite morphologies play an important role in
the corrosion behaviour of metallic materials. Grain boundary-
dependent properties such as fracture and intergranular corrosion
have been found to be strongly dependent on the crystallographic
nature of the grain boundaries [64].

Intergranular corrosion of zinc alloys has been reported to be a
serious problem for die-cast alloys used in hot water and warm hu-
mid atmospheres, and has been associated with the presence of
aluminium along with certain impurities such as lead and cad-
mium in the alloys [1,65–67].

Dendrite morphology can be observed during metal casting and
is characterized by the microstructure parameters. A convenient
method widely used to determine the effect of dendrite morphol-
ogy on solidification is to measure dendrite arm spacing (k).
Numerous solidification studies have characterized the primary
dendrite arm spacing (k1), secondary dendrite arm spacing (k2)
and tertiary dendrite arm spacing (k3) as a function of the alloy sol-
ute concentration, growth rate and temperature gradient ahead of
the microscopic solidification front [68–79].

Calculating and predicting the dendrite arm spacing is very
important because it has been demonstrated that k2 has a signifi-
cant effect on the mechanical properties of the metal [80–86].
However, the state-of-the-art indicates that the effects of the grain
size, dendrite arm spacing and solute redistribution on the corro-
sion resistance of metallic alloys are not very clear.

The aim of this work was to investigate the susceptibility to cor-
rosion of hypoeutectic and hypereutectic zinc–aluminium alloys
with different grain sizes, dendrite arm spacings and solute redis-
tribution phenomena, in 3% NaCl solution at room temperature,
using electrochemical impedance spectroscopy as a principal tech-
nique and correlating the variation in EIS parameters with grain
and dendrite morphologies (metallurgical parameters).
2. Materials and methods

2.1. Directional solidification process and metallography

Zinc–aluminium (ZA) alloys of different compositions were pre-
pared with zinc and aluminium of commercial grade. Their chem-
ical compositions are shown in Table 1.

The samples were directionally solidified in Pyrex molds 16 mm
in diameter and 200 mm in length and then melted and solidified
directionally upwards in an experimental set-up described else-
where [87]. The experimental set-up was designed in such a way
that the heat was extracted only through the bottom, promoting
upward directional solidification to obtain the CET (see Figs. 1
and 2).

In order to reveal the macrostructure (type and size of grains),
after solidification, the samples were cut in the axial direction,
ground, polished and etched using concentrated hydrochloric acid
for 3 s at room temperature. This was followed by rinsing and



Table 1
Chemical composition of the Zn and Al ingots used to prepare the ZA alloys directionally solidified.

Element Zn Fe Si Pb Others

Zn sample
Weight percent 99.98 ± 0.2 0.010 ± 0.001 0.006 ± 0.0001 0.004 ± 0.001 <0.001 ± 0.0001

Al sample
Element Al Fe Si Pb Others
Weight percent 99.94 ± 0.2 0.028 ± 0.001 0.031 ± 0.001 0.001 ± 0.0001 <0.001 ± 0.0001

Fig. 1. Schematic representation of: (a) the vertical upward solidification system, (b) the longitudinal (L) and transversal (T) sections of the cylindrical sample and (c) the
position of the longitudinal and transversal sections as a test electrode in the cell kit.
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wiping off the resulting black deposit. To examine the microstruc-
tures (dendrites) the samples were etched with a mix containing
chromic acid (50 g Cr2O3; 4 g Na2SO4 in 100 ml of water) for 10 s
at room temperature [88]. Fig. 2 shows typical longitudinal macro-
structures (a)–(e) and microstructures (f)–(k) of different areas of
the same sample.

The grain size (Gs) and secondary dendritic arm spacing (k2)
were measured at each location using an Arcano� metallographic
microscope and the SIS image-analysis software. The secondary
dendritic arm spacings were measured by counting the number
of branches along a line of known length [89]. The mean value of
k2 was calculated from 15 measurements in each zone of the sam-
ples (columnar, CET and equiaxed).

To measure the equiaxed grain size from the CET zone to the
top, each sample was divided into equal intervals. The average
diameter of equiaxed grains was calculated in each interval of
approximately 10 mm, according to the ASTM 112-96 standard
norm [89]. The columnar region was divided into similar size inter-
vals and the width and length of the columnar grains were mea-
sured directly from the samples.

The position of the CET in the macrostructures of the samples
was located by visual observation and optical microscopy and
the distance from the chill zone of the sample was measured with
a ruler.

It is noted in Fig. 2 that the CET is not sharp, showing an area
where some equiaxed grains co-exist with columnar grains. The
following alloys were selected for the present study: (a) the
hypoeutectic alloys Zn–1 wt.%Al, Zn–2 wt.%Al, Zn–3 wt.%Al and
Zn–4 wt.%Al, and (b) the hypereutectic alloys Zn–16 wt.%Al,
Zn–27 wt.%Al, Zn–50 wt.%Al, Zn–98 wt.%Al and Zn–96 wt.%Al.

2.2. Corrosion tests

For the electrochemical tests, samples of 20 mm in length of
each zone and for each concentration were prepared as test elec-
trodes (see Fig. 1). The electrodes were polished with grit paper
in decreasing size from # 80 to # 1200 followed by 0.3 lm alumina
powder. Finally they were rinsed with twice-distilled water and
dried by natural air flow.

All the electrochemical tests were conducted in 3% NaCl solution
(pH 5,5) at room temperature (25 �C) using an IM6d Zahner�-
Elektrik potentiostat coupled to a frequency analyzer system. A
conventional three-compartment glass electrochemical cell with
its compartments separated by ceramic diaphragms was used.



Fig. 2. (a) Macrostructure of the Zn–4 wt.%Al alloy. (b–d) Longitudinal test electrodes of different grain structures. (e) Transversal test electrode of the columnar zone of the
sample showing the equiaxed or pseudo-equiaxed grains. (f–h) Different types of dendrites in the longitudinal test electrodes. (i–k) Equiaxed or pseudo-equiaxed dendrites in
the transversal electrodes.

Fig. 3. Zn–Al phase diagram [89].
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The test electrodes (area ffi 2 cm2) consisted of longitudinal (L)
or transversal (T) sections of the Zn–Al ingots (see Fig. 1) and were
positioned at the glass corrosion cell kit (leaving a rectangular area
in the case of the longitudinal sections or a semi-cylindrical area in
the case of the transversal sections in contact with the electrolyte).
The potential of the test electrode was measured and referred to a
saturated calomel reference electrode (0.242 V vs. SHE), provided
with a Luggin capillary tip. A large-area Pt sheet was used as a
counterelectrode.

Voltammograms were run between preset cathodic (open cir-
cuit potential ��1.500 V) and anodic (Es,a = �0.700 V) switching
potentials at potential sweep rates (v) of 0.002 V s�1. Impedance
spectra were obtained in the frequency range of 10�3 Hz 6 f 6
105 Hz an open circuit potential and the potential amplitude was
set to 5 mV. The EIS measurements began after the current reached
a steady state value (ffi20 min).

For comparison purposes, experiments using pure metals and
aluminium-based alloys with different structures were conducted
under the same experimental conditions. All the EIS experiments
were carried out in triplicate and the average values and graphical
outputs are reported.
3. Results

3.1. Microstructures formed in hypoeutectic and hypereutectic alloys
during directional solidification

According to the Zn–Al phase diagram (Fig. 3) the phase formed
at 418 �C is b (Zn) and liquid (L) until 382 �C. Below this tempera-
ture, part of b (Zn) forms the c phase (ZnAl) + b (Zn), until 275 �C,
when the eutectoid transformation c (ZnAl) ? a (Al) + b (Zn)
occurs. Below 275 �C, b (primary, rich in Zn) + eutectoid (a + b) is
formed. However, our directional solidification is a non-equilibrium
solidification, and then high-temperature phases can be retained to-
wards room temperature. Fig. 4(a) shows the microstructure of the
Zn–1 wt.%Al alloy, in the equiaxed zone, showing the b (Zn) den-
drites without the formation of interdendritic zone.

In the case of the hypoeutectic alloys Zn–2 wt.%Al, Zn–3 wt.%Al
and Zn–4 wt.%Al, at approximately 416 �C, the b (Zn) phase + liquid
(L) is formed until 382 �C, when the eutectic transformation L ? b
(Zn) + cc (ZnAl) occurs. Below 382 �C, b (Zn) phase + eutectic (b
(Zn) + c (ZnAl)) is formed until 275 �C, when the eutectic transfor-
mation c (ZnAl) ? a (Al) + b (Zn) occurs. Below 275 �C, the b
(primary, rich in Zn) + eutectoid (a + b) is formed.



Fig. 4. Typical morphology of hypoeutectic Zn–Al alloys: (a) Zn–1 wt.%Al alloy showing the b (Zn) dendrites without the formation of interdendritic zone. (b) Zn–2 wt.%Al
alloy showing the b (Zn) dendrites and a small interdendritic zone with eutectic formation. (c) Zn–3 wt.%Al alloy showing the b (Zn) dendrites. (d) Zn–4 wt.%Al alloy showing
the eutectic lamellar morphology (b + a).
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From Zn–2 wt.%Al to Zn–4 wt.%Al alloys, the eutectic phase (in-
ter-dendritic region) formed increases at expense of the b (Zn) (see
Table 2 and Fig. 4(b)–(d)).

In the case of the hypereutectic alloy Zn–16 wt.%Al, a (Al) + li-
quid (L) is formed above 430 �C. Below this temperature, the a
(Al) phase becomes enriched in Zn, forming the c (ZnAl) phase un-
til 382 �C.

Below 430 �C, the c (ZnAl) phase increases the concentration of
Zn and the remaining liquid solidifies with the eutectic composi-
tion until 382 �C., the c phase becomes impoverished in Zn and
the b phase (in the eutectic phase) is slightly enriched in Zn until
275 �C. At 275 �C, the eutectoid formation c (ZnAl) ? a (Al) + b
(Zn) occurs. Between 275 �C and room temperature, b (primary,
rich in Zn) + eutectoid (a + b) is formed.

In the case of the Zn–27 wt.%Al alloy, a (Al) + liquid (L) is
formed above 430 �C. Below this temperature, the c phase (ZnAl)
is formed until 315 �C. At 315 �C, the c phase separates into a
and c until 275 �C, when the eutectoid transformation c (ZnA-
l) ? a (Al) + b (Zn) occurs. Below 275 �C, a (rich in Al) + (a + b) is
formed.
Table 2
Solid and liquid fractions of hypoeutectic and hypereutectic ZA alloys.

Alloy fs (Dendritic region) (%) fl (Inter-dendritic region) (%)

Hypoeutectic alloys (k = CS/CL = 0.20)
Zn–1 wt.%Al 87 13
Zn–2 wt.%Al 68 32
Zn–3 wt.%Al 47 53
Zn–4 wt.%Al 25 75

Hypereutectic alloys (k = CS/CL = 3.44)
Zn–16 wt.%Al 12 88
Zn–27 wt.%Al 45 55
Zn–50 wt.%Al 60 40
Finally, during solidification of Zn–50 wt.%Al, the formation of a
(Al) + liquid (L) occurs from 570 to 470 �C. Below 470 �C, a (rich in
Al) is formed until 345 �C, when the a phase separates in (a + c)
until 275 �C. At this temperature, the eutectoid transformation c
(ZnAl) ? a (Al) + b (Zn) occurs.

Below 275 �C, b (primary, rich in Zn) + eutectoid (a + b) is
formed.

From Zn–16 wt.%Al to Zn–50 wt.%Al alloys, the eutectic phase
(inter-dendritic region) formed decreases at expense of the a (Al)
(Table 2 and Fig. 5(a)–(c)).

Finally, in the case of Zn–96 wt.%Al and Zn–98 wt.%Al, the for-
mation of a (Al) + liquid (L) occurs at 657 and 652 �C, respectively,
until 650 and 647 �C correspondingly. Then, the a (Al) phase is
formed only until room temperature (Fig. 5(e) and (f)).

The typical microstructures of hypereutectic zinc–aluminium
alloys is presented in Fig. 5 for (a) Zn–16 wt.%Al, (b) Zn–27 wt.%Al
and (c) Zn–50 wt.%Al alloys. The micrograph shows the a (Al) den-
drites with the (a + b) eutectoid phase in the interdendritic region,
which decreases from (a) to (c) as the Al content in the alloy
increases.

The solidification microstructure of the Zn–27 wt.%Al and Zn–
50 wt.%Al alloys presented a dendritic structure consisting of a pri-
mary dendrites rich in aluminium, evidenced by the EDXA shown
in Fig. 5(b)–(d). The (a + b) eutectoid is formed from a dendrites
and the peritectic through a transformation at 275 �C, following
the Al–Zn phase diagram (Fig. 3) and formed during the final stage
of solidification. This (a + b) eutectoid has the typical plate-like
shape of a and b sheets. In addition, a standard and finer eutectic
structure is observed at the edge of the dendrites of the matrix.
3.2. Evolution of metallurgical parameters (secondary dendritic arm
spacing and grain size) with directional solidification

The typical EDXA micrograph of the hypoeutectic and hypereu-
tectic Zn–Al alloys studied is presented in Fig. 6. It is possible to



Fig. 5. Typical morphology of hypereutectic Zn–Al alloys: (a) Zn–16 wt.%Al, (b) Zn–27 wt.%Al and (c) Zn–50 wt.%Al. The micrographs show the a (Al) dendrites with the
(a + b) eutectoid phase. The eutectoid phase increases from (a) to (c) as the Al content in the alloy increases. (e) Zn–96 wt.%Al and (f) Zn–98 wt.%Al alloys: the micrographs in
both cases show the a (Al) dendrites.
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observe that the dendritic matrix of Zn–4 wt.%Al is Zn-rich (b
phase) (Fig. 6(a)), whereas the interdendritic region, which is the
eutectic (a + b) phase, is Al-rich (Fig. 6(b)).

The microstructure of the hypereutectic Zn–27 wt.%Al alloy is
presented in Fig. 7. The dark region in Fig. 7(a) is the dendritic ma-
trix, which is Al-rich (a phase), whereas the light inter-dendritic
region, which includes the eutectic and eutectoid phases, is Zn-rich
(Fig. 7(b)). This analysis demonstrates that the solute redistribu-
tion phenomenon for Zn–Al hypereutectic alloys is opposed to
the solute distribution of hypoeutectic alloys.

To analyze the evolution of secondary dendrite arm spacing (k2)
in the microstructure with the distance from the caloric extraction
surface (bottom of the sample), we plotted Fig. 8(a) and (b) for all
hypoeutectic (Zn–1 wt.%Al, Zn–2 wt.%Al, Zn–3 wt.%Al and Zn–
4 wt.%Al) and hypereutectic (Zn–16 wt.%Al, Zn–27 wt.%Al and
Zn–50 wt.%Al) alloys. These plots show that k2 increases from the
columnar (bottom) to the equiaxed (top) zone of the samples be-
cause the heat extraction and cooling rate are higher during the
columnar than the equiaxed growth, producing a shorter solidifica-
tion time.

Fig. 8(a) also shows that k2 decreases from 1 wt.%Al to 4 wt.%Al,
which is expected for the higher increase in the solute at dendrite
interface arms, which is predicted by models [83]. In addition,
there might be a difference in the solidification time between the
experiments. In contrast, in the case of hypereutectic alloys, it is
observed than k2 increases from 16 wt.%Al to 50 wt.%Al (Fig. 8(b)).

The evolution of grain size (Gs) in the macrostructure with dis-
tance from the bottom of the sample is presented in Fig. 9(a) and
(b). The size of the equiaxed grains for the Zn–1 wt.%Al sample is
0.15 cm in the transition region and then starts to increase mono-
tonically up to a value of 0.45 cm at the end of the sample. In the
case of the width of the columnar grains, it is observed that the size
increases from 0.2 cm in the entire columnar zone to 0.38 cm at the
end of the transition region (Fig. 9(a)).

A similar analysis was performed for all solidification experi-
ments, as shown in Fig. 9 for other alloy concentrations. In the
transition zone, the size of the equiaxed grains is smaller than
the width of the columnar grains (the black points in the figures
correspond to the measurements of the size of the columnar and
equiaxed dendrites in the CET zone). However, in all cases, the size
increases after the transition. At the end of solidification, the size of
equiaxed grains also reaches a maximum value.

Fig. 9 shows that the grain size in the Zn–2 wt.%Al sample in-
creases from 0.18 to 0.27 cm in the columnar zone and from 0.14
to 0.38 cm in the equiaxed zone. In the Zn–3 wt.%Al alloy, the grain
size is between 0.17 and 0.27 cm in the columnar zone and between



Fig. 6. (a) and (b) Scanning electron microscopy with (c) EDXA analysis of Zn–4 wt.%Al alloy showing the distribution of elements. The Zn is distributed in the b dendrites and
in the eutectic phase. a (Al) is present in the eutectic phase (a + b).
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0.12 and 0.35 cm in the equiaxed zone. Finally, for the Zn–4 wt.%Al
alloy, the size increases from 0.13 to 0.32 cm (columnar zone) and
from 0.08 to 0.22 cm (equiaxed zone). The size of the grains in the
three zones (columnar, CET and equiaxed) decreases from the Zn–
1 wt.%Al to the Zn–4 wt.%Al alloy for the hypoeutectic alloys.

Also, the Gs for hypereutectic alloys are smaller than those for
the hypoeutectic alloys and decrease in size from Zn–16 wt.%Al
to Zn–50 wt.%Al (Fig. 9(b)).

This analysis of the sizes of the grains shows that the coarser
equiaxed grains are produced at the top of the samples rather than
in the middle, where the CET normally occurs and that the finer
columnar grains are located at the bottom of the samples. Finally,
the grain sizes become finer when the concentration of aluminium
in the alloys increases.
3.3. Voltammetric data

During the anodic potential scanning, the voltammogram of
equiaxed zinc shows that the current is practically zero until it



Fig. 7. (a) and (b) Scanning electron microscopy with (c) EDXA analysis of Zn–27 wt.%Al alloy showing the distribution of elements. The distribution of a (Al) is in dendrites
and eutectic and eutectoid phases. The Zn is distributed principally in the eutectoid and eutectic phases.
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reaches a potential of �1 V, where the current rises sharply, start-
ing the active dissolution of the metal (Fig. 10(a)).

The negative potential scan shows a hysteresis loop, suggesting
that this increase in the current was due to the start of a process of
pitting, and two cathodic current peaks at about �1.2 and �1.3 V
(called C1 and C2). These peaks could be associated with the reduc-
tion of Zn(OH)2 and ZnO, respectively [1,90]. The composition of
corrosion products formed on the zinc surface may be not uni-
formly distributed. The different compositions and microstructures
of the films formed can explain the difference between the
voltammetric profiles obtained for the different alloys and those
reported in the literature [60–62].

For example, only one peak appears in the case of the columnar
zinc (not shown here). When aluminium is added to the alloy, the
definition of the reduction peaks is not clear, although the C2 peak
is dominant (Fig. 10(b) and (c)).

In the case of the alloys, the values of the anodic currents are
similar for the same Al concentration, independently of the micro-
structure, and the most important difference is observed in the dis-
tribution of the cathodic current peaks, which indicates the



Fig. 8. Secondary dendrite arm spacing (k2) as a function of distance from the
bottom of the samples. (a) Hypoeutectic alloys and (b) Hypereutectic Zn–Al alloys.
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different characteristics of the films formed during the anodic scan.
These results can be attributed to the aggressive/depassivating ac-
tion of Cl� anions [91]. At present, the mechanism of film forma-
tion is still uncertain.

For the case of CET, profiles are more complex, because the pro-
portion of one or other type of grains (columnar or equiaxed) can
vary from sample to sample (Fig. 10(d)).

Also, as the concentration of Al increases, the voltammetric pro-
file of the different structures tends towards the response of pure
aluminium and aluminium alloys with low zinc content
(Fig. 10(e)), although the current values remain one order of mag-
nitude lower than those obtained for the pure metal.

The complex distribution of the current of the peaks in the po-
tential/current density response of the alloys is also evident when
comparing the voltammetric responses of the longitudinal and
transverse sections of the samples (Fig. 10(f)). As the Al concentra-
tion increases, the reduction current decreases to about half, indi-
cating that the passive layer formed on the material is more
protective, an effect that is accelerated in the transversal sections.
Now the grain structure in a polycrystalline zinc alloy has pre-
ferred orientations depending on the casting and mechanical
working conditions, i.e., for cast products the h0001i direction is
perpendicular to the axis of the cast columnar crystals [92]. Thus,
in the transversal sections, the grains grow in more favourable
directions than in the longitudinal sections to promote the forma-
tion of a film with more protective characteristics.

This different contribution of the peaks in the voltammograms
gives rise to surface layers with different corrosion products, as
shown in the micrographs of Fig. 11, where samples with a higher
proportion of aluminium (hypereutectic alloys) show the forma-
tion of a thicker layer of corrosion products, see Fig. 11(g)–(i) for
Zn–16 wt.%Al, Zn–27 wt.%Al, Zn–50 wt.%Al, Zn–96 wt.%Al and
Zn–98 wt.%Al show not only the formation of corrosion products
on the surface, but also the presence of porosity (Fig. 11(i)).

3.4. Electrochemical impedance spectroscopy data

Fig. 12 shows the impedance spectra in Nyquist format for the
longitudinal section of hypoeutectic (Fig. 12(a) and (c)) and hyper-
eutectic (Fig. 12(b) and (d)) Zn–Al alloys. The diameter of the
capacitive semicircle of the Nyquist plot is closely related to the
corrosion rate. All the diagrams show one capacitive time constant
at high frequencies and a non-well defined time constant at low
frequencies, probably associated with diffusion processes also re-
ported in the literature [27,93]. The response of the transversal
samples is similar to that of the longitudinal equiaxed samples,
since, as shown in Fig. 1, the transversal section left exposed
mainly an equiaxed or pseudo-equiaxed microstructure.

In some cases, the shape of the Nyquist diagrams for CET mor-
phology resembles that of those with equiaxed grains and of those
with columnar grains, depending on the relative amount of each
phase in the CET morphology, which in turn depends on the region
where the specimen was obtained.

The Nyquist diagrams for the cross-section for all structures of
the different alloys (not shown here) are similar to those obtained
for the equiaxed structure, since, as shown in Fig. 6(c) and (d), the
cross-section is essentially equiaxed (or pseudo-equiaxed).

The equivalent circuit used to fit experimental data is presented
in Fig. 13.

The whole set of experimental impedance spectra can be dis-
cussed according to the following total transfer function.

ZtðjwÞ ¼ RX þ Z ð1Þ
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Fig. 11. Micrographs of different alloy samples before (a)–(e) and after (f)–(j) corrosion tests.
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with

1
Z
¼ 1

Rct þ Zw

For the hypoeutectic and hypereutectic alloys:

1
Z
¼ 1

Rct þ Zw
þ jwC ð2Þ

where RX is the ohmic solution resistance, x = 2pf; Cdl the capaci-
tance of the electric double layer, Rct the charge transfer resistance
and Zw the diffusion contributions in impedance spectra.
Fig. 13. Electrical equivalent circuit for modelling impedance data of Zn–Al alloys.
Zw = RDO (jS)�05 for semi-infinite diffusion contribution and
Zw = RDO (jS)�05 coth (jS)�05 is related to diffusion through a film
of thickness d, formed on the electrode, where RDO is the diffusion
resistance and the parameter S = d2w

D ; where d and D are the diffu-
sion thickness and diffusion coefficient related to the transport
process.

The good agreement between experimental and simulated data
according to the transfer function given in the analysis of Eqs. (1)
and (2) using non-linear least square fit routines is shown in
Fig. 14.

The values of Cdl and Rct determined from the optimum fit pro-
cedure are presented in Table 3.

The analysis of the impedance parameters associated with the
time constant observed in the hypereutectic alloys at low frequen-
cies is difficult because, this time constant is not complete in some
cases. However, was possible to calculate by fitting the thickness of
the films formed equal to 0.01–0.1 mm, assuming an approximate
value of diffusion coefficient D � 10�10 cm2 s�1.

The diameter of the first capacitive semicircle of the Nyquist
plot (Rct) is closely related to the corrosion rate. The value of Rct

could be used to calculate the corrosion current in the case of



Fig. 14. Bode diagram for different alloys. (a) Zn–3 wt.%AlCET (L). (b) Zn–4 wt.%AlCET (L). (c) Zn–27 wt.%AlCET (L). (d) Al–2 wt.%ZnEquiaxed (L). (e) Al–4 wt.%ZnCET (T). (f) Zn–
4 wt.%AlCET (T).
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mixed control [94], where the polarization resistance technique
fails, according to the following expression:

Rct ¼
ba � bc

2:303ðba þ bcÞ � Icorr
ð3Þ
4. Discussion

The experimental results shown in Table 3 and plotted in
Fig. 15(a) demonstrate that for hypoeutectic zinc–aluminium
alloys Rct (Zn–1wt.%Al) > Rct (Zn–2wt.%Al) > Rct (Zn–3wt.%Al) > Rct (Zn–4wt.%Al)



Table 3
Values of Rct and Cdl determined from the optimum fit procedure.

Type of alloy and structure Rct (X cm2) Cdl (F cm�2)

ZnColumnar 414 ± 10 2.9 � 10�4 ± 1 � 10�5

Zn–1 wt.%AlColumnar 5983 ± 100 1.9 � 10�5 ± 1 � 10�6

Zn–1 wt.%AlCET 358 ± 10 3.0 � 10�4 ± 1 � 10�5

Zn–1 wt.%AlEquiaxed 310 ± 10 2.4 � 10�4 ± 1 � 10�5

Zn–2 wt.%AlColumnar 800 ± 10 1.0 � 10�4 ± 1 � 10�5

Zn–2 wt.%AlCET 503 ± 10 2.4 � 10�4 ± 1 � 10�5

Zn–2 wt.%AlEquiaxed 300 ± 10 3.2 � 10�4 ± 1 � 10�5

Zn–3 wt.%AlColumnar 390 ± 10 1.3 � 10�4 ± 1 � 10�5

Zn–3 wt.%AlCET 590 ± 10 2.1 � 10�4 ± 1 � 10�5

Zn–3 wt.%AlEquiaxed 234 ± 10 3.6 � 10�4 ± 1 � 10�5

Zn–4 wt.%AlColumnar 551 ± 10 8.6 � 10�4 ± 1 � 10�5

Zn–4 wt.%AlCET 345 ± 10 1.1 � 10�3 ± 1 � 10�4

Zn–4 wt.%AlEquiaxed 280 ± 10 1.7 � 10�3 ± 1 � 10�4

Zn–16 wt.%AlColumnar 453 ± 10 3.8 � 10�4 ± 1 � 10�5

Zn–16 wt.%AlCET 318 ± 10 5.3 � 10�4 ± 1 � 10�5

Zn–16 wt.%AlEquiaxed 220 ± 10 2.7 � 10�4 ± 1 � 10�5

Zn–27 wt.%AlColumnar 390 ± 10 3.2 � 10�4 ± 1 � 10�5

Zn–27 wt.%AlCET 300 ± 10 4.3 � 10�4 ± 1 � 10�5

Zn–27 wt.%AlEquiaxed 167 ± 10 2.3 � 10�4 ± 1 � 10�5

Zn–50 wt.%AlColumnar 372 ± 10 2.2 � 10�4 ± 1 � 10�5

Zn–50 wt.%AlEquiaxed 153 ± 10 1.2 � 10�4 ± 1 � 10�5

AlColumnar 19 ± 1 1.9 � 10�5 ± 1 � 10�6

Al–2 wt.%ZnEquiaxed 11 ± 1 2.1 � 10�5 ± 1 � 10�6
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implies that increases susceptibility to corrosion with increasing Al
concentration in the inter-dendritic region (eutectic lamellar
mixture).

For the hypereutectic alloys, the values of Rct are slightly lower
than those of the hypoeutectic alloys (Fig. 15(b)). On the other
hand, also for the hypereutectic alloys the corrosion resistance de-
creases when the amount of aluminium increases (in the eutectic
and eutectoid phases and in the b phase in the grain boundaries).
This decrease in the Rct values as the aluminium content increased
was also found by Osório et al. [62] for Zn–25 wt.%Al and Zn
55 wt.%Al. Although Zn–4 wt.%Al is purely hypoeutectic and
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Fig. 15. Charge-transfer resistance (Rct) versus type of alloy with corresponding
grain morphology (columnar, CET or equiaxed) for (a) hypoeutectic and (b)
hypereutectic Zn–Al alloys.
Zn–16 wt.%Al is purely hypereutectic, the corrosion behaviour of
these alloys is intermediate, probably due to an effect of segrega-
tion of elements in the alloy.

It can be seen that, for all the compositions, the columnar mor-
phology has higher values of Rct than equiaxed, probably because
columnar grains have fewer grain boundaries than equiaxed grains
(Fig. 2(a)) or fewer ways for corrosion to occur, which do not have
an ordered crystalline structure, and also because the grain bound-
aries are full of imperfections and segregation of elements.

However, it is important to note that the Rct values are related
to the rate of charge transfer reactions that give rise to the forma-
tion of a corrosion layer on the surface of the samples but say noth-
ing about the protective characteristics of these films. Fig. 16 is a
plot of the double-layer capacitance versus type of alloy with cor-
responding grain morphology (columnar, CET or equiaxed). It is
possible to appreciate two different behaviours for (a) hypoeutec-
tic and (b) hypereutectic Zn–Al alloys. In the first case, the Cdl in-
creases from Zn–1 wt.%Al to Zn–4 wt.%Al, and the values for the
CET zone are between those of columnar and equiaxed. In the case
of Zn–4 wt.%Al, the high values of capacity confirm the formation
of porous corrosion products, as determined by other authors by
X-ray diffraction [46] and as shown in Fig. 11(e). These high values
of capacity may also be correlated with an increase in the area.

For the hypoeutectic alloys, the Cdl decreases from Zn–16 wt.%Al
to Zn–98 wt.%Al (Fig. 16(b)). This is consistent with the formation
of small pores in the corrosion products of Fig. 11(f). The higher
values of double-layer capacity are for the CET zone.

Looking at the voltammograms (Fig. 10(c) and (d)), it can be
concluded that the films of corrosion products formed on alloys
with higher aluminium content are more difficult to reduce. This
could explain the data found in the literature reporting the benefi-
cial effect of Al on the corrosion resistance of Zn–Al alloys
[1,56,62].

The overall change in the corrosion rate of the alloys could de-
pend on the combined influences of the changes in the aluminium
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content in the interdendritic phases and the proportion of b phase
in the grain boundary.

To investigate the role of dendrite and grain morphology on cor-
rosion resistance of hypoeutectic and hypereutectic Zn–Al alloys,
we also analyzed the variation of charge-transfer resistance (Rct)
with secondary dendrite arm spacing (k2) and grain size (Gs).

Fig. 17 shows the correlation between double-layer capacitance
and k2 and Gs. For hypoeutectic alloys, Cdl increases from the
columnar to the equiaxed zone as both k2 and Gs increase
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Fig. 18. Charge-transfer resistance (Rct) versus (a) and (b) secondary dendritic arm spacin
(Fig. 17(a) and (c)). In contrast, for the hypereutectic alloys, Cdl de-
creases from the columnar to the equiaxed zone as k2 increases
(Fig. 17(b)) and decreases as the Gs at the top (equiaxed zone) of
the samples decreases (Fig. 17(d)).

In Fig. 18(a) and (c) for hypoeutectic alloys it possible to see
that, going from the columnar to the equiaxed zones of the sam-
ples, the Rct decreases as k2 and Gs increase. In the case of the
hypereutectic alloys, the Rct also decreases as k2 increases from
the columnar to the equiaxed zone but decreases as Gs decreases.
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This means that finer dendritic microstructures tend to yield high-
er corrosion resistance than coarser dendritic microstructures. On
the other hand, coarser columnar Gs tend to improve the corrosion
resistance of hypereutectic alloys.
5. Conclusions

1. Using the electrochemical impedance spectroscopy (EIS) tech-
nique allowed us to evaluate the corrosion behaviour of differ-
ent Zn–Al alloys in a 3% NaCl solution.

2. The corrosion resistance is a complex function of the alloy com-
position, macrostructure and microstructure and section of the
samples, all of which determine the protective characteristics of
the films that are formed on them.

3. The values of the charge-transfer resistance were used as a
basic criterion for the evaluation of the corrosion resistance of
the alloys, but do not indicate the protective properties of the
films formed on the Zn–Al alloys directionally solidified.

4. It can be seen that, for all the compositions, the columnar mor-
phology has higher values of charge-transfer resistance than
equiaxed, probably because columnar grains have fewer grain
boundaries and imperfections than equiaxed grains.

5. Although the value of charge-transfer resistance decreases as
the aluminium concentration increases, the films formed at
higher concentrations of aluminium appear to be more protec-
tive since they cannot be reduced during the cathodic sweep in
voltammetry.

6. The control of microstructure can be used to produce alloys
with better corrosion resistance.

7. This research shows that what actually affects the response to
corrosion is the way in which aluminium is distributed in the
alloy, i.e., which phases are present in the solidified microstruc-
ture and how they are distributed, and not the amount of alu-
minium present in the alloy.
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