
A

m
T
t
r
i
p
a
©

K

1

f
a
a
v
h
a
i
a
a
[

r

S
f

e

0
d

Journal of Alloys and Compounds 459 (2008) 425–432

Structural characterization and hydrogen sorption
properties of nanocrystalline Mg2Ni

F.C. Gennari a,b,∗, M.R. Esquivel a,b,c

a Consejo Nacional de Investigaciones Cientı́ficas y Técnicas, CONICET, Centro Atómico Bariloche (CNEA),
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bstract

The structure, chemical distribution, microstructure and thermal stability of a 2Mg–Ni mixture milled at different times in a low energy ball
ill were investigated. After short time processing, a mixture of amorphous Mg-rich phase, nanocrystalline Mg and crystalline Ni was obtained.
he crystallite size reduction and strain increment along with the formation of an amorphous phase was associated to the refinement of Mg at

his stage. After long time milling, nanocrystalline Mg2Ni was produced and both amorphous Mg-rich phase and Ni remained in the mixture as

esidual phases. Stable nanocrystalline Mg2Ni was successfully synthesized by a combination of low energy mechanical alloying and further non-
sothermal heating up to 300 ◦C. The reactivity and equilibrium features of Mg2Ni were characterized by both hydrogen absorption/desorption and
ressure–composition isotherm measurements. The nanostructured intermetallic showed a 3.0 wt% hydrogen storage capacity without activation
nd excellent hydrogen absorption/desorption kinetics.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The ternary hydrides of the MgxTHy (T: transition metal)
amily represent a promising alternative as hydrogen stor-
ge materials. Noteworthy of study are Mg2FeH6, Mg2CoH5
nd Mg2NiH4 due to their respective high storage capacity
alues of 5.5, 4.5 and 3.6 wt% along with high volumetric
ydrogen density comprised between 100 and 150 kg H2 m−3

nd low cost. However, single-phase hydrides of this fam-
ly are not easy to produce mainly because of either the
bsence of a precursor alloy such as Mg2Co or Mg2Fe or
large difference between the melting points of the metals
1,2].
Two stable intermetallics, Mg2Ni and MgNi2, have been

eported in the Mg–Ni system [1]. While MgNi2 does not absorb

∗ Corresponding autor at: Centro Atómico Bariloche (CNEA), R8420AGP,
.C. de Bariloche, Rı́o Negro, Argentina. Tel.: +54 2944 445118;
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ydrogen, Mg2Ni forms Mg2NiH4. This hydride has a lower
apacity than MgH2 (3.6 wt%) but faster hydriding kinetics
3]. Mg2NiH4 possesses a high temperature (HT) cubic and

low temperature (LT) monoclinic structure [4,5]. The first
ne transforms into the second one on cooling. LT hydride
tructure is difficult to obtain by direct hydrogenation under
oderate pressure conditions while HT hydride structure is eas-

ly produced by hydrogenation of Mg2Ni at high temperature
4,6].

Melting is the traditional technique to produce Mg2Ni. How-
ver, the large differences in the melting point and vapor pressure
etween the constituents make difficult the synthesis of a high
uality intermetallic. Nevertheless, this goal is fulfilled by addi-
ional processing such as re-melting, Mg addition or annealing
elow the peritectic temperature. An alternative for synthesiz-
ng Mg2Ni is the use of the mechanical alloying (MA) process
6]. This technique is commonly utilized to obtain a high variety

f materials including intermetallics, ceramics, solid solutions
nd metastable phases such as amorphous alloys and supersat-
rated solutions [7]. It overcomes many of the limitations of
onventional alloying processes and has the advantage of cre-
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The evolution of the 2Mg–Ni mixture as a function of milling
time is presented in Fig. 1. A mixture of elemental Mg and
Ni is clearly observed after 10 h of milling. JCPDS Powder
Diffraction Data Reference Card Nos. 04-0850 and 35-0821
26 F.C. Gennari, M.R. Esquivel / Journal of

ting true alloys of metals and non-metal composites that are
ifficult to combine otherwise. The cycle of fracture and cold
elding occurring during the MA of the metals mixture induces

n increase of the amount of surface defects and a reduction in the
rystallite size to the nanometer range [7]. These parameters are
elevant to reduce hydrogen pressure, temperature and activation
ime, to improve hydrogen absorption/desorption kinetics and to
ncrease the absorption capacity of a specific material. There-
ore, MA process can be considered a powerful technique to pro-
uce hydrogen-absorbing alloys with enhanced properties [6].

Intermetallic Mg2Ni has been successfully formed using
ainly high energy milling [6,8–16]. Huot et al. [8] showed

hat MA of the 2Mg–Ni mixture leads to the Mg2Ni formation
nd the stationary state was reached after 22 h. The authors
entioned that the MA process was not very effective and it

nly occurred on the powder surface. Singh et al. [10] observed
he Mg2Ni formation with some free Ni after 100 h of milling.
fter activation, the maximum hydrogen storage capacity

eached was 3.2 wt%. Zaluski et al. [6] formed nanocrystalline
g2Ni by MA using high energy mill and high ball-to-powder
ass ratio. The ball milled material absorbed hydrogen with

o activation reaching a final hydrogen content between 3
nd 3.4 wt%. Chen et al. [12] obtained crystalline Mg2Ni
fter 14 h of milling. Further processing produced intermetallic
morphization. Research in most recent works has been oriented
o optimize the Mg2Ni synthesis procedure by modification of
illing parameters [13–15]. Only two investigations analyzed

he hydrogen sorption properties of the milled materials [13,16].
bdellaoui et al. [13] studied the hydrogen sorption of the
illed materials after activation by thermal treatment, showing

he best hydrogen absorption capacity reported (3.5 wt%).
passov et al. [16] characterized hydrogen desorption behavior
f nanocrystalline/amorphous phases obtained after high energy
illing and the hydrogen storage capacity was about 2.2 wt%

t 220 ◦C. Despite all the research done, there still is a lack
f research on the ball milling of Mg–Ni mixture using low
nergy milling, except for the work by Aymard et al. [17].
hese authors detected a mixture consisting of an amorphous
hase and pure Ni after 200 h of milling. They suggested that
he amorphous phase consisted of Mg2Ni and nanocrystalline

g. Complete Mg2Ni formation was observed after 20 h of
hermal treatment at 300 ◦C. No measurements on hydrogen
bsorption/desorption properties were reported.

In the present study, the 2Mg–Ni mixture was mechanically
lloyed using a low energy mill to produce nanocrystalline
g2Ni and to characterize their hydrogen storage properties.

he MA process leads to the formation of a Mg-rich amorphous
hase, residual Ni and/or nanocrystalline Mg2Ni as a function
f milling time. The annealing up to 300 ◦C of the MA samples
an interesting temperature for hydrogen absorption/desorption

rom Mg2Ni – introduces relevant microstructural and structural
odifications in the phases detected. The goal of this study

s to produce nanocrystalline Mg2Ni by combination of MA

rocess and annealing, which exhibits good hydrogen absorp-
ion/desorption properties without activation. This research is
art of a wider project oriented to obtain some fundamental
nowledge of the physicochemical behavior of the Mg–Ni,

F
o
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g–Co and Mg–Fe systems in the presence of hydrogen
18–20].

. Experimental

The mechanical alloying processes were carried out using a Uni-Ball-Mill
I apparatus (Australian Scientific Instrument). A mixture of pure magnesium
99.9%) and nickel powders (99.99%) with an atomic proportion of 2:1 was
ntroduced into a stainless steel container together with ferromagnetic steel balls.
ll handling of the powders was performed in a glove box under purified argon

tmosphere. The mixtures were milled for different times up to a total of 320 h.
he milling processes proceeded in a stationary argon atmosphere. The ball-to-
owder weight ratio selected was 42:1.

At regular intervals, the container was opened in an argon dry box and a small
mount of powder was withdrawn for analysis by X-ray powder diffraction
XRD), scanning electron microscopy with energy-dispersive X-ray analyzer
SEM–EDX) and differential scanning calorimetry (DSC). The structural evolu-
ion during MA and subsequent annealing was investigated by XRD (Philips PW
710/01 Instruments) using Cu K� radiation (graphite monochromator). Strain
nd crystallite size effects were estimated from diffraction peaks by assuming
mpirically a Gauss and Cauchy (Lorentz) components distribution [21].

The morphological, chemical and microstructural characterizations were
erformed with SEM (SEM 515, Philips Electronic Instruments) and EDX on
esin-mounted and polished samples. The thermal behavior of the samples was
tudied by DSC (DSC 2910, TA Instruments) using 5 ◦C min−1 of heating rate
nd 122 ml min−1 argon flow rate.

Dynamic pressure–composition isotherms (PCI) and hydrogen sorption
inetics were obtained using a modified Sieverts-type device, coupled with a
ass flow controller [22]. Each sample was heated up to the reaction temper-

ture under vacuum and kept at this temperature for 30 min before hydrogen
eaction.

. Results and discussion

.1. Intermetallic formation: microstructural, structural
nd thermal analysis
ig. 1. X-ray diffraction patterns of the 2Mg–Ni mixture after MA as a function
f milling time.
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Table 1
Evolution of the average crystallite size d (nm) and average strain (%) of the
different phases with the milling time

Milling time (h) Mg Ni Mg2Ni

d (nm) Strain (%) d (nm) Strain (%) d (nm) Strain (%)

10 68 4 53 3 – –
70 54 6 50 4

1
1
2

F
a

F.C. Gennari, M.R. Esquivel / Journal of

ere assigned to cubic Ni and hexagonal Mg, respectively. As
illing time is increased, diffraction peak intensity and width are

educed and augmented, respectively. The correlation between
hese effects and changes on the crystallite size and strain is sum-

arized in Table 1. A noticeable broadening of the Mg peaks
ttributable to the reduction of the crystallite size and plastic
eformation is observed at milling times higher than 70 h. At
illing times higher than this value, the diffractograms exhibit
broad bump between 30◦ and 40◦ evidencing the formation of
n amorphous phase. Unlike the evolution of Mg, changes on the
i peaks are less evident up to 100 h of milling. Further milling

nly produces slight structural changes on Ni as observed on
1 1 1) and (2 0 0) diffraction peaks. The peak broadening and
ntensity lowering associated to crystallite size reduction and
train increase for the Ni phase are also shown in Table 1.

t
M
C

ig. 2. SEM backscattered electron images after milling for 10 h (A and B), 100 h (C
nd agglomerate details (B, D and F).
00 25 10 49 4 – –
50 18 14 43 4 – –
00 – – 27 8 16 28
After 200 h of milling, Mg(1 0 0), (0 0 2) and (1 0 1) diffrac-
ion lines evolve as a one broad bump and the formation of

g2Ni intermetallic phase (JCPDS Powder Diffraction Data
ard No. 35-1225) is detected. At this stage of milling, a mix-

and D) and 200 h (E and F). Distribution of the agglomerate sizes (A, C and E)
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time, a reduction of the broad peak in the 2Θ = 35–40◦ region is
clearly observed. These results are correlated to two simultane-
ous processes present within the first reaction during annealing.
28 F.C. Gennari, M.R. Esquivel / Journal of

ure of nanocrystalline Mg2Ni, nanocrystalline Mg-rich phase
nd Ni is observed. No changes on the phases are detected by
urther milling up to 320 h (not shown here). Neither MgNi2 nor

gO diffraction peaks were found after 320 h of MA. The for-
ation of nanocrystalline Mg2Ni after 200 h of milling is most

ikely associated to the crystallization of an amorphous phase
roduced as a consequence of long time MA as assessed in the
ext paragraphs.

SEM images of 2Mg–Ni mixture milled 2 h (A and B), 100 h
C and D) and 200 h (E and F) obtained with backscattered
lectrons are shown in Fig. 2. Darker and brighter zones are
ssociated to Mg and Ni, respectively. As milling progresses,
he agglomerate size decreases from 100–150 to 5–50 �m as
isplayed in Fig. 2A, C and E. The evolution of the Mg–Ni dis-
ribution as milling time increases is displayed in agglomerate
etails observed in Fig. 2B, D and F. Typical ductile–ductile cou-
le lamellar structure is present at the beginning of the process
Fig. 2B). Milling progression incorporates Ni particles of sizes
p to 30 �m into the Mg matrix. This process and refinement of
he microstructure are enhanced as the cycle of fracturing and
old welding continues as shown in Fig. 2D. At this stage, Ni
articles of sizes smaller than 5 �m are still identified into Mg
atrix. Further milling increases the degree of mixing between
g and Ni and it is practically impossible to differentiate richer

ones of either element. Ni particle size is now reduced to values
maller than 1 �m, with exception of some clusters. It is in agree-
ent with EDX analysis shown in Table 2. These measurements
ere performed on the dark area of agglomerates after different
illing times. From these series of values, it is deduced that Mg
atrix incorporates Ni as milling time increases, approaching

he nominal composition of Mg2Ni at 70 h of milling. As an
nteresting result, crystalline Mg2Ni formation is not observed
n XRD pattern at this milling time. However, the existence of
n amorphous phase is evidenced in Fig. 1. This phase can be
onstituted by a Mg-rich phase Ni content is increased as milling
volves as indicated by the results shown in Table 2.

Thermal stabilities of the 2Mg–Ni powders after MA were
nvestigated using a combination of DSC followed by XRD
nalysis. A unique thermal behavior during MA evolution is
bserved in Fig. 3. It is described by the presence of two exother-
al peaks shown in DSC curves of this Figure. The first one

ppears between 100 and 150 ◦C. The second one occurs in a

ider temperature zone ranging from either 150 ◦C or higher to
00 ◦C or higher temperatures. Each event is characterized by a
ecrease of temperature as milling time increases. This effect is
tronger for the second peak showing a decrease in both starting

able 2
DX analysis performed on dark area from SEM backscattered electron images
fter different milling times

illing time (h) Atomic percent

Mg Ni

2 100 –
0 98 2
0 91 9
0 74 26

F

s and Compounds 459 (2008) 425–432

nd finishing temperatures. As displayed in Table 1 and Fig. 1,
he presence of nanocrystalline Mg2Ni before heating can be
elated to the minor temperature differences observed for the
ample milled 200 h.

The calculation of the heat flow as a function of milling time
as done for the first exothermal event. Values obtained are 5.4

nd 14.4 J g−1 for 30 and 70 h of processing, respectively. As
illing progresses, heat flow values increase and pass to a maxi-
um reaching 43.2 and 45.6 J g−1 at 100 and 150 h, respectively.
alues decrease at long milling times leading to a 40.8 J g−1 at
00 h. The wide temperature range of the second exothermic
vent makes difficult both the calculation of the heat flow and
he selection of the baseline.

To clarify the origin of the two exothermal reactions, a com-
ination of DSC experiments run up to a temperature above each
hermal event followed by samples withdrawal and further XRD
nalysis was carried out. Two sets of samples were selected for
his analysis based on the identity of the phases present in the
tarting material. Samples treated during 100 and 200 h of MA,
eferred to as MA100 and MA200, were chosen. Their phase
ompositions are shown in Table 1 and Fig. 1, respectively.

Two exothermal peaks centered near 133 and 237 ◦C are
xhibited in the DSC curve of MA100 sample displayed in
ig. 3. The starting phases are nanocrystalline Mg and crys-

alline Ni as shown in XRD patterns of Fig. 4. After heating
p to 160 ◦C, an improvement of the Mg crystallinity and for-
ation of Mg2Ni are observed in agreement with data shown

n Table 3. Crystallite size of Mg is increased from 25 to 44 nm
nd nanocrystalline Mg2Ni is formed due to heating. At the same
ig. 3. DSC curves of mixture 2Mg–Ni after MA as a function of milling time.
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Table 3
Evolution of the crystallite (average) size d (nm) and average strains (%) of the different phases after annealing

Sample Temperature (◦C) Mg Ni Mg2Ni

d (nm) Strain (%) d (nm) Strain (%) d (nm) Strain (%)

MA100 – 25 10 49 4 – –
160 44 6 50 4 20 25
300 115 2 74 2 50 9
400 – – – – 161 2

MA200 – – – 27 8 16 28
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the formation of an amorphous phase revealed by a background

◦

140 22 11
300 – –
400 – –

he first one is the crystallization into crystalline Mg2Ni of an
morphous Mg-rich phase formed during milling of composi-
ion shown in Table 2. The second one involves the grain growth
nd strain relaxation of Mg. The heat flow value calculated for
his first exothermic peak is 5.4 J g−1.

Phase composition changes are observed after withdrawal of
amples at temperatures higher than the ending of the second
xothermic broad peak. Extra Mg2Ni formation correlated to an
ncrease of their peak intensities and a simultaneous decrease of
he diffraction lines of Ni and Mg are revealed by XRD analysis
erformed at this temperature as shown in Fig. 4. Complete
ormation of Mg2Ni and total disappearance of both Ni and

g are observed after heating at 400 ◦C. Therefore, the second
eaction peak shown in Fig. 3 is partially associated with thermal
ctivated reaction between the residual Mg and Ni phases.

XRD patterns of MA200 composed mainly of Mg2Ni and
i nanocrystalline are shown in Fig. 5. After annealing up to
40 ◦C, a transformation of some sample material into crys-
alline Mg2Ni and remaining Ni is observed. Mg peaks become
learly observed, Ni crystallite size increases and Mg2Ni size

emains close to values of 15 nm. Two processes related to the
rst exothermic peak are evidenced by the analysis of the DSC
cans and XRD patterns. The first is the crystallization of Mg2Ni
rom an amorphous phase precursor and the second is the simul-

ig. 4. XRD patterns of MA100 as-milled sample and after DSC runs stopped
t 160, 300 and 400 ◦C.

p
p
c

F
a

41 7 15 29
– – 32 14
– – 73 6

aneous grain growth and strain relaxation of Mg and Ni. The
inor amount of heat flow (40.8 J g−1) associated with the first

hermal event is due to the partial crystallization of Mg2Ni
rom amorphous Mg-rich phase during long milling. The dis-
ppearance of Mg and Ni phases related to the complete Mg2Ni
ormation is due to subsequent heating up to 300 ◦C. Then, it is
ossible the synthesis of Mg2Ni via a combined MA for 200 h
ollowed by non-isothermal heating up to 300 ◦C. These are
ilder conditions respect to previous work using low energy
ill [17]. Unlike that case, total formation of Mg2Ni is observed

n MA100 after non-isothermal heating up to 400 ◦C as shown
n Fig. 4.

The mechanism of MA process of the 2Mg–Ni mixture can be
educed from systematic analysis of XRD, DSC and SEM/EDX
ata. Although the refinement of each metal is different, size of
oth Mg and Ni grains are progressively reduced during the first
ours of milling. As this process progresses, Mg peaks become
roader than those of the initial sample. It is associated not only
o a strong crystallite size reduction and strain increase but also to
eak in the 2Θ = 35–40 region. The existence of a Mg-rich
hase which Ni content is increased as milling progresses is
orroborated by EDX analysis. The heat flows of simultaneous

ig. 5. XRD patterns of MA200 as-milled sample and after DSC runs stopped
t 140, 300 and 400 ◦C.
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morphous phase crystallization and grain growth–relaxation
rocesses were calculated from DSC runs. The values are prac-
ically 0 for 10 h which in turn is related to the absence of the
morphous phase and about 43 J g−1 for 100 h. Since the crystal-
ite sizes of Mg and Ni are 18 and 43 nm after 150 h of milling,
he refinement evolution of the first metal is much faster than
he second one. It is in agreement with previous results [15,16]
nd also with predictions in relation with their crystallographic
tructures [23].

Amorphous Mg-rich and crystalline Ni phases along as
anocrystalline Mg2Ni with average crystallite size of 16 nm
s produced by further milling up to 200 h. Nevertheless, no
omplete Mg2Ni formation is reached during MA, and residual
i is still detected after 320 h of milling. The crystallization of

he amorphous phase formed during milling is induced by low
emperature annealing lower than 150 ◦C.

Both minimal unreacted Mg and Ni crystalline phases and
lose to maximum amorphous phase amounts are related to
ighest heat flow measurements after 100–150 h of milling. The
rystallization of the amorphous phase and fractional sample
ransformation to Mg2Ni is performed under milling evolution.
olid-state interdiffusion reaction between Ni and Mg particles

s achieved during subsequent heating up to 300 ◦C. Since most
f the sample was already transformed into Mg2Ni by milling,
he heat flow evolved from DSC runs is smaller. Full Mg2Ni for-

ation with crystallite size of 32 nm is the effect of annealing up
o 300 ◦C. Therefore, grain growth for the sample milled 200 h
nd annealed up to 300 ◦C is not substantial. It is concluded that
A followed by annealing is an appropriate technique to pro-

uce stable nanocrystalline Mg2Ni microstructures at 300 ◦C.
Moreover, experimental evidence of the processes present

uring thermal evolution of sample is summarized in Table 3.
irst exothermal event is associated to grain growth and strain
elaxation during crystallization of Mg-rich amorphous phase
o form Mg2Ni, while second thermal event is correlated to
olid–solid Mg–Ni interdiffusion. The contribution of grain
rowth and relaxation processes on both exothermal events was
ot demonstrated before [14–16].

Clear evidence of the formation of nanocrystalline Mg2Ni
uring low temperature annealing is provided by this
hermal–structural study. It has two different relevant con-
equences. Firstly, it is possible to produce Mg2Ni by
ombination of low energetic mechanical milling followed
y non-isothermal heating up to 300 ◦C. Secondly, interesting
bsorption–desorption properties are expected for nanocrys-
alline Mg2Ni. Since sorption kinetics of Mg-based alloys is
iffusion limited and it can be very fast in the grain bound-
ries with an occupancy of up to 30% of the total volume of
anocrystalline powders, absorption and desorption rate should
e improved. The sorption properties of the MA200 sample are
tudied at 300 ◦C in the following section.

.2. Hydrogen storage properties
Dynamics absorption and desorption PCIs at 300 ◦C of the
A200 sample are shown in Fig. 6. An extended plateau with

he pressure increase is exhibited by the first absorption cycle

h
t
d
s

ig. 6. Pressure–composition absorption/desorption curves at 300 ◦C for
A200 composite.

ue to the transformation of Mg2Ni to Mg2NiH4. After 10 cycles
f absorption/desorption a flat plateau at 0.57 MPa is obtained.
t is extended up to 3.2 wt% of hydrogen. It is known that upon
ycling the sample suffers particle size reduction and pulveriza-
ion of the material, which favors the hydriding process. During
he 10th desorption cycle a flat plateau at about 0.32 MPa can
e identified, showing the previously reported hysteresis in the
g–Ni–H system [3]. The data of the plateau pressure are similar

o those reported for Mg2Ni produced from both metallurgical
rocesses [3] and nanoparticles [22]. The most remarkable result
s the good absorption capacity observed without activation pro-
ess from the first cycle.

To characterize the hydrogen sorption kinetics of nanocrys-
alline MA200 sample, the temperature dependence was studied
s shown in Fig. 7. Initial hydrogen pressure selected was
.9 MPa. Very fast hydrogen absorption rates were observed
t temperatures between 150 and 300 ◦C as displayed in
ig. 7A. Two different steps are present during hydrogen absorp-

ion curves. The first one occurs in less than 100 s, while
he second one involves longer times. This behavior can be
elated to the presence of a lot of crystallite boundaries pro-
uced under milling. These boundaries act as fast diffusion
aths for hydrogen atoms. These defects created on the sur-
ace of the mechanically synthesized material can play the
ole of the nucleation sites for the formation/decomposition
f Mg2NiH4 during the absorption/desorption cycles. Similar
ehavior and absorption rate were observed during hydro-
en absorption for nanocrystalline Mg2Ni synthesized from a
ydrogen plasma–metal reaction [24,25] and from nanocrys-

alline Mg2Ni produced by high energy MA [6]. Although the
riving force for hydrogenation increases, the total hydrogen
torage capacity decreases as temperature does as shown in
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ig. 7. Hydrogen (A) absorption and (B) desorption of MA200 composite at
esorption pressure, Pd = 0.4 MPa.

ig. 7A. This phenomenon was observed and analyzed before
nder equilibrium conditions [26]. Then, the reaction rate seems
ot to be dominated by thermodynamic driving force. More-
ver, the kinetic analysis should consider the occurrence of
T–HT hydride phase transition near 250 ◦C, and the difficulty
o produce the LT modification under moderate experimental
onditions [11]. Additional measurements must be performed
o clarify the contribution of each step on the total hydrogen
bsorption rate.

Hydrogen desorption from hydride MA200 composite is
llustrated by curves in Fig. 7B. At 250 ◦C, desorption rate is fast
nd 1000 s are enough to desorbed 3 wt% of hydrogen. On the
ontrary, hydride decomposition was practically non-detectable
t 200 ◦C in agreement with DSC measurement (not shown).
esults in the literature indicate that desorption times of Mg2Ni
illed are typically 1500 s at 250 ◦C [9]. Therefore, it seems

hat longer milling leads to better kinetics for Mg2Ni by cre-
tion of activated surface, crystallite boundaries, defects and
ther nanocrystalline characteristics.

. Conclusions

Mechanical alloying of the 2Mg–Ni mixture using a low ener-
etic mill was carried out. The milling during the first 100 h leads
o the formation of nanocrystalline Mg, crystalline Ni and a Mg-
ich amorphous phase. Nanocrystalline Mg2Ni is produced after
00 h of milling, simultaneously with Mg-rich amorphous phase
nd Ni. The formation of an amorphous Mg-rich phase during
illing was demonstrated by using systematic XRD, DSC and

EM/EDX analysis. A combination of low energetic mechan-

cal alloying and heating up to 300 ◦C under argon allows the
ynthesis of homogenous and nanocrystalline Mg2Ni powders.
rystallization of Mg-rich amorphous phase and simultaneously
rent temperatures. Initial hydrogen pressure during absorption, Pi = 2.9 MPa;

rystallite growth–strain relaxation of Mg and/or Ni is produced
y annealing at 300 ◦C. Nanometer Mg2Ni is obtained dur-
ng heating up to 300 ◦C with a final crystallite size of about
0 nm.

Nanocrystalline Mg2Ni synthesized by combined
illing–annealing procedure is stable on hydriding/dehydriding

ycling. Readily hydrogen absorption during the first cycle
ithout activation is obtained for this material. Absorption
inetics at 200 ◦C is better than that of MA nanocrystalline
g2Ni reported in previous works. Desorption rate is slightly

mproved at 250 ◦C compared to high energy mechanical
lloyed Mg2Ni. The good sorption properties are associated
ith the particular nanostructure of Mg2Ni, which is dependent
f the mechanochemical history and annealing temperature.
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(2003) 242–254.
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