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Abstract
The aluminum alloy with intermetallic α-Al15(Fe,Mn,Cr)4Si2 phase with polygonal morphology, denoted 
by Al-α alloy was processed by controlled solidification and this alloy was studied in order to evaluate 
the microstructure, microhardness, corrosion resistance and electrochemical impedance when this 
alloy was immersed in an electrolytic medium at 0.1 mol/L solution of sulfuric acid.

The intermetallic α-Al15(Fe,Mn,Cr)4Si2 with polyhedron morphology presents a microhardness of 483 
HV and being much higher than pure aluminum. The polarization resistance of the pure Al is much 
higher than Al-α alloy and the corrosion rate in pure Al is low, however, the corrosion rate in Al-α 
alloy is moderate. The Al-α alloy electrode presents a larger area of the voltammogram than the 
pure Al electrode and pure Al presents a larger region passivity, however, through Nyquist diagram, 
both samples presented the capacitive semicircle and inductance region. Being so, the polarization 
resistance was a lot bigger in pure Al than the Al-α alloy, and these results were similar to result of 
micro polarization. This alloy is suitable for use in many automotive applications increasing lifetime of 
its components, due to, it has low density, high microhardness and in sulfuric acid medium has noble 
behavior and presents a good corrosion resistance, and a low corrosion rate.
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according to statement of Dash and Makhlouf, [1]. 
However, Orozco-González, et al. [2] had observed, 
in the dilute aluminum alloys, two of the phases 
that are commonly encountered as secondary 
phase and have been the subject of much research 
the α-AlFeSi and β-AlFeSi phases. Where, the α 
phase is usually described as having a Chinese 
script morphology and cubic or hexagonal crystal 
structure and the β phase is generally described 
as having a plate-like morphology and monoclinic 

Introduction
Aluminum alloy are getting increased attention 

mainly because of their application in the 
automotive and aerospace industries and there 
is a significant scientific and industrial interest 
in use of Al-Mg-Si-Mn-Fe alloys in automotive 
applications to reduce the weight and production 
cost of vehicles, besides, only in the last five 
decades have attempts been made to study the 
feeding mechanisms of aluminum-silicon alloys, 
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forms the compound α-Al15(Fe,Mn)3Si2, this 
was supported by Gao, et al. [4], however, with 
the increase of the manganese content, the 
equilibrium field of the intermetallic component 
α-Al15(Fe,Mn)3Si2 increases, as emphasized by 
Backerud, et al. [3].

During homogenization, plate-like β-AlFeSi 
phase transforms to a more rounded α-Al(FeMn)Si 
phase, which are more favorable for the extrusion 
process, beside, the influence of the alloying 
elements on the rate of the intermetallic β-to-α 
transformation were studied by studied Kuijpers, et 
al. [9], furthermore, according to their investigation 
these author stated, iron is a common impurity 
element in aluminum alloys, for instance, in Al-Si 
foundry alloys, iron forms intermetallic compounds 
that have long been known to be detrimental to 
mechanical properties, moreover, the morphology 
of iron-containing intermetallic is often cited as 
the contributing cause of their negative effects, 
where the plate-like phases, such as, β-Al5FeSi, 
nevertheless, such as, α-Al15-(Fe,Mn)3Si2 are 
considered as more harmful than script-type 
phases. Meanwhile, formation of β-Al15FeSi phase 
can be suppressed in two ways: Addition of 
sufficient manganese, in alloys without manganese 
or with high cooling rates, the former leads to the 
formation of α-Al15(Fe,Mn)3Si2, while in the latter 
case, α-Al8Fe2Si is formed. Notwithstanding, Gao, 
et al. [10] and Otani, et al. [11] investigated, in 
order to minimize the disadvantage of β-Al5FeSi, 
their researches have been focused on changing 
the morphology of this phase, adding neutralizing 
elements, e.g., Be, Mn, Cr or V, it is a commonly 
applied method, among which Mn element is the 
most efficient. When the total amount of Fe, Mn 
and Si is less than 18 wt.%, the primary phase 
Al15(Fe,Mn)3Si2 will form, which is usually marked 
as α-Al(Fe,Mn)Si for short. The α-Al(Fe,Mn)Si phase 
exhibits a body centered cubic structure and its 
preferred morphology is Chinese script.

Kaisera, et al. [12] presented the applications of 
this type of alloys. Hypereutectic aluminium-silicon 
alloys are used in applications that require high 
resistance to wear, corrosion, good mechanical 
properties, low thermal expansion and reduced 
density. Their properties are of greatest attention to 
the automobile industry for the fabrication of fuel-
efficient vehicles, using lightweight components 
produced from these alloys, such as, connecting 

crystal structure. Furthermore, Backerud, et al. 
[3] explained in his work, which the intermetallic 
component α-Al15(Fe,Mn)3Si2 may present 
polygonal morphology when its precipitation 
occurs from a primary reaction, or it may present 
a "Chinese-script" morphology, when formed 
from a post reaction-dendritic, besides, these last 
authors emphasize, which these characteristics are 
determined by the Mn and Fe content present in 
the alloy. Then, these same authors verified, if the 
sample is cooled slowly (0.1 °C/s), primary crystals 
α-Al15(Fe,Mn)3Si2 with polyhedral morphology 
are obtained, however, if the cooling rate is 
slightly higher (0.3 °C/s), the primary component 
α-Al15(Fe,Mn)3Si2 may have a morphology in 
dendritic form and at cooling rates above 0.5 °C/s, 
α-aluminum will develop as the primary phase, and 
the α-Al15(Fe,Mn)3Si2 will have the morphology of 
a post-dendritic precipitate with typical "Chinese-
script" morphology. Besides, Gao, et al. [4] 
explained the growth stages of the intermetallic 
α-Al(Fe,Mn)Si tend to have a rhombic dodecahedron 
morphology. Gao, et al. [4] explained the growth 
stages of the intermetallic α-Al(Fe,Mn)Si reaches 
to have a rhombic dodecahedron morphology. 
Although, with backscattered electron image the 
primary intermetallic compound α-Al15(Fe,Mn)3Si2 
with polyhedral morphology sedimented at 600 °C 
for 4 hours was observed by Dash and Makhlouf 
[1].

Tillová, et al. [5] have discussed and verified that 
the intermetallic β-Al5FeSi phase is seen as harmful 
to the mechanical properties and this presents 
a monoclinic crystalline structure with highly 
faceted platelet morphology, with microstructural 
resembles to needles. Due to this morphology, it 
acts as efficient stress concentrators, significantly 
reducing the mechanical properties of the alloy, 
such as ductility and fracture toughness. Another 
similar work by Yu [6] and Taylor [7], they showed 
that the β-Al5FeSi phase presents a complex 
configuration, forming branches whose growth is 
lateral. According to Cao and Campbell [8], they 
pointed, when the molten bath is superheated at 
elevated temperatures (200 a 300 °C) above the 
liquidus temperature, the iron compounds tend 
to crystallize as α-Al15(Fe,Mn)3Si2. In addition, 
manganese has been widely used, due to its 
significant cost and higher availability of this 
element, although, β-Al5FeSi phase of monoclinic 
structure tends to be suppressed and in its place 
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in microscope (SEM-FEG) with EDS, Tescan model 
Mira 3. Furthermore, Vickers hardness (VH) was 
measured on the material.

For the corrosion tests, the samples were cut, 
embedded and sanded, the following measurement 
techniques were employed: Open circuit corrosion 
potential, linear polarization around of the corrosion 
potential (Ecorr), cyclic voltammetry and impedance 
spectroscopy, as well as quantify of the corrosion 
rate was performed to know the information about 
kinetic of anode and cathodic reactions. Corrosion 
tests were performed in an electrochemical cell 
with three electrodes; the reference electrode 
(SCE), the counter electrode (platinum wire) and 
the work electrodes constituted by aluminum 
alloy and pure Al. The electrolytic medium was a 
0.1 mol/L solution of sulfuric acid, maintaining a 
temperature at 24 °C through a Brookfield TC 501 
thermostat. The tests were performed in an Autolab 
potentiostat model PGSTAT 30, the GPES software 
and the FRA software, version 4.9 of Autolab were 
used to collect. At last, impedance spectroscopy 
tests were accomplished to represent the results in 
Nyquist diagram.

In this work the Vickers microhardness test was 
performed, with applied loads of 100 [gf], for a 
dwell time of 15 s.

Results and Discussion
To facilitate the discussion, some nomenclatures 

were adopted, so that, the Al-alloy with intermetallic 
component α-Al15(Fe,Mn,Cr)4Si2 what present 
polygonal morphology was denoted by “Al-α” and 
the Al 99.99 wt.% was denoted by “pure Al”.

The physical properties measured of Al alloy, 
whose density was 2093 kg/cm3 and of pure Al was 
2700 kg/cm3. These properties were measured by 
Archimedes principle.

Microstructural analysis
The microstructural analysis was carried out using 

an optical microscopy and high-resolution scanning 
electron microscope (SEM-FEG) with EDS. Through 

rods, pistons, cylinder liners and engine blocks. The 
good mechanical properties and high resistance 
to wear are basically recognized as hard primary 
silicon particles spread in the metal matrix. The 
wear resistance can, however, also be affected by 
Si in the eutectic matrix. The most investigated of 
these cast alloy groups are A356/A357 (Al-Si-Mg) 
and B319 (Al-Si-Cu) systems, in the latter case, 
copper increases thermal endurance but reduces 
corrosion resistivity and magnesium, also acts as 
a precipitation hardening element and has good 
corrosion resistance.

The aluminum alloy with intermetallic 
α-Al15(Fe,Mn,Cr)4Si2 phase have polygonal mor-
phology was processed by controlled solidification, 
this allow was studied in order to evaluate the mi-
crostructure, microhardness, corrosion resistance 
and electrochemical impedance when this alloy 
was immersed in electrolytic medium at 0.1 mol/L 
solution of sulfuric acid. The results were compared 
in relation to pure aluminum. This alloy is suitable 
for use in many automotive applications increasing 
lifetime of its components, due to, it has low densi-
ty, high microhardness and in sulfuric acid medium 
has noble behavior and presents a good corrosion 
resistance, and a low corrosion rate.

Material and Methods
From commercial raw materials the alloy 

with chemical composition used in this work was 
casted and X-ray fluorescence was previously used 
to determine quantitatively the composition of 
each sample and Table 1 shows the compositions 
in weight of each sample. The elaboration of the 
alloy that belongs to Al-Si-Cu-Fe-Mn-Cr system 
are within the limits of chemical composition 
of the primary formation of the intermetallic 
α-AlX(Fe,Mn,Cr)YSiZ. The preparation of alloy was 
made from the fusion of the ingots in the vertical 
furnace, so, all the information of the alloy casting 
process is found in the dissertation of Ferreira 
[13]. After casting the alloy, the samples were cut, 
embedded and sanded for microstructure analysis 
in an optical microscope Olympus BX-51 and also 

Table 1: Chemical compositions in percentage weight of Al alloy and pure Al samples, obtained by X-ray fluorescence 
technique.

Samples (wt.%) Al Fe Si Mn Cr Cu Ni S
Al alloy 77.794 7.319 9.041 1.937 1.828 1.826 0.255 -
Pure Al 99.662 0.236 - - - - - 0.102
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and rough morphology, at right-hand side of the 
tables that corresponding to each microstructure, 
the present elements concentration can be 
observed. At first table (left side) of Figure 2 there 
are low concentration of Al, meanwhile, high 
concentrations appear in this table of Fe, Si, Cr, Mn 
and Ni than at second table (right side) of Figure 2, 
however, high concentration of Al presents in this 
last table.

The selected black and white area (Figure 3) was 
mapped using the EDS technique, and according 
to the chemical analysis the elements shown in 
this figure were determined; though, the highest 
intensity of the area corresponds to the referred 
element. Therefore, the EDS element maps 
present at Al-α alloy that is shown in Figure 3, we 
note higher concentration of Al element prevails 
at the rough characteristic than the polygonal 
morphology, which is confirmed at second table 
of Figure 2. However, the elements: Fe, Si, Cr and 
Mn present higher concentration at region of the 
polygonal phase; though, these elements have low 
concentration at the rough region, this result is 

the phase-contrast optical microscopy a suitable 
illumination was selected to better visualize the 
phases present in the material studied, in Figure 1 is 
shown the result of microstructural analysis of Al-α 
alloy, in the micrograph is shown a distribution of 
polygonal morphology with homogeneous or smooth 
characteristic, but, in the low-magnification optical 
microscopy (Figure 1a), a morphology type “Chinese 
script morphology” is observed by the phase-
contrast optical microscopy, which correspond to 
intermetallic phase type α-Al15(Fe,Mn,Cr)4Si2, this 
study was previously confirmed by Ferreira [13], also, 
for the phase α-Al15(Fe,Mn)3Si2 similar results were 
discussed by several authors, between them, Orozco-
González, et al. [2] and Backerud, et al. [3]. Besides, 
when is amplified the optical micrograph (Figure 1a), 
two distinct phases are clearly observed (Figure 1b-
c). Meanwhile, around the polygonal morphology, a 
morphology with coarse or rough characteristic can 
observe and these characteristics can be elucidated 
at the interface of these morphologies (Figure 1d-e).

Furthermore, EDS punctual analysis for Al-α alloy 
was done, such as, at the polygonal morphology 

Figure 1: Microstructural analysis: a) Optical micrograph; b) Higher magnification of figure before; c) FEG/SEM imagens; d) Higher 
amplification of figure before; e) Image of the interphase.
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Figure 2: EDS punctual analysis for Al-α alloy: a) At the polygonal morphology; b) At the rough morphology.

Figure 3: EDS element maps at the polygonal and at interface between rough morphologies and Al-α alloy phase.

rich in pro-euthetic Fe-Al15(Fe,Mn)3Si2 and/or 
Al5FeSi, besides, main euthetic reaction involving 
precipitation of (Si) and phases containing-Fe. In 
addition, an analysis by X-ray diffractometry (Cu-
kα) of this alloy, executed by this same author, the 
phases α-Al15(Fe,Mn,Cr)4Si2, α-Al, Si, Al2Cu e Al3Cu2Ni 
have been identified. Thus, our microstructural 
study is corroborated with the results of this study.

For the phase α-Al15(Fe,Mn)3Si2 with charac-

confirmed by EDS punctual analysis (Figure 2), while 
the Cu element has a slightly higher concentration 
at the rough region, and the Ni element was not 
detected, a similar work was done by Backerud, et 
al. [3].

Strengthening this study, the solidification by 
differential thermal analysis (DTA) of alloy with 
cooling at 5 °C/min was carried out, by Ferreira 
[13]. This author identified precipitation of phases 
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characteristic, while the pure Al present polygonal 
deformed and elongated.

Vickers microhardness measurements
The Vickers microhardness was carried out in 

the polygonal morphology and rough characteristic 
of the microstructure of Figure 1. At polygonal 
morphology the microhardness Vickers (HV) was 
728 ± 8, however, at rough characteristic was 90 ± 
10 HV.

Several authors have studied the Vickers 
microhardness, including Tillová, et al. [5], who, 
studying the intermetallic phases in Al-Si recycled 
alloys presents a microhardness of 483 HV, in 
addition, Isadarea, et al. [17] studied Mechanical 
Properties of 7075 Aluminum Alloy, they found for 
this alloy the microhardness of 201 HV, however, 
the microhardness of 567 HV for Al-Si-Cu-Mg-Fe 
extruded alloy was measured by the authors Ahn 
[18]. Though, some authors, Kubota [19] and Xu, 
et al. [20] determined the microhardness of pure 
aluminum, around 50 HV. Meanwhile, our result 
of microhardness in polygonal morphology was 
higher than the alloys presented by the authors, 
beside; also, the microhardness of our alloy was 
much higher than pure aluminum.

Electrochemical techniques
Open-circuit corrosion: The corrosion potential 

(Ecorr) or open circuit potential is determined after 
3300s of immersion in the electrolyte under study, 
as stipulated by ASTM standard G59-97 [21]. Figure 
4 shows the behavior of the corrosion potentials 
of the samples as a function of time for the two 
samples tested. Where the pure Al was considered 
as a reference of comparison, similar estude.

OCP of an electrode reflects the thermodynamic 
parameter which guides us about the 
thermodynamic tendency of that metallic materials 
to participate in the electrochemical corrosion with 
the electrolyte or neighboring medium. OCP shows 
the relationship between the electrode potential 
and the immersion time, indicating the stability 
of the sample in the electrolyte. So, open circuit 
potential is important since the metal with the low 
open potential will dissolve faster in the electrolyte 
than the metal with high open circuit potential.

The sample of the Al-α alloy presented the initial 
Ecorr of -0.082 V, then falls sharply to -0.102 V and 
stabilizes at -0.106 V at the test end. However, 

teristic similar to phase α-Al15(Fe,Mn,Cr)4Si2 was 
discussed in the literature. Therefore, several re-
searchers investigated this theme and that con-
firm our result, among them, Cao and Campbell [8] 
confirmed that the iron compounds tend to crys-
tallize as α-Al15(Fe,Mn)3Si2, thus this element pre-
vails at the polygonal morphology, which is rich in 
Fe, Mn and Cr, also, with the increase of the man-
ganese content, the equilibrium field of the inter-
metallic component α-Al15(Fe,Mn)3Si2 increases, as 
emphasized by Backerud, et al. [3] and Dinnis and 
Taylor [14]. Besides, according to study assessed 
by Kuijpersa, et al. [9], which during this homoge-
nization, plate-like β-AlFeSi phase transforms to a 
more rounded α-Al(FeMn)Si phase, which are more 
favorable for the extrusion process, the influence 
of the alloying elements, in particular the Mn and 
Si concentration influence on the β-to-α transfor-
mation rate. Moreover, Makhlouf and Apelian, et 
al. [15] and Otani, et al. [11], they had observed 
that the intermetallic compound α-Al15(Fe,Mn)3Si2 
have a polyhedral morphology, besides, Backerud, 
et al. [3] explained in his work, which the interme-
tallic component α-Al15(Fe,Mn)3Si2 may present 
polygonal morphology when its precipitation oc-
curs from a primary reaction, or it may present a 
"Chinese-script" morphology, also, this fact were 
corroborated by Dinnis and Taylor [14] and Otani, 
et al. [11]. The α-Al(Fe,Mn)Si phase exhibits a body 
centered cubic structure and its preferred mor-
phology is Chinese script, pointed out by Gao, et al. 
[10]. Based on the literature results, the polygonal 
morphology presented and discussed in this paper 
is of type α-Al15(Fe,Mn)3Si2 or Al-α alloy. It can be 
verified in Figure 2 and Figure 3, at the polygonal 
morphology the elements Fe, Si, Cr and Mn have 
high concentration in this morphology.

A systematic study was presented to investigate 
the variations of microstructure, mechanical 
properties, and strain hardening on a commercially 
pure aluminum AA1050 at room temperature, 
through optical micrograph of annealed sheet, 
by Gashti [16], they showed a homogeneous 
microstructure, with a geometric characteristic 
elongated and polygonal deformed and some of 
the grain boundaries are not clear due to a large 
number of dislocations that present. Therefore, 
the microstructure of the Al-α alloy and pure Al 
are different, although the Al-α alloy present the 
polygonal morphology, however, around the 
polygonal morphology presents coarse or rough 
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both potentials are found in the passive region. 
A similar viewpoint was expressed by Prabhu and 
Rao [23].

Determination of corrosion rate: To calculate the 
corrosion rate, micro and macro linear polarization 
techniques were used. The micro polarization 
technique consists in applying 10 mV for more and 
10 mV for less around the Ecorr, as stipulated in 
standard ASTM G59-97 [21], the result is shown 
in Figure 5a and the polarizing resistance (Rp) is 
defined as the inverse of the angular coefficient 
of the straight line of Figure 5a, whose result is 
displayed in Table 2. Moreover, to determine the 
Tafel constants (βa, cathode beta and βc, anodic 
beta) in H2SO4, the macro polarization technique 
was performed, for this, a potential of ± 150 mV 
around Ecorr was applied in the samples in study, 
whose result is shown in Figure 5b and the Tafel 
constants are presented in Table 2.

To calculate the corrosion current (Icorr) was 
used the equation proposed by Stern-Geary in 
ASTM G59-97 [21] and the corrosion rate (CR) is 
in mm/year, according to ASTM G102-89 [24]. For 
this calculation, the Al element was considered the 
majority, according to Table 1. Table 2 presents the 

for the sample of pure Al initially a potential was 
of -0.006 V, in which the potential varies very 
little and stabilizes at -0.005 V at the test end. The 
potential of the Al-α alloy behaves with a tendency 
to decrease the potential from 2000 s, while, from 
this same time interval, the pure Al sample presents 
a tendency to increase the potential.

The open circuit potential (Ecorr) reflects the 
composite results of the electrochemical reactions 
which take place at the electrode/solution interface. 
From the Figure 4 it is clearly visible that the most 
noble Ecorr was observed for the Al-α alloy than 
the pure Al, which indicate the formation and 
thickening of the protective passive film on their 
surfaces of the Al-α alloy, whereby, both materials 
seek the thermodynamic stability of the sample in 
the electrolyte.

In this experiment we used the saturated calomel 
as the reference electrode, because the potential 
-0.106 V at the test of the Al-α alloy in reference 
to the standard hydrogen electrode is +0.135 V, 
however for the pure Al the potential -0.005 V in 
reference to the standard potential is +0.236 V. In 
this Al-α alloy the aluminum concentration prevails 
(Table 1), so according to Pourbaix diagram [22] 

Figure 4: Open circuit potential (OCP) reactions versus saturated calomel electrode (ECS) for the Al-α and pure Al alloys samples in 0.1 
mol/L sulfuric acid medium, aerated at 24 °C.

https://www.sciencedirect.com/science/article/pii/S1878535213002591#!
https://www.sciencedirect.com/science/article/pii/S1878535213002591#!
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Al  Al+3 + 3e-1, 				           (2)

Reacting Al with water, inducing the formation 
of Al's oxide on the metal surface, at the metal-
water interface observed Table 2. The activation of 
βa is lower in the pure Al than Al-α alloy, this implies 
the lower production of Al 3+ anions in the pure Al 
electrode surface than in Al-α alloy. Then the Al-α 
alloy electrode is less stable than the pure Al. On 
the other hand, the βc of the Al-α alloy is smaller in 
absolute value in relation to the pure Al, indicating 
a greater activation of the cathodic reaction of 
the hydrogen reduction on the alloy, suggesting 
that the greater reaction of hydrogen evolution 
is favored on the alloy surface, this resulted was 
supported by Prabhu and Rao [23].

The microstructure of the Al-α alloy and pure 
Al are different. The Al-alloy with intermetallic 
component α-Al15(Fe,Mn,Cr)4Si2 presents a 
polygonal morphology, meanwhile, around the 
polygonal morphology has a coarse or rough 
characteristic and these characteristic can be 
elucidated at the interface of these morphologies 
(Figure 1c and Figure 1d), where the pure Al presents 

experimental data and calculation of the corrosion 
current and corrosion rate for each sample.

As is well known, the polarization resistance is 
related to the difficulty of load transfer or electric 
current flow between electrolyte and the sample. 
According to this result of Table 2, the polarization 
resistance of the pure Al is much higher than Al-α 
alloy. In addition, in this table the Icorr in conditions 
of almost equilibrium is higher of the alloy Al-α 
than pure Al. Thus, a lower electric current implies 
a higher polarization resistance.

The Tafel constants activate the cathodic and 
anodic electrochemical processes. However, the 
electrochemical processes that occur in electrodes 
in acid medium that corresponds to this work are 
as follows: At cathode in platinum electrode, the 
reaction occurs:

2H+ 2e-  H2				           (1)

It means that hydrogen is reduced on the 
electrode surface at the solution interface. 
However, at node in the work electrode, the 
following reaction occurs:

Figure 5: (a) Micro-polarization technique; b) Macro-polarization technique.

Table 2: Electrochemical parameters for the pure Al and the Al-α alloy in H2SO4, 0.1 mol/l aerated and at 24 °C.

Parameters Ecorr (V) Rp (k Ω.cm2) βa (V/dec)  βc (V/dec) Icorr (A/cm2) CR (mm/year)
Pure Al -0.005 0.454 0.1436 0.1059 7.9 × 10-2 0.086
Al-α alloy -0.106 0.116 0.2765 0.0302 10.19 × 10-2 0.143

https://www.sciencedirect.com/science/article/pii/S1878535213002591#!
https://www.sciencedirect.com/science/article/pii/S1878535213002591#!
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For the sample of the Al-α alloy, around -1.0 V 
to -0.5 V it has the cathodic behavior, showing a 
high reaction of hydrogen evolution, which is also 
verified in the state in almost equilibrium, according 
to the calculation of βc in Table 2, moreover, at 
approximately -0.5 V has the beginning of an 
anodic current or oxidation reaction, which means 
the possible dissolution on the work electrode 
surface of the α-Al15(Fe,Mn,Cr)4Si2 phase, therefore, 
as the applied potential increases, the current 
density increases, too, meaning an increase of the 
sample dissolution that is associated with current 
density increases, beside, at the maximum applied 
potential 1.0 V, the current density is approximately 
4.0 × 10-3 A/cm2. After this direction, the potential 
in opposite direction in the electrode was applied, 
where the dissolution decreases when the potential 
decreases and from 0.5 V and whose variation of 
current is very small. Therefore, possibly allowing 
the formation of aluminum oxides, iron oxides, 
etc., this is a function of the elements that exist in 
the work electrode (Table 1), since; the test was 
performed in aerated environment.

only a morphology deformed and elongated. As is 
known, the cathodic and other anodic regions are 
established by the morphological characteristic of 
the alloy, because the Al-α alloy has two phases, 
although the pure Al has only one phase, thus 
generating a galvanic microcell, which explains the 
higher corrosion rate in the Al-α than in pure Al.

In aerated sulphuric acid medium the presence 
of the intermetallic phase α-Al15(Fe,Mn,Cr)4Si2 
that is present in the aluminum matrix, which 
can be verified, the corrosion rate of this alloy is 
higher when compared to pure Al (see Table 2), 
for the reason that was explained in the previous 
paragraph. These values mean that the corrosion 
rate in pure Al is low, however, the corrosion rate 
in Al-α alloy is moderate according to the standard 
NACE Standard RP0169 [25].

Cyclic voltammetry: Figure 6 shows the cyclic 
voltammograms of pure Al aluminum and Al-α alloy 
samples at 0.1 mol/L H2SO4 medium. The initial 
potential was stabilized at -1.0 V and the final potential 
was +1.0 V and the scan velocity was 50 mV/s.

Figure 6: Cyclic voltammetry of pure aluminum and Al-α alloy samples at 0.1 mol/L H2SO4 medium, solution aerated at 24 °C.
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Electrochemical impedance spectroscopy: 
The electrochemical behavior of the samples 
was characterized by electrochemical impedance 
spectroscopy (EIS) and the result was presented by 
means of the Nyquist diagram.

Figure 7 shows the Nyquist diagram for the two 
samples studied. In the X-axis the real impedance 
and in the Y-axis the imaginary impedance are 
represented. Analyzing the diagrams, the presence 
of a capacitive semicircle at the regions of low and 
middle frequencies and an inductance phenomenon 
at the high frequency range are observed. The 
presence of a capacitive semicircle is characteristic 
of the charge transfer stage, being this limiting stage 
due to involved electrochemical processes and this 
characteristic are attributed to electrical properties 
of the alloy surface and to presence of adsorbed 
hydrated oxide film at the surface, this, in turn, it 
is related to the properties of the aluminum oxide 
layer and other oxides related to elements of Table 
1. Bessone, et al. [27] and Wit and Lenderink [28] 
pointed out that the capacitive arc is assigned to 
the passive oxide film of aluminum in the solution/
oxide interfaces. The presence of an inductance 
region indicates an active dissolution of the 
surface at local microdefects of the oxide film. The 
presence of an inductance loop can be attributed 
to (a) Relaxation of a faradaic process associated 
with the anodic dissolution of the aluminum and 
(b) Fact of mechanism of adsorption of corrosion 
reaction, according to study of Kharitonov, et al. 
[29]. However, Arthanari, et al. [30] affirmed that 
inductance loop is due to the strong diffusion 
of corrosive ions through the surface layer and 
dissolution of Al. They added, the addition of Mg in 
alloy decreased its corrosion resistance, otherwise. 
However, the justifications for inductive arc, at high 
frequencies are controversial, presented by several 
authors.

In this work, the polarization resistance (Rp) was 
obtained by the semicircle diameter in the real axis 
in Figure 7. Through this technique, the solution 
resistance (Rs) was approximately 75 Ω for the pure 
Al sample and for the Al-α alloy was 50 Ω, values 
that correspond to beginning of the semicircle for 
high frequencies applied. Through the diameter 
of the capacitive arch (Figure 7), for pure Al the 
polarization resistance was 0.43 k Ω.cm2, being very 
close to the value determined by linear polarization 
(Table 2), however, the value for Rp for Al-α alloy 

Besides, according to Figure 6 for the pure Al 
sample, at the potential range of -1.0 to 0.0 volts, 
the current is around zero and so it has the passivity 
behavior, in a similar way to the βc measured in 
Table 2, which it presents in this electrode low 
hydrogen reduction, thus, both measures lead to 
similar result. However, the increase of the anodic 
current in this electrode appears in approximately 
0.0 V, due to aluminum dissolution generating Al+3 
ions. In this figure can be observed that when the 
potential increases, the current also increases, 
reaching a maximum current of 1.0 × 10-3 A/cm2 in 
1.0 V, after the decreasing potential in around 0.5 V, 
so the sample behaves with passivity characteristic 
again and with a very small constant current. 
Comparing at 1.0 V, the current density of pure Al 
is 3 times lower than the Al-α alloy.

Nevertheless, it can be verified at -1.0 V potential, 
the cathode current of hydrogen evolution or 
reduction reaction in the Al-α alloy is approximately 
-2.0 × 10-3 A/cm2, however, in relation to pure Al, 
where the cathode current is close to zero. Then, 
we can affirm through the cyclic voltammogram 
presented in Figure 6, that the hydrogen evolution 
reaction is appreciable on the surface of the Al-α 
alloy in relation to the reference sample.

This last result has the same tendency with the 
result of Table 2, although the electrochemical 
parameters of this table were measured in a state 
of almost equilibrium, for the potential range ± 
150 mV around Ecorr, however, the voltammetry 
corresponds to a dynamic state out of equilibrium. 
So, we verified the pure Al is more stable than 
the Al-α alloy in middle of the 0.1 mol/L of H2SO4, 
also this fact can be confirmed by the result of 
the corrosion rate of Table 2 and also, it can 
be confirmed by the result of the open circuit 
potential of Figure 1, because the corrosion rate of 
the Al-α alloy is little higher in relation to the pure 
Al. The cyclic voltammetry is related to the loads 
generated in the double layer of the electrode, 
according to Figure 6, the Al-α alloy electrode 
presents a larger area of the voltammogram than 
the pure Al electrode, because these areas are 
related to amount of stored load or simply is the 
capacitance of double layer, this means that Al-α 
alloy has greater dissolution than the pure Al, thus, 
we again confirm that the Al-α alloy is less stable 
than the pure Al, this results presented in this study 
are consistent with other studies [23,26].
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Figure 7: The EIS Nyquist plots of pure Al and Al-α alloy samples in 0.1 mol/L H2SO4 medium, in aerated solution and at 24 °C.

[12]. For the future, we will still need to think about 
decreasing vehicle weight, and economic demands 
for production in the automotive industry. This can 
be achieved by reducing the material thickness 
and allied to corrosion properties will be of vital 
importance for the properties and increasing 
lifetime of such components.

Conclusion
1.	 As a consequence of this study, the following 

conclusions will be highlighted.

2.	 The micrograph by SEM-FEG shown a 
distribution of polygonal morphology with 
two distinct phases and the concentration 
of the elements Fe, Si, Cr, Mn and Ni by EDS 
were different in each phase.

3.	 The primary intermetallic α-Al15(Fe,Mn,Cr)4Si2 
with polyhedron morphology presents a 
microhardness of 483 HV and being much 
higher than pure aluminum.

4.	 The polarization resistance of the pure Al is 
much higher than Al-α alloy and the corrosion 
rate of pure Al is low, however, the corrosion 
rate of Al-α alloy is moderate.

5.	 The Al-α alloy electrode presents a larger 

was around 0.2 k Ω.cm2, a little higher calculated by 
the linear polarization technique (Table 2), Prabhu 
and Rao [23] and Danaie, et al. [26] investigated 
the electrochemical behavior of the Al alloy and 
their results are similar to this work.

Kaiser, et al. [12] studied mechanical and wear 
behavior of hyper-eutectic Al-Si automotive alloy 
through Fe, Ni and Cr Addition, they observed that 
Fe improves the hardness of the hypereutectic 
Al-Si automotive alloys due to formation of hard 
β-Al5FeSi phase, beside; Ni extends the hardness 
due to precipitation of Ni intermetallic into the 
aluminum matrix. The Fe bearing intermetallic 
ensues as stress raisers and points of weakness 
that reduce the tensile strength and ductility of the 
alloy, likewise, the addition of Cr change in their 
effectiveness to modify the harmful harder phase 
to α-Al(Fe,Cr)Si.

The aluminum alloy with intermetallic 
α-Al15(Fe,Mn,Cr)4Si2 phase has the following, 
characteristic, such as, it has low density, high 
microhardness and corrosion rate moderate in acid 
medium. We can considerate this alloy that has 
excellent mechanical properties, which makes it 
suitable for use in many automotive components 
applications, which was confirmed by Kaiser, et al. 

https://www.sciencedirect.com/science/article/abs/pii/S0010938X1300348X#!
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Mecânica. Master's Dissertation, Ponta Grossa-PR, 
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area of the voltammogram than the pure 
Al electrode and pure Al presents a larger 
region passivity, thus, the Al-α alloy is less 
stable than the pure Al.

6.	 By Nyquist diagram, in both samples were 
presented the capacitive semicircle and 
inductance phenomenon. Being so, the 
polarization resistance was a lot bigger in 
pure Al than the Al-α alloy, and these results 
were similar to result of micro-polarization.
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