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Highlights

e The corrosion performance of the heat treated sample at 570°C is the highest.

¢ The matrix (M) phase is in equilibrium with the gray (G), White (W) and eutectic (E) phases.

e Open circuit potential of the samples that were heat treated at 570°C and 600°C and non-heat treated
samples were found to be -685 mV, -693 mV and -761 mV, respectively.

e a-Al Matrix phase in the Al-Ni-Mn alloy is preferentially dissolved in the non-heat treated and heat

treated samples.
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ABSTRACT: In this study, the effects of solution heat treatment (SHT) on how the Al-Ni-Mn eutectic alloy
reacts to corrosion were looked into. The composition of the Al-Ni-Mn eutectic alloy was chosen as Al-
5.3%Ni-1.3%Mn (wt). In solution heat treatment, firstly, the samples were kept at 570°C and 600°C for 2
hours and quenched with water at room temperature. Then, artificial aging was carried out by keeping 0-
2-4 and 8 hours at 180°C. The corrosion behavior of the alloy was investigated by immersion tests in a 3.5%
NaCl solution and electrochemical methods such as Tafel polarization curves and Electrochemical
Impedance Spectroscopy (EIS). According to the immersion test results, the heat treatment applied at
600°C took the alloy to the more noble side and further increased its corrosion resistance. The a-Al matrix
phase in the AI-Ni-Mn alloy system preferentially dissolves in untreated and heat-treated samples, and
SEM images reveal the presence of corrosion pits. The corrosion performance of the heat-treated sample
at 570°C is the highest. Heat treatment reduced the corrosion current density, indicating a lower corrosion
rate and higher corrosion resistance. Also, the open circuit potential of the Tafel polarization curves of
heat-treated and unheat-treated samples at 570°C and 600°C was found to be -685 mV, -693 mV and -761
mV, respectively. Similarly, the corrosion resistance of heat-treated and untreated samples at 570°C and
600°C was found to be 58 kQ, 433 k() and 408 k(), respectively.
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1. INTRODUCTION

Aluminum alloys have found use in many areas, from automotive to aircraft. The electrochemical
properties and corrosion potential of aluminum alloys are as important as knowing and developing their
mechanical properties. Similarly, the components of the alloy, the intermetallic phases occurring in the
microstructure, and the sizes and distributions of these phases are as important as the potential difference
of aluminum alloys with other metals, and these affect both the structure and morphology of the resulting
corrosion [1]. The corrosion resistance of aluminum increases as the metal's purity increases. The use of
99.8% and 99.9% pure aluminum is generally limited to applications requiring very high corrosion
resistance or ductility [1].

The microstructure of aluminum alloys varies depending on the composition, casting methods and
processes, and applied heat treatment processes. In terms of corrosion properties, the grain structure in
the microstructure, the presence of intermetallic phases, dispersides, and precipitates are the dominant
features [1]-[7]. Al-Ni eutectic alloys exhibit excellent fluidity, excellent feedability, and low susceptibility
to hot tearing [8]. However, it exhibits high mechanical properties at high temperatures thanks to its
thermally stable AlsNi intermetallic phase [9]-[11]. It is stated that in Al-Ni alloys, depending on sample
processing and annealing conditions, the first phase to be formed will be AlsNi [12]-[14], AINi[15] or
AlNi2[11], [14], [16]. Zuogui Zhang et al. [2], in their study on the corrosion behavior of Al-5.4%Ni (wt)
alloy, it was stated that preferential corrosion pits were formed in the Al phase area and that the more
homogeneous and thinner Al/AIsNi structure played a vital role in improving the corrosion resistance of
the alloy. Similarly, Wislei R. Osorio et al. [17], in their study on the electrochemical corrosion behavior of
Al-5%Ni(wt) alloy powders in 0.05 M NaCl solution, they stated that samples with a finer structure
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approached the positive side more and had higher corrosion resistance. In another study, Engelbert H.
Padilla et al. [18], in their study on the corrosion behavior of NiAl and NisAl intermetallic in acid rain,
stated that both intermetallic phases have similar corrosion potential.

Although manganese has a low solubility in aluminum, it increases the corrosion resistance of the
alloy and can reduce the possible harmful effects of ferrous intermetallic phases. Additions of up to 1%
manganese provide good corrosion resistance as well as high formability in the structure [1], [19], [20].
Junwei Fu and Kai Cui [3] examined the effect of different amounts of Mn addition and heat treatment on
the corrosion resistance of the Al-Cu-Mg alloy in 3.5% NaCl solution and stated that the Mn content
increased the corrosion resistance of the alloy. They found the Ecorr and values to be -1.536 and -1.143 V
for the additions of 0.6 Mn and 1.2 Mn, respectively.

Within the scope of this information, the aim of this study is to examine the corrosion behavior of the
Al-Ni-Mn eutectic alloy formed using high purity Al, Ni and Mn elements in 3.5% NaCl solution and its
changes according to heat treatment processes. The solution heat treatment process will be carried out in
two stages at different temperatures of 570°C and 600°C. Electrochemical methods such as immersion tests
and Tafel polarization curves and Electrochemical Impedance Spectroscopy will be used to determine the
corrosion properties of the heat treatment process.

2. MATERIALS AND METHODS
2.1. Heat Treatment Process and Microstructure Observation

With the help of the phase diagram [21] of the AI-Ni-Mn alloy system, the composition of the eutectic
point was determined as Al-5.3%Ni-1.3%Mn (wt). Mondolfo stated that according to this phase diagram,
the eutectic reaction should be in the form: L — (Al) + AlsNi + MnsNiAlis [22].

The schematic representation of the Solution heat treatment (SHT) process steps in this study is given
in Figure 1. First, the formed samples were kept at temperatures below the eutectic temperature, at 570°C
and 600°C for 2 hours, and quenched in water at room temperature. Then, artificial aging was carried out
by keeping 0-2-4 and 8 hours at 180°C (Figure 1.).
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Figure 1. Schematic representation of solution heat treatment steps for Al-Ni-Mn alloy.

The typical SEM images of growth morphologies for eutectic Al-5.3wt%Ni-1.3wt.%Mn alloy are
shown in Figure 2. As can be seen from Figure 2, the matrix (M) phase is in equilibrium with the gray (G),
white (W) and eutectic (E) phases. According to the Energy dispersive spectroscopy (EDS) results given
in Table 1, the a-Al phase of the Matrix (M) phase, the gray phase's binary intermetallic Alo(Mn,Ni)2 phase
and the white phase is AlsNi intermetallic phase. Different from the phases indicated in the phase diagram
[22], Als(Mn,Ni)2 phase was observed. This metastable AlsNi2 or Alo(Mn,Ni)2 phase was first described by
Li and Kuo[23] in rapidly solidifying Al4Ni and Al6Ni alloys. Subsequently, precipitates were observed
in the rapidly solidified Al-rich Al-Ni alloys[24], [25] and the annealed Al-rich Al/Ni alloys[26]. However,
it should be noted that the AYNi2 phase does not occur in all Al-Ni alloys. We can say that the ALNi2 phase
is the primary intermetallic phase at high solidification temperatures [27].
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Figure 2. SEM image of longitudinal section of non-heat-treated Al-Ni-Mn alloy and, marked phase
areas (M: Matrix phase, G: Gray phase, W: White phase, E: Eutectic area).

Table 1. EDS analysis results of the phases of Al-5.3Ni-1.3Mn (wt%) alloy before heat treatment.

Process Test area Specific Al Ni Mn
position wt. %  at.% wt. % at.% wt. % at.%
White \%\Y 6148 77.63 37.87 21.97 0.65 0.40
Non-heat Gray G 7132  84.35 27.05 14.70 1.64 0.95
treated Matrix M 9895 99.50 0.58 0.27 0.47 0.23
Eutectic E 88.50 94.36 11.15 5.46 0.35 0.18

2.2. Immersion Tests

Chlorides cause serious problems in metals or alloys due to their presence in many environments such
as sea water and road salt, and in the chemical industry[28]. Therefore, in this study, mass loss
measurements of Al-5.3%Ni-1.3%Mn (wt) alloy system prepared in eutectic composition were carried out
in 3.5% NaCl solution at 25°C' room temperature. Firstly, samples measuring 25 x 5 x 5 mm were cut, then
they were mechanically polished using 360-600-1200-2000 and 4000 grit sandpaper and cleaned with
deionized water. For mass loss measurement of heat treated and untreated alloy samples, they were kept
in 3.5% NaCl solution at 25°C for 6-240 hours and the mass difference was measured with the help of
precision balance. In order to remove the oxide layer and particle residues on the samples before weighing,
they were kept in 10% silver nitrate (AgNOs) prepared with distilled water for 30 seconds and then in 20%
nitric acid (HNOs) prepared with distilled water for 30 seconds.

The material removal rate or corrosion rate, which is an important corrosion parameter, can be
expressed as the corrosion penetration rate (CPR) or the thickness loss of the material per unit time[29].
CPR can be formulated [29] as follows;

KAW

CPR=an 1)
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where AW value is weight loss in mg, ¢ is the density of the sample (calculated as ¢ =2.67g/cm?), A is
the total surface area of the sample (cm?), & is the immersion time (hours). Since CPR is expressed in
millimeters per year (mm/year), the K coefficient was taken as 87.6 [29].

2.3. Electrochemical Measurements

Corrosion measurements of Al-Ni Mn alloy were investigated using Tafel polarization curves and
Nyquist diagrams obtained from Electrochemical Impedance Spectroscopy (EIS). Experimental studies
were carried out using a conventional three-electrode cell in a 3.5% NaCl solution at room temperature.
The Tafel polarization curves of the alloy samples were obtained at a scanning rate of 1mV/s (v). Nyquist
diagrams obtained by EIS method were measured in the range of 0.1 Hz to 100 kHz and at 10mV AC
voltage amplitude.

3. RESULTS AND DISCUSSIONS
3.1. Effect of Heat Treatment on Corrosion Behaviors
3.1.1. Analysis of immersion test results

Mass loss measurements of heat-treated and non-heat-treated samples were performed by immersing
them in 3.5% NaCl solution between 6 and 240 hours, and the graph showing the variation of corrosion
rate/mass loss with immersion time is given in Figure 3. As can be seen from Figure 3, it can be said that
for all samples, the corrosion progression rate progresses rapidly during the first 24 hours of immersion,
while it progresses steadily (horizontal speed) in the subsequent processes. In other words, the corrosion
kinetics (progression rate) in the first 24 hours decreased from 0.8520 to 0.2982, from 1.086 to 0.3054 and
from 0.3208 to 0.1604 (mm/year) for the untreated samples and the samples heat treated at 570 and 600°C,
respectively.
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Figure 3. Immersion timeé& Corrosion rate and Mass loss curve for heat-treated and non-heat-treated
Al-Ni-Mn alloy in 3.5% NaCl solution at 25°C.

Again from Figure 3, it can be seen that the corrosion progression rate of the samples heat treated at
600°C is lower than the corrosion progress rate of the samples that were non-heat treated and heat treated
at 570°C. Similarly, looking at the mass loss graph given in Figure 3, the mass loss increases exponentially

with increasing immersion times for heat treated and non-heat treated samples. We can say that the heat

treatment process applied at 600°C takes the alloy to the more noble side and increases the corrosion

resistance more.
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Figure 4. SEM images and corrosion types of samples immersed in 3.5% NaCl solution (a) not heat
treated and immersed for 48 hours, (c) 2 hours at 570°C solution heat treated, then 4 hours at 180°C
artificially aged and immerged for 48 hours, (e) 2 hours at 600°C solution heat treated, then 4 hours at
180°C artificially aged and immerged for 4 hours.

For determine the corrosion types after the immersion tests for corrosion progression rate/mass loss
measurement, as shown in Figure 4, SEM images were taken from the heat treated and non-heat treated
samples. As seen from the SEM images, the a-Al Matrix phase in the AI-Ni-Mn alloy system is
preferentially dissolved in the non-heat treated and heat-treated samples. The SEM images given in Figure
4.d-f of the samples heat treated at 570°C and 600°C and immersed in NaCl solution for 48 hours reveal
the presence of corrosion pits. It is worth noting that as can be seen from Figure 4.c-e, the heat treatment
processes lead to a smaller Al matrix attack and corrosion pits.
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Pitting corrosion [1], [30], [31] progression steps can be divided into several steps. In the 1st stage there
are processes that lead to the breakdown of passivity. In stages 2 and 3, the early and late stages of pit
growth and the final stage are repassivation. In stages 2 and 3, aluminum is oxidized to aluminum ions at
the bottom of the pits. The reduction of water or hydrogen occurs in contact with the metal outside the
pit. In both reduction reactions, the pH will increase outside the pit, giving an alkaline pH. The aluminum
ions will create a film of aluminum chloride or aluminum oxychloride in the pit and stabilize it. After
some time, aluminum chloride hydrolyzes to aluminum hydroxide. This causes the pH value to drop to a
more acidic environment, which increases the corrosion rate in the furnace. Aluminum hydroxide
precipitates at the edge of the pit and closes the opening, eventually inhibiting ion exchange and slowing
down the corrosion process [28]

Figure 5. Line EDS image taken from the heat treated sample (soluti heat treatment at 570°C for 2
hours, then artificial aging at 180°C for 4 hours) after immersion in 3.5% NaCl solution for 48 hours.

Line EDS and Mapping images taken from the sample (solution at 570°C for 2 hours, artificial aging
at 180°C for 4 hours) immersed in 3.5% NaCl solution for 48 hours are shown in Figure 5 and Figure 6.
These line EDS and mapping images also support preferential dissolution of the Al matrix phase. Shape.
As can be clearly seen from the results of the line EDS given in Figure 5, an oxide layer has formed on the
surface of the corrosion zone and CI- ions have accumulated around this oxide layer.
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Figure 6. Mapping images of the heat treated sample (solution heat treatment at 570°C for 2 hours,
then artificial aging at 180°C for 4 hours) immersed in 3.5% NaCl solution for 48 hours.

3.2. Analysis of electrochemical measurement results

Tafel polarization curves of heat treated and non-heat treated samples of Al-Ni-Mn eutectic alloy are
given in Figure 7, and Nyquist diagrams obtained by Electrochemical Impedance Spectroscopy (EIS)
method are given in Figure 8.

The corrosion characteristics of the alloys were determined by calculating the anodic and cathodic
potentials in the Tafel area, together with their corresponding current densities. The corrosion current
density (icorr), which is directly related to the corrosion rate, was determined using the extrapolation of the
cathodic and anodic Tafel lines to the corrosion potential (Ecorr). The data shown in Figure 7 demonstrates
that the non-heat-treated sample exhibits the greatest corrosion rate and a larger negative corrosion
potential. Following the heat treatment conducted at temperatures of 570°C and 600°C, significant
reductions in the corrosion rate were observed, accompanied by a change in the corrosion potential
towards more positive values. The heat-treated sample exhibits the maximum corrosion performance
when subjected to a temperature of 570°C. Furthermore, it can be seen that the application of heat
treatment resulted in a decrease in the corrosion current density, so suggesting a reduction in the corrosion
rate and an enhancement in the overall corrosion resistance.
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Figure 7. Current-Potential (Tafel polarization) curves recorded in 3.5% NaCl solution of AI-Ni-Mn
eutectic alloys at a scanning rate of e=1mV/s.

In addition, the open circuit potential of the Tafel polarization curves of the samples that were heat
treated at 570°C and 600°C (2 hours in solution, then artificially aged at 180°C for 4 hours) and non-heat
treated samples were found to be -685 mV, -693 mV and -761 mV, respectively.

Nyquist diagrams obtained using EIS are given in Figure 8. The impedance data of the alloys were
analyzed using Nyquist plots plotted against the imaginary part of the impedance (-Zimag) versus the real
part (Zreel). Nyquist plots consist of a semicircle for all non-heat-treated and heat-treated samples. The
magnitude of the semicircle represents the value of the charge transfer resistance (Re) [32], [33] existing
between the electrode material and the corrosive ions present in the electrolyte. The broader semicircle
denotes a favored corrosion tendency or increased impedance.
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Figure 8. Nyquist plots obtained in 3.5% NaCl solution of Al-Ni-Mn eutectic alloy at -1.3V, frequency
range: 0.1Hz-100kHz.

As can be seen from Figure 8, the non-heat treated sample has the lowest semicircular diameter (58k(2)
compared to the heat treated samples. This result shows that a homogeneous structure is formed during
the heat treatment process and this leads to a better corrosion resistance. With solution heat treatment at
570°C and 600°C, the corrosion resistance of Al-Ni-Mn alloy samples increased to 433 kQ2 and 408 k(),
respectively. These results are consistent with those from the Tafel curves.

The findings derived from the implementation of Nyquist diagrams by the electrochemical impedance
spectroscopy (EIS) technique and Tafel polarization curves have been consolidated and presented in Table
2. The findings demonstrate that heat treatment facilitated an increase in the corrosion potential, resulting
in more positive values, and concurrently reduced the corrosion current density. As a result, the heat
treatment process increased the corrosion resistance and decreased the corrosion rate.

Table 2. Corrosion potentials, corrosion current density and corrosion resistance of Al-Ni-Mn

alloy
Samples Electrochemical measurement results
Ecor/mV icon/mA.cm-2 Ra /k Q)
Non-heat treated -764 1.12x101 58
Heat treated (570°C)* -682 1.63x10°3 433
Heat treated (600°C)** -793 2.01x103 408

Ret: charge transfer resistance, *570°C-2h-180°C-4h, **600°C-2h-180°C-4h

The immersion test results and electrochemical measurement results performed to determine the
corrosion behavior of Al-Ni-Mn eutectic alloy were compared with the experimental results of similar
studies in the literature [2], [3], [36]-[38], [6], [17]-[20], [28], [34], [35]. Zuogui Zhang et al.[2], in their study
investigating the corrosion behavior of Al-5.4%Ni (wt) alloy produced by equal channel angular pressing
(ECAP), they stated that preferential corrosion pits were formed in the Al phase area. It has also been
stated that the more homogeneous and thinner Al/Al:Ni structure plays a vital role in improving the
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corrosion resistance of the Al-5.4% Ni (wt.) alloy. Wislei R. Osério et al. [17], in their study investigating
the electrochemical corrosion behavior of Al-5%Ni(wt) alloy powders in 0.05 M NaCl solution, they stated
that samples with finer microstructure approached the positive side more and had higher corrosion
resistance. In the same study, the open circuit potentials of Tafel polarization curves were found to be -
647 mV and -729 mV. These results are in full agreement with the open circuit potentials (685 mV, -693
mV and -761 mV) found in our study. Engelbert H. Padilla et al.[18], in their study investigating the
corrosion behavior of NiAl and NisAl intermetallics in acid rain, stated that both intermetallic phases have
similar corrosion potential. They found the Ecor and Icr values for NisAl intermetallic to be -339.21
mV/SCE and 0.54x10 mA/cm?, respectively. These values are approximately half of the Ecor and Leorr
values given in Table 2, which we found in our study for samples heat treated at 570°C and 600°C. This
may be due to the difference in the immersed solution. Junwei Fu and Kai Cui[3], examined the effects of
different amounts of Mn addition and heat treatment on the corrosion resistance in 3.5% NaCl solution on
the Al-Cu-Mg alloy. In their study, they found that the addition of Mn to the Al-Cu-Mg alloy had a
significant effect on the electrochemical corrosion parameters. The addition of Mn increased the corrosion
resistance of the alloy. For the additions of 0.6 Mn and 1.2 Mn, they found the Ecorr and values to be -1.536
V and -1.143 V, respectively. Similarly, they measured I values as 3.388x10* A/cm?and 7.197x10-¢ A/cm?
for 0.6 Mn and 1.2 Mn additions, respectively. They reported that they observed that corrosion resistance
increased with the heat treatment process in the precipitation hardening heat treatment, in parallel with
the results obtained in our study. In another study, Donghui Zhang and Dejun Kong[38], in their study
investigating the effect of Al-Ni coating on S355 steel in 3.5% NaCl solution on corrosion resistance, stated
that increasing the Ni ratio in Al increases the corrosion resistance of the alloy. In the amorphous Al-Ni
coating with a 4:1 mass ratio of Al and Ni, the Ecor and Leorr values were found to be-0.727 V and 0.0028
A/m?, respectively. This value is in full agreement with the experimental results obtained in our study for
the sample heat treated at 600 °C

4. CONCLUSIONS

The typical SEM images of growth morphologies for eutectic Al-5.3wt%Ni-1.3wt.%Mn alloy are
shown in Figure 2. As can be seen from Figure 2, the matrix (M) phase is in equilibrium with the gray (G),
white (W) and eutectic (E) phases. According to the Energy dispersive spectroscopy (EDS) results given
in Table 1, the a-Al phase of the Matrix (M) phase, the gray phase's binary intermetallic Alo(Mn,Ni)2 phase
and the white phase is AlsNi intermetallic phase. Different from the phases indicated in the phase diagram
[22], Als(Mn,Ni)2 phase was observed. Despite these observed phases, the MnsNiAlis (Q) phase, which is
one of the phases in the reaction expected in the eutectic composition, was not found in the SEM and EDS
images. It is thought that the Mn3sNiAlis (Q) phase, which Mondolfo’s claims to be in the eutectic reaction,
is due to the solidification rate not allowing this phase to form.

According to the SEM images taken from the samples after the immersion tests in 3.5% NaCl solution,
it is clearly seen that the a-Al Matrix phase in the Al-Ni-Mn alloy system is preferentially dissolved in the
non-heat treated and heat treated samples.

In the immersion test results, it is seen that the corrosion progression rate of the samples heat treated
at 600°C is lower than the corrosion progress rate of the samples that were not heat treated and heat treated
at 570°C. In contrast, for heat-treated and non-heat-treated samples, the mass loss increases exponentially
with increasing immersion times.

The Tafel curves reveal that the non-heat-treated sample exhibits the greatest corrosion rate and has
greater negative corrosion potential. Following the application of heat treatment at temperatures of 570°C
and 600°C, a significant reduction in the corrosion rate was seen, accompanied with a change in the
corrosion potential towards more positive values. The open circuit potential of the Tafel polarization
curves of the samples that were heat treated at 570°C and 600°C (2 hours in solution, then artificially aged
at 180°C for 4 hours) and non-heat treated samples were found to be -685 mV, -693 mV and -761 mV,
respectively.
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Nyquist diagrams drawn by Electrochemical Impedance Spectroscopy and Tafel curves were
observed to be consistent. The non-heat treated sample has the lowest semicircular diameter (58k(2)
compared to the heat treated samples. The obtained outcome demonstrates the formation of a
homogenous structure by the heat treatment procedure, resulting in increased corrosion resistance. The
corrosion resistance of the samples was enhanced to 433 k() and 408 kQ, respectively, after heat treatment
at temperatures of 570°C and 600°C.

According to the findings obtained from Nyquist diagrams and Tafel polarization curves and
summarized in Table 2, it shows that heat treatment increases the corrosion potential and reaches more
positive values. The heat treatment process also reduced the corrosion current density. As a result, the
heat treatment process increased corrosion resistance and reduced the corrosion rate.
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