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Abstract: In this study, aluminum-magnesium (Al-Mg) bulk porous materials were fabricated by
using uniaxial hot pressing to control the porosity rate of the material over a wide range (up to 50%).
The fabricated materials were analyzed by X-ray diffraction and scanning electron microscopy. The
results demonstrated the appearance of intermetallic (IM) phase Al3Mgy, and its quantity increased
with the applied pressure. In the context of the decline of global fossil fuel reserves, the revalorization
of these materials by hydrogen (H;) production was investigated. Hydrolysis of the Al-Mg materials
was carried out in a simulated seawater solution (aqueous solution of sodium chloride 35 g/L). The
results showed the role of the porosity rate in the Hy production properties of the fabricated materials;
the increase of porosity rate from 10% to 50% cuts the reaction time in half. Finally, the role of IM
phase Al3Mg; in Hp production was highlighted through galvanic coupling.

Keywords: Al-Mg alloys; intermetallic phases; uniaxial hot pressing; hydrogen production; hydrolysis

1. Introduction

Aluminum (Al) is the third-most abundant element in the Earth’s crust. Its utiliza-
tion spans a multitude of industrial sectors, with a particularly pronounced presence in
transportation, in which the imperative for structural lightweighting is steadily gaining
prominence. However, when used in its pure form, Al exhibits relatively low mechanical
properties. Consequently, Al is frequently employed in alloys in which Al is combined with
various other metals, such as magnesium, copper, and zinc, or nonmetals like silicon [1].

The alloying elements significantly enhance the mechanical and chemical properties
of Al. Among these alloys, we will focus on Al-Mg alloys, which belong to the 5000 series.
These alloys are typically produced through metallurgy, in which metals are melted at
high temperatures and cast into various forms [2,3]. These alloys offer the advantage of
being even lighter than pure Al because the density of Mg (1.74 g/cm?3) is lower than that
of Al (2.70 g/cm®). Al-Mg alloys exhibit higher mechanical properties than pure Al and
are primarily utilized in mechanical applications, particularly within the transportation
sector [4].

In these alloys, the formation of intermetallic phases is a common occurrence. Indeed,
two major phases exist in the Al-Mg phase diagram (Figure S1, Supplementary Material [5]):
Al;,Mg;7 [6] and Al3sMg; [7,8]. In the context of this study (alloys rich in Al), we will focus
particularly on the formation of the Al3Mg, intermetallic (IM) phase. The presence of
precipitates of Al3Mg», has been previously investigated, and it has been demonstrated
that their presence y induced structural strengthening. Furthermore, the Al3Mg, phase
is typically stabilized through prolonged annealing [7,9,10] or milling times [11,12], high
pressures [11], or temperatures exceeding 450 °C (the eutectic temperature on the phase
diagram), leading to liquid-state sintering [13].
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On the other hand, the production of hydrogen (H;) from metals is increasingly being
explored. The way we have used fossil fuels as our main source of energy since the Indus-
trial Revolution has led to a massive increase in the levels of CO; and other greenhouse
gases in our atmosphere, which is the main cause of global warming [14]. Renewable
energy will play a key role in transitioning to clean and sustainable energy [15,16] and
hydrogen as an energy carrier is one of the most promising solutions to the aforementioned
problems [14,17-19]. Hydrogen can be produced from a variety of domestic resources.
These include nuclear energy, natural gas, coal, biomass, and other renewable sources [20].
This production can be accomplished using various process technologies, namely electroly-
sis, photolysis, biolysis, thermolysis, plasma arc methane decomposing, coal gasification,
fermentation, and so on [14,16,20-22]. Nowadays, hydrogen is mainly produced by steam
reforming natural gas, a process that leads to massive emissions of greenhouse gases [23,24].
However, all these production techniques are limited by economic, environmental, and
resource constraints (especially production from biomass). Hy production has already been
extensively studied using Mg, Mg alloys, and Al [6,25-28]. The hydrolysis reaction (i.e.,
oxido-reduction reaction) of 1 mole of Al (Equation (1)) could generate 1.5 times more Hj
than 1 mole of Mg (Equation (2)) because of the number of valence electrons (3 for Al and 2
for Mg).

3
Al(s) +3 HZO(l) — AI(OH)3(S) + EHz(g) 1
Mg(s) +2 HzO(l) — Mg(OH)Z(s) + Hz(g) 2)

In this regard, changing the hydrolysis medium could be a possibility to explore [28,29],
as well as the addition of alloying elements to Al to trigger galvanic coupling. The addition
of additives such as indium, bismuth, lithium, or tin has already been investigated [30-33].

This type of material (i.e., Al-Mg) can also be used as a heat sink or heat spreader to
control the temperature induced by the electronic ship in high-power electronic devices.
Indeed, the porosity rate influences the heat dissipation. At the end of their lives, these
materials should be dismantled to be reused, or at least to be valorized. We explore
revalorization via the hydrolysis process (i.e., production of H). Considering the rate of
H; created by 1 mole of material and the intended application, porous Al-rich materials
will be studied. Al and Mg powders were mixed in an 80/20 mass ratio to create porous
materials containing (or not) IM-phase Al3sMg, through solid-state sintering at quite low
temperatures and pressures with a short sintering time (10 min). Subsequently, the Hp
production properties of the synthesized alloys will be investigated, along with the role of
the intermetallic phase in the context of this application.

This study aims to show the H, production properties of Al-Mg materials and the role
of IM-phase Al;Mgy in this production.

2. Materials and Methods
2.1. Sample Preparations

Gas-atomized 1080 Al spherical powder 61 (ULTD0065; Hermillon powders, Savoie,
France) with a medium grain size dsp = 7 pm and Mg powders with an average size of
44 um were used as raw material. The powders were mixed for 5 min at 1200 rpm in
a planetary mixer, Thinky ARE250CE, Thinky Corporation, Tokyo, Japan. This mix (Al
80 wt.% + Mg 20 wt.%) (further named Al80Mg20) was placed in a cylindrical stainless-steel
mold to achieve a final sample size of 10 mm in diameter and approximately 5 mm in
height. The solid-state sintering technique (uniaxial hot pressing using induction heating)
was used to fabricate the final material [34].

As shown in Table 1, the fabrication temperature and the dwell time were fixed at
400 °C and 10 min, respectively, and the applied pressure ranged from 0 to 40 MPa. A pri-
mary vacuum atmosphere (0.1-1 Pa) was used to prevent further oxidation of the powders
during the sintering process. The pressure was adjusted to fabricate A1I80Mg20 samples
with controlled porosity ranging from 10 to 50% (NB: at a porosity rate >50%, the material



Metals 2023, 13, 1868

30f10

could not be handled). The temperature was monitored by a K-type thermocouple located
in the stainless-steel mold and close to the powder. After densification, the samples were
broken and small pieces of approximately 30 mg were used for the hydrolysis experiments.

Table 1. Sintering parameters of the different A180Mg20 materials synthesized.

Temperature (°C) Pressure (MPa) Time (min) Porosity (%)
400 0 10 50
400 15 10 30
400 40 10 10

2.2. Characterizations

The phase composition of the samples was identified by X-ray diffraction (XRD) using
Cu K« radiation (A = 0.154 nm, Bruker D8 Focus X-ray or Brucker D8.1 diffractometer;
Brucker, Madison, WI, USA). Microstructural analysis was performed with a scanning elec-
tronic microscope (SEM; Tescan, VEGA © II SBH, Brno-Kohoutovice, Czech Republic) after
cryofracture. Energy-dispersive X-ray spectroscopy (EDS) was used to obtain elemental
composition information. Theoretical density was calculated using mixture law for each
sample obtained. The experimental porosity of the foams was estimated using geometrical
measurement. The diameter, length, and mass of the samples were measured to calculate
their volume and density. The relative density was obtained by dividing the experimental
density by the theoretical density of the sample. Finally, the global porosity of the samples
is obtained by Equation (3):
P =1~ preiative 3)

where P is the global porosity (in %) and pyetive is the relative density of the samples (in %).

2.3. Hydrolysis

Hydrolysis reactions were performed in a closed 100 mL three-neck, round bottom
flask connected to a burette that dips in a beaker of tap water. This setup is described
in detail in a previous paper [26]. The production of H during the experiment induces
water displacement back to the beaker, and a balance connected to a computer records
the mass variation. This setup allows us to follow H; production in real time. Samples of
30 mg of porous parts react with 20 mL of an aqueous solution of sodium chloride (NaCl)
concentrated at 35 g/L (i.e., simulated sea water).

2.4. Modelling

The experimental results were then fitted with the Avrami-Erofeev model, often used
to describe the hydrolysis mechanism [35]. It is described by Equation (4):

x=1—e¢ k" 4)

where « is the hydrolysis kinetic, k is the kinetic constant, and n is a nondimensional
parameter that reflects the reaction mode.

3. Results and Discussions
3.1. Fabrication of the Intermetallic Phase Al;Mg,

Three samples were fabricated by uniaxial hot pressing (cf. Table 1) and then analyzed
using XRD. The results are shown in Figure 1. Even if the initial mixture is always the same
(80 wt.% Al + 20 wt.% Mg), different phase compositions are observed at varied porosity
rates. At 50% porosity, only Al and Mg are detected. Under these specific conditions
of temperature, pressure, and dwell time (400 °C, 0 MPa, and 10 min, respectively), no
intermetallic phases or solid solutions were formed. We found the weight proportion of
each phase: 79 wt.% Al and 21 wt.% Mg. This observation is in agreement with the phase
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diagram. Because the temperature is below the Al-Mg eutectic point, with no driving force
(P = 0 MPa), the system is in its equilibrium state.
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Figure 1. XRD analysis of the alloys (with 10, 30, and 50% porosity) fabricated with uniaxial hot pressing.

However, when the applied pressure is increased to 15 MPa, the material exhibits, as
expected, a lower porosity ratio (close to 30%), and the emergence of new phases becomes
evident. Notably, the intermetallic phase, Al3Mgy», is observed with two solid solutions: one
involving Mg in Al and the other involving Al in Mg. These solid solutions are indicated by
the appearance of shoulders on the peaks related to Al and Mg. An example of a shoulder
is shown in the Supplementary Materials Figure S2. For the solution of Mg in Al, the lattice
parameter of the cubic (FCC) lattice is equal to 4.074 A (it is equal to 4.049 A for pure
Al); this led to a volume of the solid solution V; equal to 67.62 A3. For the second solid
solution (Al in Mg), the cell parameters of the hexagonal (HCP) lattice are a = 3.191 A and
¢ =5.192 A, leading to a cell volume equal to 45.78 A3. An analysis of the lattice parameters
for these solid solutions reveals approximately 5 wt.% of Mg in Al and 4 wt.% of Alin Mg in
accordance with the results of Hardie et al. [36]. The weight proportion of each phase was
calculated and we obtained 20 wt.% AlsMg», 57 wt.%, Al, 3 wt.% solid solution of Mg in Al,
3 wt.% solid solution of Alin Mg, and 16 wt.% of Mg. These results (i.e., the coexistence of
2 solid solutions with pure Al and Mg and the IM phase Al3sMg5) suggest that the system
is out of equilibrium. In the Al-Mg phase diagram, for our composition (Al80Mg?20), if
the system is in an equilibrium state, only a combination of a solid solution of Mg in Al
and IM-phase Al3Mg, should be observed. Therefore, to achieve the equilibrium state,
the sintering temperature or dwell time should be increased. The fact that we are out of
equilibrium seems consistent considering the short dwell time and the fact that we are in a
case of solid-state sintering. However, the creation of Al3Mg, leads us to hypothesize that
the pressure applied allows it to act in the same way as a temperature increase.

For the third fabrication conditions (400 °C, 40 MPa, 10 min), the XRD analysis shows
two main phases: the solid solution Mg in Al and the AlzMg, IM. For this pressure, the
system can be considered in an equilibrium state because the phases in presence are in
agreement with the Al-Mg phase diagram. The obtained FCC solid solution exhibits
a different lattice parameter (a = 4.093 A) than the previous one, indicating a higher
concentration of Mg in the solid solution (close to 9 wt.%). The weight proportion of each
phase was calculated and we obtained 43 wt.%, AlsMg», 30 wt.%, Al, 24 wt.% solid solution
of Mg in Al and 3 wt.% of Mg. These analyses can be correlated with the SEM micrographs
presented in Figure 2.
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50 % porosity 30 % porosity 10 % porosity

Figure 2. Microstructures of the alloys (three different porosities) studied by SEM 1, 2, and 3, referred
to as Al particles, Mg particles, and AlsMg, domains, respectively.

The evolution of the microstructures, observed in the different materials, is in agree-
ment with the XRD results. Specifically, for the 50% porosity material, only Al spherical
particles and Mg particles are observed. This is consistent with the XRD analysis, which
shows no intermetallic phase and, therefore, no diffusion of Mg into Al (or Al into Mg)
when no pressure is applied. For the other materials (30% and 10% porosity), large domains
of another phase can be identified. These domains are both larger and more numerous for
the denser sample. This further observation corroborates the previous XRD analysis and
shows that denser samples exhibit a higher abundance of the intermetallic (IM) phase. The
composition of these domains was analyzed with EDS and the results are shown for the
denser sample (NB: Figure 3a is equivalent to Figure 2 (10% porosity) in Figure 3b,c. This
EDS analysis highlights the ratio of Al/Mg, which is close to 3/2 (exactly 61/39), proving
the presence of the Al3Mg, phase as previously analyzed with XRD. It is, therefore, worth
pointing out that the EDS analysis also shows the presence of carbon, oxygen, and gold:
(i) the presence of oxygen can be associated with the oxide films present on the surface
of both Al and Mg particles, (ii) the carbon peak should be linked with the residue of
carbon foil that is used during the sintering process, and (iii) the gold peak is due to the
metallization step in the sample preparation.

a) b) 18.9K
16.8K
14.7K]
12.6K]
10.5K]
8.4K

6.3K

4.2¢]
2.1K]
%o o067 13 200 268
c)
Elements Magnesium (Mg) Aluminum (Al)
At% 39 61

Figure 3. Analysis of the 10% porosity material: (a) SEM micrograph, (b) EDS map of the yellow
point, and (c) atomic concentration of the elements Al and Mg detected with EDS.

3.2. Hydrogen Production by Hydrolysis
3.2.1. Hydrogen Production

Figure 4 shows the evolution of hydrogen production as a function of time for the three
different fabricated materials. All three materials induce, with seawater, the production of
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hydrogen with a conversion yield of 50% after (i) 3 h for the 50% porosity material, (ii) 6 h
for the 30% porosity material, and (iii) 9 h for the 10% porosity material. As previously
mentioned, for pure Al, because of the surface layer of Al oxide (Al,O3), hydrolysis is
inhibited in water [37]. Therefore, the hydrolysis reaction of Al (covered with Al,O3) is often
performed in basic solutions (pH close to 14) to avoid the domain of stability of the Al,O3
surface layer [38]. The hydrolysis of the Mg is possible in pure water but is often studied
in simulated seawater [6,25,26] to increase the reaction kinetics. As demonstrated by our
first results, the addition of Mg to Al (20 wt.% in this study) allows for the activation of the
hydrolysis reaction of Al in simulated seawater and therefore improves H, production.

1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1
084 L 0.8 —— 30% porosity L
—— Fit Avrami Model
0.6 - 0.6 - -
ke o
3 0.4+ F5 041 o
> >
0.2+ —— 50% Porosity r 0.24 r
—— 30% Porosity
—— 10% Porosity
0.0+ - 0.0 4 -
T v T v T ' T v T ' T v T ' T ' T ' T ’ T J T v T s T ' T ’ T v T v T
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16
Time (Hour) Time (Hour)
(a) (b)

Figure 4. (a) Hydrolysis curves of the different alloys synthesized, (b) example of fitting of a
hydrolysis curve with the Avrami-Erofeev model (30% porosity).

Nevertheless, a clear difference in hydrolysis reaction time is observed when the
porosity percentage increases from 10% to 50%. This difference is associated with the
difference in the surface accessible to seawater of each material. Indeed, as shown in
Figure 2, for the more porous samples, the particles are quite individualized, and the
hydrolysis reaction surface is larger than the one for the denser sample. When the pores
are percolated (open porosity), it is much easier for the simulated seawater to reach all the
particles and consequently, the reaction is faster. However, if the porosity is low enough,
the seawater solution must penetrate the materials via an erosion process (e.g., through
grain boundaries), which results in a longer reaction time. However, when the reaction
takes place, it also creates some diffusion pathways (cracks or defects) that allow for better
propagation of the reaction.

Figure 4b shows a fit of the results using the Avrami-Erofeev model. With this model,
a very good fit (an example is given in Figure 4b for the 30% porosity material) of all the
results is obtained, regardless of the porosity percentage. Results are presented in Table 2.

Table 2. Values of the Avrami-Erofeev parameters calculated from the fitted hydrolysis curves. The
second fit values are given in parentheses.

Avrami-Erofeev Parameters 50% 30% 10%
n 0.94 (1) 0.88 (1) 0.79 (1)
k 0.25(0.133) 0.14 (0.109) 0.12 (0.076)

For each alloy, the fit was made twice. The first fit was completed, as usual, with n
and k as parameters. The n values are always close (but lower) than 1, meaning that the
reaction involved in the hydrolysis is a surface reaction, as expected. Nevertheless, the
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values decrease monotonously from 0.94 to 0.79, indicating that for denser materials, a bulk
reaction should also be considered (or at least becomes nonnegligible). This first fit also
demonstrated that the k value is decreasing with decreasing porosity. A second fit was
completed with the same model by fixing the n value to 1 (i.e., assuming only a surface
reaction). In such refinement, the evolution of k values is still the same, demonstrating that
the surface reaction is the most probable (and predominant) reaction type.

3.2.2. Role of the Intermetallic Phase

To better understand (and isolate) the influence of the Al;Mg, IM phase on the kinetics
of Hy production, another material with the same porosity level (30%) was synthesized
without the presence of Al;3Mg,. Because the formation of the IM is temperature-dependent,
we chose a lower temperature than the one previously used. Therefore, to reach a similar
porosity rate, we kept the dwell time constant and increased the applied pressure. The
sample without the IM phase was prepared through uniaxial hot pressing. The thermal
treatment performed was 350 °C, 40 MPa, and 10 min (resulting in a porosity rate of 30%)
and was compared with the previous 30% porosity sample. The hydrolysis curves of these
two materials and the corresponding micrographs are shown in Figure 5. The XRD data for
these two curves are given in the Supplementary Materials Figure S3.

With IM phase

Yield

20 um

Without IM phase

T T T T ’ T . T : T s T & T e T . T

0 2 4 6 8 10 12 14 16
Time (Hour)

0.0 4

Figure 5. Hydrolysis curves and respective microstructures of alloys containing Al3Mg, phase or not
(30% porosity).

A clear difference is observed between both materials. Indeed, for a given porosity rate
(30%), the presence of the intermetallic phase influences the kinetics and efficiency of the
hydrolysis reaction. The presence of Al3Mg, leads to a better conversion yield and faster
reaction kinetics. This observation is attributable to a difference in open-circuit potential
between Al and Al3Mg> (e.g., 0.4 V) [39]. This difference, greater than 0.25 V, implies that
the galvanic coupling is strong enough to promote the hydrolysis reaction. It can explain
the results highlighted in Figure 5. This phenomenon has already been reported for the
Mg-Al1pMgqy binary material [6] or other alloys [25,40].

4. Conclusions

In summary, this study focused on the incidence of the formation of the intermetallic
phase Al3zMg, during solid-state sintering on the hydrolysis properties.

For the materials fabricated in this study (AI80 wt.% + Mg20 wt.%), we have high-
lighted the appearance of the intermetallic phase for a densification temperature equal
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to 400 °C, a dwell time of 10 min, and a pressure equal or higher than 15 MPa. Under
the following conditions (400 °C, 10 min dwell time, and 15 MPa), the phases detected
are Al, Mg, Al3sMgy, and 2 solid solutions. This analysis proves that the system is out of
equilibrium. When the pressure is further increased, the system becomes closer to the
equilibrium state, and the phases observed are Al, an FCC solid solution of Mg in Al, and
IM-phase AlzMg, without increasing either the dwell time or temperature.

The H; production properties of the densified materials have been studied. Results
show that the production of Hj is possible in simulated seawater for each material. More-
over, it has been shown that when the density of the materials increases, the kinetic of the
hydrolysis reaction decreases. The hydrolysis reaction is mainly a surface reaction, but a
bulk reaction becomes nonnegligible for denser materials. Finally, for the same porosity
rate, it has been shown that IM-phase Al3Mg, plays a positive role in the improvement of
H; production. The increase in Hy production is attributed to the difference in the potential
between Al3Mg, and Al leading to a galvanic coupling.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/met13111868/s1. Figure S1: Al-Mg binary phase diagram;
Figure S2: Zoom on the XRD of the 30% porosity sample showing the solid solution of Mg in Al
signature (shoulders on the Al peaks); Figure S3: Comparison of XRD data for samples with the same
porosity (30%) and with or without the IM phase.
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