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Abstract

Time dependence of total amount of hydrogen desorbed from hydrogen-charged Mg and
eutectic Mg-MgzNi (23.5 wt.% Ni) alloy was measured at temperatures from interval 552-723
K. Experiments were carried out well below the equilibrium pressure, where these hydrides
— perspective as solid hydrogen storage media — are unstable and the desorption process is
controlled mainly by diffusion of hydrogen in respective hydride (MgH2 and/or MgoNiHy).
Hydrogen diffusion coefficients were evaluated from desorption curves and hydrogen diffusion
coefficient along interphase boundary MgH,/MgsNiH, was estimated from results obtained

with the eutectic alloy.

Key words: intermetallic phases, magnesium, magnesium alloys, diffusion, hydrogen dif-

fusion, hydrogen storage

1. Introduction

Magnesium and its alloys had been frequently
studied as construction materials [1] for applications,
where the mechanical strength, creep and fatigue res-
istivity are of prime importance [2-10]. In the last dec-
ade, however, they became also important due to their
large potential as hydrogen-storage materials (HSMs)
since hydrogen is a very prospective fuel both for dir-
ect combustion and in electrochemical batteries and
fuel cells. Contrary to the fact that there is a broad
variety of materials suitable as HSMs (for review see,
e.g. in [11-13]), magnesium-based alloys play a prom-
inent role because of two main reasons: First, mag-
nesium is a very cheap and abundant element on the
Earth, and second, the light Mg-based matrix en-
ables to achieve the best (up to now) weight stor-
age ratio. Before all, eutectic mixtures Mg + MgoNi
and pure MgsNi intermetallic compound are in the
focus of interest as base materials. Even alloyed,
Mg-based HSMs need temperatures about 470 K for
charging/decharging (C/D) cycle, which makes them
a little bit uncomfortable for energy sources in per-
sonal and household appliances. Considerable effort
is, therefore, constantly devoted to lowering the sta-

bility of Mg-based hydrides, to preserve their favorable
storage capacity and at the same time, to enhance the
rate of C/D kinetics — see e.g., in [14-19].

Though there are some studies of hydrogen C/D
kinetics in Mg-based alloys [20-28], the rate constants
are known only. Contrary to often drawn conclusion,
namely that the process of hydrogen desorption is con-
trolled by diffusion [20, 21, 24, 29|, quantitative data
describing hydrogen diffusion itself are very sparse
in the literature. For example in paper [23], the au-
thors declare the a/3 (o — base matrix with hydrogen
solved, B — hydride) interphase motion at high tempe-
ratures, nucleation-and-growth at “early stages” and
diffusion at “later stages” as respective controlling
mechanisms. In ref. [24, 26], authors tested a num-
ber of known rate equations and chose “the best one”
for their materials studied. It should be noted, how-
ever, that the choice of the optimal equation (and the
probable kinetic mechanism governing the respective
phase change) is, in this way, very difficult. It is also
known that MgsNiH,; compound undergoes a phase
change between the room temperature and the melt-
ing point [30—40], which complicates the kinetic study
of C/D processes in the material.

The aim of the present study is to obtain diffusion
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coefficients of hydrogen in hydrogen charged Mg (i. e.
in MgHs,), and in hydrogen charged eutectic (Mg +
MgoNi)-H. The results may enable to quantify the rate
of hydrogen-diffusion-controlled processes running in
these materials, which are often used as a base of
HSMs.

2. Experimental
2.1. Experimental materials

Experimental alloys were prepared from pure
components 3N6Ni and 3N8Mg. Splinters of pure
components for eutectic alloy were ball-milled in
air using Fritsch- Pulverisette6. The composition was
Mg-23.5wt.%Ni. Thickness of splinters was about 0.1
mm and the milling conditions were following: mass
ratio of balls to that of the milled mixture r,, = 25 and
milling time regime: 10 min milling + 50 min relaxa-
tion — 20 times repeated. Milled powder was pressure-
-compacted at room temperature into pellets with dia-
meter 20 mm X 5 mm in height.

Samples from pure Mg and from cast modification
of eutectic alloy were prepared by induction melting
in the MgO crucible under Ar protective atmosphere.
Ingots were cut into slices about 2 mm thick that were
ground with metallographic papers down to foils of
final thickness 2! lying between 100 and 704 pm.

For the sake of comparison, desorption experi-
ments were done also with compacted powder of MgH,
(98 %) purchased in Alfa Aesar Germany. The mean
grain size of particles 2p was about 100 pm.

2.2. Hydrogen charging

Hydrogen charging followed immediately after the
pellets/foils preparation by isothermal annealing in
a pressure vessel. Pressure of pure (5N3) hydrogen
was 30 bars and the charging temperature was T, =
673 K. The time of charging was several hours by pel-
lets and 14 days by foils. In the case of eutectic alloy, a
complete charging was achieved — no further increase
in hydrogen content in samples was observed after
additional charging, which was monitored by precise
weighing. The foils of pure magnesium were covered
by a compact layer of hydride.

23. SEM observation
2.3.1. Pellets

The structure of samples was checked by SEM
JEOL JSM 6460 equipped with EDAX/WEDAX Ox-
ford Instruments analyzer. Samples were porous and
consisted of compact grains of mean size 2p most fre-
quently between 10 and 50 pum as it is illustrated in

Fig. 1. Structure of compacted pellets of eutectic alloy after
the hydrogen charging.

Fig. 2. SEM micrograph of cast eutectic alloy after the hy-
drogen charging. Light particles and lamellae — MgoNiHy.

Fig. 1. Mean grain size of hydrogen charged pellets
was reduced somewhat due to fragmentation of the
largest grains. Chemical composition of grains coin-
cided well with the intended average composition of
eutectic alloy.

2.3.2. Foils

The microstructure of cast eutectic alloy is shown
in Fig. 2. It consists of oblong MgsNi particles (size
about 40 x 3 pm) in lamellar eutectic matrix (inter-
-lamellar distance is about 2 pm). After the hydrogen
charging, the MgH, matrix accommodates the strains
between the MgoNiH, lamellae and, therefore, hydro-
gen charging of eutectic alloy does not lead to crack-
ing.

Grain size of Mg ingot was in the order of tens
of mm. Hence, it can be presumed that the presence
of grain boundaries in Mg does not influence signific-
antly the kinetics of the C/D process. MgHs hydride
phase started to grow from separated nuclei at the sur-
face of the foils (see Fig. 3) and the further growth of
the phase proceeded mainly in lateral directions. After
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Fig. 3. SEM micrograph of transversal cut of cast Mg foil
after early stages of hydrogen charging. Growing MgH>
nuclei at the surface.

Fig. 4. SEM micrograph of the surface of cast Mg foil after
early stages of hydrogen charging. Progressive coalescence
of growing MgH> islands at the surface.

the coalescence of hydride islands (Fig. 4), the com-
pact hydride layer of irregular thickness was formed
on both surfaces of the foils (Fig. 5) and its further
growth was very slow. Mean thickness of the layer [
was estimated via SEM image analysis of the trans-
versal cuts of foils.

2.4. XRD phase analysis

X-ray profiles were obtained by X'Pert Pro MPD
device (PANanalytical B. V., Almelo, the Nether-
lands) using Co Ko radiation and interpreted by the
HighScore Plus software with commercial databases
[41-43].

The results can be illustrated by the most signi-
ficant reflections marked in XRD pattern shown in
Fig. 6. Hydrogen charged Mg foils (Fig. 6a) contain
exclusively Mg and MgH5 phases, whereas decharged
Mg samples (Fig. 6b) show Mg lines only. Prevailing
phase in charged eutectic alloy are MgoNiH,, MgH5
and MgoNiHj 3 (Fig. 6¢). No traces of magnesium ox-

Fig. 5. Transversal cut of cast Mg foil — final stages of hy-
drogen charging. Continuous MgH, layer of irregular thick-
ness ! at both surfaces slows down further hydrogenation.
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5 %5

eutectic - pellet
de-charged
T,=623K; T,=579K

20 40 60 80 100 120
position - 2 theta (° )

Fig. 6. XRD pattern of Mg and eutectic alloy: 1 —
MggNiH4, 2 - MgzNiH0_3, 3 - MgHz, 4 — MggNi, 5— Mg;
T. — charging temperature, Tq — decharging temperature.

ide and magnesium hydroxides were detected in ex-
perimental samples.

2.5. Mass spectroscopy
A semi-quantitative analysis of gaseous phase de-

sorbed from the studied samples was carried out at
Masaryk University Brno, Czech Republic using quad-
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p = p(f)
T =T

Fig. 7. Experimental apparatus — schematically: 1 —

sample, 2 — furnace, 3 — vacuum chamber, 4 — hydrogen

inlet, 5 — vacuum pump, 6 — mV-meter, 7 — vacuum gauge,
8 — PC, 9 — venting, 10 — thermocouple Pt-PtRh.

0 1000 2000 3000 4000
t (s)

Fig. 8. Desorption curves measured in cast Mg foils with
l=49 pm, charged at T, = 623 K. Decharging temperature
Tq = 648-698 K. Full lines — Eq. (2).

rupole mass spectrometer TRIO 1000 Fisons Instru-
ment, Finnigan MAT.

Negligibly small traces of residual air were detected
in mass channels 28 (N3), 32 (O2) and weak traces in
channels 18 (H20), 40 (Ar) and 44 (CO3) by scanning
analysis (dependence of signal intensity on the tempe-
rature in temperature interval from room temperature
to 673 K). Hence, the gaseous phase released between
the room temperature and 673 should be identified ex-
clusively with hydrogen (which could not be directly
detected by this method).

0 2000 4000 6000 8000 10000
t (s)

Fig. 9. Desorption curves measured with MgH> powder

with mean grain size 2a ~ 100 ym purchased in Alfa Aesar

Germany. Decharging temperature Ty = 578-693 K. Full
lines — Eq. (1).

2.6. Hydrogen desorption

The desorption experiments were carried out in a
vacuum chamber of calibrated volume enabling heat-
ing the sample isothermally at chosen temperatures
T4 and measuring the time dependence of desorbed
hydrogen pressure p(t). The thermocouple Pt/PtRh
was in contact with the sample, the mass of which was
typically 3 g. The arrangement is shown schematically
in Fig. 7.

3. Results and discussion
3.1. Desorption curves

The measurement of desorption curves p = p(t)
was done in isothermal regime. All measured desorp-
tion curves are plotted in Figs. 812 in co-ordinates
relative pressure r = (p — ps)/(pr — ps) vs time ¢
The starting pressure ps was always 2 mbar and the
maximum pressure pg, reached during the desorption,
ranged from 80 to 200 mbar.

3.2. Evaluation of diffusion
coefficients

The present experiments were done in pressure in-
terval lying well below the equilibrium pressure peq of
both MgH, and MgsNiH, calculated for each desorp-
tion temperature from van’t Hoff equation [44]. This
assures that mobile hydrogen atoms are released in
the whole volume of the hydrides (homogeneous nuc-
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Fig. 10. Desorption curves measured with cast eutectic al-
loy. Foils with [ = 198 pum charged at 7. = 623 K. Dechar-
ging temperatures Tq = 627 and 678 K. Full lines — Eq. (2).

0'%5“ ' T ' | ' |

0 2000 4000 6000
t (s)

Fig. 11. Desorption curves measured with cast eutectic al-
loy. Foils with [ = 352 pum charged at T. = 623 K. Dechar-
ging temperatures Tq = 623-723 K. Full lines — Eq. (2).

leation of o phase: 8 — a + H). Under such condi-
tions, the hydrogen evolution from the samples can be
described by equations derived for diffusion from the
bulk of spatially limited bodies into the finite volume.

It is obvious from Fig. 1 that the pellets are porous
agglomerates of small particles that can be quite reas-
onably approximated by spheres. Hence, for the rel-

0— T T T T T T
0 2000 4000 6000
t (s)

Fig. 12. Desorption curves measured with eutectic alloy

— pellets. Mean grain size 2p = 44 um charged at T. =

623 K. Decharging temperatures Tq = 552-628 K. Full
lines — Eq. (1).

ative amount of hydrogen desorbed from the samples
into the limited volume, r = (p — ps)/(pr — ps), equa-
tions derived in [45, 46] for desorption from the sphere
of radius p into “well stirred” finite volume can be
used:

t
=1 Dr?
= Z n_/ ) exp [—771 (t' —7)|dr,
n=1 0
(1)

where A is a constant, D is the hydrogen diffusion
coefficient and the function G describes the rate of
hydrogen evolution. The time ¢’ = ¢ — t5 in Eq. (1) is
related to a start time of the desorption, ts, which can
be found as a fitting parameter.

In case of hydrogen diffusion from foils, analogous
equation can be used derived for the out-diffusion from
a plane sheet [45, 46]:

Convolution in Egs. (1) and (2) accounts for the fact
that not all hydrogen atoms are free for diffusion at
t’ = 0. We propose following representation of G:
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Table 1. Hydrogen diffusion coefficients and values of A
in hydrogen charged Mg and Mg + MgaNi eutectic alloy
obtained by fitting of Egs. (1) and (2). 2/ — thickness of
the foil, 2p — mean size of particles in pellets or in MgH,
powder. Hydrogen charging temperature 7. = 623 K

T4 D A
Material
K 100" m?st 57!
723 17.4 2.3
eutectic foils; | = 352 um 673 8.76 1.8
623 4.76 0.7
678 6.79 5.1
eutectic foils; [ = 198 pm 627 2.79 21
628 0.0295 6.4
596 0.0197 4.0

eutectic pellets; p = 22 um 579 0.0148 3.0

552 0.00786 1.3

698 1.58 15
Mg foil; | = 49 um 673 0.901 10
648 0.414 3.8
693 0.583 27
663 0.278 12
MgH> powder; p = 50 pum 650 0.215 9
628 0.101 11
594 0.0607 2.4
578 0.0380 1.5
6(0 3
Gir) < 20 Q)
— exp(—AT1). (4)

A

Equation (3), where ¢ (0) is the Dirac’s delta func-
tion in 7 = 0, leads to the case known as instantan-
eous diffusion source [47]. It means that all hydrogen
atoms in the volume of the particle are free for diffu-
sion at 7 = 0. Equation (4) with small A approaches
the so-called constant source [47], i. e., continual gen-
eration of mobile hydrogen atoms, and medium values
of A allow for initial generation of mobile hydrogen
atoms, which fades out with time 7.

Fitting of the experimental data was done with
several first terms only in series in Egs. (1) and (2).
Therefore, for the shortest time ¢/, the analytic solu-
tion does not describe properly the data. Moreover,
it is obvious that Eqgs. (1) and (2) were derived for
single constant values of p and I, respectively. How-
ever, the presence of very small particles in pellets
(Fig. 1) and non-regular thickness of MgH, layer on
Mg foils (Fig. 5) cause that the measured desorption
curves are sigmoid at the very beginning, which can-
not be described by Egs. (1) and (2). These two factors
are why the data were not fitted from the time ¢’ = 0.
Nevertheless, it can be seen in Figs. 8-12 that the ex-

Ty (K)
1000 700 500 400 300
107 [ 1 | | | | |
} Mg\'\1 _Mg-2
10 X — Mg-3
1 -9
0 eutectic - cast
107 4
@ Mg,NiH, ,-1
~ 10" 3 ‘
« Mg-~ T~
~— 10-12
Q
10" y
14 //
10 eutectic - pellets
107
46 1 Points - this work
1 T I T | T | T I T
10° 2x107 3x10°

11T, (1/K)

Fig. 13. Arrhenius diagram of hydrogen diffusion coeffi-

cients. MgaNiHy [51], Mg2NiHp 3-1 [52], Mg2NiHgp 3-2 [53},

Mg-1 [48], Mg-2 [49], Mg-3 [50]. Error bar — typical exper-
imental error.

perimental points are fitted reasonably by Egs. (1) and
(2) at sufficiently large times. Diffusion coefficients D
and parameters A obtained as fitting parameters are
listed in Table 1.

3.3. Temperature dependence of D
and A

Temperature dependence of diffusion coefficients,
D, is shown in Fig. 13. The error bar denotes a typ-
ical accuracy of experimental points and, at the same
time, it shows also an estimated uncertainty of the res-
ults following from the fact that used values of p and
[ are not constant in the samples. Hydrogen diffusion
coefficients measured in charged Mg foils and those
measured in MgHs powder (purchased in Alfa Aesar;
average diameter of grains 2p ~ 100 pm) agree reason-
ably one with another. Further, the values of hydrogen
diffusion coefficients in charged Mg are much smaller
compared to values reported for hydrogen diffusion in
pure Mg [48-50] — cf. the present data with literature
values marked as Mg-1, 2, 3 in Fig. 13. This supports
the idea that the present data characterize the hydro-
gen diffusion in hydride (-phase, not in the a-solid
solution.

Hydrogen diffusion coefficients measured in the
hydrogen charged eutectic alloy prepared by ball-
-milling and compacting (in pellets) differ signific-
antly from much higher values of effective hydro-
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Table 2. Arrhenius parameters of hydrogen diffusion in
hydrogen-charged experimental alloys

Q —In Do
Matrix
kJ mol™! Dy (m?s71)
MgH,Y 96 + 12 8.8 + 2.3
hydrogen-charged eutectic 57 £ 13 13.0 £ 24
interphase boundary 3.4 + 2.4%

D Pellets of hydrogen-charged Mg and purchased powder
MgHs. ? Calculated from Eq. (6).

gen diffusion coeflicients measured in foils of cast eu-
tectic alloy. This is, most likely, caused by the fact
that the particles in pellets (Fig. 1) are formed by a
compact matter, which chemical composition agrees
with the average chemical composition of the eu-
tectic. Therefore, the measured values of D charac-
terize, in this case, the hydrogen diffusion coefficients
lying between the values that could be measured in
individual phases, MgHy and MgoNiHy.

On the other hand, the cast eutectic is a hetero-
geneous mixture of the both phases separated by in-
terphase boundaries (Fig. 2). Therefore, the measured
value of D is influenced by the fast diffusion along the
interphase boundaries. It is interesting to note that
similar influence of interphase boundaries upon the
measured effective value of D can be expected also by
results reported in the literature, since the extrapola-
tion of present results to low temperatures is close to
literature data obtained in experiments with samples
formed by a mixture of hydrides [51-53] (Fig. 13).

The calculated values of D were fitted to Arrhenius
equation D = Dgexp(—Q/RT) (R is the gas constant)
and frequency factor Dy and activation enthalpy @
was evaluated for all experimental alloys. Results are
summarized in Table 2.

It is obvious from Table 1 that obtained values
of A increase with increasing desorption temperature
T4, which supports an expected fact that the desorp-
tion rate of hydrogen bound in hydride phase increases
with increasing temperature.

3.4. Assessment of hydrogen diffusion
coefficient in interphase boundaries

If the D’s measured in ball-milled eutectic alloy
(in pellets) may be taken for an estimation of mean
hydrogen diffusion coefficient in both phases MgHo,
MgoNiH,4 and D’s measured in cast eutectic for an ef-
fective value Deg in two-phase alloy with interphase
boundaries, it is possible to assess the hydrogen diffu-
sion coefficient in the interphase boundary, D;, using
the theory published in paper [54]. For the effective

diffusion coefficient Deg, the authors derived relation:

D;
Do = ——o—-
gi + g + %2

S1 S92

Disl — D1 DiSQ — D2

1 — 2g1 — gg
2Di81 + D1 2Di82 + D2 (5)
Disy — D Disy — Dy
I+g g2
2D;is1 + Dy 2D;s2 + Do

which can be simplified if (i) the diffusion coefficient
in interphase boundary, Dj, is much greater than in
both phases (D; > D1, D3) and (ii) the segregation of
hydrogen to interphase boundaries is negligible (s14
~ 830 ~ 86 < 1 and s ~ 1; 81,2 — hydrogen segreg-
ation factors to interfaces phase 1/matrix and phase
2 /matrix respectively, § — thickness of the interphase
boundary). Symbols ¢, g1, g2 (6 < g1, ¢2) in Eq.
(5) stand for volume fractions of interphase boundary
and both phases, respectively. The simplification leads
to an approximate relation enabling an estimation of
hydrogen diffusion coefficient in interphase boundary:

Di _ 3Deff

~ 1.5 x 10*Deg. 6
25g; x off ( )

In Eq. (6), i ~ 1.5 x 10~* was estimated with § ~ 5 x
10719 m [47] and s = 1. Since it can be expected that
both the above conditions, (i) and (ii), are fulfilled,
the Eq. (6) can be taken as a useful assessment of D;.

4. Summary

In the present paper, hydrogen diffusion coef-
ficients in intermetallic compound MgHs, and in
hydrogen-charged eutectic (Mg + MgoNi)-H were
measured. The hydrogen desorption experiments were
done far from the equilibrium, so that the driving
force for the hydrides decomposition was high enough
and release of hydrogen was controlled by out-diffusion
from the hydride phase only. Coefficients of hydrogen
diffusion in charged Mg are much lower than values
reported in the literature for the hydrogen diffusion in
pure Mg. Coefficients of hydrogen diffusion in cast eu-
tectic alloy seem to be effective coefficients character-
izing the effective diffusion in a two-phase alloy with
high-diffusivity interphase boundaries. Hydrogen dif-
fusion coefficients in interphase boundaries, D;, were
assessed.
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