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Abstract

A model AZ91 alloy containing the same amount of Mg and Mgi7Al12 than a commercial AZ91
alloy was reproduced using various strategies. These “model” materials consist of a “homemade
AZ91” powder, Mg melted or milled with Mgi7Al12. The properties of the various model materials
were compared to the commercial alloy (used as reference). The weak bond between Mg and
Mgi7Al12 is highlighted by SEM observations. Milling Mg with Mgi7Al12 enhances the formation
of microstructural defects due to the brittleness of the intermetallic. Vickers microhardness of pure
Mgi7Al12 is 250 Hv while that of AZ91 is 72 Hv. The hardness of Mgi17Al1> decreases gradually
from the center of the particle to its border in contact with Mg while the hardness of Mg is higher
at the interface Mg-Mgi7Al12. The galvanic coupling between Mg and Mgi7Al12 improves the
hydrolysis performance of the materials. The best hydrolysis performance was 80% of the
theoretical capacity of hydrogen production reached in 60 minutes by the milled Mg+Mgi7Al12.
The preparation method of the models strongly affects their corrosion behavior. The passivation
layer formed during the corrosion of highly-reactive materials affects the electrochemical
measurements results. The mechanical properties and the corrosion behavior of the model

materials depends on their composition and their structure.
Keywords: AZ91, Mg-Al alloys, Mgi7Al12, hydrogen, hardness, corrosion.
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1. Introduction

Corrosion is considered among the main challenges to widen the usage of materials. It is defined
as the destruction of the material by a chemical and/or electrochemical reaction with its
environment [1]. The degradation is usually accompanied by a loss of the useful properties of the
material. Based on the interaction between the material and its environment, the corrosion may be
localized or uniform. Localized corrosion reactions are more frequent than uniform corrosion
reactions and include: pitting corrosion (studied a lot in chloride solution), crevice corrosion,
filiform corrosion, galvanic corrosion, stress corrosion cracking, intergranular corrosion and
corrosion fatigue [2]. In this work, we will be focusing on galvanic corrosion since it affects the
most the corrosion mechanism of the alloys, which is described as the interaction between different
species (e.g. metals) in the presence of an electrolyte and an electron conductive path [2, 3]. The
electron flow caused by the potential difference favors the oxidation of the more negative potential
metal (becomes the anode) while it lowers the corrosion of the more positive potential metal
(becomes the cathode) [1]. Many factors affect galvanic corrosion such as the size of the anode
and the cathode, the conditions of the aqueous media (i.e. composition, temperature, pH, ...), the
potential difference and most significantly the surface ratio between the anode and the cathode.
From these factors, it is clear that galvanic corrosion occurs at the microstructure scale in
multiphase materials as in magnesium-based materials. In these alloys, magnesium (Mg) acts as
anode (Ecorr = -1.65 V/SCE [4]) while second phases (owing higher open circuit potentials) act as

cathodes.

Among all Mg alloys, AZ91 is one of the most popular commercial alloy due to its good
mechanical and corrosion resistance properties [5, 6]. The microstructure of AZ91 alloys consists
of a primary a phase (i.e. Mg rich), a second B-phase (i.e. Mgi7Ali2), a binary solid solution
Mgo.e7Zno.03and AlxMny phases [7-17] depending on the solidification and the processing route [18,
19]. In AZ91, Mg17Al12, with an open circuit potential of -1.2 V/SCE [20, 21], acts as a cathode.
As the surface ratio between the anode and the cathode influences the galvanic corrosion, the role
of Mgzi7Al12 in the corrosion process of AZ91 alloys was evaluated by changing its distribution
and morphology in the Mg matrix [5, 19, 22, 23]. It was found that, depending on the surface ratio
of Mg17Al12 and Mg, 3-phase may act as a corrosion barrier or a galvanic cathode [9, 10, 14, 24-

26]. However, the corrosion behavior of pure Mgi7Ali2 investigation [27] clarified its role in the
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corrosion of AZ alloys where the barrier effect was explained by the lower corrosion kinetics
compared to Mg (Jeorr (Mg17Al12) = 5.3 pA/cm? [27] vs. Jeorr (M@) = 558 pA/cm? [4]).

Most of the previous studies tended to investigate the corrosion behavior of AZ91 alloys in order
to enhance their corrosion resistance. However, the corrosion of Mg-based materials may have
some benefits. The oxidation of Mg (during its corrosion) is accompanied by the reduction of water
from the aqueous media to produce hydrogen gas (H2). This reaction is usually reported as the
hydrolysis reaction of Mg or Mg-based materials [28-30]. For instance, the hydrolysis reactivity
of a material is the same as its anodic dissolution without taking into consideration the negative
difference effect (NDE) [31, 32].

Hydrogen production by the hydrolysis/corrosion of AZ91 alloy appears to be an ideal solution for
low-cost hydrogen production and for the waste management of Mg-based scrap [7, 33-36]. The
reactivity of AZ91 and Mgi7Al12 was improved by ball milling with cheap additives such as
graphite and aluminum chloride [7, 20, 27, 33, 34]. However, the interaction between pure Mg and
pure Mgi7Al2 in the same material is not clear yet. In fact, previous studies explained this

interaction based on the variation of their morphology and their distribution.

Besides, the effect of Mg17Al12 on the mechanical properties of Mg-Al alloys was also investigated
[37-40]. Chowdary et al. [38] attributed the highest measured Vickers micro-hardness value,
measured on AZ91 sample, to Mgi7Al:2 (133.5 Hv) and the lowest one to Mg (86.3 Hv). When
heat treatment was applied on AZ91 alloy, the distribution of Mgi17Al2 in Mg becomes more
homogeneous and as consequence the overall hardness of the alloy was improved [38-40]. The
influence of Mg17Al12 on the hardness of Mg-Al alloys was highlighted by Sunil et al. [37] when
comparing the Vickers microhardness of AZ31 and AZ91. In fact, the presence of the brittle
Mgz7Al12 increases the hardness of AZ91 to an average of 110 Hv vs. an average of 85 Hv for
AZ31 (note that AZ31 does not contain Mgi7Al12, Cf reference [37]).

This work attempts to elucidate the effect of Mgi7Al12 on the corrosion behavior and the hardness
of AZ91 alloys. The contribution of the ultra-minority phases Mgo.97Zno.o3z and AlxMny is not
considered throughout this study. In an attempt to simulate the contact between Mg and Mgi7Al12
in AZ91 alloys, three “model” materials and a reference were compared to a commercial AZ91

alloy. The reference consists of a Mg-Al-Zn powder mixture (90:9:1 in wt.%) while the “model”
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materials are a homemade AZ91 powder (Mg powder melted with Al and Zn powders, 90:9:1 in
wt.%) and a mixture of pure Mg and pure Mgi7Al12 synthesized by co-fusion and by ball milling.
The results will clarify the role of Mgi7Al12 during the hydrolysis/corrosion of Mg-Al alloys
offering better understanding on how the hydrolysis of these alloys could be improved. Corrosion
behavior (i.e. hydrogen production) investigated by anodic polarization, electrochemical
impedance spectroscopy and hydrolysis tests will be discussed in terms of microstructural (XRD)

and morphological (SEM-EDS, Laser granulometry and Vickers microhardness) analysis.

2. Experimental details

2.1.Models preparation

Magnesium powder (Strem Chemicals, 99.8%), aluminum powder (Strem Chemicals, 99.7%) and
Zinc powder (Prolabo, 99.5%) were used as starting material. “Mg-Al-Zn” was prepared by mixing
90 wt.% of Mg, 9 wt.% of Al and 1 wt.% of Zn in ultrasonic homogenizer in acetone. The mixture
was placed into a stainless-steel container and dried for 48h at 373K under Ar atmosphere to get
fully rid of air contamination. The same mixture (i.e. Mg-Al-Zn) was heated following the
temperature program adopted for the synthesis of pure Mg17Al12 [27] to obtain a homemade AZ91
powder (subsequently named AZ91 powder). AZ91 alloy was provided from a local supplier in
Bordeaux, France. In order to study the influence of Mgi7Al:2 on the corrosion behavior of Mg,
78 wt.% of Mg and 21 wt.% of pre-synthesized Mgi7Al12 (i.e. 90 wt.% of Mg and 10 wt.% of Al)
mixtures were synthesized following two procedures: (i) the mixtures was heated at 813K
following the temperature program of the synthesis of pure Mgi7Al12 [27], hence this material will
be named “Mg+Mgi7Al12 fusion” and (ii) the mixture was ball milled under Ar for 1h with a
rotational speed of 250 rpm following the milling procedure reported previously [7, 27], hence this

material will be named “Mg+Mgi7Al12 milling”.



2.2 Materials characterization

The samples were analyzed by X-ray diffraction (XRD) using a Philips PANalyticalX’Pert
(PW1820) diffractometer with Cu Kal radiation (A = 1.5405 A) for structural characterization and
crystalline phases identification. From the XRD refinement using EVA software, Mg crystallite
size (tmg) and Mgi7Al12 crystallite size (tmgi7aiz) Were estimated according to the weighted
Scherrer formula. Morphology was observed by scanning electron microscopy (SEM) using a
TESCAN VEGA3 SB microscope equipped with a secondary electron detector (SE), a
backscattered electron detector (BSE) and an energy dispersive X-ray spectrometer (EDS) for the
elemental surface composition analysis. Particle size distribution was evaluated by laser
granulometry in absolute ethanol using a MASTERSIZER2000 from Malvern® and results (dgo ;
i.e. 90% of the particles have a diameter smaller than the represented doo) are expressed as number
distribution. The Vickers microhardness was measured using a Leica VMHT Auto testing
instrument equipped with a pyramidal diamond indenter. An indent force of 1N was applied for
10s on the polished surfaces. The microhardness (Hv) for each sample was estimated using the
equation 6.2.6 reported in reference [41]. Average hardness of a minimum of 10 indentations at
different regions of the samples is estimated.

2.3.Hydrogen production and electrochemical measurements

The hydrolysis performances of the materials were evaluated by monitoring the volume of
hydrogen produced over time in a 3.5 wt.% NaCl solution (i.e. similar to seawater) [7, 27, 28, 34,
42]. Hydrogen production is presented as the conversion yield (%), which is defined as the volume
of produced hydrogen over the theoretical volume of hydrogen calculated using the hydrolysis

equation of pure Mg [43] and pure Mg17Al12 [27].

Mg-Al-Zn, Mg+Mg17Al1. fusion and Mg+Mgzi7Al:2 milling were cold-pressed by applying a load
of 5500 kg/cm? for 3 min to obtain dense pellets with an exposed surface of 0.8 cm?. Whereas,
AZ91 powder was hot-pressed at 200°C for 30 minutes while applying a load of 500 kg/cm? due
to the weak bond between Mg and Mgi7Al:2 [44]. A sample of 0.8 cm? was cut from the AZ91



alloy in order to investigate its corrosion behavior and microhardness. All samples were embedded

in an insulating resin before electrochemical tests.

Electrochemical measurements (e.g. Open Circuit Potential (OCP), anodic polarization curve and
Electrochemical Impedance Spectroscopy (EIS)) were performed using an electrochemical
workstation (Ametek VersaSTAT 3F type) at room temperature in 3.5 wt.% NaCl solution with a
classical three-electrode cell setup [4, 7, 20, 21]. Titanium mesh was used as the counter electrode.
All given potentials refer to the saturated calomel electrode (SCE) used as the reference electrode.
Before each test, pellets were wet ground with ethanol to a 4000-grit finish. After immersion in
NaCl solution for 30 minutes while measuring the OCP, anodic polarization tests were performed
by switching the potential to -50 mV/OCP and scanned up to +250 mV/OCP at a scan rate of 0.5
mV/s. The EIS measurements were carried out over a frequency ranging from 100 kHz to 700
mHz with a 10 mV amplitude sinusoidal voltage at OCP after 30 minutes of immersion in the
solution. The EIS results were fitted using the commercial ZView 3.5f software. All above
electrochemical measurements were repeated at least twice for better reproducibility. The results
obtained from the best fit are reported in the present manuscript.

Note that structural analysis, morphological analysis and hydrolysis tests were performed on
powders while electrochemical measurements and Vickers hardness tests were achieved on pellets.

For AZ91 alloy, hydrolysis tests were made using pellets obtained by face-milling [7].

3. Results and discussion
3.1.AZ91 models characterization

Figure 1 shows the XRD patterns of Mg-Al-Zn, AZ91 powder, AZ91 alloy, Mg+Mgi7Al1> fusion
and Mg+Mgzi7Al12 milling. The Mgi7Al12 phase is not observed in Mg-Al-Zn powder since the
heating temperature is lower than that needed to form the intermetallic (750K) [27, 45]. However,
the other materials are principally composed of approximately 78 wt.% of Mg and 20 wt.% of
Mgz17Al12 with a minor presence of MgO (2 wt.%).
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Figure 1: XRD patterns of Mg-Al-Zn, AZ91 powder, AZ91 alloy, Mg+Mgi7Al1> fusion and Mg+Mgi7Al12

milling.

In an earlier investigation [7], the presence of Mgo.97Zno.03 in the same AZ91 alloy was highlighted.
In the present work, the contribution of this MgZn solid solution in the mechanical properties, the
corrosion behavior and the hydrogen generation is considered identical to that of pure Mg. The
broadening of the X-ray diffraction peaks is attributed to crystallite size reduction. Mg crystallite
size (tmg) decreases from 86 nm for Mg-Al-Zn to an average of 65 nm for the model materials and
it shows a minimum of 25 nm for AZ91 alloy (Table 1). The commercial alloy was manufactured
at low temperature, which does not favor the growth of Mg crystals. Mgi7Al1> crystallite size
(tmgr7a112) Shows the highest value (83 nm) for Mg+Mgi7Al12 fusion where the pure Mgi7Al12 was
co-fusioned with pure Mg without any further treatment (Table 1). tmgizaii2 is approximately the
same for AZ91 powder and AZ91 alloy (i.e. tmgi7aiz = 32 nm, Cf Table 1) and decreases to a

minimum of 8 nm for Mg+Mgz17Al12 milling as previously reported [27].



Table 1: Mg crystallite size (tmg), Mgi7Al12 crystallite size (tmgizainz), particle size dy and Vickers
microhardness (HV0.1) of all the materials involved in this study.

Sample ™™g (NM) | T™mg17a12 (NM) | Particle size dgo (Lm) HVO0.1
Mg-Al-Zn 86 - 54 47+ 2
AZ91 powder 65 32 18 110+ 8
AZ91 alloy 25 34 Flakes 72+2
Mg+Mgi7Al12 fusion 65 83 33 110 £ 67
Mg+Mgi7Al12 milling 69 8* 28 66 £10

* the uncertainty on this value is significant but it is indicative that the size of crystallites is very
small.

AZ91 powder shows the lowest particle size distribution with a dgo of 18 um (Table 1). During the
synthesis of this AZ91 homemade powder, the intermetallic Mgi17Al12 is formed and detached from
Mg due to the weak bond between them [44]. This explains the low particle size and the fact that
AZ91 powder could not be densified by cold-pressing. On the other hand, dgo for Mg+Mgi7Al12
milling is lower than that of Mg+Mgi7Al1. fusion (i.e. 28 um vs. 33 um) due to the presence of
brittle Mg17Al12 [37] during ball milling of Mg which favors particle size reduction.

SEM images (figure 2) were captured via two detectors (i.e. BSE and SE) in order to get
information about (i) the chemical composition (elucidate the presence of Mg and Mgi7Al12) with

BSE and (ii) surface morphology (by SE).



Figure 2: BSE (left) and SE (right) images of a) Mg-Al-Zn, b) AZ91 powder, ¢) AZ91 alloy, d)
Mg+Mgi7Al;2 fusion and ) Mg+MgizAl+2 milling.



Mg-Al-Zn powders are flat and relatively homogeneous (figure 2.a) whereas AZ91 powder shows
particles with a porous structure (figure 2.b). It is possible to attribute this structure to the weak
bond between Mg and Mgi7Al1> [44] where the formed intermetallic detaches from Mg leaving
empty spaces as Raney Nickel (pores of 10 um). Figure 2.c reveals the presence of Mgi7Al12 (white
stains) and Mg. When Mgi7Al1 is heated with Mg, small fibers type are observed on the surface
of Mg+Mgi7Al12 fusion (figure 2.d) while Mg+Mgi7Al12 shows a rough surface with surface
defects (figure 2.e).

Figure 3 highlights the distribution of Mg and Al atoms on the surface of Mg+Mgi7Al12 milling
where surface defects were formed as shown also in figure 2.e. On overlay of Mg and Al
distribution is presented in figure 3 to highlight the presence of Mgi7Al12 on the surface of Mg. It
is shown that Mg:7Al12 forms small particles on the surface and the reduction of Mgi7Al12 particle
size is accompanied by the formation of microstructural defects (i.e. cracks).

Figure 3: BSE image and EDS mapping of Mg+Mgi7Al1> milling.
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In order to better understand this microstructure, Vickers microhardness of pure Mgi7Al12 was
evaluated. Furthermore, the mechanical properties of the models were compared to the commercial

alloy.

3.2.Vickers hardness

The resistance of a material to a deformation can be quantified by the Vickers microhardness (Hv).
The average hardness of pure Mg:7Al12 is 250 £ 5 Hv while that of Mg is 45 + 2 Hv [46, 47]. The
hardness of pure Mgi7Al12 is higher than that of Mgi7Al12 in AZ91 alloy reported by Chowdary et
al. (i.e. 133.5 Hv, Cf reference [38]). Table 1 (last left column) shows the mean Vickers hardness
for Mg-Al-Zn, AZ91 powder, AZ91 alloys and Mg+Mgi7Al12 materials. The reference powder (i.e.
Mg-Al-Zn) has, as expected, approximately the same hardness as Mg (47 + 2 Hv, Cf Table 1) since
no intermetallic compound is formed. The microhardness of Mg+Mgi7Al2 milling is relatively
equivalent to that of AZ91 alloy (72 Hv). But the hardness of this alloy is lower than that reported
previously and this is probably due to the repartition of Mg:7Al12 in the Mg matrix (suggesting that
the hardness is expressed only by the rule of mixture [46]). The higher hardness values (i.e. 110
Hv) measured for AZ91 powder and Mg+Mgzi7Al12 fusion indicates an extensive contribution of
Mgi7Al2 in the mechanical properties of the material. Higher measurement uncertainty is

indicative of material heterogeneity especially for Mg+Mgi7Al2 fusion.

In order to investigate the mechanical properties of Mg and Mgi7Al12 in a “model” AZ91,
microhardness indents were carried out by linear scanning on the surface of Mg+Mgi7Al12 fusion
(Figure 4). The indenter was placed on Mg surface, on Mgi7Al12 surface and on a surface
containing Mg and Mgi7Ali2 (Mg, Mgi7Al12 and Mg-Mgi7AlLz in the legend of Figure 4
respectively).

11



Vickers microhardness

P M |
250 ure g17A12\
o M
/e g
200 /. \ Mg, Al
| * ° Mg-Mg Al,,
/
. [ ]
150 -
’ J
100 / /
b ®
®
9
50 e \/ \.-- / \.-
Pure Mg:
0
Ma+Ma Al fusion surface

Figure 4: Vickers micro-hardness variation on Mg+Mgs7Al:2 fusion surface.

Figure 4 shows that the hardness of Mg slightly increases at the interface between Mg and
Mgi7Al. For Mgi7Al1z, the hardness increases gradually from the border (the interface between
Mg and Mgi7Al12) to the center of the grain. This is a typical composite effect where the weak
bond between Mg and Mg17Al12 decreases the hardness of Mgi7Al12 in contact with Mg. Based on
our results, the lowest value of Mgi7Al12 hardness (133.5 Hv [38]) can be explained by the small
size of its particles. In other word, the measured hardness was not that of pure Mgi7Al:2 but was
influenced by the Mg matrix. The higher hardness values of Mg-Mg17Al12 materials (compared to
pure Mg) offer new perspectives for giving a “second life” as ball milling additive. In fact, milling

Mg with AZ91 alloys will induce the formation of surface defects which acts as the initiator sites

for the hydrolysis reaction in the presence of Cl ions [2, 48].
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3.3.Hydrogen production by the hydrolysis reaction

Hydrolysis test of powder were performed in a model seawater solution (i.e. 3.5 wt.% of NaCl)
using powders. Figure 5 shows that the reactivity, in term of hydrogen generation, varies as follow:
Mg+Mgi7Al2 milling > AZ91 powder > Mg + Mgi7Al12 fusion > Mg-Al-Zn > AZ91 alloy.
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Figure 5. Hydrogen generation of Mg-Al-Zn, AZ91 powder, AZ91 alloy, Mg+MgizAl:» fusion and
Mg+Mgi7Al2 milling.

The highest hydrolysis performance (i.e. both yield and kinetics) of Mg+Mgi7Al12 milling is
justified by the establishment of micro-galvanic cells between Mg and Mgi7Al:2 (as reported
between Mg and Ni [28, 30, 48]) and the presence of microstructural defects which enhances the
pitting corrosion in the presence of Cl ions [2, 28, 48]. Note that the hydrolysis reaction of AZ91
powder occurs in 2 steps: in the first step (during the first 5 minutes), only Mg reacts with the
electrolyte to form Mg(OH). while in the second step (from 5 minutes till the end of the reaction)
a magnesium-aluminum hydroxide is formed indicating the contribution of Mgi7Al:2 in the

hydrogen production process. The pellets of AZ91 alloy barely react with a production of 10% of
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their theoretical hydrogen production capacity in 60 minutes. The relative low surface area of the
pellets does not favor the dissolution of the passivation film of Mg(OH). formed during the

hydrolysis (this phenomenon is well described by the Noyes-Whitney equation [49]).

In order to highlight the effect of Mgi7Al12 on the hydrolysis performance of Mg, the reactivity of
Mg+Mgi7Al;2 fusion was compared to that of pure Mg and pure Mgi7Al:2 while the performance
of Mg+Mgi7Al12 milling was compared to milled Mg and milled Mgi7Al12 (with the same milling

conditions). These results are shown in Figures 6.a and 6.b respectively.
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Figure 6: Hydrogen generation of a) pure Mg, pure Mgi7Al12 and Mg+Mgi7Als2 fusion and b) milled Mg,
milled Mgl7A|12 and Mg+Mg17A|12 mllllng

Pure Mgi7Al12 barely reacts with NaCl solution with a generation of 6% of its theoretical H>
production capacity in 60 minutes whereas pure Mg produces 20% in the same duration.
Conversely, the hydrolysis performances of Mg+Mgai7Al12 fusion are better than that of the pure
materials with a yield of 43% reached in 60 minutes of reaction. Note that the theoretical hydrogen
production capacity by the hydrolysis of Mg+Mgi7Al12 materials was calculated by considering
the hydrogen production from both Mg and Mgi7Al12. Henceforth, the enhancement in the
hydrolysis reactivity of Mg+Mgi7Al12 fusion is attributed to the galvanic coupling between both

compounds, which accelerates the corrosion of the anode (Mg in this case).
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On the other hand, ball milling was reported as an efficient method to ameliorate the hydrolysis
reactivity of Mg-based materials [50, 51]. In fact, ball milling improves the hydrolysis
performance of Mg and Mg17Al12 without exceeding the hydrolysis performance of Mg+Mgi7Al12
milling (Figure 6.b). Once again, the better Kkinetics obtained with Mg+Mgi7Al12 milling is
attributed to the galvanic coupling. This is attributed to the reduction of the particle size of Mg and
Mgz7Al1 (promotion of the surface distribution) which increases the contact between the anode

and the cathode.

3.4.Corrosion behavior

Open Circuit Potential (OCP) for each material involved in this investigation was recorded during
30 minutes of immersion in NaCl solution. Table 2 shows the average OCP values calculated in
when the corrosion of the material is in a full steady state (i.e. the potential was stable from 15
minutes to 30 minutes of immersion). It is important to point out the difference between two
physical values that are very close but different in concept: the OCP and the corrosion potential
Ecorr. On the one hand, the OCP is the equilibrium potential between oxidation/reduction of a Mg-
based material and it is measured when the material is immersed in electrolyte without applying
any potential. On the other hand, the corrosion potential is obtained in similar conditions where
cathodic and anodic reactions have the same intensity so that the current at Ecorr is minimal [52].
In the present study, the OCP was estimated when the corrosion of the material is in fully steady
state. Consequently, OCP is practically equal to Ecorr (Table 2 and Figure 7.a).

Table 2: OCP values and corrosion current density (Jcorr) for all the materials involved in this study.

Sample OCP (VISCE) | Jcorr (MA/cm?)
Mg-Al-Zn -1.63+0.05 40201
AZ91 powder -1.44 +0.04 0.35+0.02
AZ91 alloy -1.63 £ 0.05 0.03 £0.001
Mg+Mgi7Al12 fusion -1.62 + 0.05 95+04
Mg+Mgi7Al2 milling -1.61+0.05 | 0.40+0.02
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The OCP can be estimated following the rule of mixture [46] by taking into consideration the
surface distribution and the OCP of Mg and Mgi7Ali2. The structural and morphological
dissimilarities (i.e. the surface distribution of Mg and Mg17Al12) between Mg-Al-Zn, AZ91 alloy,
Mg+Mgi7Al2 fusion and milling didn’t affect their corrosion potential (i.e. Ecorr Of -1.6 V/SCE,
Cf Table 2). AZ91 powder exhibits higher OCP value (e.g. -1.44 VV/SCE); this increase is probably
attributed to its smaller particles (implied Mgi7Al12, Cf section 3.1) which increase the surface

distribution of Mgi7Al12 leading to higher OCP values.
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Figure 7: a) Anodic polarization curve for Mg-Al-Zn, AZ91 powder, AZ91 alloy, Mg+Mgi7Al+, fusion and
Mg+Mgzi7Al2 milling and b) anodic polarization curve for Mg-Al-Zn obtained after IR drop correction

using the relative and the absolute value of the measured current I.

During the polarization of Mg-based materials (Figure 7.a), even with a minimal anodic
polarization, a very high anodic current is observed , accompanied by an evolution of hydrogen
and a local alkalization [53]. This phenomenon produces the ohmic drop (subsequently named IR
drop) in proximity of the working electrode surface and can be corrected according to the equation:

Ecorrected = Erecorded —Rs.l (1)

where Ecorrected aNd Erecorded are the applied potential before and after IR drop correction respectively,
Rs is the solution resistance estimated from electrochemical impedance spectroscopy
measurements and | is the measured current.
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Figure 7.b shows the influence of IR drop correction on the intensity-potential curve obtained for
Mg-Al-Zn. The shape of the curves alteration after IR drop correction is attributed to the
complicated nature of Mg alloys in anodic polarization state [54, 55] but essentially to the
evolution of the solution resistance [53, 56]. In fact, Rs depends on the applied potential and is
strongly affected by the generation of hydrogen bubbles and the local variation of the pH
(formation of Mg(OH).) [56]. Therefore and as recommended by Curioni [56], the anodic
polarization results are not corrected for the IR drop. On the other hand, the fact that hydrogen
generation is favored with increasing the applied potential during the anodic dissolution of Mg
based materials (so that the anodic polarization is not only affect by the anodic reaction) questions
the application of Tafel approximation for the estimation of long-term corrosion rates mainly for
highly corroding materials [55, 57]. However, we consider that this behavior occurs for all the

materials involved in this study.

Corrosion current densities (Jeorr) Shown in Table 2 were estimated from the anodic polarization
curves presented in Figure 7.a using the method described previously [58, 59]. During anodic
corrosion, Mg-Al-Zn and the “model” materials do not reveal the presence of a passivation plateau
as observed for the commercial AZ91 alloy (from 0 mV/Ecorr to 50 mV/Ecorr). As expected, Mg-
Al-Zn powder corrodes faster than the commercial AZ91 alloy known as one of the best corrosion
resistant Mg-based alloys (Jeorr = 4 mA/cm? for Mg-Al-Zn vs. Jeor = 0.03 mA/cm?, Cf Table 2).
The corrosion current density of Mg+Mgz7Al12 fusion is greater than that of Mg-Al-Zn powder (4
mA/cm?) and AZ91 alloy (0.03 mA/cm?) respectively, in total agreement with the results of the
hydrolysis tests.

On the other hand, Mg+Mgi7Al2 fusion exhibits higher corrosion current densities than
Mg+Mgi7Al1, milling and AZ91 powder respectively (i.e. 0.4 mA/cm? and 0.35 mA/cm? for
Mg+Mgi7Al12 milling and AZ91 powder respectively, Cf Table 2). The apparently conflicting
results between hydrolysis and anodic polarization come from the fact that hydrolysis allows the
study of the reactivity of the whole material while anodic polarization allows to estimate the
reactivity of its surface. Therefore, these results are complementary and not contradictory. In fact,
low Jeorr indicates that the surface of the working electrode is less electrochemically reactive. This
decrease is attributed to the formation of thick passivation layer on the surface due to the rapid

corrosion during immersion in NaCl solution so that the surface is covered by an insulting material
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(considering that AZ91 powder and Mg+Mga17Al12 milling show the best hydrolysis performances,
Cf Figure 5). As a consequence, whether the surface is totally or partially covered by the
passivation layer, the active surface of Mg decreases which decreases the measured corrosion
current, and consequently the corrosion current density drawn in Figure 7.a , which is defined by
the ratio between the current and the sample surface. However, if this is the case, the resistance at
the interface material-electrolyte should increase due to the presence of an “insulator” and the
behavior of the system should be identical to that of a moderately or poorly conductive electrolyte
[60]. Indeed, EIS measurements confirms that the solution resistances Rs (Table 3) are higher for
the materials showing the highest hydrolysis performances and the lowest corrosion current
densities (i.e. AZ91 powder and Mg+Mgi7Al12 milling). These findings justify that the passivation
layer formed during the corrosion of highly reactive materials affects long-term corrosion rate

estimation.

Electrochemical impedance data for all the materials were recorded at OCP after 30 minutes of
immersion in NaCl. The experimental data were fitted according to the electrical equivalent circuit
adopted previously to explain the effect of ball milling on the corrosion behavior of AZ91 [7, 55].
The equivalent circuit is defined by Rs (CPE1//(R1(CPE2//R2))//(R3L)) where the parenthesis
groups the components connected in series (e.g. (R3L)) and the parallel lines (//) represent the
complonents connected in parallel (e.g. CPE2//R2). From this circuit, the following EIS
parameters are determined: Rs is the solution resistance, C1 and C2 are the effective capacitances
of CPE1 and CPE2 respectively, Rt the charge transfer resistance and Ry the polarization resistance
[7, 55, 61]. The inductive loop (indicative of the presence of reaction intermediates such as Mg*
[18, 62-64] or MgH* [21]) contribution is expressed by the inductor (L) incorporated in the
electrical equivalent circuit [55, 65]. The Nyquist and Bode spectra of the 5 materials in the
3.5 wt.% NaCl solution are depicted in Figure 8.a and Figure 8.b respectively. The experimental

data are displayed as scatter plot while the EIS fitting results are represented as line plot.
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Figure 8: Nyquist (left) and bode (right) plots for Mg-Al-Zn, AZ91 powder, AZ91 alloy, Mg+Mgi7Al12
fusion and Mg+Mg:7Al12 milling. The inset in Figure 8.a presents the Nyquist plot of AZ91 in 100 kHz —
700 mHz range.

The reference, the commercial alloy and the 3 models have different corrosion behaviors indicating
the influence of Mgi7Al12 on the corrosion behavior of Mg-Al based materials. The double layer
capacitance C1 [55, 65, 66] for AZ91 alloy is lower than that of Mg-Al-Zn, Mg+Mg17Al12 fusion
and milling respectively (Table 3). As previously described [7], when corrosion rate increases, the
working electrode surface becomes rougher (its surface area increases) and the double layer
capacitance increases. For AZ91 powder, the surface impedance distribution (the order of the
CPEL1) is 0.46 indicating that this CPE1 has no significant physical meaning. It indicates that the

corrosion is very fast and that the reaction mechanism is limited by the diffusion [20].
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Table 3: Electrochemical parameters calculated from best fit of impedance data of Mg-Al-Zn, AZ91

powder, AZ91 alloy, Mg+Mgi7Al1, fusion and Mg+Mgi7Al. milling.

Mg-Al-Zn | AZ91 powder | AZ91 alloy Mg;MQ”A'” Mg+MguzAlz2

usion milling

R: (Q/cm?) 2 32 13 25 104

C1 (uF/cm?) 3 X 47 10 s

C2 (uFlcm?) 63 332 9 51 72

Rt (Q/em?) 54 57 1246 2 40

Rp (Q/cm?) 54 57 700 20 40

R3 (Q/cm?) 472 225 1372 105 655

L (Hicm?) 9 0.001 842 5 0.002

X: C1 value is negligible and it does not have a physical meaning since the surface impedance distribution
is 0.46 (=0.5) [20].

C2 characterizes the adsorption pseudo capacitance of corrosion intermediate, corrosion product
(i.e. Mg(OH)2) and/or cathodic reaction initiator sites [55, 67, 68]. Song et al. [68] showed that
this capacitance increases when species, such as Mg(OH). are adsorbed on the surface. AZ91
shows the lowest C2 (9 pF/cm?) indicating the lowest adsorption of the corrosion product
Mg(OH).. On the other side, AZ91 powder shows the highest C2 value of 332 puF/cm?,

The charge transfer resistance Ry is determined from the EIS Nyquist plot where Zim = 0 Q/cm?
(at f > 0 Hz) and the polarization resistance Ry, is estimated for this equivalent circuit according to
references [7, 55] (where Zim = 0 Q/cm? at f & 0 Hz). Apart AZ91 alloy, R, and R are the same
for all the other materials due to the less significant contribution of the inductive loop. This
suggests that, if a reaction intermediate (e.g. Mg* or MgH") is formed, it is oxidized to form Mg?*
without adsorbing on the surface. Ry is maximal for AZ91 alloy (700 Q/cm?, Cf Table 3) due to
the low corrosion rate for the reason that Ry is inversely proportional to the surface area (while the
surface area varies as the corrosion rate) [61]. Nevertheless, Mg+Mgi7Ali2 fusion exhibits the
lowest polarization resistance (i.e. 20 Q/cm?, Cf Table 3) indicating the higher corrosion rate. The
values of R, of AZ91 powder and Mg+Mgi7Al12 milling (57 Q/cm? and 40 Q/cm? respectively)
comparable to that of Mg-Al-Zn (54 Q/cm?) is attributed to the formation of a thick passivation

layer which hinder the corrosion of the bulk material as previously clarified.
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4. Conclusion

In conclusion, we demonstrated how the manufacturing of Mg-Al alloys (i.e. the distribution of
Mg and Mgz7Al1) affect the hardness, the hydrolysis performance and the corrosion behavior of
the materials. The porous morphology of AZ91 powder proves the weak bond between Mg and

Mgi7Al12 and results from the leaving phase (Mgi7Al12).

The brittle characteristics of Mgi17Al1> were demonstrated. The hardness of pure Mgi7Al12 is 5
times higher than that of pure Mg (250 Hv vs. 45 Hv). As a consequence, when Mgi7Al12 is used
as ball mill additive (i.e. Mg+Mgz17Al12 milling), particle size is reduced and surface defects (e.g.
cracks) are formed on Mg surface. On the other hand, the microhardness of Mgi7Al1 is influenced
by the presence of Mg due to composite effect. For instance, the hardness of Mgi7Al12 increases

gradually from Mg-Mgzi7Al12 interface to the center of Mgi7Al12 particle.

The comparison of the hydrolysis performance of (i) pure Mg, pure Mgi7Al12 and Mg+Mgi7Al12
fusion and (ii) milled Mg, milled Mgi7Al12 and Mg+Mgi7Al2 milling shows the beneficial effect
of the galvanic coupling between Mg and Mgi17Al12 on the hydrolysis performance of the powder.
Mg+Mgi7Al2 milling presents the best hydrolysis performance with a yield of 80% of its
theoretical hydrogen production capacity reached in 60 minutes of reaction with 3.5 wt.% NaCl
aqueous solution. This is probably attributed to the galvanic corrosion and the pitting corrosion
favored by the presence of CI" and surface defects in this latter model material. Based on
electrochemical test results, the corrosion reactivity is maximal for Mg+Mgi7Al12 fusion with the
highest corrosion current density (Jeorr = 9.5 mA/cm?) and lowest polarization resistance (Rp = 20
Q/cm?) compared to Mg-Al-Zn (Jeor = 4.0 mA/cm? and Rp = 54 Q/cm?) and AZ91 alloy (Jeorr =
0.03 mA/cm? and R, = 700 Q/cm?).

Hydrolysis and electrochemical tests are generally complementary to evaluate the hydrogen
production (the same phenomenon as the anodic corrosion) from Mg-based materials except when
the anodic corrosion is very fast. In this case, the thick passivation layer formed hinder the
corrosion of the bulk material so that the behavior of the insulating passivation layer is exploited
instead of the bulk material.
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Our results show that when the particle size of Mg+Mga17Al12 is reduced, the galvanic coupling
between Mg and Mgzi7Al12 is more expressed. It is then worth pointing out that increasing ball
milling efficiency of AZ91 until reaching the same powder state as “Mg+Mgi7Al12 milling” will
improve the hydrogen generation by the hydrolysis reaction. The complete hydrolysis with AZ91
can then be reached by ball milling with additives such aluminum chloride to dissolve the formed
Mg(OH).. Moreover, AZ91 alloy can be given a “second life”” as ball milling additive due to the
fact that it shows a higher microhardness than that of Mg.
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Highlights

Galvanic coupling improves the hydrolysis (corrosion) of AZ alloys.
The weak bond between Mg and Mg17Al12 was indirectly proved by SEM observations
The hardness of Mgi17Al1> decreases at the interface Mg-Mgi7Al 1.

e

The thick passivation layer formed during the corrosion results in underestimating the

corrosion rate by anodic polarization and EIS.
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