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Abstract Thermodynamic modeling of the Al-Mg—Na-
H system is performed in this work to understand the phase
relationships and reaction mechanisms in this system. The
Al-Na system is reassessed using the modified quasi-
chemical model for the liquid phase. All the terminal solid
solutions were remodeled using the compound energy
formalism. The thermodynamic properties of the ternary
systems are estimated from the models of the binary sys-
tems and the ternary compound using the CALPHAD
method. The reaction pathways for the systems MgH,/
AlH;, MgH,/NaAlH,, and MgH,/Na3;AlHg are calculated
and compared to the experimental data from the literature.
Details about the reaction mechanisms and temperatures,
the amount of the products, and their composition are
revealed and discussed in this work. The calculations show
that in the composites MgH,/NaAlH, and MgH,/Na3zAlHg,
the components spontaneously destabilize mutually in
specific relative amounts by forming NaMgH3, which may
play only a catalytic role on the decomposition of
(MgH, + Al) mixture, NaAlH,, or NazAlHg. Also, Al
destabilizes MgH, and NaMgH; by forming 8 phase and
reducing the decomposition temperatures of these hydrides
by more than 50 °C. The constructed database is success-
fully used to reproduce the pressure—composition isotherms
(PCIs) for Mg-10 at% Al and Mg-4 at% Al alloys at
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350 °C. The results provide a better understanding of the
reaction mechanisms in the PCIs found in the literature
concerning the number of plateau pressures and their
sloping. It is shown that the first plateau pressure observed
during the PCIs of Al-Mg alloys depends on Al content
and is higher than that of pure Mg. This difference is due to
Al solubility in hcp-Mg.

Keywords Hydrogen storage - Magnesium hydrides -
Sodium alanates - Thermodynamic modeling

Introduction

Hydrogen storage in light metal hydrides is considered as
one of the most promising solutions toward a hydrogen
economy. Lots of efforts have been devoted in the last few
decades to the search of a metal hydride that satisfies all the
requirements for the development of hydrogen fuel cells,
with potential applications ranging from micro-fuel cells
that power portable electronics to mobile applications.
Magnesium hydride (MgH,) shows a great potential as a
hydrogen storage material because of its high hydrogen
storage capacities (7.6 wt%), reversibility, and low cost
[1]. However, it suffers from extremely slow hydriding
kinetics and high decomposition temperature [1]. MgH, is
predicted to decompose to hcp-Mg and H, at a temperature
of 284.73 °C and ambient pressure [2]. Many studies have
shown the possibility of lowering the decomposition tem-
perature of MgH, and/or improving its hydriding kinetics
by mixing with other elements or compounds. Another
group of complex metal hydrides, alanates (or alumino-
hydrides, a family of complex hydrides containing alu-
minum and hydrogen), have attracted great interest since
the work of Bogdanovic [3] who demonstrated the
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Table 1 Optimized model parameters for the different phases in the Al-Mg-Na—-H system (J/mole)

Liquid phase (MQM)

gl = 74,266.7 — 26.2456T + 20.7856T In T [15]

Zysa = Zytgn = 6, Aglygy = —18,049.78

ZNE = ZR =6, Agdy = —39,245.92 + 8.45T; (2]

Agioy = 12,133.6 — 0.711T; Agdly = —66,944 + 8.368T

Zing =45, Znina = 6, Aglien, = 7,660.0 +2.97

Za =7y =6, Agdyy = —6,516.58 — 0.544T [15]
Zuiar = Ziggar = 6, Aglygar = —2761.44 + 1.52716T; Agiys = 481.4 + 0.6276T

Z8 . = ZNa =6, AgQn, = 203509.76 + 5.89944T; Aghdy, = —193133.44 This work
Terminal solid solutions (compound energy formalism)

hep-(Mg) (Mg, Na, Al),(H, Va),

*Gugva = 2G(Megyep):? GNeva = 2G(Nangy )" Gy, = 2G(Alep) (2]
Gy = 173,217.6 — 242.672T + 2G(Mg,,) + 1/2(Ha, gas)

OGNS = 2G(Nanep) + 1/2G(Ha, gas);’ GAR = 100000 + 2G(Alyepy) + 1/2(Ha, gas)

Ly Naeva = 79,496 + 16.736T

OLyP piva = 8288.059 — 8.75T;! Ly? .\, = 414.886 — 6.109T:° Lyl .y, = 75132 This work
bece-(Na) (Na, Mg, Al);(H,Va);

OGN = G(Nayee) + 3/2G(Ha, gas)’ Gyii = G(Mgyee) + 3/2G(Hy, gas); 2]

OGAM = G(Alpe) + 3/2G(Hy, gas)

GRava =G(Napee)” GME:Va = G(Mgyeo);” Giliva = GlAlpec)

LR hva = —5,569.8;" Lk va = —2,092.9; % LS \1aova = 30,000

OB Narva = 27715 [13]

LB gva = 5020.8 [14]
fcc-Al (Al, Mg, Na),(H, Va),

OGQ}:Va = G(Alge);’ Gﬁi;w = G(Mgy,);’ Gﬁi;v;‘ = G(Nagee);

0GATL = G(Alke) + 1/2G(Ha, gas) + 100000;° GNY, = G(Nage) + 1/2G(Hy, gas) + 130T [13]
0L va = —45,805 + 56.43T

"Gueth = G(Mgy,.) + 1/2G(H, gas) + 100000 This work
L \tgva = 3349.069 — 1.6763T3" Ly, ) vy = 169.787 — 3.05459T: LI, v, = T7741.6,° Ly, vy = 20000

Nonstoichiometric compounds [14]

7(AlinMgy7) © (Mg)o(AL Mg)yy (AL Mg),, :

Glygarar = 10G(Mgy, ) + 48G(Algee) + 178762.96 — 203T; Glyygnr = 34G(Mgye,) + 24G(Algee) — 208742 + 78.474T

Glugaimg = 34G(Mgy,) + 24G(Alnep) + 359507.2 — 197.664T; Ghpgrtgnty = 58G(Mgyey) + 359153.4 — 174.58T

B(AsMg,) : (Al),o(Al, Mg),(Mg),,

Ghiaig = 12G(Mgyy) + 21G(Alree) — 82110.6 — 13.8072T; Gy = 14G(Mgyy) + 19G(Aliee) — 72445.56 — 27.6144T

Stoichiometric compounds

MgH: Gy, = —82,842.15 4+ 25.427 — 2.87T InT — 55.30 x 10T — 34,305.57! [1]

NaH: G¥;; = —75,767.99 +293.72T — 48.69T InT — 0.26 x 107372 + 1.80 x 10873 + 632,658.0T ! 2]
NaMgH3;:

Gramgn, = —157,905.82 + 185.837 — 33.6T InT — 61.27 x 107372 2]

AlHz: Gom, = —28,415 +213.712933T — 41.75632T InT — 14.548469 x 107372 4 4464007 [13]

& (AlMga3): G, = 23G(Mg,,.,) + 30G(Alg) — 116327.71 + 1673.42T [14]
AbLis: Gajri; = 2G(Algee) + 3G(Livee) — 89,690 4 33.96T This work
AlyLig: GaiLiy = 4G(Alkee) + 9G(Lipee) — 438,967.89 + 69.28T This work
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reversibility of the hydrogenation of the Ti-enhanced ala-
nates. Sodium alanate, NaAlH,, decomposes in two steps
with total hydrogen release of 5.6 wt%. According to Qiu
et al. [4], it is predicted that, at 1 bar, the first step proceeds
at 21.45 °C and the second one at 106.58 °C. However,
research is still needed to improve alanates absorption/
desorption kinetics. Recently, great efforts have been made
to investigate hydrogen storage properties and reaction
mechanisms in composites containing MgH, and some
complex hydrides such as magnesium and sodium alanates
where different explanations have been given about the
observed processes [S—11]. However, no theoretical work
has been conducted to better understand these experimental
results.

In the present work, thermodynamic modeling is used to
construct a self-consistent thermodynamic database that
describes the Al-Mg—Na-H system and allows the pre-
diction of its hydrogen storage performance and provides a
basic understanding of the reaction mechanisms between
the different phases in the system under equilibrium con-
ditions. Recently, Abdessameud et al. [2] performed ther-
modynamic modeling of the Mg-Na-H system and
predicted its hydrogen storage properties over a wide range
of temperatures and pressures. They [2] proved that the
MgNaH; hydride does not affect the thermodynamics of
MgH, and provided the best working conditions to benefit
from its full catalytic role.

Literature review

This section is composed of two main parts. In the first
part, a literature review about the thermodynamic proper-
ties and descriptions of the constituent binaries and
ternaries in the Al-Mg—Na-H system is presented. In the
second part, the most recent findings about the hydrogen
storage properties in the Al-Mg-H and Al-Mg-Na-H
systems are reviewed.

Thermodynamic description of the Al-Mg—Na-H
system

The Al-Mg—Na-H system is modeled in the current work
using FactSage software [12]. The constituent binary sys-
tems are modeled using the modified quasichemical model
MQM for the liquid phase and the compound energy for-
malism for the solid solution phases. These binary systems
are either taken from the literature [13—15] or from our
previous work [2] or reassessed in the current work (Al-
Na). In many occasions, the models found in the literature
were adjusted to suit dealing with hydrogen. This will be
elaborated in the following sections. The thermodynamic
properties of the ternary systems are estimated from the

models of the binary systems and the ternary compounds
using the CALPHAD method.

Mg-Na-H system was reviewed and modeled for the
first time in our previous work [2]. The constituent binaries
(Mg-Na, Mg-H, and Na-H) were remodeled using the
MQM for the liquid phase and three hydrides, MgH,, NaH,
and MgNaH3;, were described in this system [2]. The model
parameters taken from [2] are used in this work.

The Al-Mg system

The model parameters used to describe the liquid phase of
the Al-Mg system are from Harvey [14] who used the
MQM to model this phase. In [14], the terminal solid
solutions were considered substitutional. Since this system
is used for hydrogen storage purposes, the terminal solid
solutions are considered interstitial and are adjusted in this
work. For the compounds, all the parameters used in [14]
are adopted in this work. The phase diagram consists of a
liquid phase, terminal fcc-Al and hcp-Mg solid solutions,
and three compounds B(AlzMg,), v(Al;;Mg;7), and
e(Al;oMg23).

The Al-H system

San-Martin and Manchester [16] conducted a critical lit-
erature review and assessment of the Al-H system. Three
stable phases have been reported in the system: liquid, fcc-
Al solid solution, and gas. They [16] reported a eutectic-
type reaction near the melting point of Al (660.452 °C) and
hydrogen solubilities of 1.1 x 107> and 1.16 x 10™* at%
in liquid Al and fcc-Al, respectively. Only one hydride,
AlH3, was reported in the literature [17]. AlH; has a
gravimetric density that exceeds 10 wt% and shows rapid
dehydrogenation at low temperatures (<100 °C) with a low
heat of reaction (around —7 kJ/molH,) which makes it a
promising hydrogen storage material [17]. According to its
thermodynamic properties, AlH; is metastable at ambient
conditions, but its decomposition reaction suffers from
poor kinetics [17]. Thus, after the first dehydrogenation, the
resulting Al could be hydrogenated only at high pressure
(106 MPa) and AlH; will not take part in the following
hydrogenation/dehydrogenation cycles. Graetz et al. [17]
published an extensive review about aluminum hydride as
“a hydrogen and energy storage material”. Qiu et al. [13]
reviewed the existing thermodynamic properties of the Al-
H system and modeled it. The calculations made by Qiu
et al. [13] showed good agreement with experimental data
for hydrogen solubility in fcc-Al and thermodynamic
properties of AlH;. Later, thermodynamic modeling of
hydrogen solubility in liquid Al was conducted by Harvey
and Chartrand [15] using the MQM, showing better
agreement with the available experimental data. Since
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MQM is used to describe the liquid phase in this work, the
model parameters of Harvey and Chartrand [15] are used to
describe the liquid phase in the present work. The model
parameters given by Qiu et al. [13] for the AIH3 hydride
and fcc-Al phase are also adopted in this work.

The Al-Na system

The Al-Na system has been extensively reviewed by
Murray [18] and Zhang et al. [19]. The Al-Na system has
been assessed by Murray [18], Zhang et al. [19], and Qiu
et al. [13].

The assessed phase diagram by Murray [18] shows a
miscibility gap in the liquid phase, low solubility of Na in
fcc-Al and of Al in bce-Na, and a monotectic reaction:
Liquid 1 — Liquid 2 + fcc-Al at Na composition of
0.18 + 0.02 at%.

Because different models are used in this study for the
liquid phase (MQM) and for the terminal solid solutions
than previous assessments [13, 18, 19], the system is
reassessed in the present work. Scheuber et al. [20] con-
ducted solubility measurements of Na in liquid Al by
heating under hydrogen gas and quenching. It should be
noted that their results are uncertain due to hydrogen
contamination as pointed out by Murray [18]. Fink et al.
[21] carried out direct and differential thermal analysis
measurement to investigate Al liquidus and monotectic
reaction in addition to electrical resistivity and metallo-
graphic measurements to investigate the Na solubility in
solid Al. They [21] reported a monotectic composition and
temperature of 0.18 at% Na and 932 K in addition to a
maximum solubility of Na in fcc-Al of less than 0.003 at%.
Two years later, Ransley and Neufeld [22] reported a lower
value for the monotectic composition (0.14 at% Na
occurring at 932 K) and more precise value of Na solu-
bility in solid Al (0.0023 at% Na). Later, Na solubility in
liquid Al measurements conducted by Hensen et al. [23]
showed higher values compared to [20-22] and also
increasing Na solubility with decreasing temperature. Two
years later, Fellner et al. [24] reported saturated solubility
data (of Na in liquid Al) close to the results of [20-22]. The
activity of Na in molten Al was determined by Dewing [25]
at 1293 and 1353 K and by Brisley and Fray for super
purity Al [26] at 998 K. These data [25, 26] are used in the
present work.

The Al-Mg—H system

Rokhlin and Ivanchenko [27] conducted a literature review
on the Al-Mg-H system. Harvey et al. [14, 15] reviewed
the hydrogen solubility experimental data of Al-Mg liquid
alloys and used them in assessing this system using the
MQM. These authors [14, 15] obtained good agreement
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with the experimental data from the literature [28-32].
Therefore, their model parameters of the Al-Mg-H liquid
are adopted in this work. In the present work, the solubility
of hydrogen in Al-Mg compounds [B(AlsMg,), Y(Al;,.
Mg;;7) and &(Al3pMgy3)] is neglected, because no signifi-
cant experimental evidence exists for hydrogen solubility
in these compounds in the literature [33, 34].

Only one metastable ternary compound, Mg(AlHy),
(with P-3ml structure and a gravimetric density of 9.3
wt%), has been reported in the literature [27]. Palumbo
et al. [34] investigated the Al-Mg—H system using ther-
modynamic modeling and ab initio calculations. However,
they [34] focused their literature review on magnesium
alanate Mg(AlH,),. Thermodynamic description of the
Mg(AlH,), compound has been provided later by Grove
et al. [35] and their parameters are used as initial values in
the present work.

Decomposition of Mg(AlH,), has been investigated by
different authors such as Mamatha et al. [36] and Varin
et al. [37] using DSC and Kim et al. [38] using TG/MS and
DSC, and Iosub et al. [39] using XRD, TPD (temperature
programmed desorption), and DSC. It has been concluded
that magnesium alanate, Mg(AlH,),, decomposes in two
steps [38, 40] according to the reactions:

Mg(AlH,), — MgH, + 2Al + 3H, (7 wt% Hy), (1)
MgH, + 2Al — 1/2f+1/2A1 + H, (2.3 wt% H,).
(2)

An enthalpy value of 1.7 kJ/mole for reaction 1 has
been found by Mamatha et al. [36], while Varin et al. [37]
reported a value close to zero. Iosub et al. [39] estimated
that the enthalpy of reaction 1 approached 2 kJ/mol.

The Al-Mg—Na system

No experimental thermodynamic data and no ternary
compound have been reported in the literature for the Al—
Mg-Na system. Thermodynamic modeling of the system
was performed by Zhang et al. [19] by combining the
constituent binaries. Since MQM is used in this work,
thermodynamic description of the system is predicted from
extrapolation of the binaries cited in the “Al-Mg system”
and “Al-Na system” (Al-Mg and Al-Na) and those
assessed in our previous paper (Mg—Na) [2].

The Al-Na—H system

The Al-Na—H system has been reviewed and modeled by
Qiu et al. [4]. Two ternary compounds have been reported
in the literature [4], NaAlH, (with a tetragonal I41/a
structure) and Na3zAlHg which exist in two forms: o-Nas_
AlHg at temperatures lower than 252 °C (with a
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monoclinic P21/c structure) and B-NaszAlHg at tempera-
tures higher than 252 °C (with cubic Fm-3m structure).
NaAlH, decomposes in two steps as follows:

NaAlH; — 1/30 — NasAlHg + 2/3Al
+ H, (37 wt% Hz), (3)

o — NasAlHgs — 3NaH + Al + 3/2H2 (19 wt% Hz)
(4)

Using the substitutional solution model, Qiu et al. [4]
provided a thermodynamic description of the Al-Na-H
liquid. They assessed the two compounds in the system
using the CALPHAD approach and first principle
calculations. Their parameters [4] are used in this work
for the compounds. However, since the MQM is used in the
present work, the ternary liquid has been extrapolated from
the constituent binaries described in “Thermodynamic
description of AlI-Mg—Na-H system”.

Hydrogen storage behavior in the AlI-Mg-Na-H
system

The Al-Mg—H system

Recently, Liu et al. [41] investigated the decomposition
reaction of Mg(AlH,), using TPD, DSC, and XRD. They
[41] reported that, after the first exothermic peak, two
dehydrogenation overlapping endothermic peaks were
observed. XRD measurements at 200, 280, and 320 °C
showed that diffraction peaks of Al shifted toward lower
angles indicating the increase of solubility of Mg in the Al
phase. According to these authors [41], the overall dehy-
drogenation reaction proceeds as follows (with the first
reaction as exothermic):

Mg(AlHg), 12529°Cs MgH, + 2 Al + 3 Hy 230:320°C

Shang et al. [45] showed that the de-hydrogenation of
MgH, is improved when mixed with Al using mechanical
alloying. Zaluska et al. [44] suggested that Al is involved in
hydriding/de-hydriding reactions through the reaction:

nMgH, +mAl — Mg,Al,, + nH,. (6)

Andreasen [46] reviewed the hydrogen storage
properties of Al-Mg alloys and reported that the Mg,Al,,
compound (in reaction (6)) has been found to be mainly the
B-phase.

Liu et al. [10] investigated the effect of Al on MgH,
destabilization by ball milling mixtures of MgH, + AlH;
and MgH, + Al (Molar ratio 1:1) and using DSC-MS (H,)
and XRD analysis. They found that when mixed with AlH3,
the dehydrogenation temperature of MgH, is reduced to
55 °C compared to MgH, alone, because of the interaction
between MgH, and the oxide-free Al which was formed
from desorption of AlH;. Also, although AlH; is
metastable and will not form after the first desorption
reaction, MgH, + AlH; mixture showed improved hydro-
gen  desorption/absorption  kinetics compared to

Later, Liu et al. [11] investigated the hydrogen desorp-
tion properties of MgH,/AlH; composites with molar ratios
1:1, 1:0.5, and 1:0.25. These authors found that the onset
hydrogen desorption temperature of MgH, decreases when
the amount of AlH; increases. The DSC and MS-H, results
indicate that the mixtures MgH,/AlH; exhibit a two-stage
desorption process. The first one has been related to AlH3
decomposition and the second one to the decomposition of
MgH,. Liu et al. [11] reported that the second stage is
composed of two overlapping (peaks) desorption steps and
showed that MgH, decomposes in two steps. In their work,
XRD analysis of MgH, + 0.25 AlH; was performed on

7/9 MgH, + 20/9 AlosMgo 1 + 29/9 Hy

320-440°C 6/9 AlooMgo.1 + 7/15 AlsMga + 4 Ho

In these equations, Liu et al. [41] referred to fcc-Al as
AlpoMg ; by taking into account the value of the maxi-
mum solubility of Mg in fcc-Al at 320 °C as 10 at%. After
recharging at 120-210 °C and 100 bar of hydrogen pres-
sure, only MgH, and Al were formed [41].

The hydrogenation properties of Al-Mg alloys have
been widely investigated [5, 6, 10, 11, 42—45]. It has been
found [42, 43] that B (AlzMg,) and y (Al;;Mg;;) phases
can be hydrogenated reversibly to form (MgH, + Al) and
(MgH, + B), respectively.

samples heated in the same conditions as the DSC-MS
measurements at different temperatures. Liu et al. [11]
concluded on the basis of DSC analysis and XRD results
that desorption of Mg—Al-H alloys proceeds in two steps.

Andreasen [46] summarized the results of pressure—
composition isotherms (PCIs) found in the literature and
concluded that the de/hydrogenation of AlI-Mg alloys is at
least a two-step process when the [ phase is present.
Andreasen [46] also noted that, in most of the PCI studies
on the Al-Mg alloys, the distinction of the plateau
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pressures was difficult and uncertain because of the sloping
of the measured curves and concluded that the thermody-
namic parameters of the Al-Mg—H alloys calculated from
these curves should be verified by more experiments.
Tanniru et al. [5] characterized the hydrogenation behavior
(in the temperature range of 180-280 °C) and PCIs (in the
temperature range of 275-400 °C) of Mg-8 at% Al alloys
compared to pure Mg to investigate the effect of Al addition
on hydrogen storage properties of magnesium hydride. The
PCI results showed that only one plateau was observed for
Mg and Mg-8 at% Al alloys. However, the equilibrium
pressure for hydride formation in Mg-8 at% Al alloys was
slightly higher compared to pure Mg and the calculated
enthalpy was lower by less than 10 %. The higher plateau
pressures have been explained by the change of the ther-
modynamics of hydride formation due to the solubility of
Al in hep-Mg which, according to these authors [5], reduces
the solubility of hydrogen in hcp-Mg. Also, sloped curves
showing the rise of pressure with composition after the
plateau region of the Al-Mg alloys have been observed by
Tanniru et al. [5] and attributed to the hydrogenation of vy
phase (to form MgH, and B). Later, Tanniru et al. [6]
conducted PCI tests at 350 °C for Mg-10 at% Al and Mg-4
at% Al alloys. In the PCI experiments of Tanniru et al. [6],
the pressure was increased in small steps and sufficient time
was allowed for equilibrium to be reached in each step. For
this reason, the results obtained by [6] will be compared
with the calculations conducted in this work. Samples at
different hydrogenation/dehydrogenation steps were ana-
lyzed using X-ray diffraction (XRD) and scanning electron
microscopy (SEM) to study the microstructure evolution
during PClIs. They [6] reported three steps for hydriding of
Mg-10 at% Al alloys corresponding to three plateaus in
PCIs at 350 °C. As for pure Mg, the PCI curve at 350 °C of
Mg-4 at% Al alloys showed the existence of only the first
plateau with a continuous increase of the pressure with the
absorbed hydrogen. They [6] attributed the absence of the
second and the third plateau for Mg-4 at% Al alloys to the
small amount of y phase formed at the end of the first
plateau. In addition, Tanniru et al. [6] showed that the first
plateau pressure increases with Al content of the samples
and attributed this increase to kinetic factors. These results
will be discussed and compared with the calculations done
in this work in “Al-Mg—H system”.

The Al-Mg—Na—H system

Investigations on hydrogen properties of mixtures of com-
plex hydrides have been subject to many studies [7-9, 40,
47, 48]. Hudson et al. [40] was the first to report that, in the
alanate mixture 0.5 Mg(AlH,), + NaAlH,, the dehydrid-
ing temperature of NaAlH, was lowered by 50 °C and the
desorption kinetics was four times faster. Sartori et al. [48]
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investigated the hydrogen storage properties of the com-
posites 2MgH, + NaH + 3Al hydrided at 80 °C and
160 bar. They [48] described the decomposition reaction
mechanism of the hydrided composite using TPD and XRD
experiments. Ismail et al. [7-9] investigated the hydrogen
storage properties and the reaction pathways of MgH,—
NaAlH, (4:1)/NazAlHg (4:1) composites using XRD,
thermo-gravimetric analysis, DSC, TPD, and isothermal
sorption measurements. Ismail et al. [7] showed that
dehydriding kinetics of MgH, and NaAlH, were signifi-
cantly improved when mixed together and reported that
these hydrides destabilize mutually. Ismail et al. [9]
reported that during the first step of the dehydrogenation
reactions of the MgH,-Na;AlHg (4:1) composite where
NaMgH3, Al, and H, are formed, the decomposition of
NazAlHg starts at a temperature 55 °C lower than the
decomposition temperature of the as-milled Nas;AlHg. In
the second step, MgH, reacts with Al to decompose and to
form the B (Al3Mg,) phase. The decomposition temperature
of MgH, in the composite is also 55 °C lower than the
decomposition temperature of the as-milled MgH, [9].
They [9] suggested that the observed thermodynamic and
kinetic destabilization is a consequence of the in situ for-
mation of B and NaMgHj; phases during the dehydrogena-
tion reactions of the MgH,—Naz;AlHg (or NaAlH,) (4:1)
composites. In this work, the mechanisms of these reactions
are discussed based on thermodynamic calculations.

Thermodynamic modeling
Pure elements

The Gibbs energy functions of the pure elements (Al, Mg,
Na) and of pure liquids Al, Mg, and Na are taken from the
compilation of Dinsdale [49]. The Gibbs energy of liquid
monatomic hydrogen has been estimated by Ransley and
Talbot [50] and is listed in Table 1.

Stoichiometric compounds

In the AlI-Mg-Na-H system, the compounds Al;oMgs3,
AlH;, MgH,, Mg(AlH,),, NaH, NaMgH;, NaAlH,, and
NazAlHg are considered as stoichiometric compounds.
Gibbs energy of a stoichiometric compound depends only
on the Gibbs energy of the components and the Gibbs
energy of formation, which is optimized using the experi-
mental data (AH and AS of formation) from the literature.

Gas phase

The Gibbs energies of the gases included in this study, that
is, Al, Al,, AlH, H, H,, Mg, Mg,, MgH, Na, Na,, and NaH,
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Fig. 1 Calculated AI-Mg phase 700 T

diagram at 1 bar
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T(C)
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200 L fce-(Aly- B

100 -

Al,Mg,,

hep-(Mg}- v

B+y

are taken from FactPS database [12]. In the pressure range
of interest, the non-ideal contribution of pressure to the
Gibbs energy for the gases is very small. In fact, to account
for the non-ideal contribution of hydrogen gas, Hemmes
et al. [51] calculated the equation of state of hydrogen and
other thermodynamic quantities in the range p < 100 GPa
and 100 < T < 1000 K. Numerical values of Gibbs energy
and other quantities given in [51] have been used in this
work to extrapolate the Gibbs free energy versus temper-
ature of hydrogen gas at 100 bar and used in the calcula-
tions for comparison with the ideal gas model. A difference
in temperatures of less than 3 K (at 100 bar) has been
found. For this reason, all the gases are considered ideal
gases.

Solid solution phase

Terminal solid solutions are modeled in this work using
the compound energy formalism, as hydrogen atoms
occupy the interstitial positions in the solid phases fcc-Al,
hcp-Mg, and bee-Na. These phases are described by two
sublattices where Al, Mg, and Na are mixed randomly in
the first sublattice to allow for their mutual solubility.
Hydrogen atom and vacancy mix in the second sublattice.
Therefore, as discussed in [2], (Al, Mg, Na);(H, Va),,
(Mg, Al, Na),(H, Va);, and (Na, Al, Mg),(H, Va); sub-
lattices are used to model fcc-Al, hcp-Mg, and bcc-Na,
respectively.

In the Al-Mg system, the compounds B (Al3Mg,) and y
(Al,Mg,;) are taken from Harvey [14] where they are

04 0.6 0.8 1
Mole fraction, Mg

described by the sublattices (Mg);o(Al, Mg),4(Al, Mg)yy
and (Al);9(Al, Mg),(Mg);, for v and B, respectively.

Liquid phases

The modified quasichemical model (MQM) is used to
model the liquid phase for all the binaries. Binary liquid
parameters have been interpolated using the asymmetric
Kohler-Toop technique where H is singled out as the
asymmetric component as discussed in our previous paper
[2]. No ternary parameters have been added to the liquid
model.

Thermodynamic equations used to model different
phases are explained in our previous paper [2].

Results and discussion

In “Thermodynamic description of the Al-Mg-Na-H
system”, the calculated thermodynamic properties and
phase diagrams using the current database are presented for
the binary and ternary phases discussed in “Thermody-
namic description of Al-Mg—Na-H system”. The thermo-
dynamic parameters used in the present work for the Al-
Mg-Na-H system are given in Table 1.

In “Hydrogen storage analysis of Al-Mg—Na-H system
using thermodynamic modeling”, thermodynamic calcu-
lations conducted to analyze and understand the hydrogen
storage behavior of the Al-Mg—H and Al-Mg—Na—H sys-
tems are presented in comparison with the experimental
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Fig. 2 Calculated Al-H phase ( a) '

Gas

diagram (a) and AIH3 pressure 2800
temperature diagram (b)

2300
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Gas + Liquid
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0.002¢

(b)

log,, Pressure (bar)
N
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data cited in “Hydrogen storage behavior in AlI-Mg—Na-H
system”.

Thermodynamic description of the Al-Mg—Na-H
system

The Al-Mg and Al-H systems

The calculated Al-Mg and Al-H phase diagrams at 1 bar
are presented in Figs. 1 and 2. Pressure temperature

Jielae cllal sy .
;Acsrﬁmmq m‘;{:ﬁ @ Springer

500 600 700 800 900 1000 1100

Temperature, K

diagram for AlH; hydride is presented in Fig. 2b. It can be
seen that AlHj is not stable under ambient temperature and
pressure conditions.

The Al-Na system

The model parameters used in the AlI-Na system are listed
in Table 1. For the liquid phase, the parameters have been
determined using the Na solubility in liquid Al [20-24] and
Na activity in liquid Al [25, 26] experimental data. The
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Fig. 3 a The calculated Al-Na ' ' '
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Table 2 Calculated invariant reactions in the Al-Na system in comparison with data from the literature

Reaction Temperature (K) Na concentration (at%) References
Gas + liquid — Liquid 1 + Liquid 2 1155°¢ 100 0.27 100 This work
1157¢ 100 0.238 100 [19]
Liquid 1 + Liquid 2 — fcc-Al + Liquid 2 932°¢ 0.15 0.0023 100 This work
932°¢ 0.14 0.002 100 [19]
932°¢ 0.18 0.0023 100 [18]
932°* 0.18 <0.003 100 [21]
932¢* 0.14 0.002 100 [22]
fce-Al + Liquid 2 — fcc-Al + bee-Na 370.7° 100 0 100 This work
371° 99.99 7.03 x 1071 100 [19]
Fig. 4 The calculated activity 0.10 T T T T T
of Na in liquid Al-Na in 01353K  [25]
comparison with experimental A1203K  [25]
data O 998K [26] 0
0.08 | o
O
1] L o
3 0.06
2
=
£~
5}
< 004 .
0.02 - 4
0.00 ! L L | .
0.0000 0.0001 0.0002 0.0003 0.0004 0.0005

calculated Al-Na phase diagram is presented in Fig. 3a.
Figure 3b, c gives an enlarged view of the Al-rich part of
the calculated phase diagram in comparison with experi-
mental data. The experimental Na solubility in liquid Al
results reported by Hensen et al. [23] are shown in Fig. 3b
for comparison and have not been considered reliable in
this work because of their disagreement with all the data
reported in the literature. The calculated Na solubility in
liquid Al shown in Fig. 3b are in reasonable agreement
with the experimental data, especially those reported by
Fink et al. [21]. In fact, as pointed out by Murray [18], the
results of Scheuber et al. [20] are not certain due to
hydrogen contamination. As can be seen in Fig. 3b, these
results [20] are very close to those of Fellner et al. [24].
The experimental data reported by Ransley and Neufeld
[22] have been given higher weight by Murray [18] and

igllase clloll dvao .
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Mole fraction, Na

Zhang et al. [19] in their assessment of the Al-Na system
because of high purity Al and the experimental procedure
used. The calculated phase diagram by Murray fits the
phase diagram data of Ransley and Neufeld [22]. However,
Murray [18] did not consider recent Na solubility data and
Na activity in liquid Al. The results presented in this work
are in reasonable agreement with those of Zhang et al. [19].
The invariant reactions in the Al-Na system in comparison
with experimental data and previous calculations are listed
in Table 2.

The calculated activities of Na in Al-Na liquid at 1353,
1293, and 998 K in comparison with experimental data
from the literature are presented in Fig. 4. There is a very
good agreement between the calculated activity and the
experimental data for Na concentrations below 0.04 at%.
For Na concentrations above 0.04 at%, the calculated
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Table 3 Thermodynamic properties of formation and decomposition of Mg(AlH4)2

RHeaction Temperature, K AH (kJ/mol) References
2Al + Mg + 4H, — Mg(AlHy), 298.15 -79.1 This work
298.15 —79.0* [34]
298.15 —80.33 [53]
298.15 —82.8% [35]
Mg(AlHy), —» MgH, + 2Al + 3H, 298.15 1.8 This work
435 1 (34]
423 1.7 [36]
435 0 [53]
398-423 ~0 [37]
393 ~2 [39]

? Calculated using the CALPHAD technique

activities at 1353 K are higher than the experimental data
determined by Dewing [25]. As pointed out by Dewing
[52], the experimental procedure (quenching) used in [25]
may have been a source of errors.

The Al-Mg—H system

The calculated enthalpy of formation and decomposition of
the Mg(AlH,), are given in Table 3 in comparison with
data from the literature.

Good agreement is shown between the calculated heat of
formation and decomposition of magnesium alanate and
the calculations made by Palumbo et al. [34] and the
experimental data of Claudy et al. [53].

The calculated temperature—pressure (PT) diagram for
Mg(AlH,), is given in Fig. 5a. Figure 5b shows the cal-
culated reaction path of Mg(AlH,), at 1 bar. Figure 5a
shows that magnesium alanate is less stable than AlH3 and
will not form even at very high pressures. At 1 bar,
Mg(AlH,), decomposes spontaneously to form MgH,, fcc-
Al, and gas phase. By increasing the temperature, MgH,
decomposes to fcc-Al, B, and gas phase at 234 °C fol-
lowing reaction (2) as can be seen in Fig. 5b. These results
are in good agreement with the literature. In fact, Palumbo
et al. [34] calculated a temperature of 230 °C for reaction
(2), and values in the range 217-240 °C have been reported
using DSC experiments [36-38]. As mentioned in “Al-
Mg-H system”, Liu et al. [41] expressed fcc-Al as Algo.
Mgy, in Eq. (5) by taking into account the value of the
maximum solubility of Mg in fcc-Al at 320 °C as 10 at%.
However, that MgH, decomposition kinetics was poor
during the experiments and MgH, started to release its
hydrogen effectively at around 320 °C do not indicate
clearly that the composition of fcc-Al corresponds to its
equilibrium composition at 320 °C.

In Fig. 5b, the different phases are presented with dif-
ferent colors and the Al and Mg components of each phase

are presented with dotted and dashed lines, respectively,
with the same color as the phase. Figure 5b shows that the
decomposition of MgH, is preceded by a gradual decrease
in the amount of MgH,, caused by its partial gradual
decomposition with an increase in the amount of fcc-Al in
which the produced Mg has dissolved.

According to these calculations, the composition of fcc-
Al at 234°C is 9489 % Al 5.10% Mg, and
25x 1077 % H, which shows that the solubility of
hydrogen in fcc-Al is negligible at this temperature and the
solubility of Mg in fcc-Al is equal to its solubility limit in
the Al-Mg system at this temperature (Fig. 1).

The calculated vertical section of the AI-Mg-H, phase
diagram at 100 and 230 °C is presented in Fig. 6. It shows
that the composition of the hydrided AI-Mg system
depends on the hydrogen gas amount added. Above
0.5 mol fraction H,, the system is composed of gas, fcc-Al,
and MgH, phases in proportions depending on the relative
amounts of Mg and Al.

The Al-Mg—Na system

There are no experimental data for the AI-Mg—Na ternary
system; the calculated isothermal sections at 100 and
500 °C are presented in Fig. 7. Liquid 2 corresponds to
liquid Na and Liquid 1 to liquid Al-Mg. Figure 8 shows
the calculated vertical section of the Al-Mg—Na system
along the composition line AINa-Mg at 1 bar in compar-
ison with the Al-Mg phase diagram (dotted red line). The
presented vertical sections reproduce the phase relations
and the miscibility gaps in the binary phase diagrams. It
can be seen that Na does not affect the phase relations in
the AI-Mg phase diagram at 1 bar except the presence of
bce-Na or liquid Na, which shows the limited solubility of
Na in hcp-Mg, fcc-Al, and the Al-Mg compounds. Only a
small decrease in the melting point of hcp-Mg is observed
when Na is added to the Al-Mg mixture.
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Fig. 5 a P-T diagram and 5 T T T
b decomposition reaction path (a) MgH, + AlH,
of Mg(AlH,), at 1 bar
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The Al-Na—H system

The calculated PT diagrams of NaAlH, is presented in
Fig. 9. It shows the evolution of the decomposition tem-
perature of sodium alanates with pressure. NaAlH,
decomposes in two steps following Egs. 3 and 4 and the
decompositions temperatures at 1 bar are 21.45 and
106.58 °C, respectively. At 10 bar, these temperatures

bisdae cllod dyao
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Temperature, C

increase to 81.68 and 179.02 °C for reactions 3 and 4,
respectively.

The calculated isothermal sections of the Al-Na-H,
system at room temperature, at 1 and 10 bar, are presented
in Fig. 10 to show the phase relations in these conditions.

To show the stability of the hydrides and their decom-
position temperatures in this system, vertical sections at
different pressures can be calculated using the database
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Fig. 6 The calculated
isothermal section of the Al-
Mg-H; phase diagram at

100 °C (in red) and 230 °C (in
blue)

developed in this work. As an example, the calculated
vertical sections along the composition line AlH;—NaH at 1
and 10 bar are shown in Fig. 11.

Hydrogen storage analysis of the Al-Mg—Na-H
system using thermodynamic modeling

The Al-Mg—H system

The calculated phase diagram of MgH, + AlH; at 1 bar is
presented in Fig. 12a. An enlarged view of the MgH,-rich
part of MgH,—AlH; phase diagram is presented in
Fig. 12b. It can be seen that the MgH, decomposition
process depends on Al content. Five regions are identified
in Fig. 12a separated by blue dotted lines. For the AIHj;
mole fraction below 0.045, the decomposition of MgH,
occurs in four steps according to the following reactions
(the third and the fourth steps can be seen in Fig. 12b):

Mole fraction

The decomposition temperature of the last reaction in
Eq. (7) varies from 284.73 °C for pure MgH, to 283.3 °C
for 0.045 mol fraction of Al as can be seen in Fig. 12b.
This small difference can be explained by the solubility of
Al in hep-Mg.

For AlH; between 0.045 and 0.46 mol fraction, MgH,
decomposes in three steps. For AlH; between 0.46 and
0.63 mol fraction, decomposition proceeds in two steps.
For AIH3 content between 0.63 and 0.95 mol fraction,
MgH, decomposes in only one step at 234 °C. It should be
noted that, for AIH; content starting from the 0.95 mol
fraction, the decomposition temperature of MgH, decrea-
ses with increasing Al content.

The predicted reactions in the system are compared with
the results of Liu et al. [10] on the dehydrogenation process
of the MgH, + AlH; mixture. This composition corre-
sponds to 0.5 mol fraction of AIH; in Fig. 12a where it is
marked by a red dotted line.

MgH, + fee-Al Z2€ SMgH, + B+ Ha 223°C 5 MgH, + v+ Hy 223°C5 MgH, + hep-Mg + Ho

284.7< T°C<283.3 th-Mg +H,
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Fig. 7 The calculated Al-Mg—
Na isothermal sections at 1 bar

and a 100 °C and b 500 °C
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Fig. 8 Calculated vertical 1000 T T T T
section of the Al-Mg-Na P
system along the composition 9200 ki 1
line AINa—Mg compared to the
calculated AI-Mg phase 800 - Liquid1 1
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First, Liu et al. [10] reported that the decomposition
temperature of MgH, in the mixture is reduced by 55 °C
compared to the pure MgH, and attributed this decrease to
the interaction between MgH, and Al. According to our
previous paper [2], the theoretical decomposition temper-
ature of MgH, is 284.73, 50.73 °C higher than the calcu-
lated first decomposition step in this mixture (234 °C),
which is consistent with the results of Liu et al. [10].
However, the temperatures they [10] reported were higher

200 300 400 500
Temperature, C

as a result of the slow kinetics and the long time required to
reach equilibrium [10]. Temperatures in the ranges
217-250 °C (DSC) [36, 37] and 210-220 °C (in situ XRD)
[36] have also been reported.

In their second investigation on the thermal decompo-
sition of MgH,/AlH; composites, Liu et al. [11], using
DSC and MS-(H,), found that the onset and peak temper-
atures of the first decomposition of MgH, in the mixtures
decrease with increase in the amount of AlH;. The onset
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Fig. 10 The calculated Al-Na— (a)
H, isothermal section at 25 °C
and a 1 bar and b 10 bar
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Fig. 11 The calculated AlH;— 900 T T T T
NaH vertical section at a 1 bar (a) _—
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temperatures were 252, 248, and 243 °C for MgH,/AlH;
composites with molar ratios 1:0.25, 1:0.5, and 1:1,
respectively. The reported onset temperature for the first
decomposition of MgH, [11] approaches gradually the
calculated value of 234 °C. This indicates that AlH3, in
addition to destabilizing MgH,, improves its decomposi-
tion kinetics.

Second, Liu et al. [10] reported three stages during the
thermal decomposition of the mixture MgH, + AlHj;
using DSC-MS (H,). The first stage was related to the
decomposition of AlH;. The second stage, which might

Mole fraction, AIH,

be composed of two overlapping peaks [10], was attrib-
uted to the reaction of MgH, and Al to form the y phase.
The last step was attributed to the melting of the y phase.
AlHj;, as shown in Fig. 2b, is not stable in normal con-
ditions and will decompose spontaneously. The first stage
observed by Liu et al. [10] can be explained by poor
kinetics.

In Fig. 12a, the thermal decomposition steps of
MgH, + AlH; composite can be followed along the dotted
red line, marking this composition. The process is as
follows:
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Fig. 12 a The calculated
MgH,—AlH; phase diagram at
1 bar; b an enlarged view of a
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Equation (8) shows an overall agreement with the
results of Liu et al. [10] and gives a more detailed
description of the process. This can be explained by the
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fact that the process suffers from poor kinetics and that the
reaction temperatures are too close to observe distinct steps
using DSC-MS (H,) experiments. However, XRD analysis
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Fig. 13 Reaction path of '
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[10] showed that the mixture was composed of MgH, and
Al at 200 °C, and of vy phase at 400 °C, which is consistent
with the calculations shown in Eq. (8) and Fig. 12a.

Liu et al. [11] investigated the structure evolution
during desorption of MgH, + 0.25A1H; composites using
XRD analysis of samples heated to various temperatures
(from 175 to 400 °C) with the same heating rate as in
DSC-MS (H,) experiments. They [11] reported a shift in

the diffraction peaks of Al to small angles and the for-
mation of B phase when the temperature was increased
from 250 to 310 °C. They [11] attributed the Al peak
shift to Mg atom dissolution in Al lattice causing its
expansion until saturation where the new phase, B (Als.
Mg,), formed. However, Liu et al. [11] neglected the fact
that this peak shift might also be caused by thermal
expansion of the Al lattice.

f
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In the following step, MgH, reacts with 3 to form the vy
phase [11]. In the final step, the residual MgH, decomposes
and only Mg solid solution and y phase were detected [11].

In Fig. 12a, the thermal decomposition steps of
MgH, + 0.25 AlH; composite can be followed along the
dotted red line marking this composition. It shows a very
good agreement with the results of Liu et al. [11] con-
cerning the structure evolution of the composite. From
Fig. 12a, the decomposition process of MgH, in the com-
posite is as follows:

formation of y. For temperatures between 257.86 and
283.23 °C, the amount of MgH, decreases with tempera-
ture, while the amount of y increases simultaneously with
the increase of the amount of Mg dissolved in it (purple
dashed line). It should be noted that the amount of Al
dissolved in the B and y phases (dotted green and purple
lines) is constant. At 283.23 °C, the residual MgH,
decomposes resulting in the hcp-Mg phase.

The calculated PCI curve at 350 °C for Mg-10 at% Al
alloy is presented in Fig. 14 and shows the presence of four

MgH, + fee-Al ZX2€_ S MgH, + B + Hy 2285 MgH, + v+ Hy 2225 hep-(Mg) + v+ Ha 9)

Equilibrium calculations of the reaction path provide
more information about the amount of phases and their
composition during the thermal decomposition of the
composite. In Fig. 13, the calculated reaction path of
MgH, + 0.25A1H; composite at 1 bar is shown. The
amount of phases is expressed in grams and is presented in
solid lines with different colors for each phase. The amount
of Al and Mg in each phase is presented with the same
color as the phase, with dotted and dashed lines for Al and
Mg, respectively. It can be seen that, for temperatures
above 200 °C, the amount of fcc-Al (blue solid line)
increases smoothly wth temperature, while the amount of
MgH, (red solid line) decreases. Simultaneously, the Al
content of fcc-Al (blue dotted line) is constant and the Mg
content of fcc-Al (blue dashed line) increases smoothly,
which proves that Al destabilizes MgH, at these tempera-
tures and the resulting Mg atoms dissolve in fcc-Al and
increase its amount until the temperature of 234 °C, where
the solubility limit of Mg in fcc-Al is reached and B forms.
This conclusion agrees very well with the XRD results
reported in the literature [11, 38, 39, 41], observing the Al
peak shift in the MgH,/Al composites with increasing
temperature until it disappears and the § formation occurs.

In Fig. 13, at 234 °C, it is seen that the formation of
(presented with a dark green solid line) is accompanied by
an abrupt decrease in the amount of MgH, (the solid red
line). A close look at Al and Mg content in 3 shows that the
amount of Mg in B (dashed green line) increases abruptly at
234 °C. This can be explained by the more important
solubility of Mg in B. Since the first effective decomposi-
tion step of MgH, in MgH,—Al mixtures is at 234 °C, It
can be concluded that the first effective destabilization step
of MgH, by Al is due to the formation of B. The same
conclusions can be formed regarding the second step
decomposition of MgH, at 257.86 °C accompanied by the

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

plateau regions at 6.26, 12.8, 13.5, and 22 bar. The cal-
culated hydriding reaction path of Mg-10 at % Al alloy at
350 °C is presented in Fig. 15. According to Figs. 13 and
14, the initial composite is composed of hcp-Mg and vy
phases. The first plateau corresponds to the formation of
MgH, and an additional y phase from hcp-Mg. The second
plateau corresponds to the hydriding of the y phase to
produce MgH, and Al;pMg,;. The third plateau is attrib-
uted to the hydriding of Al3gMg»3 to produce MgH, and .
The forth plateau corresponds to the hydriding of the B
phase to produce MgH, and fcc-Al.

The results shown in Figs. 14 and 15 are compared to
the experimental data reported by Tanniru et al. [6]. These
authors [6] reported the PCI curve at 350 °C and the
microstructural evolution of the samples (Mg-10 at% Al)
during the measurements. However, they [6] could not
identify the plateau pressures directly from the PCI curve
because of the sloped and not well-defined plateaus
resulting from the poor kinetics in addition to the small
amount of hydrogen absorbed (below the theoretical
capacity of the sample). For these reasons, a direct com-
parison between the calculated and the measured PCIs [6]
is not possible. Nevertheless, the calculated plateau pres-
sures are compared to those identified by Tanniru et al. [6].
Three hydriding steps corresponding to three plateaus at
6.2, 12.7, and 22 bar have been reported [6]. These results
[6] are in very good agreement with the current calcula-
tions shown in Fig. 14 except for the calculated plateau
pressure at 13.5 bar, which was not observed by these
authors. This can be attributed to the small difference of
pressure with the preceding step (12.8 bar) and the small
length of the plateau in addition to the poor quality of the
curve. Also, microstructural analysis and phase identifica-
tion at different stages of hydriding/dehydriding
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experiments reported by Tanniru et al. [6] are in good
agreement with this work. However, these authors [6] did
not report the formation step of Al;oMg,; and therefore
they combined the two-step hydriding reaction: (y to
AlzoMg,; + MgH, at 128 bar and AlygMgy; to
B + MgH, at 13.5 bar) in only one step: (y to B + MgH,

at 12.7 bar). In Fig. 15, the amounts of Al and Mg in each
phase are presented by dotted and dashed lines, respec-
tively, with the same color as the phase. It can be seen in
Fig. 15 that from a pressure of 6.26 and 12.8 bar, the alloy
is composed of y phase and MgH, and the amount of MgH,
increases gradually in this pressure range, while the amount

Fig. 15 Hydriding reaction T T
path of Mg-10 at% Al at 350 °C

22 F

MgH,

5E-04

20 - —
Rﬂg_ cp-Mg
18

16

25

MgH,
4E-04

3E-04 14
H_hcp-Mg

Y

14 1

2604 i
HZ

Al_hcp-Mg

12

Mass, g

10

1E-04

0E+00
Aly 6.0(

08 -

06 - —

04 -

02 — ALY

5.50 6.00 6.50

Al_fecAl -

2 M g_fgc_,ﬁ[

Fig. 16 The calculated MgH,— 25 T

1 13 15 17 19 21 23 25
Pressure, bar

Al phase diagram at 350 °C

[ ' ' [

!Gas + fcc-Al + MgH, 22 bar

20

16

Gas + MgH, + Al,;Mg,,

T

'‘Gas+ B + MgH,

13.5 bar

/

|
|
|
|
|
|

7

|

10

Pressure, bar

Gas + hcp-Mg + MgH,

12.8 bar”

Gas + MgH,+ v

Gas+ hcp-Mg

S

.09 bar

Gas + hcp-Mg+ v

\
I
\
I
6.26 bar |
i
\
\
\
Il

0 0.02

e
-4l [N—
5

0.06 0.08 0.1
Mole fraction, Al

Liallaie cllal ay .
il oot € Springer



7 Page 22 of 29

Mater Renew Sustain Energy (2016) 5:7

of Mg in the y phase decreases and the amount of Al in the
v phase is constant, which signifies that the y phase is more
concentrated in Al. This step takes the form of a curved
line in PCI curves (the enlarged inset in Fig. 14) and is due
to the large solubility range of the y phase. Bouaricha et al.
[54] reported that the PCI curves of Mg—Al alloys with vy
phase compositions showed sloped plateau between 8 and
15 bar, which is consistent with the trend of the PCIs
calculated in this work. It can be concluded that the PCI
inclined plateaus reported in the literature [46] for the Al—
Mg alloys, is, in addition to kinetic factors, due to the large
solubility range of the y phase, short plateaus’ length, and
the small differences between the last three plateau
pressures.

Tanniru et al. [6] reported that the first plateau pressures
increased on increasing Al content (5.4, 5.7, and 6.2 bar for
Mg, Mg-4 at% Al, and Mg-10 at% Al, respectively) and
attributed this raise in pressure to kinetic factors. To
investigate the variation of the first plateau pressure with
Al content, the calculated phase diagram of MgH,—Al [Al
content between 0 and 11 at% (0.11 mol fraction)] alloy at
350 °C is presented in Fig. 16.

It shows that for Al content above 7 at%, the starting
alloy is composed of hcp-Mg and y phase and the
hydriding of these alloys follows the same processes as for
the Mg-10 at% Al alloys presented in Figs. 13 and 14. Mg-
10 at% Al composition is marked with dashed red line in
Fig. 16, which shows the four-hydriding steps with
increase in the pressure. For Al content below 7 at%, the

starting alloy is composed of hcp-Mg, and an additional
step in the hydriding of alloys with these compositions is
shown. This step occurs at a pressure which depends on the
Al content and ranges between 5.84 bar for pure Mg to
6.26 bar for Al content of 7 at%. As example, Mg-4 at% Al
composition is marked with dashed blue line in Fig. 16 and
shows that the first hydriding step for alloys with this
composition occurs at 6.09 bar. The calculated PCI curve
at 350 °C for Mg-4 at% Al alloy is presented in Fig. 17.
The enlarged portion of the first plateau shows that what
can be seen as one plateau pressure is in fact composed of a
curved portion starting at 6.09 bar followed by a straight
one at 6.26 bar. Of course, this difference could not be
observed in the experimental PCI [6], but it explains the
variations in the first plateau pressure with Al content
reported by Tanniru et al. [6].

Figure 18 shows the calculated hydriding reaction
pathway of Mg-4 at% Al alloy at 350 °C for pressures near
the first plateau pressure. It shows that MgH, starts forming
at a pressure of 6.09 bar and its amount (red line) increases
gradually with decreasing amount of hcp-Mg (blue line) as
the pressure increases. The amount of Al dissolved in hcp-
Mg (blue dotted line) is constant, while the amount of Mg
in hcp-Mg (blue dashed line) decreases, which means that
the hcp-Mg phase is more concentrated in Al while MgH?2
is forming. The enlarged view shows that the amount of H
in hcp-Mg decreases with the pressure too. At 6.26 bar,
hcp-Mg is hydrided and the y phase forms. It can be con-
cluded from the calculations shown in Figs. 15, 16, and 17

Fig. 17 Calculated PCI curve 40 T
of Mg-4 at% Al at 350 °C
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that the variations in the first plateau pressure reported in
the literature is due to the solubility of Al in hcp-Mg and
not to kinetic factors as suggested by Tanniru et al. [6].

The Al-Mg—Na—H system

As mentioned in “Al-Mg—Na—H system”, Ismail et al. [7-
9] investigated the hydrogen storage properties and the

Fig. 18 Hydriding reaction

reaction pathways of MgH,—NaAIH, (4:1)/Na3;AlHg (4:1)
composites. In this section, their results are compared with
our thermodynamic calculations.

The calculated MgH,—NaAlH, phase diagram is presented
in Fig. 19 and shows the different reaction stages in the
thermal decomposition of MgH,/NaAlH, composites at 1 bar.

It can be seen that the reaction pathway in the MgH,/
NaAIH,4 composites depends on the relative amounts of the

path of Mg-4 at% Al at 350 °C
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components. For MgH,-NaAlH, (4:1) composition
(marked by red dashed line in Fig. 19), NaAlH4 reacts
spontaneously with MgH, to form NaMgH;, MgH,, and
fcc-Al. Then, as already discussed in “Al-Mg-H system”,
MgH, interacts with fcc-Al and decomposes in three steps:
at 234 °C (when B is formed), at 257.86 °C (when v is
formed), and at 283.29 °C (when y and hcp-Mg are
formed). Finally, NaMgH3; and NaH decompose at 379.48
and 424.8 °C, respectively. The (TPD) results [8] showed
that four stages of 4MgH,—NaAlH,-TiF; desorption have
been observed in the temperature ranges (60-200 °C),
(200-315 °C), (315-370°C), and (after 375 °C),
respectively.

The results of Ismail et al. [7, 8] are in agreement with
the calculations performed in this work. However, the first
stage desorption reported by Ismail et al. [7, 8] was
attributed to the reaction between a part of MgH, and
NaAlH, to form NaMgH; and Al. This reaction happens
spontaneously according to our calculation and might be
kinetically hindered. Ismail et al. [7, 8] reported the
decomposition of MgH, as a one-step process and this
might be due, in addition to kinetics factor, to the small
differences in the three steps reaction temperatures (234,
257.8, and 283.29 °C, respectively) calculated in this work.
In addition to that, the desorption temperatures reported [8]
are in a good agreement with the calculated ones at 1 bar
considering the fact that the TPD experiments were per-
formed in vacuum [7, 8].

It should be noted that according to the calculation

4MgH, + NaAlH; composition) and the results reported in
“Al-Mg-H system” Fig. 12a (the red dashed line for
MgH, + 0.25A1H; composition), NaMgH; does not affect
the decomposition temperatures of MgH, + Al mixtures.
However, the decomposition temperature of NaMgH; is
decreased from 382.63 °C for pure NaMgH; [2] to
379.48 °C in the MgH,—NaAlH, (4:1) composite.

Figure 19 shows the reaction processes in MgH,—
NaAlH, composites for the whole composition range.
According to our calculations, it is predicted that for
NaAlH, content above 0.5 mol fraction (in Fig. 19), MgH,
decomposes spontaneously and the system is initially
composed of fcc-Al, MgNaHj;, and AlNaHy. The first and
the second reaction steps concern the decomposition of
AlNaH, and AlNaj;Hg at the hydrides’ decomposition
temperatures, 21.4 and 106.7 °C, respectively, which
shows that these hydrides are not altered by Al or MgNaH5.
Between 0.62 and 0.9 mol fractions of NaAlH,, NaMgH;
decomposes in one step at 331 °C. This temperature is
51.63 °C lower than the decomposition temperature of pure
NaMgHj3;. This fact proves that Al alters the decomposition
process of NaMgH;. The reaction pathway of
0.2Al + 0.8NaMgH; composite is presented in Fig. 20.
The Al and Mg content of each phase are presented in the
enlarged inset with dotted and dashed lines, respectively,
with the same color as the phase. It is shown that MgNaH3
decomposes in four steps with the formation of B, Alszg.
Mgsys, v, and hcep-Mg at 331, 350.27, 352.19, and
379.48 °C, respectively. In each step, NaH and H, are also

reported in Fig. 19 (the red dashed Iline for formed. It should be noted that with increasing
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temperature, Fig. 20 shows that the amount of MgNaH;
starts decreasing at temperatures below 331 °C and that the
amount of fcc-Al increases while its Al content is constant.
The amount of NaH in the composite increases too. We can
conclude that, when Al is added to MgNaH;, some Mg
starts dissolving in fcc-Al forming NaH and liberating
some H, until fcc-Al saturation where B forms at 331 °C.
The same conclusion can be drawn regarding Mg solubility
in B and v.

Ismail et al. [7] demonstrated that the reactions in
MgH,—NaAIH, (4:1) composite are reversible at 30 bar H,
pressure and 300 °C, except the first one (reaction between
MgH, and NaAlH, to form NaMgHj; and Al), and that the
phases present in the composite after rehydrogenation are
MgH,, NaMgHj;, and Al. The calculated PT diagram of
MgH,—NaAlH, (4:1) composites is shown in Fig. 21. It
shows also that at 300 °C and 30 bar (marked in the
Fig. 21 by blue point), the composite is composed of
MgH,, NaMgH3;, and fcc-Al phases, which agree with the
results of Ismail et al. [7, 8]. In addition to these phases,
Ismail et al. [7, 8] reported that XRD measurements
showed a small peak of B phase in addition to Al3Ti phase
when TiF; was added to the mixture. Al;Ti and TiF; act as
catalysts to improve the desorption kinetics of the mixture
[7, 8].

Ismail et al. [7, 8] showed that the absorption kinetics after
the first desorption of the composite was slow compared to
MgH, and that addition of TiF; did not improve it. This slow
absorption kinetics has been related to the presence of
whose hydrogenation is kinetically hindered [7, 8].

It can be concluded from these calculations and the work
of Ismail et al. [7, 8] that NaAlH, is destabilized by MgH,
and decomposes spontaneously in the mixture MgH,—
NaAlH, (4:1). Then, the produced Al destabilizes MgH,.
But the re-hydrogenation reactions kinetics is very slow.

Ismail et al. [9] investigated the hydrogen storage
properties of the MgH,—NazAlHq (4:1) composite and
concluded that the reaction mechanisms were similar to
that of the MgH,—NaAlH, (4:1) composite. The calculated
MgH,-Na3AlHg phase diagram is presented in Fig. 22 and
is very similar to the calculated MgH,-NaAlH, phase
diagram. A red dashed line in Fig. 22 shows the MgH,—
NazAlHg (4:1) composition. It shows that MgH, decom-
poses in two steps with the formation of 8 phase in the first
step and y with B phases after the second step. The present
calculations show the formation of Al;pMg,3, which has
not been reported in the literature. Figure 22 shows that a
small variation in the mixture composition will result in
identical reaction mechanisms as with MgH,-NaAlH,
(4:1) composite. It might be the case in the results pub-
lished by Ismail et al. [9].

The calculated PT diagram of MgH,-Na3;AlHg (4:1)
composites is shown in Fig. 23. It shows that NazAlHg is
not stable in this mixture even under very high pressures.
XRD results [9] showed that the rehydrogenated composite
at 30 bar and 300 °C, was composed of MgH,, NaMgH3,
Al, and a small amount of 3 which agrees with the cal-
culations performed in this work (Fig. 23), except for the
existence of B which shows that its hydrogenation process
is very slow.
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Fig. 22 The calculated MgH,— 700 T T T T
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According to the thermodynamic calculations conducted
in this work, at 1 bar, AlNaH, decomposes to form
AlNazHg and fcc-Al at 21.4 °C, and AlNazHg decomposes
to form NaH and fcc-Al at 106.7 °C. When mixed with
MgH,, MgNaH; forms spontaneously from MgH, and
AlNaH,/AlNa3;Hg and the resulting mixture composition
depends on the relative amounts of the components.
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When the number of Mg atoms in MgH, + AlNaH,/
AlNasHg mixture exceeds the number of Na atoms, all the
AlNaH4/AlNa;Hg decomposes spontaneously and the
remaining decomposition steps concern the decomposition of
(MgH, + Al) mixture and MgNaH3; has only a catalytic role.

When the number of Na atoms in the MgH, + AINaH,/
AlNaz;Hg mixture exceeds the number of Mg atoms, MgH,
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decomposes spontaneously and the remaining steps con-
cern the decomposition of AlNaH, and AlNa;Hg which is
not affected by MgNaHj.

Ismail et al. [9] compared the hydrogen storage prop-
erties of 4MgH, + AlNaH; and those of 4MgH, + -
AlNaszHg mixtures. The TPD curves [9] show that both
composites start to decompose at around 170 °C, which is
10 and 55 °C lower than the decomposition temperature of
the as-milled AINaH, and AlNaszHg, respectively. For this
reason, Ismail et al. [9] concluded that the MgH, + -
AlNaz;Hg composite is better than the MgH, + AlNaH,
composite. However, according to our calculations, there is
no difference in the decomposition process of the two
composites and the mutual destabilization of MgH, and
AlNaH4/AINazHe hydrides in this composition range
(4MgH, + AlNazHg, when the number of Mg atoms
exceeds the number of Na atoms) does not depend on the
hydrides’ decomposition temperatures.

Conclusion

In this work, thermodynamic modeling is used to investi-
gate the reaction mechanisms and hydrogen storage prop-
erties in the Al-Mg-Na-H system. A self-consistent
database has been constructed by extrapolating the differ-
ent binaries assessed in this work or taken from the liter-
ature, using the CALPHAD method.

The reaction pathways for the reaction MgH,/AlHj;,
MgH,/NaAlH,, and MgH,/Na3;AlHg are calculated and
show good agreement with experimental data from the
literature and provide insight regarding the reaction tem-
peratures, the amount of the products, and their composi-
tion. It is shown that Al destabilizes MgH, by the
formation of Al-Mg solid solutions and compounds. This
process depends on Al content. The first step decomposi-
tion temperature of MgH, in the mixture at 1 bar is 234 °C;
i.e., 50.73 °C lower than the decomposition temperature of
MgH, alone and is due to the formation of the § phase. The
calculated pressure—composition isotherms for Mg-10 at%
Al and Mg-4 at% Al alloys at 350 °C show good agree-
ment with the experimental data and give a more detailed
description of the hydriding process products and equilib-
rium pressures. These calculations explain the uncertainties
found in the literature, especially the sloping curves and
difficult plateau pressures distinction. It is shown that the
first hydrogenation of AlI-Mg alloys starts at higher pres-
sure than pure Mg and depends on the Al content. In fact,
for Al content higher than 7 at%, the hydrogenation of hcp-
Mg occurs in one step with the formation of the y phase at
6.26 bar. However, for Al content lower than 7 at%, the
hcp-Mg is hydrogenated first at pressures increasing with
Al content (5.84 bar for pure Mg to 6.26 bar for 7 at% Al

in Mg alloy) and is related to the solubility of Al in hcp-
Mg, followed by the formation of the y phase at 6.26 bar. It
is shown that the PCIs sloping reported in the literature for
the Al-Mg alloys is, in addition to kinetic factors, due to
the large solubility of the y phase, to short plateaus’ length,
and to the small differences between plateau pressures.

For MgH,/NaAlH, and MgH,/Na3;AlHg, it is shown that
reaction mechanisms in the composites depend on the
relative amount of the components. It is demonstrated that
each component of the composite destabilizes the other
component in a specific composition range by the forma-
tion of NaMgH;. When the number of Mg atoms in the
MgH, + AlNaH,/AlNa3;H¢ mixture exceeds the number of
Na atoms, all the AlNaH4/AlNazHq decomposes sponta-
neously and the remaining decomposition steps concern the
decomposition of (MgH, + Al) mixture and MgNaH; acts
only as a catalyst.

When the number of Na atoms in MgH, + AlNaH,/
AlNazHg mixture exceeds the number of Mg atoms, MgH,
decomposes spontaneously and the remaining steps con-
cern the decomposition of AINaH, and AlNa3;Hg, which is
not affected by MgNaH; that might have a catalytic effect
on the process. MgNaH; in this mixture decomposes to
form the B phase at 331 °C, i.e., 51.6 °C lower than the
decomposition temperature of pure MgNaH3.
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