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bstract

Kinetics of H uptake/release in Mg can be improved by alloying with Ni and RE, as well as by reducing the grain size of the Mg alloy. Both
hese approaches were applied in the present work for the alloy 72 wt.% Mg–20 wt.% Ni–8 wt.% Mm (ternary eutectic Mg–Mg2Ni–MmMg12).
he alloy was processed by the equal channel angular pressing (ECAP) technique. In ECAP the sample is subjected to heavy plastic strain by
ressing it through a die with an angle of 90◦. ECAP treatment resulted in a fine microstructure compared to the rather heterogeneous as-cast
aterial. Hydrogenated and non-hydrogenated samples were investigated using SEM and XRD. Hydrogenation properties were studied by TDS

nd PCT. Hydrogenated samples consist of MgH2, Mg2NiH4 and MmH2+x and exhibit a maximum H-storage capacity of ∼5.5 wt.%. To initiate
he first hydrogenation, the alloy needs to be activated at ∼300 ◦C. However, already after one hydrogenation cycle its H-absorption becomes quite
ast: 4.5 wt.% H is absorbed in just 15 min. Vacuum TDS (heating rate 0.5 ◦C/min) shows that desorption starts at low temperature, ∼135 ◦C, with

peak at ∼210 ◦C. The alloy was also subjected to high energy ball milling (HEBM) in Ar or H2 to yield further refinement of the microstructure.
1 wt.% Nb2O5 was added to facilitate H exchange. The H sorption characteristics of the alloy treated by ECAP and HEBM have been compared
ith the ones for the as-cast material.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Magnesium and magnesium-based alloys are very important
aterials for hydrogen storage applications. Pure magnesium

an reversibly store up to 7.6 wt.% hydrogen in the form of
gH2. Compared to other solid state hydrogen storage materials
agnesium also has such advantages as low cost and large abun-

ance in the earth’s crust. However, slow hydrogen absorption
nd desorption kinetics, and high working temperatures above

50 ◦C are the disadvantages to overcome before practical use
f magnesium as a hydrogen storage material will be possible.
he high temperature needed is caused by slow reaction kinet-
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cs and high stability of MgH2, having an enthalpy of formation
H◦ = −74.7 kJ/mol and an equilibrium dissociation hydrogen

ressure of 1 atm at 285 ◦C.
However, magnesium and magnesium-based alloys fail to

ulfil a goal of high rates of H charge/discharge at temperatures
elow 150 ◦C. Therefore practical use of Mg for hydrogen
torage becomes problematic. Hydrogenation kinetics is related
o the dissociation of molecular hydrogen at the metal surface
nd the diffusion of atomic hydrogen into the metal. The
issociation ability of Mg for hydrogen molecules is low,
nd the diffusion of atomic hydrogen in Mg (hydride) is very
low. It is therefore important to add catalytic materials and
efine the metal microstructure to improve hydrogenation

nd dehydrogenation kinetics in order to make magnesium a
uitable material for hydrogen storage applications. Alloying

g with transition rare-earth elements and nickel is one of the
pproaches employed to improve the reaction thermodynamics

mailto:volodymyr.yartys@ife.no
dx.doi.org/10.1016/j.jallcom.2006.11.200
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microstructure and resulted in a much more homogeneous mate-
rial. During this treatment, the lamellae structure of as-cast alloy
vanished, and spherical intermetallic particles appear instead.
The most distinct effect on the microstructure was observed after
S. Løken et al. / Journal of Alloys an

nd kinetics. Refining the microstructure of the alloy (i.e. grain
ize, intermetallic particle size) by rapid solidification, severe
lastic deformation like equal channel angular pressing and
echanical milling, and adding catalysts like different types

f oxides, have also been successfully used to improve the
ydrogenation kinetics [1–3]. Barkhordarian et al. [4], and
anada et al. [5] improved the hydrogen sorption kinetics of
agnesium by adding metal oxide through mechanical milling.
pecially Nb2O5 showed a very good effect on the sorption
inetics, both on absorption and desorption of hydrogen. An
xide content of as low as 0.2 mol% was enough to achieve
oth fast absorption and desorption kinetics [4,5].

In the present work we have studied the eutectic composi-
ion 72 wt.% Mg–20 wt.% Ni–8 wt.% Mm as hydrogen storage

aterial. The work was focused on the effect of different metal
roductions routes on the hydrogen storage performance of this
lloy. The following routes were applied: equal channel angu-
ar pressing (ECAP); high energy ball milling (HEBM) in argon
nd in hydrogen gas media; doping with a transition metal oxide
atalyst, Nb2O5.

. Experimental

The Mg–Mm–Ni alloy of composition 72 wt.% (88 at.%) magnesium,
0 wt.% (10 at.%) nickel and 8 wt.% (2 at.%) lanthanum rich Mischmetal has
een prepared from high purity compact metal pieces by melting under pro-
ective atmosphere in an electrical resistance furnace. The melt was cast into a
ylindrical rod in a copper chill with inner surface covered with boron nitride.
pecimens for ECAP were machined from the cylindrical rod to dimensions
cm × 2 cm × 8 cm with the longest dimension oriented along the cylinder axis.

Equal channel angular pressing was carried out in a die with an angle between
he two channels of 90◦ and an outer curvature of 20◦. The die was made of
rvar Supreme tool steel and had a maximum working temperature of 550 ◦C

6]. Magnesium is a brittle material at room temperature so ECAP had to be
one at higher temperatures. Pressing at 350 ◦C resulted in big cracks in the
ample rod, but it was possible to do several pressings for each sample rod at
00 and 450 ◦C. Lubrication of the sample rods was necessary to lower the
riction between the sample and the inner walls of the channels during pressing.

graphite-based lubricant (OMEGA99®) was used for lubrication. Pressing of
he sample was executed immediately after reaching the set point temperature.
fter pressing, the sample was taken out of the die and quenched in water.

Both as-cast and ECAPed specimens were included in the experimental pro-
ramme. In a preliminary test programme, several specimens were ECAPed
ccording to a series of ECAP routes. Two of these samples were chosen
or further investigation; i.e. a sample that was pressed two times using route

c at 400 ◦C, later referred to as 2× ECAP, and a sample that was pressed
ight times using route Bc at 400 ◦C, later referred to as 8× ECAP (route Bc:
pecimen is rotated 90◦ between successive presses). These two samples were
hosen because they gave the most promising results after ECAP, i.e. the finest
icrostructure.

The hydrogen absorption–desorption studies were conducted in a conven-
ional Sieverts-type apparatus. Determinations of hydrogen storage capacity and
eaction kinetics by Sieverts method are done by measuring the pressure change
n a closed system with a constant volume. Prior to hydrogenation, the sample
as crushed to a particle size of about 10–100 �m in a mortar. As an activation
rocess the sample was heated in vacuum (10−3 Pa) to 350 ◦C and kept at this
emperature for 1 h. Then the sample was cooled to the wanted temperature,
nd hydrogen gas was admitted till the pressure reached 15–20 bar. Temperature
esorption spectroscopy (TDS) was applied to determine the onset temperature

or hydrogen release during dehydrogenation. Both during TDS and desorption
n a closed volume, the heating of the sample was done at a constant heating rate
f 0.5 ◦C/min until the sample temperature reached 350 ◦C.

HEBM was carried out in a SPEX 8000 D mixer mill and a Fritsch P6
lanetary mill. Milling in the SPEX 8000 D mixer mill was performed in an argon
mpounds 446–447 (2007) 114–120 115

tmosphere for 10 h with a ball to powder ratio of 10:1. Milling in the Fritsch P6
lanetary mill was performed in a 40–50 bar H2 atmosphere for 30 min, 1 h and
h. To avoid oxidation, samples were handled in a glove box under protective
rgon atmosphere.

The Johnson–Mehl–Avrami (JMA) [7] equation was used for kinetic evalu-
tion of the absorption and desorption curves: f = 1 − exp[−(kt)n], where f is
raction transformed; n a constant defining the rate limiting process; k rate
onstant; t is time.

X-ray diffraction (XRD) was used to characterize the phases present in the
lloy before hydrogenation, as a hydride and after dehydrogenation. The powder
attern obtained by the XRD-measurements, using Siemens D5000 diffractome-
er equipped with a Ge primary monocromator giving Cu K�1 radiation, were
efined by the Rietveld refinements with the GSAS program [8].

Scanning electron microscope (Hitachi S-4300SE field emission SEM)
quipped with an Oxford Instrument Energy Dispersive X-ray spectrometer
EDX) was used to record images and measure chemical composition of the
owder particles before hydrogenation, in charged condition and after dehydro-
enation.

. Results and discussion

SEM invesigation including EDX analysis showed that
g–Mm–Ni alloy was a ternary eutectic alloy with two inter-
etallic phases, Mg2Ni and MmMg12, embedded in a matrix of

ure Mg. The as-cast material was inhomogeneous with prevail-
ng areas of coarse microstructure and much less areas of very
ne microstructure. An area with a coarse microstructure in the
s-cast alloy is shown in Fig. 1.

The phase composition of the alloy was confirmed by a
ietveld refinement of the XRD data (Fig. 2): ∼49 wt.% Mg,

p.gr. P63/mmc (No. 194), a = 3.2084(1) Å, c = 5.2078(2) Å;
36 wt.% Mg2Ni, sp.gr. P6222 (No. 180), a = 5.2111(2) Å,
= 13.2491(3) Å; and ∼15 wt.% MmMg12, sp.gr. I4/mmm (No.
39), a = 10.315(3) Å, c = 5.952(2) Å. These data are in good
greement with a ternary phase diagram of the Mg–La–Ni sys-
em [9].

Processing of the alloy by ECAP at 400 ◦C gave a significant
eduction of the particle sizes in the areas with originally coarse
Fig. 1. SEM image of as-cast alloy showing coarse microstructure.
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Fig. 2. XRD pattern of Mg–Mm–Ni as-cast alloy (Cu K�). Bragg peaks from
constituent phases are shown (top to bottom): Mg2Ni (35.8(2) wt.%), Mg
(48.9(2) wt.%), MmMg12 (15.2(1) wt.%). R-values: Rp = 3.12%, Rwp = 3.83%;
χ2 = 2.16. Mg: sp.gr. P63/mmc; a = 3.20840(9); c = 5.2078(2) Å; Mg2Ni:
s
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p.gr. P6322; a = 5.2111(2); c = 13.2491(3) Å; MmMg12: sp.gr. I4/mmm;
= 10.315(3); c = 5.952(2) Å. Note: for Mg and Mg2Ni preferred orientation
long [0 0 1] is observed.

ight passes of ECAP, see Fig. 3. No changes in phase compo-
ition of the alloy was found after the ECAP treatment. ECAP
lso increased the hardness of the alloy, due to either the smaller
article size, a higher dislocation density, a smaller Mg matrix
rain size, or a combination of all these factors. Dislocations and
rain/phase boundaries act as diffusion paths for hydrogen, so
harder metal, i.e. a metal with more dislocation and/or larger

rea of grain/phase boundaries, should provide better hydrogen
iffusion properties.

HEBM of as-cast and ECAP treated samples for 10 h in Ar
esulted in a reduction of the powder particle size. XRD showed
large difference in phase crystallinity before and after HEBM,
n increased amount of amorphous structure was present after

EBM. The microstructure of the 2× ECAP alloy after HEBM

s shown in Fig. 4. The light intermetallic particles are Mg2Ni-
hase, and the grey area is Mg matrix containing MmMg12-
hase. There has been a distinct refinement of the microstructure

ig. 3. Microstructure of the alloy after eight presses at 400 ◦C (8× ECAP).
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ig. 4. Microstructure of the alloy after 2× ECAP and HEBM in Ar for 10 h.

ue to HEBM. After HEBM it is very hard to distinguish the
mMg12-phase from the Mg matrix. However, the light Mg2Ni

articles can easily be observed. The particle size of this phase
ecomes very small, from 150 nm and up to ∼1 �m.

Hydrogen sorption cycling at 325 ◦C of the as-cast, 2× and
× ECAP alloy required at least five full absorption cycles
efore the alloy was activated. For all three samples, the first
ydrogen absorption was very slow, and it took about 20 h to
each complete saturation. After full activation, the 8× ECAP
lloy showed higher H-absorption and desorption rates than the
s-cast alloy and the 2× ECAP alloy, see Table 1 and Fig. 5a.
ig. 5 shows absorption and desorption curves for fully activated
pecimens that had either not been ball milled, Fig. 5a, or ball
illed with and without Nb2O5 additions, Fig. 5b. The activa-

ion properties were significantly improved after HEBM. After
0 h of HEBM in Ar, only one absorption cycle was required
efore the alloy was activated, and the 8× ECAP material had
o longer a faster hydrogen sorption rate than other samples. For
he 2× ECAP material, the ball milling increased the absorption

nd desorption rates with as much as up to three times.

This means that 10 h of HEBM gave a microstructure that is
ore refined than after 8× ECAP. The effect of ECAP at 400 ◦C

s of little or no value compared to the HEBM. The intermetallic

able 1
comparison of hydrogen absorption and desorption rates of Mg–Mm–Ni after

ifferent production treatments and full activation

aterial Time (min)

To absorb
4 wt.% H

To absorb
4.5 wt.% H

To desorb
∼5 wt% H

s-cast 7.5 11 24
s-cast + BM 2.5 5.3 8
s-cast + BM with 1 wt.% Nb2O5 4.2 15.8 11
× ECAP 9.5 14 ∼30
× ECAP + BM 2.5 6.3 ∼7
× ECAP + BM with 1 wt.% Nb2O5 4.0 12.7 ∼10
× ECAP + BM with 3 wt.% Nb2O5 3.8 10.6 ∼8
× ECAP 5 7.5 19
× ECAP + BM 4.5 15.5 11
× ECAP + BM with 1 wt.% Nb2O5 4.5 12.2 14
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MgH2, Mg2NiH4 and Mg2NiH0.3.

Pressure composition temperature (PCT) dependencies
obtained for the 2× ECAP sample are shown in Fig. 7. Two
plateaus are visible, the lower plateau corresponds to the

Fig. 6. XRD pattern of Mg–Mm–Ni as-cast alloy hydrogenated after 16
absorption–desorption cycles (Cu K�). Bragg peaks from constituent phases are
shown (top to bottom): Mg2NiH4 (low-temperature modification; sp.gr. C2/c;
ig. 5. Hydrogen absorption and desorption curves for fully activated samples o
all milled in argon with and without Nb2O5 addition.

article size is much smaller after HEBM than after ECAP and
rovides better diffusion paths for hydrogen atoms. The inter-
etallic particle sizes ranges from 0.15 to 1.0 �m after HEBM,
hich is about three times less than those after ECAP. Thus, the

otal effect of HEBM is a refinement of the intermetallic particle
izes that is stronger than for ECAP at 400 ◦C, in addition to a
efinement of the powder itself, which gives a larger total area
or the dissociation reaction of the hydrogen gas.

Adding oxides during HEBM did not give a further increase
n the hydrogen absorption and desorption rates. Earlier stud-
es have demonstrated superior both hydrogen absorption
nd desorption rates when adding Nb2O5 to magnesium and
agnesium–nickel alloys. The results in this work show no pos-

tive effect of adding Nb2O5 to the alloy. In fact, the hydrogen
bsorption and desorption rate are lower for the samples ball
illed with Nb2O5, Fig. 5b. This was unexpected, because added

xides have been reported to increase the absorption rate by as
uch as 4 times and desorption rate as much as 10 times [10]. But

hose studies were done on Mg and Mg/Mg2Ni alloys and not on
lloys that originally contained rare-earth elements or Mm. The
atalytic effect of Nb2O5 and Mm is mainly on the dissociation
f H gas. An explanation for no extra catalytic effect of Nb2O5
ould be that Mm has already introduced this effect to the alloy.
his shows the superior effect that Mm gives to Mg alloys on
ydrogen absorption–desorption properties. All studied samples
xhibited a hydrogen storage capacity of about 5.5 wt%.

For all samples, irrespectively of treatment, hydrogenation
esulted in a formation of MgH2, Mg2NiH4 and Mm-based
ydride. The latter hydride was formed during decomposi-
ion of MmMg12 to form MmH3−x and MgH2. Fig. 6 shows
RD pattern of Mm–Mg–Ni as-cast alloy hydrogenated after 16

bsorption–desorption cycles. The desorbed material contained
g, Mg2Ni and MmH2, which is a highly stable hydride below
00–700 ◦C. The quantitative analysis of the amount of phase
onstituents prior to and after the hydrogenation showed a good
orrespondence in the data for different samples. An increase of
he MgH2/Mg weight ratio from the initial ∼50/50 to ∼60/40

a
M
5
(
R

as-cast and 8× ECAP material without ball milling and (b) 2× ECAP material

s in line with the process of the irreversible decomposition of
mMg12 on hydrogenation producing extra MgH2. SEM stud-

es of the alloy after the hydrogenation cycles confirmed the
resence of very small particles with high concentration of Mm
n the microstructure. The particle size of the Mm-containing
hases was measured to be from 10 to 100 nm.

HEBM in hydrogen gives an even more significant effect.
illing of the Mg–Mm–Ni alloy under 40 bar H2 for 0.5–2 h

esulted in almost complete hydrogenation of the alloy during
he first cycle with formation of a nanocrystalline mixture of
= 14.409(2); b = 6.4285(8); c = 6.5036(8) Å, β = 113.662(8)◦), 31.4(2) wt.%;
g2NiH4 (high-temperature modification, sp.gr. Fm3̄m; a = 6.4999(7) Å),

.8(1) wt.%; MmH3−x (sp.gr. Fm3̄m; a = 5.5709(2) Å), 8.8(1) wt.%; MgH2

sp.gr. P42/mnm; a = 4.5254(6); c = 3.02684(6) Å), 54.0(3) wt.%. R-values:

p = 3.99%, Rwp = 5.77%; χ2 = 4.1.



118 S. Løken et al. / Journal of Alloys and Co

F
i

t
t
e
a
a
a
t
i

T
T
o

V

�

�

n
k
n
k

t
i
n
t
c
p
i
f

f
a
m
M
v
r
p
w
b
i
f
l
J
i

F
i

ig. 7. PCT diagram for Mg–Mm–Ni processed with ECAP, two presses apply-
ng route Bc at 400 ◦C.

ransformation Mg ↔ MgH2, and the upper plateau belongs
o the transformation Mg2Ni ↔ Mg2NiH4 [11]. Enthalpy and
ntropy changes for the formation and decomposition of Mg-
nd Mg2Ni-hydrides calculated from the van’t Hoff plots [12]
re shown in Table 2. The Mg-plateau pressure has not changed

fter 2× ECAP. Appearance of a large hysteresis and a slope in
he upper Mg2Ni-plateau, as well as the absence of discontinu-
ties between the Mg- and Mg2Ni-plateaus are observed after

able 2
hermodynamic and kinetic parameters for hydrogen absorption (desorption)
f Mg and Mg2Ni phases in Mg–Mm–Ni alloy

alue Mg Mg2Ni

H (kJ/mol H2) −78.9 (82.1) −58.3 (70.8)
S (J/(mol H2 K)) 141.2 (−146.5) 113.4 (−130.5)
(300 ◦C) 0.55 (0.51) 0.82 (0.64)
(300 ◦C) (h−1) 8.93 (10.99) 0.07 (0.66)
(350 ◦C) 0.55 (0.50) 0.76 (0.88)
(350 ◦C) (h−1) 5.64 (18.80) 0.18 (0.29)

t
p
n
l
F
b

t
a
J
a
c
a
P

ig. 8. Absorption (a) and desorption (b) curves for Mg and Mg2Ni phases in the 2×
n Fig. 7.
mpounds 446–447 (2007) 114–120

he ECAP treatment. Such effect of ECAP was also reported
n the work by Skripnyuk et al. [2]. Also HEBM treatment
ormally leads to an increase in both slope and hysteresis for
he Mg2Ni-based hydride [3]. The obtained �H and �S values
orrespond well with literature values for Mg/Mg2Ni alloy
rocessed by ECAP [2]. The values for the MgH2 hydride are
n good agreement with the literature data for pure Mg and also
or a Mg alloy (ZK60) processed by ECAP and HEBM [3].

The PCT-measurements also gave separate absorption curves
or the MgH2- and the Mg2NiH4-phase. Fig. 8 shows absorption
nd desorption curves obtained from selected PCT measure-
ent data points at the respective plateaus for the two hydrides
gH2 and Mg2NiH4. The differences between the curves are

ery similar for both absorption and desorption. The reaction
ate for the MgH2-phase is much faster than for the Mg2NiH4-
hase. Mg-hydride reaches equilibrium after about one hour,
hile Mg2Ni-hydride reaches equilibrium after 15–20 h. For
oth phases, there is a good fit with the JMA equation as shown
n the graphs. Kinetic calculations showed that the rate constants
or formation and decomposition of Mg2NiH4 are 50–150 times
ower than those for MgH2. Calculated n- and k-values of the
MA equation for both MgH2 and Mg2NiH4 hydride are given
n Table 2. There is a minor difference in the n-value identifying
he rate-limiting process of the two hydrides. The Mg2NiH4-
hase has an n-value of about 0.8, and the MgH2-phase has an
-value of about 0.5. An n-value of 0.5 indicates that the rate-
imiting process is diffusion controlled one-dimensional growth.
or Mg2NiH4, diffusion is not only the rate limiting parameter,
ut by far the most important one.

Furthermore, there were also observed different values of
he kinetic constants given in the JMA equation describing the
bsorption and desorption curves of the Mg–Mm–Ni alloy. The
MA equation was only able to fit the experimental data up to

bout 80–90% of the total storage capacity for the full absorption
ycles. This indicates that the kinetics drastically changes after
bsorption of ∼4.5–4.9 wt.% hydrogen. The upper plateau of the
CT-isotherms starts at ∼4.5 wt.% H, so the reason why the JMA

ECAP Mg–Mm–Ni sample obtained in the plateau regions of the PCT diagram
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distinct difference between the TDS graphs of the ECAPed and
as-cast samples were observed. The TDS-graphs for the samples
that had been milled with Nb2O5 additions have the same shape
and the same starting and peak temperature as the graphs for the
Fig. 9. Reaction rate constants for hydrogen abso

quation fits only the first 80–90% of the absorption cycle can be
hat the fast absorption reaction of MgH2 and the slow absorption
eaction for Mg2NiH4 cannot be described by the same mecha-
ism (similar n- and/or k-values). Desorption curves, however,
ould be fitted up to full desorption. An explanation for this
an be that the difference in desorption equilibrium pressure
etween the two hydrides MgH2 and Mg2NiH4 is small. The
ifference in the calculated n-values for desorption was also
mall for decomposition of the Mg and Mg2Ni hydrides. The
bsorption curves were fitted with an n-value of 0.5, indicat-
ng that the rate-limiting process is diffusional one-dimensional
rowth. Desorption curves were fitted with an n-value of 1.0. An
-value of 1 does not identify a unique rate-limiting process, but
t is reasonable to believe that diffusion is the rate-limiting pro-
ess for desorption. Fig. 9 gives the reaction rate constant k for
bsorption and desorption curves for samples before and after
EBM, and HEBM with and without Nb2O5. The k-values dis-
lay the same trend both for absorption and desorption; highest
alues for ball milled samples without added Nb2O5, and lowest
alues for samples without HEBM. Table 1 gives an overview of
he times needed to absorb 4 and 4.5 wt.% hydrogen. From this
able, the reaction rates are slower for the 2× ECAP sample than
or the as-cast alloy. However, 8× ECAP has given an improve-
ent on the hydrogen absorption and desorption kinetics, the

ime to absorb respectively 4 and 4.5 wt.% H is respectively 2.5
nd 3.5 min shorter for the ECAPed material than for the as-cast
lloy. An explanation might be deduced from the microstruc-
ural development of the material. An eutectic alloy consists of
amellae of primary and secondary phases, where long contin-
ous boundaries between primary and secondary phases may
ave a certain positive effect on the hydrogenation since they
ct as continuous diffusion paths. In the 2× ECAP material, the
s-cast lamellae structure is partly destroyed, the microstructure
s still inhomogeneous and not maximally refined, and this may
esult in a reduced catalytic effect for hydrogen dissociation and

iffusion. In the 8× ECAP material, however, the microstructure
ith evenly distributed small spherical particles is fully devel-
ped, and the diffusion properties are modified optimally. In
ddition, there can also have been an increase in the dislocation
(a) and desorption (b) after different treatments.

ensity and/or a refinement of the matrix grain size from 2× to
× ECAP, giving a positive effect on the diffusion properties.
he obtained result is in good accordance with general theory

hat a higher number of ECAP presses gives a higher imposed
train and consequently increased refinement of the microstruc-
ure [13–16]. The present results are also in agreement with the
ata reported by Skripnyuk et al. [2] who found that a Mg/Mg2Ni
lloy processed by 10 ECAP presses absorbed 80% of the full
-storage capacity faster than the corresponding as-cast alloy.
TDS measurements were done for every sample applying a

eating rate of 0.5 ◦C/min. Fig. 10 shows TDS traces for the
× ECAP alloy before and after HEBM with and without added
b2O5. A pronounced shift of the desorption peak towards lower

emperatures is seen for all ball milled samples. Lowering of the
osition of the desorption peak can be explained by much smaller
article sizes and disordering of the microstructure after HEBM.
esorption starts at 130 ◦C for all samples. This temperature is

emarkably low for an Mg-based alloy and shows that Ni and
m gives good catalytic effects on the desorption reaction. No
Fig. 10. Vacuum TDS traces for 2× ECAP samples.
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amples that had been ball milled without Nb2O5 additions. This
onfirms that the addition of Nb2O5 has no special influence
n neither the absorption nor the desorption properties of the
g–Mm–Ni alloy.

. Conclusions

The influence of alloying magnesium with nickel and Mis-
hmetal on hydrogen-absorption behaviour has been studied in
etail. Refinement of the as-cast microstructure was performed
y ECAP and HEBM.

Eight ECAP passes at 400 ◦C gave an improvement in the
ydrogen absorption and desorption rates. HEBM gave an even
arger improvement and reduced the absorption and desorption
imes to one third of those of the as-cast alloy.

Milling of the Mg–Mm–Ni alloy under 40 bar H2 (0.5–2 h)
esulted in dramatic improvements compared to the initially
on-activated samples. After HEBM in H2, almost complete
ydrogenation of the alloy was achieved during the first cycle
ith formation of a nanocrystalline mixture of Mg2NiH0.3,
gH2 and Mg2NiH4.
The rates of formation and decomposition of the Mg2NiH4

hase are 50–150 times slower than those of the MgH2 phase.
owever, formation of �-Mg2NiH0.3 plays a prominent role in

eaching complete hydrogenation and in reaching high rates of H
ptake and release. Mg2Ni works as a catalyst and as a medium
or fast exchange of hydrogen.

HEBM has a more substantial effect on hydrogen
bsorption–desorption kinetics of Mg–Mm–Ni than ECAP has.
Adding Nb2O5 as a metal oxide catalyst during HEMB gives
o further improvement of the hydrogen sorption/desorption
roperties, indicating that the catalytic effect of metal oxide is
lready introduced by Mm and Mg2Ni.
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