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Abstract

The purpose of this research is to evaluate the effect of the aging heat treatment and the electrochemical
behavior of the alloy (AlsoMg20% weight), for energy purposes through corrosion processes. Hydrogen
generation sources currently have a high cost, and their large-scale implementation has been of great
interest in research. Aluminum and its alloys have great potential as energetic materials due to their low
cost, performance, and availability. The Aluminum-Magnesium alloy AlsoMg20% weight was obtained
by casting and subsequently subjected to an aging heat treatment that favored microstructural
heterogeneity and the precipitation of the B intermetallic phase (AlsMgz). This AlsoMg20% weight alloy
was characterized by optical microscopy, scanning electron microscopy and X-ray diffraction. The
electrochemical behavior of the AlgoMg20% weight alloy was also characterized by Open Circuit
Potential (PCA), Potentiodynamic Polarization Curves (CPP) and Electrochemical Impedance
Spectroscopy (EIE). The results indicated a change in the microstructural morphology of the polygonal
type and the presence of cracks at the grain boundaries, as well as the presence of the o Al (Mg) phase
and a B (AlzMg) intermetallic secondary phase, with a higher precipitation in the grain boundaries, both
with a cubic crystallographic system. Through the PCA, corrosion current density (lcorr), anodic and
cathodic Tafel slopes (B and a). They showed that both samples are susceptible to embrittlement
corrosion, with the rate of corrosion being more accentuated in the sample after AlgoMg20-6TT350°C.

Corrosion, Intermetallic, Cracking, Embrittlement

Resumen

El proposito de esta investigacion es evaluar el efecto del tratamiento térmico de envejecido y el
comportamiento electroquimico de la aleacion (AlsoMg20% peso), para fines energéticos mediante
procesos de corrosion. Las fuentes de generacidn de hidrégeno en la actualidad tienen un alto costo y su
implementacion a gran escala ha sido de gran interés. El aluminio y sus aleaciones tienen mucho
potencial como materiales energéticos por el bajo costo, el rendimiento y disponibilidad. La aleacién de
Aluminio-Magnesio (AlsoMg20% peso), se obtuvo por fundicién y posteriormente se le practicé un
tratamiento térmico de envejecido que favorecio la heterogeneidad microestructural y la precipitacion de
la fase intermetalica B (AlsMg2). La aleacién AlgoMg20%peso, se caracterizd por Microscopia Optica,
Microscopia electronica de barrido y Difraccion de rayos X. También se caracteriz6 el comportamiento
electroquimico de la aleacion AlgoMg20% peso mediante Potencial a circuito abierto (PCA), Curvas de
polarizacién potenciodindmica (CPP) y Espectroscopia de Impedancia Electroquimica (EIE). Los
resultados indicaron un cambio en la morfologia microestructural del tipo poligonal y presencia de
agrietamientos en los limites de grano, asi como la presencia de la fase a Al (Mg) y una fase secundaria
intermetalica B(AlsMg2), con una mayor precipitacion en los limites de grano, ambas con un sistema
cristalogréafico cubico. A través del PCA, densidad de corriente de corrosion (Icorr) y pendientes anddica
y catodica de Tafel (B y a), revelaron que ambas muestras son susceptibles a la corrosion por
fragilizacion, siendo mas acentuada la velocidad de corrosion en la muestra AlsoMg20-6 TT350°C.

Corrosion, Intermetalico, Agrietamientos, Fragilizacion
1. Introduction

Aluminum alloys of the 5xxx series, have Mg as the main alloying element, its maximum solubility in
Al is 17.4% and its precipitation occurs at room temperature in cast alloys with 10% Mg [1]. It has been
studied in various applications [1,2], however, research has emerged suggesting its application as an
energetic material through corrosive processes [3,4]. Aluminum reacts rapidly with atmospheric oxygen
forming a thin layer of aluminum oxide (AI203) on its surface. The Al203 layer prevents oxygen from
coming into contact with the metal, providing protection from corrosion deterioration, making it a
metallic material with remarkable corrosion resistance. In recent research [5,6], the behavior of
intergranular corrosion in aluminum alloys forming galvanic microcells in saline agueous media has been
studied. Aluminum due to its equivalent weight is an excellent hydrogen producer, due to its negative
redox potential [22,24], aluminum reacts easily with water, producing gaseous hydrogen according to
equation (1) [7,8] and Al (OH)s.

2Al + 3H,0 - 3H, + Al,05 1)
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In equation (1), two moles of Al are observed reacting with three moles of H_2 O, producing 3
moles of H 2 and [Al] _2 O_3. However, the reactions of aluminum with NaOH in aqueous media
produce 3H_2, in the following equations [7,8]:

241 + 6H,0 + 2NaOH — 2AL(OH), + 3H, B
NaAl(OH), —» NaOH + AL(OH)s @3)

In equation (2) and (3), it is observed that 2 moles of Al react with 6 moles of H20 and 2 moles
of NaOH, resulting in 2 moles of Al( [OH)] 4 and NaAI(O [H)] 4 and 3 moles of H_2. Equation
(3) shows the decomposition of (NaAl(OH) 4 ) into NaOH and Al( [OH)] _3 to produce one mole of

[Al] 20 3and 3 moles of H 2 O (see Equation (4)). The H_2 produced through these reactions in

aqueous solution can be used in mechanical elements, electronic devices, batteries, fuel cells, among
others.

2.- Experimental Methodology
2.1.- Materials and heat treatment

For this research, commercial aluminum Al-6063 and magnesium at 99.99% purity were used. The
stoichiometric ratio for 2 kg of castings to obtain the alloy (AIB0Mg20% weight) is shown in Table 1.

Table 1 Stoichiometric ratio to obtain the alloy AIB0Mg20%wt

Aluminum (Al) 1632.38 g
Magnesium (Mg) 367.69

Source: Own Elaboration

The melting was performed in a PREFINSA model HR C4/1200 electric resistance furnace (see
Figure 1a), at a temperature of 715°C. A graphite crucible was introduced into the furnace to obtain a
homogeneous temperature. Then, pieces of Al and Mg were added inside the crucible for melting, placing
first the one with the highest melting point and then the one with the lowest melting point. After
controlling the melting and the total homogeneity of the casting, the molten metals were poured into a
commercial steel mold with rectangular geometry and shape, then the casting was left to cool for 12
hours at room temperature, after which the mold was demolded to obtain the AI80Mg20% wt.% alloy
(see Figure 1b).

Figure 1 PREFINSA electric furnace b) Specimens (AI80Mg20% weight))

a)fl i b)

Source: Own Elaboration
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To determine the influence of the microstructure and the phases present in AI80Mg20 wt.%, a
heat treatment was designed consisting of a solubilization at 300°C (Al80Mg20-24TT) and 350°C
(AIB0Mg20- 6TT), for 24 and 6 hours, respectively. In both metallurgical situations, they were quenched
in ice water at -3°C [9]. Finally, all the specimens were subjected to aging for 6 hours at179°C, allowing
them to cool to room temperature, in order to promote the growth of intermetallic phases in this alloy.
Figure 1.1 shows the heat treatment diagram used.

Figure 1.1 Heat treatment design
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2.2. Microstructural characterization of AI80Mg20, Al80Mg20-24TT300 and AlI80Mg20-6TT350
alloys

For microstructural characterization, 10 mm x 10 mm x 10 mm specimens were cut from AlI80Mg20,
Al80Mg20-24TT300°C and AI80Mg20-6TT350°C alloys and roughened with SiC sandpaper from 180
to 2500 grit size. They were then polished to a mirror finish using 1/10um, 1/2um and 3um diamond
paste according to ASTM E3-11 [10]. The specimens were dried with distilled water and hot air. Finally,
the specimens were chemically attacked with Keller solution (2 ml HF, 3 ml HCI, 5 ml HNO3, 190 ml
H20). The microstructural characterization of the AI80Mg20, AlI80Mg20, 24TT300 and Al80Mg20-
6TT350 alloy was carried out using an optical microscope (OM), ZEISS Omax-01 brand and a scanning
electron microscope (SEM), JEOL-JSM brand. The phases present in the study specimens were identified
using an ADP 2000 diffractometer, with Cu-Ko. radiation and a wavelength (1) =1.5406 A and voltage
of 35kV and a current emission of 30mA. The data were collected over a 26 range from 20° to 80° with
a step of 0. 0166.

2.2. Electrochemical tests

Specimens of 1.2cm x 1.2 cm x 1 cm of AI80Mg20, AI80Mg20, AI80Mg20-24TT300°C and AI80Mg20-
6TT350°C alloys were cut and surface prepared. Surface roughing of one side of the samples consisted
of sanding with silicon carbide (CSi), with grit sizes from 100 to 600, achieving an effective working
surface of 1 cm2. Synthetic seawater at pH: 8.2 [11], a conventional three-electrode cell consisting of: a
calomelane reference electrode (ERC), a graphite rod as auxiliary electrode (EA) and AI80Mg20,
Al80Mg20-24TT300°C and AI80Mg20-6TT350°C alloy specimens, as working electrode (ET), were
used. With the intention of evaluating the influence of the thermal treatment on the specimens and to
know the possibility of being used as an energetic material for the generation of (H2), electrochemical
tests consisting of potentiodynamic polarization curves (CPP) [12] and resistance to polarization (Rp)
[13] were practiced. The CPPs were performed over a range of -1000 mV to -2000 mV with respect to
the open circuit potential (OCP) at a sweep speed of 1 mV/s. Corrosion current density was calculated
by Tafel extrapolation, considering a range of £120 mV. All tests were performed at room temperature
on an ACM Instruments potentiostat/galvanostat.
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3. Results

3.1 Microstructural characterization of Al80Mg20, Al80Mg20-24TT300 and Al80Mg20-6TT350
alloys

Figure 1.2, shows the morphological evolution in cast (AI80Mg20%wt) and heat-treated (Al80Mg20-
24TT300°C and Al80Mg20-6TT350°C) condition. The MO shown in Figure 1.2a, revealed the presence
of an a Al phase (Mg solid solution) with a globular morphology, surrounded by an intermetallic 3
secondary phase (AI3Mg2), both with an FCC crystalline structure [14,15,16]. After solubilization heat
treatment at 300°C for 6 hours, the micrograph (Figure 1.2b) revealed precipitated particles in the form
of elongated globules. However, after 350°C for 24 hours in (Figure 1.2c), precipitation is observed in
the form of thick elongated lines, white areas where precipitation is delayed and black areas where it is
accelerated [17,18]. Hamana et.al (2018), indicated that the precipitation is the B-phase (AI3Mg2), which
originates due to the increase in temperature between ranges of 50°C to 350°C. The morphology obtained
in the microstructures has been previously related to similar transformations at various Mg weight
contents [18], with longer aging times. The phases studied are clearly identified in the Al-Mg phase
diagram [19] and related to the results obtained in X-ray diffraction, (Figure 1.3).

Figure 1.2 Alloy morphological evolution a) AIB0Mg20 b) AI80Mg20-6TT350 and c) AI80Mg20-
24TT300 heat-treated AI80Mg20-24TT300
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Figure 1.3, shows the X-ray diffractograms of AI80Mg20, AlI80Mg20-24TT300°C and
AlI80Mg20-6TT350°C alloys. Two main phases were identified: the Al (Mg) solid solution and the
precipitation of the B(AI3Mg2).

Figure 1.3 X-ray diffraction a) AI80OMg20 b) AlI80Mg20-6TT350°C and ¢) AI80Mg20-24TT300°C
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In Figure 1.4a, the SEM image of the microstructure corresponding to the AI8B0Mg20 alloy is
observed. The microstructure is composed of an Al matrix (Mg in solid solution) and a secondary
intermetallic B-phase (AlI3Mg2). Corrosion products were observed in each of the samples, although well
differentiated between the different metallurgical conditions, these in general are caused by
electrochemical attack. Areas with grain boundary cracking were also identified, this could be due to the
redistribution and growth of B (AI3Mg2), which occurs preferentially at the grain boundaries.

The presence of cracking is of interest because it has been reported [5], that this phenomenon is
caused by hydrogen embrittlement (H2), referring to equation (1) [7,8]. However, in the (Figure 1.4b,
1.4c), AlIB0M@g20-6TT350°C and 24TT300°C alloys, the presence of cracking increases at the grain
boundaries due to the dissolution of the Al203 surface layer under the influence of the intermetallic
B(AlI3Mg2) phase and solution chemistry, thus causing an acceleration in intergranular corrosion
[20,25,26]. In the literature Abdullah et al. (2018), indicated that as the NaOH solution increases, the
oxide layer on the surface of Al (Mg in solid solution) dissolves faster [7] and that, in turn, more Al
contact area can be accessed to react with NaOH and increase the corrosive process.

Figure 1.4 Scanning electron microscopy a) AI80Mg20 b) AI80Mg20-6TT350°C and c¢) AIB0Mg20-
24TT300°C.
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3.2. Electrochemical behavior of AI80Mg20, AI80Mg20-24TT300 and AI80Mg20-6TT350 alloys

Figure 1.4 shows the CPP of the alloys AI80Mg20, AlI80Mg20-24TT300 and AI80Mg20-6TT350 in
synthetic seawater at pH 8.2. The interest in studying the corrosion of this alloy in saline solution, as a
hydrogen generator it is known that aluminum produces 2.9 mol H2/m2 per year [5], compared to steels
that produce 50% less, so aluminum-based alloys have an interesting energetic potential. Furthermore,
in the tests performed in this research it was observed that the microstructure plays an important role in
the passivation of the material because the pH was the same for each sample.

The potentiodynamic curves showed that the current density (icorr), increased significantly due
to pitting corrosion in point areas, in values ranging from 2.03 mA/cm2 to 3.77 mA/cm2 respectively.
However, the potential values did not show significant changes staying around between -1150 mV and -
1260mV, indicating that passive films were formed in this potential range [23]. The kinetic parameters
obtained from the intersection method are shown in Table 1.2. The icorr was calculated from the Stern-
Geary formula at low field, applying a range of £20 mV. Rp kinetics showed values between 244 Q*cm?2
and 400Q*cm?2. The potentiodynamic results showed a charge transfer controlled behavior, with a slight
tendency to form a passive Al203 layer as shown in Figure 1.4.

Similarly, the alloy with the presence of the a phase Al (Mg solid solution), acts as a cathode
while the B phase (A13Mg2), acts as an anode, these phases promote the formation of a micro galvanic
cell. It can be deduced that the most favorable condition for hydrogen (H2) generation, is the AI80Mg20-
24TT300 alloy, with more active Ecorr values [5,21].
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Table 1.2 Kinetic parameters obtained from the potentiodynamic polarization curves of the alloy in its
different metallurgical conditions: AI80Mg20, AlI80Mg20-24TT300°C and Al80Mg20-6TT350°C

lcorr Ba Bc
(mA) (mV década) (mV década)
AlgoMg2o -1222.18 2.03 -46.91 59.58 400
AlgoMg20-6TT350°C -1153.89 2.57 -18.02 20.56 285.71
AlgoMg20-24TT300°C -1263.72 3.77 -60.45 97.81 244.82

Source: Own Elaboration

Figure 1.4 Potentiodynamic polarization curves AlI80Mg20 b) AI80Mg20-6TT350°C and c)
Al80Mg20-24TT300°C
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Conclusions

The following conclusions can be drawn from this research study:

1.

Two main phases were observed from the X-ray diffraction spectra, the Al(Mg solid solution)

phase and the secondary interdendritic intermetallic B-phase (AI3Mg2).

The microstructure of the material showed changes due to the effects of the thermal treatment of
solubilization at 300°C and 350°C for 24 and 6 hours in which precipitates of the B phase

(AI3Mg2) were observed in the form of thick and elongated lines due to the nucleation
dispersed zones.

in

The microstructure of the AIB0Mg20 base material showed a polygonal type granular behavior

corresponding to AIMg alloys.

The AI80Mg20-6TT350°C and 24TT300°C showed qualities necessary for the evolution of
hydrogen by embrittlement due to the effects of more active potentials; however, the 24TT300°C

sample is where the corrosion rate was more accentuated.
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