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Abstract

We focus on the hydriding kinetics of Mii/Ni nanocrystalline and ZgCuspAl 10Nis amorphous powders under reactive milling conditions.
A methodological approach, based on mechanochemical parameters, is presented to quantify the different behaviour shown by the two systems
A decelerating course characterized theahsorption rate in the Mg based powders. Although they were able to abgarbddr static
conditions, a speeding up of the kinetics was observed under milling. The mechanochemicg) géiat is the rate increase at the milling
outset, was found to depend on the specific milling intengjtyBy contrast an incubation period preceded the absorption in the case of the Zr
based amorphous powders. Furthermore, S-shaped trends described the reactive behaviour in this case even if the kinetics was still depender
on I. Irrespective of the milling intensity it was found that the same mechanical work, that is the energy dose, was required to reach the
maximum hydriding rate.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction even under conventional thermodynamic conditions, a period
of milling was always needed to activate the process in the
In the development of metal hydrides for energy storage, case of multicomponent Zr alloys.
important results have been reached in the last decade by re-
fining and controlling the microstructure of absorbing phases
[1-5]. To this ball milling techniques have been largely em- 2. Experimental
ployed underinertatmosphere. Hydrogen kinetics and related
absorption properties are usually studied under conventional Elemental powders, 3N purity at least, were purchased
thermal conditions or via electrochemical activatiér-3]. from different commercial sources. Powder handling, vial
While milling under B atmosphere has been the subject charging and sampling were performed inside an inert at-
of an increasing number of phenomenological and qualita- mosphere glove box, with £and HO content at ppm
tive works, conversely, in this paper, we related the milling level. MgpNi:Ni, 94:6 nanocomposites andsgCugpAl 1oNis
dynamics to chemical conversion data, to quantify possible amorphous alloys were mechanically alloyed starting from
advantages of absorption under dynamic reactive milling. It the pure elements. Ball milling processes were performed by
allows one to evaluate the amount of Bbsorbed as a direct a Spex Mixer Mill, Mod. 8000, using hardened steel vials and
consequence of the mechanical energy pulses. balls. In particular, the hydriding tests were conducted in an
Different characteristic behaviours emerged, which were expressly manufactured steel cylinder with covers equipped
exemplified by two well known hydrogen storage systems with gas inlet valves and filters. A powder mass of 8 g was
[9,10], Mg2Ni/Ni composites and Zr-based quaternary alloys. treated in each run. Teflon pipes were used for the vial con-
While nanostructured MdNi/Ni alloy was able to absorb H nection to a volumetric apparatus. Isobar conditions were
kept constant inside the vial at 0.4 MPa by a pressure regula-
* Corresponding author. Tel.: +39 079 229524; fax: +39 079 212069. tor, and absorption was monitored by registering the pressure
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Structural analysis was performed using a Rigaku DMax
diffractometer equipped with Cu Kradiation. Crystallite
size and strain were evaluated by the Rietveld method em-
ploying M.A.U.D. softwarg11].

Since the ball to powder ratio is of little concern to qual-
ify the milling conditions, then we related the absorption
data, expressed as molelgs1, to the mechanical energy

delivered to the powders. Such procedure demands a precise

control of the milling dynamics, from which two important
parameters can be worked out, that is the impact engErgy
(J), and the impact frequendy (s~1). Together they define
the milling intensityl (W), asI = EN, and its normalised
valuely, (by scalingl to the powder mass in the vial), which
determines the total mechanical work done on the system
in the course of the treatment. In the following the values
of I, are quoted for each of the trials. Complete details of
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Fig. 2. Hydriding process for the Myli/Ni nanocomposite: absorption un-
der conventional thermal activation, left side, was followed by trials carried
out under milling conditions at the quotdg values.

the above procedure to characterize the key parameters of theoncern, then, to relate this kinetics to the microstructural
mechanical treatments, as well as of the volumetric apparatusfeatures of the nanocomposite here studied. Complete results

developed to carry out the hydriding processes under milling,
are reported in the referenci®12,13]

3. Results and discussion

The X-ray diffraction pattern of the nanocomposite
Mg2Ni/Niis shown in the lowest trace &fig. 1L Such sample
was able to absorb hydrogen at 298 K without mechanical ac-
tivation, i.e. without milling, and the relevant kinetic curve,
under this static condition, is shown in tRig. 2, initial curve
trend. We plotted the fraction of the total absorbedbles,

of the X-ray analyses of the lowest pattern quoteéio 1,

are given in a companion papé?3]. Small particles of pure

Ni, of about 200 inside, corresponding to a surface area
of 19n? g~1, were present in the tested powders, coexisting
with a spread of MgNi domains, averaging 6A. Beyond

the exact value of the crystallite sizes, we underline the coex-
istence of pure Ni and MdNi nanostructured domains. From

it an interconnected structure can be surmised, with privi-
leged diffusion path for Bl It can be conceived that the Ni
patches play a key role in the dissociative chemisorbingof H
molecule, which is maintained as the first step ofbblid
interaction, with consequent spill-over towards the absorbing

«, and the amount of absorbed moles per mass unit, versus thé1g2Ni phase and final bulk diffusion. The initial lack of prod-

absorbing time. The absorption rate was maximum at the pro-
cessonset,.8 x 10-°mole g-1s~1, and decreased through-
out, towards a saturation level, a2 10’ molegts1,

uct phases surrounding the Wi grains justifies the initial
high rate. Then, as absorption proceeded, a longer diffusion
path is demanded for the hydrogen atoms. Furthermore, the

after about 1 h. Such a decelerating behaviour, has been obhydride layer formation reduces progressively the develop-

served for several nanostructured substrates under differen
thermodynamic conditionfl,3-5] It could be of general
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Fig. 1. Cu Ku XRD patterns relevant to MdNi/Ni (lower curves) and
Zrs55CugpAl 10Nis (upper traces) powders in the as prepared state and af-
ter hydriding tests.

tng hydride-residual MgNi interlayer, and consequently the
number of available absorbing sites. According to the con-
tracting core moddlL4], it explains the decreasing of the rate
until saturation.

With the aim to verify the role of the mechanical action
on the absorbing behaviour, hydriding was continued under
milling, as shown inFig. 2, where new rising trends were
registered following the outset of the mill. Three different in-
tensities were tested, and the differences between the initial
absorbing rates under milling and the limit rate under static
conditions, provide a first evaluation of the milling action.
The absorbing rate increased t6% 10-’ molegts1,
7.58x 10 "molegts 1, and17 x 10 molegts1,re-
spectively, at0.31 Wt (a), 0.61Wg? (b),and 0.88 W g?

(c). Referring these quantities to62x 10~ moleg st
quoted above for the process going to static saturation,
one obtains a quantitative evaluation of the reaction speed-
ing up: we called it mechanochemical gaj,. In detail

gm =10x10"molegls?tatiy=031Wg1 g, =
498x 10 "molegtstat 0.61Wg?, andg, = 1.44 x

10 %molegls! at 0.88Wg?l. Absorption quantitative
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data can be scaled to a microscopic view: the abgye often related to the presence of oxide layers, which hinder
values, expressed as atoms sare respectively.2 x 107, the start of the absorbing reaction, the accelerating trend has
5.99 x 1017 and 174 x 108, which, in turn, when related  been explained in terms of nucleation and growth mecha-
to the collision frequency (in these tests a milling regime nism referring to a JMAK kinetic§16,17] As a matter of

of 29 collisions per second was employed) permit to esti- fact it is possible to fit the experimental sigmoids by one of
mate the number of atoms chemisorbed as a result of thethe equations related to nucleation and growth phenomena,
kinetic energy transferred during a collision, correspond- however it is not straightforward to ascribe a direct physi-
ingto 415 x 105 atoms hit1, 2.07 x 106 atoms hit1, and cal meaning to the parameters worked out since the separate
5.98 x 106 atoms hit1, respectively. It is noticeable that nature of the reactants in powder form, which displays a dis-
even for a small augment dfy, g, increased more than tribution of the particle dimensions, and subjected to thermal
14 times. Since in the,, parameter several factors combine, shocks and mechanical pulsg<]. In these trials, due to

a deeper understanding of the reaction mechanism requireghe lack of absorption under static regimes, Hhe corre-
further considerations and some work is in progress on this sponds to the hydriding rate originating as a consequence of
topic. We conclude this part on MYyli/Ni alloy by noticing mechanically induced regimes, and an analysis in terms of
that at the end of mechanical treatment, i.e. when no moreg,, is still possible. However, a different approach was fol-
hydrogen absorption was observed, the same structural translowed here to highlight the effect dfy; on the absorbing
formation occurred in the three specimens, independently byrate.

the applied’;. Representative pattern is showrig. 1 The We considered the timey4x, at which the curves in
main phase is the Mg@NiH4, accompanied by the poorer hy-  Fig. 3reached the maximum transformation rate. Then a lin-
dride Mg@NiHg 3, and their relative amount justify the final ear trend is observed by quotingl;4 xversusiy, for the

H/M wt% of 3.02, while the percentage of Ni did not change. tested samples, as showrFig. 4. It is then possible to com-
Preliminary tests relevant to crystalline Zr evidenced that at pare the experimental results according to the:

room temperature and 0.4 MPa of Hbsorption started only

after a milling period, related to the milling intensity, and 1
an S-shaped kinetics was observed, see the indéigin3. tMAX
Amorphous powders of the &4CugpAl10Ni1g composition

showed a similar behaviour. Absorption started only under WhereK is the slope of the linear trend. It is equivalent to
dynamic regimes and after an incubation period, and still Write:

sigmoid kinetic curves were registered. However, a strong

dependence was observed by modulating the milling inten- K’ = = = Ity 4x = constant

sity. Results are presentediilg. 3asa versus the milling k
time. The valuex = 1 corresponds, in all the tests, to 1.45
H/Mwt%. The workingl,, are given in the figure caption.
Such shape of kinetic curve has been already reported for
mechanochemical reaction between so]iig or solid and

gas phase§l5,16] While the incubation period has been

=Kly

whereK’ = 493J g1 is a constant, and represents the spe-
cific energy doseD,,, which must be delivered to the pow-
ders to reach the maximum absorption rate. One also notes
that Dy, does not depend on the rate of the energy transfer,
Iy, and therefore is an invariant quantity, which characterises
the process. Such behaviour suggests that the same hydriding
mechanism is operative, independently by the appligdas
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Fig. 3. Absorption kinetic curves for the 8CuzoAl 10Nis amorphous pow- 4
ders at different milling regimes. All the traces show an evident sigmoid Iy, Wg
trend with induction milling periods depending on the appligd Curve a:
Iy =0.25WgL; curve b:Iy = 0.09Wg?L; curve c:Iyy = 0.05Wg?; Fig. 4. H absorption in ZgsCusoAl 10Nis system. Linear trend in the plot of

curve d:Iy; = 0.03W g 2. In the inset kinetic trend relevant to pure crys-  the reciprocal values of the time corresponding to the maximum absorption
talline Zr is shown. rate, ¥ ryax, versus the specific milling intensity; .
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