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bstract

In the present study, mechanical alloying technique was used to prepare (Mg2Ni)100−xTix (x = 0, 2.5, 5, 7.5, and 10 wt.%) powders starting from
lemental powder mixture under an Ar atmosphere. The experimental results showed that the absorbed hydrogen content and reversible hydrogen
ontent was 3.14 and 2.40 wt.% for 15 h milled Mg Ni powders, respectively. The maximum hydrogen absorption content was increased to over
2

.8 wt.% with Ti additions. The reversible hydrogen content also increased significantly (18–25%) with Ti additions. Meanwhile, 15 h milled
g2Ni–Ti powders can absorb more than 3 wt.% of hydrogen within 1000 s. Not only the hydrogen absorption ability but the hydrogen absorption

ate were improved by the additions of titanium and MA treatment in Mg2Ni alloy.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Considerable effort has been concentrated on the hydrogen
echnologies from the energy and environmental point of view.
he major techniques for hydrogen storage include to develop
ompressed high-pressure gas cylinder, condensation into liquid
r even solid hydrogen, hydrogen absorption on large-surface-
rea solids such as carbon nanotubes, and metal hydrides [1].
mong those, hydrogen storage by metal hydrides has attracted
&D interests due to the lighter weight, higher hydrogen absorp-

ion percentage, and relatively low cost. Metal hydrides can also
e used in many other applications such as purification, hydride
eat pump, transportation, nickel/metal hydride batteries, etc.
2,3].

Metal hydrides for hydrogen storage can be classified into
arious groups including AB, AB2, A2B, and AB5 [4]. A2B
ype Mg2Ni with its high hydrogen content up to 3.6 wt.% is

potential candidate for practical application. The low hydrid-

ng/dehydriding rate, however, limits its practical application.
echanical alloying (MA) process has been used successfully to

∗ Corresponding author. Tel.: +886 4 24517250x5309; fax: +886 4 24510014.
E-mail address: cklin@fcu.edu.tw (C.K. Lin).
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repare metal hydrides [5–7]. By mechanically grinding starting
aterials, not only the grain size can be reduced but the defect

oncentration increases. Thus hydrogen absorption properties
an be improved. For instance, Zaluski et al. [8] have improved
he hydrogen absorption performance of Mg2Ni by MA. In the
resent study, we intend to improve further the Mg2Ni alloy by
dding reactive Ti elements. MA technique was used to prepare
g2Ni–Ti alloy powders. The structure and hydrogen absorp-

ion properties of as-milled powders were investigated.

. Experimental

Elemental powders of Mg (99.8%, <50 mesh), Ni (99.98%,
300 mesh) and Ti (99.7%, <100 mesh) were weighed to yield

he desired compositions: (Mg2Ni)100−xTix (x = 0, 2.5, 5, 7.5,
nd 10), and then canned into an SKH 9 high speed steel vial
ogether with Cr steel balls (7 mm in diameter with ball-to-
owder ratio = 5:1) under an argon-filled glove box, where a
PEX 8000D shaker ball mill was used for MA. The over-
ll process lasted 15 h and were interrupted every 15 min for

he first hour and every 30 min thereafter. Each interruption
as followed by an equal length of time (∼30 min.) to cool
own the vials. The milling status was examined by using X-ray
iffraction and synchrotron X-ray absorption techniques. The

mailto:cklin@fcu.edu.tw
dx.doi.org/10.1016/j.msea.2006.02.287
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-ray analysis was performed using a Siemens D-5000 diffrac-
ometer (Cu K� radiation). X-ray absorption spectroscopy mea-
urements [9] were performed at the Wiggler-C beamline of
he National Synchrotron Radiation Research Center (NSRRC)
n Hsinchu, Taiwan. The hydrogen absorption properties of
5 h as-milled (Mg2Ni)100−xTix powders were evaluated by
ressure–composition–temperature (PCT) measurements, dif-
erential scanning calorimetry, and thermo-gravimetry analysis
SDT2960 Simultaneous DSC-TGA, TA Instrument). The PCT
easurements were performed at 350 ◦C, while DSC/TGA mea-

urements were performed under an Ar atmosphere at a heating
ate of 5 ◦C/min.

. Results and discussion

.1. Structural characterization

Fig. 1a shows the X-ray diffraction patterns of the as-milled
g2Ni powders with various milling times. Crystalline Mg and
i diffraction peaks were observed at the early stage of milling

nd the peak intensities decreased gradually with increasing
illing time. Formation of Mg2Ni phase can be noticed after
h of milling treatment. Mg2Ni phase with Mg and Ni solid

olutions were obtained after 5 h of MA processing. Grain size
eduction and/or residual strain arose from the MA treatment
nduced observable peak broadening. It is also interesting to
ote that the relative amount of Mg2Ni, Mg, and Ni phases var-
ed with prolonged milling (compared the XRD patterns of 5, 10,
nd 15 h) [10]. The addition of Ti elements influences the struc-
ural evolution during MA. The formation of Mg2Ni phase was
elayed to a milling time of 5 h or more. For instance, the XRD

atterns of as-milled (Mg2Ni)95Ti5 alloy powders was shown in
ig. 1b, where only limited Mg2Ni peak can be observed after
h of milling treatment. A similar trend was observed at the
ther compositions (Ti = 2.5, 7.5 and 10 at.%). It was thought

a
t
a
t

Fig. 1. X-ray diffraction patterns of (a) Mg2Ni and (b) (M
ig. 2. Ni K edge absorption spectra for (Mg2Ni)95Ti5 powders with respect to
he milling time.

hat Ti elements were dissolved into Mg2Ni matrix and the 15 h
illed (Mg2Ni)100−xTix alloy powders were consisted of differ-

nt ratios of Mg2Ni, Mg, and Ni solid solutions.
Except the long range order revealed by the X-ray diffrac-

ion technique, extended X-ray absorption fine structure (i.e.,
XAFS) technique was used to investigate the local atomic
hange during MA. EXAFS spectra (Ni K edge, 8333 eV) of the

s-milled (Mg2Ni)95Ti5 alloy powders as a function of milling
ime are shown in Fig. 2. Similar trend can be observed for
s-milled Mg2Ni powders. It can be noted that EXAFS spec-
ra for those at the early stage of milling (up to 3 h of milling)

g2Ni)95Ti5 powders as a function of milling time.
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nificantly with the additions of Ti elements (only (Mg2Ni)95Ti5
was shown to avoid data overlap). The hydrogen content reached
3.84, 3.88, 3.82 and 3.81 with 2.5, 5, 7.5, and 10% Ti additions,
respectively. Meanwhile, the reversible hydrogen content also
Fig. 3. Radial distribution functions for (a) Mg2

xhibited no significant change. The EXAFS spectrum of 10 h
illed powders was different from that of 3 h one, while 5 h

pectrum is the transient stage. The radial distribution func-
ion (RDF) of the local atomic environment of detected atom
i.e., Ni) can be determined after Fourier transformation [9].
ig. 3 shows the RDFs for Mg2Ni and (Mg2Ni)95Ti5 as-milled
owders. The magnitudes of the RDF indicate the coordination
umbers of detected atom at various distances. Similar RDFs
an be observed at the early stage of milling (3 and 5 h for
g2Ni and (Mg2Ni)95Ti5, respectively). This indicates that the

ace-centered cubic structure of Ni persisted at the early stage
f milling. Significant decrease in the high order peaks can be
bserved when the as-milled powders consisted of a mixture of
g2Ni, Mg, and Ni solid solutions, i.e., 5 and 10 h milling for
g2Ni and (Mg2Ni)95Ti5, respectively. A slight increase of the

earest neighbor bond-length can be noted and (Mg2Ni)95Ti5
owders exhibited a larger increase than that of Mg2Ni powders.
he addition of Ti elements not only postponed the formation
f Mg2Ni phase but expanded the nearest bond length of Ni.

X-ray absorption near edge structure (XANES) of Ti K edge
or those of (Mg2Ni)95Ti5 powders was also investigated to
eveal the electronic structure change during MA. Fig. 4 shows
he XANES spectra of (Mg2Ni)95Ti5 as-milled powders. The
re-edge structure of Ti exhibited (the arrow in Fig. 4) at the
arly milling stage (before 5 h of milling). Slight difference
or 5 h milled powders can be observed when compared with
hose milled less than 3 h. Pre-edge peak disappeared after 10 h

illing. XANES spectra showed that Ti elements within the 5 h
illed (Mg2Ni)95Ti5 powders persisted its electronic structure

nd changed with 10 h milling. Investigations by synchrotron
-ray absorption spectroscopy technique suggested that the
Mg2Ni)95Ti5 alloy powders exhibited elemental characteristics
f Ni and Ti even after 5 h of milling treatment. While 5 h milled
g2Ni alloy powders, without Ti additions, exhibited a mixture

f Mg2Ni, Mg, and Ni solid solutions.
F
t

d (b) (Mg2Ni)95Ti5 powders with milling time.

.2. Hydrogen absorption properties

The PCT measurements of (Mg2Ni)100−xTix milled powders
or 15 h were performed at 350 ◦C. As shown in Fig. 5a, the
bsorbed hydrogen content and reversible hydrogen content for
g2Ni 15 h milled powders was 3.14 and 2.40 wt.%, respec-

ively. The hydrogen absorption properties can be improved sig-
ig. 4. Ti K edge absorption spectra for (Mg2Ni)95Ti5 powders with milling
ime.
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ig. 5. (a) P–C–T and (b) kinetic curves for 15 h as-milled Mg2Ni and
Mg2Ni)95Ti5 powders.

ncreased (from 2.4 wt.% for Mg2Ni) to 2.93, 3.01, 2.93, and
.84 wt.%, respectively. It is suspected that the addition of Ti
lements expanding the lattice structure may be attributed to the
mprovement of hydrogen absorption properties.

In Fig. 5a, it is also noted that the slope within the plateau
egion approached zero. Orimo et al. [11] have reported that
his slope is related to the energy for hydrogen atom diffusion
nto the interstitial sites within the Mg2Ni or Mg2Ni–Ti lattices.
hough MA process commonly induced high lattice strain, the
ydriding at a temperature over 300 ◦C can eliminate the induced
train. The flat slope within the plateau region for 15 h as-milled

g2Ni–Ti powders indicated that hydrogen atom can diffuse
nto alloy powders without overwhelming a large energy barrier.

Fig. 5b shows the kinetic curves for 15 h as-milled Mg2Ni–Ti
owders. It can be noted that a significant improvement of hydro-
en absorption can be observed with the Ti additions, similar to
hat revealed by Fig. 5a. For all the compositions investigated,
5 h as-milled Mg2Ni–Ti powders can absorb more than 3 wt.%
f hydrogen (∼3.5% with Ti additions) within 1000 s. This value
s comparable to the value (3.4 wt.%) reported by Zaluski et
l. [8] who also used MA technique to prepare nanocrystalline
g2Ni powders. The differences may be attributed to the MA
rocessing and/or PCT testing parameters.
Fig. 6 shows the TGA/DSC curves of Mg2Ni–Ti powders.

ydrided Mg2Ni powders exhibited a dehydriding temperature
f 220 ◦C, while no distinct dehydriding temperature can be

w
2
w
d

ig. 6. TGA/DSC curves for hydrided (a) Mg2Ni and (b) (Mg2Ni)95Ti5 pow-
ers.

bserved for (Mg2Ni)95Ti5 powders. Though not shown here,
ydrided (Mg2Ni)92.5Ti7.5 and (Mg2Ni)90Ti10 powders exhib-
ted a dehydriding temperature of 203 and 243 ◦C, respectively.

hile with a limited Ti additions (2.5 or 5 at.%), dehydriding
ehavior occurred over a wide temperature range. Fujii et al. [12]
ave reported that, during the hydriding of mechanically alloyed
owders, hydrogen atoms may occupy the interstitial sites and
he intergranular defects. Dehydriding may occur between intra-
nd inter-grain regions. Therefore a decrease in the dehydriding
emperature can be observed for mechanically alloyed powders
12].

In the present study, (Mg2Ni)92.5Ti7.5 powders exhibited
maximum and reversible hydrogen content of 3.82 and

.93 wt.%, respectively, while dehydrided at a relative low tem-
erature of 203 ◦C. The overall hydrogen absorption properties
an be improved with Ti additions.

. Summary

Hydrogen absorption (Mg2Ni)100−xTix alloy powders
ere synthesized by mechanical alloying. The 15 h milled

Mg2Ni)100−xTix powders exhibited a mixture of Mg2Ni, Mg,
nd Ni solid solutions. The 15 h milled Mg2Ni powders exhib-
ted a maximum and reversible hydrogen content of 3.14 and
.40 wt.%, respectively. The maximum hydrogen absorption
ontent increased from 3.14 wt.% to a value larger than 3.8 wt.%

ith Ti additions. Reversible hydrogen content improved from
.40 wt.% for Mg2Ni powders to 2.93, 3.01, 2.93, and 2.84 wt.%
ith 2.5, 5, 7.5, and 10% Ti additions, respectively. The dehy-
riding temperatures also decreased from 220 ◦C for Mg2Ni to



1 Engin

2
a
e

A

g
N

R

106 C.K. Lin et al. / Materials Science and

03 ◦C for (Mg2Ni)92.5Ti7.5 powders. The additions of titanium
nd MA treatment did improve the hydrogen absorption prop-
rties of Mg2Ni alloy.
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