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Hydriding/dehydriding of Mg87Ni3Al3Mm7 (Mm = La, Ce-rich
mischmetal) alloy produced by mechanical milling
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Abstract10

Nanocrystalline Mg87Ni3Al3Mm7 hydrides were produced by reactive mechanical milling (RMM) under hydrogen atmosphere. Milling first
under argon, and then under hydrogen atmosphere was also carried out in order to study the effect of the gas atmosphere on the microstructure
of the products of milling as well as on their hydriding properties. In both cases, the main product of the milling process turned out to be
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gH2 of the type�-MgH2. When the milling was carried out entirely under hydrogen atmosphere the amount of MgH2 (∼34 wt.%) was
lightly larger than that resulted from milling under argon followed by milling under hydrogen atmosphere. X-ray diffraction studies
hat the main product of the milling process is a nanocrystalline material with an average crystallite size of about 10–15 nm. Th
f a highly disordered (amorphous) phase was revealed as well. The first dehydriding reaction of the alloys (after RMM) was s

hermogravimetry (TG) and differential scanning calorimetry (DSC). These studies allowed to determine the temperature and e
esorption (Tdes, �Hdes) as well as the amount of hydrogen released during heating. TheTdesas well as the enthalpy of dehydriding of the all
btained by milling in different atmospheres were found not to differ significantly. The as-milled nanocrystalline materials were an
elieve the strain resulted from the milling and improve the material’s crystallinity. Heat treatment at 350◦C for 1 h reduced the amount
he disordered phase in the sample milled only under hydrogen atmosphere. PCT analysis reveals an equilibrium pressure of a
or the alloy milled under Ar and hydrogen and about 2 atm for the alloy milled only under hydrogen. Both equilibrium pressures a
han that found with pure Mg, indicating some thermodynamic destabilization of the hydride as a result of the alloying. Hydrogen-a
inetics was also studied at isothermal conditions. The hydrogen-absorption process in both nanocrystalline materials was foun
ast most likely due to the alloying and fine particle size. The rate of H-absorption in the sample milled under argon and hydrogen
o be higher then that in the sample obtained by milling only under hydrogen atmosphere.

2005 Published by Elsevier B.V.
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. Introduction

Pure magnesium and magnesium-rich alloys have shown
ood promise as hydrogen storage materials. To fully utilize

heir good potential, the hydrogen-sorption kinetics needs to
e improved at temperatures below 200–250◦C. Alloying
agnesium with transition metals and rare-earth elements is
ne of the approaches employed to enhance the reaction ther-

∗ Corresponding author.
E-mail address:tspassov@chem.uni-sofia.bg (T. Spassov).

modynamics and hydrogen-sorption kinetics[1–5]. Reducing
the particle and grain size of the alloys by mechanical mi
and adding catalysts have also been used successfu
improve the hydriding kinetics[5–10]. Our recent studie
[5,10] on the hydriding/dehydriding behavior of Mg-ri
alloys (Mg87(Ni,Al,Ti,Mm) 13) showed a highly enhanc
H-sorption kinetics at 300 and 250◦C compared to bal
milled pure nanocrystalline Mg. Mg87Ni3Al3M7 (M = Ti,
Mn, Ce, La) alloys showed substantially decreased hydro
desorption temperature and higher equilibrium pressu
hydrogen absorption compared to pure nanocrystalline

925-8388/$ – see front matter © 2005 Published by Elsevier B.V.
oi:10.1016/j.jallcom.2005.06.009
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[10]. This effect has been associated with thermodynamic19

destabilization of the hydride as a result of the alloying.20

Improved H-sorption behavior was also observed in melt-21

spun amorphous and nanocrystalline Mg-rich alloys (e.g.22

Mg87Ni12Y1, Mg83Ni17) [11,12]. The H-sorption kinetics23

has been found to be influenced by the formation of solid24

solutions as well. Formation of supersaturated solid solutions25

of some transition (e.g. Zn, Cd, Al) and non-transition (In, Li,26

Ag, Sn) elements in the Mg phase as a result of mechanical27

milling was reported recently[13].28

The present work aims at studying the hydrid-29

ing/dehydriding properties of two magnesium-based alloys30

with the same composition (Mg87Ni3Al3Mm7) produced31

by mechanical milling under different atmospheres. One32

by reactive mechanical milling under hydrogen atmosphere33

(denoted later as Mg/H) and another by milling under argon,34

and then under hydrogen atmosphere (sample Mg/ArH).35

Thermodynamic and kinetic characteristics of the hydriding36

process with both alloys are reported here.37

2. Experimental38

High purity powders of magnesium, nickel, aluminum39

and La, Ce-rich mischmetal (Mm) were used as starting40

materials. The ball milling was performed with a plane-41
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Fig. 1. SEM photographs of the as-milled material (a) and of an agglomerate
(b).

atmosphere was not observed, the average particle size of the69

powder milled under hydrogen only is slightly smaller. 70

Results from X-ray diffraction experiments are shown in71

Fig. 2. As can be seen in the figure, the reactive mechan-72

ical milling of Mg (87 at.%)–Al (3 at.%)–Ni (3 at.%)–Mm 73

(7 at.%) under hydrogen changes not only the microstructure74

but the phase composition of the starting mixture as well.75

Both alloys exhibit a similar phase composition: a predom-76

inant �-MgH2 phase and traces of pure Mg and Ni. Some77

traces of Ce and La hydrides (CeHx, LaHx) and Mg–La 78

phases could be also detected. Aluminum, which was used79

as additive is not seen and one may safely assume that it is80

dissolved into Mg[10]. A full profile fitting analysis based on 81

the Rietveld method was carried out and the grain size and the82

phase content of the main phases were determined. The alloys83

milled for 16 h reveal nanocrystalline microstructure, with an84

average crystallite size of about 10 nm and about 34 wt.%85

MgH2 for the alloy milled only in hydrogen and slightly 86

less (∼30 wt.%) for the alloy milled first 8 h under Ar, and 87

then 8 h under hydrogen. The crystallite size does not change88

during subsequent milling for both alloys. The annealed89

alloys (350◦C, 1 h) show coarser microstructure (∼15 nm 90
U
N

C
O

R
R

E
C

TE

ary ball mill (Fritsch P5). The velocity of rotation w
00 rpm and the ball to powder mass ratio (B/P) was m

ained 15/1. The milling was done once in hydrogen at
phere (5 atm) (reactive mechanical milling, RMM) an
econd time in argon, and then in hydrogen atmosp
gain at 5 atm. At regular periods of time, some am
f the product of the milling process was taken out of
ill and subject to morphological, structural and ther
nalyses.

The morphology and the microstructure were studie
canning electron microscopy (JEOL 5510 SEM) and X
iffraction (XRD, X’Pert diffractometer) using Cu K� radi-
tion. The thermal properties of the as-milled alloys w
tudied by thermogravimetry (TG) and differential scann
alorimetry (DSC) in argon, using Perkin-Elmer TGS-2
ettler differential scanning calorimeter.
Pressure-composition isotherms (PCI) were meas

y Sieverts-type apparatus, using conventional volum
ethod, at different temperatures.

. Results and discussion

Results from SEM analysis are shown inFig. 1. As can be
een in the figure powders obtained after 16 h RMM u
ydrogen show particles with sizes ranging from 1 to 50�m
Fig. 1a). All larger particles are indeed agglomerates of
iderably smaller ones (<1�m), as the more detailed SE
icture (Fig. 1b) shows. Although noticeable difference

he morphology of the samples milled under different
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Fig. 2. XRD patterns for samples resulted from milling of a mixture of
Mg (87 at.%)–Al (3 at.%)–Ni (3 at.%)–Mm (7 at.%) for 16 h under hydrogen
atmosphere (Mg/H, thin line) and first under argon, and then hydrogen atmo-
sphere (Mg/ArH, thick line). XRD patterns for the same samples annealed
at 350◦C are shown as well (Mg/H(a) and Mg/ArH(a)). Theoretical powder
diffraction patterns for several crystalline materials of the Mg, rare-earth,
hydrogen and Ni family are shown in the upper part of the plot.

average crystallite size) compared to the as-milled material91

(Fig. 2).92

Thermogravimetric (TG) analysis of powders milled for93

16 h showed a total hydrogen amount of about 2.5 wt.%, thus94

confirming the findings of XRD quantitative analysis both95

indicating the formation of a hydride phase as a result of96

RMM. In a recent study[10], it was found that the amount of97

hydride phase depends on the time of milling and reaches a98

value of approximately 35 wt.% after 15 h of milling, which99

amounts to∼2.5 wt.% hydrogen absorbed. It has been also100

detected that further milling at such conditions leads to a little101

increase in the amount of hydride phase formed[10].102

TG and DSC studies showed that the temperature of the103

hydride (MgH2) decomposition is close to 230◦C, which is104

substantially lower than that reported with polycrystalline105

(400◦C) and ball-milled nanocrystalline MgH2 (300◦C). The106

temperature of desorption,Tdes, was found not to depend107

on the particular gas atmosphere. DSC studies revealed an108

enthalpy of dehydriding of about 70 kJ/mol H2 for the alloy109

milled under hydrogen, which is slightly lower than the value110

for pure MgH2 (75 kJ/mol H2). The substantially lowered111

temperature of hydride decomposition is likely due to the112

combined effect of alloying and reduced particle and grain113

size of the powders.114

Pressure-composition isotherms (PCT diagrams) at115

300◦C for the hydriding/dehydriding of the MgNi116
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r e118

o f H-119

a hen120

u r121

t ys122

r n123

Fig. 3. PCI of hydriding at 300◦C: (�) Mg87Ni3Al3Mm7 (Mg/ArH) and
(�) Mg87Ni3Al3Mm7 (Mg/H).

those reported with nanocrystalline Mg (1–1.5 atm)[2] at the 124

same temperature of 300◦C. The increased equilibrium pres-125

sures are likely due to the alloying effect (formation of solid126

solution of Al and partially Ni in Mg). Similar findings were 127

reported in our recent study of Mg87Ni3Al3M7 (M = Ti, Mn, 128

Ce, La) alloys[10] and in a study of Liang[13] on mechan- 129

ically alloyed Mg with transition as well as non-transition130

elements. The present results indicate a stronger thermody-131

namic destabilization of the hydride (MgH2) for the alloy 132

milled first under Ar. For comparison, the plateau pressure133

for nanocrystalline Mg2Ni is around 2–2.5 atm[2], which is 134

comparable to those observed with our Mg-based alloys. The135

difference inpeq for samples Mg/H and Mg/ArH is not large 136

(about 0.5 atm), but it is reproducible. The slightly higherpeq 137

with the alloy obtained in Ar is likely due to a better alloying.138

The alloying effect is not so strong with the sample milled139

just in hydrogen (Mg/H), likely due to the formation of the140

thermodynamically more stable MgH2 phase. It is important 141

to be mentioned that after cyclingpeq of Mg/ArH remains 142

higher than that of sample Mg/H. This means that the solid143

solution does not completely decompose during cycling. The144

result is in agreement with the very recent findings of Liang145

[13]. 146

The amount of hydride phases formed by RMM, obtained147

from the first dehydriding reaction (cycle) during a PCT148

analysis, is close to that determined by TG analyses. The sec-149
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l3Mm7 alloys are presented inFig. 3. Plateau regions, co

esponding to the�-Mg(H) and �-MgH2 coexistence, ar
bserved with both alloys. The equilibrium pressure o
bsorption for the material milled first under Ar, and t
nder H (Mg/ArH) is higher (peq≈ 2.5 atm) than that fo

he alloy milled only under hydrogen (Mg/H). Both allo
eveal higher equilibrium pressures (peq≈ 2–2.5 atm) tha
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nd and third hydrogen-absorption/desorption cycles s
n increase in the amount of the hydride; it reaches a
.5 wt.% during the third cycle. After continuous cycling,
apacity decrease is not substantial showing that the hy
ng process is reversible.

The plateau pressures of dehydriding of both alloys
bout 1–1.5 atm. The PCT curves show some hysteresi

ng cycling (hydriding/dehydriding), which is similar for bo
lloys. This is usually ascribed to mechanical stress bet

he metal and the hydride phases or to kinetic constr
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Fig. 4. Isothermal kinetics of hydrogen absorption at 300◦C (a) and 250◦C
(b) ((©) Mg/ArH, (�) Mg/H, (�) Mg/H(a), where Mg/H(a) is the sample
milled under hydrogen, and then annealed at 350◦C for 1 h).

during the measurement. The latter are due to the low driving160

force of the hydriding/dehydriding processes in the plateau161

regions[2]. The annealed alloys (with coarser microstructure,162

∼15 nm) do not show essential difference inpeq.163

The hydrogen-absorption kinetics was measured at differ-164

ent temperatures and pressures. Absorption kinetics curves a165

8 atm and 300◦C are presented inFig. 4. Mg87Al3Ni3Mm7166

alloy (Mg/ArH) shows hydrogen-absorption rate that is167

higher than that of Mg/H alloy. The two rates are 0.27 and168

0.14 wt.% H/s, respectively. The absorption kinetics does not169

change noticeably with the hydrogen gas pressure in the range170

5–10 atm, indicating that the process is not diffusion con-171

trolled. In this pressure range and at temperatures as high as172

300◦C the driving force{(P−Peq)/Peq} changes from 1 to173

4. The rate of H-absorption depends slightly on the temper-174

ature in the temperature range of 250–300◦C, as the data in175

Fig. 4show. The absorption rate at 250◦C is even somewhat176

higher than that at 300◦C (Fig. 4b). This is due to the higher177

thermodynamic driving force of the absorption reaction at178

low temperatures. For comparison, the H-absorption rate for179

ball-milled nanocrystalline MgH2 at 8.4 atm and 300◦C is 180

in the range 0.030–0.035 wt.% H/s[8]. Addition of small 181

amounts of metal oxides during milling leads to about 10182

times increase of the H-absorption kinetics[9]. Our recent 183

study revealed a significantly improved H-absorption kinetics184

(∼0.25 wt.% H/s) for the ball-milled Mg87Al3Ni3Ti7 alloy as 185

well [10]. The notable enhancement of the absorption kinetics186

is likely due to the very small particle size of the alloys. 187

The hydrogen-absorption kinetics changes with the188

microstructure coarsening of the alloys as shown inFig. 4b. 189

Annealing of the alloys at 350◦C for 1 h results in decrease190

of the H-absorption kinetics. 191

4. Conclusion 192

Nanocrystalline Mg87Ni3Al3Mm7Hx powders were pro- 193

duced by reactive mechanical milling under hydrogen atmo-194

sphere as well as in a sequence of argon and hydrogen195

atmosphere. Both regimes of milling result in the forma-196

tion of MgH2 phase. Its amount is slightly larger when the197

milling was done entirely in hydrogen atmosphere. The ball-198

milled powders consist of grains (1–50�m), which incorpo- 199

rate much smaller particles (<1�m). An average nanograin 200

size of about 10–15 nm and a presence of disorder intergrain201

phase for both as-milled alloys were detected. The temper-202
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t

ture of hydrogen desorption of the alloys is substant
ower than that of pure nanocrystalline MgH2. The enthalp
f dehydriding (∼70 kJ/mol H2) is similar for both alloys
CT analysis reveals an equilibrium pressure of about 2.

or the alloy milled first under Ar, and then under hydro
tmosphere. This equilibrium pressure is higher by a
.5 atm than that observed with the alloy prepared u
ydrogen atmosphere only. The result indicates a stro

hermodynamic destabilization of the hydride as a resu
he alloying during the milling under argon. The hydrog
bsorption kinetics in the alloy milled both under argon
ydrogen is markedly faster compared to that in the a
illed under hydrogen atmosphere only.
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