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hundamental parameters approach |74.75] Electron microscopy was made wirth a
Jeal JSM-5500 SEM. To improve canductivity. 3 gold depait of 17 nra was spunered
on the sampies using 4 POLARON 3C 7620 sputter coater. Alomic absorption has
been dome tn the ball milled sarples in verify the ponsibility of iror contamination
from the halls and the crucible, The apparatis wsed was an Atomic absorplion spec
trometes Varian SpecirAA with 3 wavelength of 272 am.

3. Resuits and discussion

3.1. Morphology

Before starting. it is important to note that cold rolling and ball
milling have been performed under argon atmosphere al room
temperature in Sections 3 1-3.3. Morphology of as-received, cold
rolled and ball milled LaNis is shown in Fig. |. The as-received
LaNis consists of particles ranging from 20 1o 200 pm. After cold
rolling. the alloy shows consolidation of the powder. Cold rolling
the sample for 5 times agglomerates the powder into plates and
particle size is now ranging from 1 to 20 pm. In the case of ball
milling. it produces an important reduction of particle size with a
different morphology. After milling, individual particles with sizes
ranging from 1 to 10 pm are now lumped into larger agglomenrates.
After 15 min of ball milling, the agglomerates sizes are about 50—
150 pm and after 60 min, they are reduced to a range from 5 to
50 pm.

3.2. Hydrogen sorption properties

Fig 2(a) shows the first hydrogenation (activation) of atl sam-
ples at 323 K under 1500 kPa of hydrogen. The as-received sample
is very hard to activate under these conditions. We sce that cold
rolling drastically reduces the activation time. A short ball milling
of 15 min alsa greatly reduces the activation time mainly by the
absence of an incubation pericd. However, the total capacity is
tower than the cold rolled samples. Milling for 60 min is detrimen-
tal, making the sample harder 1o activale than the as-received
sample. The reduction of capacity with milling was also reporied
by Joseph et al, [ 26,27}

In the case of cold rolling. the sample that was rolled 5 times
has a short incubation time and reaches the full capacity. The sam-
ples that were rolled 12 and 25 times have longer incubation times
and the sample rolled 25 times shows a reduction of capacity.
fig. 2(b) shows the first desarption for all samples, It demonsirates
that desarption kinetic 1s intrinsically the same for all sampies, the
only variation being the capacity.

Fig. 3 presents the absorption/desorption curves for the second
cycle. It is clear that, except for the ball milled 60 min sample, all
samples have the same intrinsic kinetics, the only discrepancies
being the rotal capacity. From these Kinetics and the ones shown
in Fig 2(b), we could conclude that mechanical deformations

Fig. 1. Scanning clectron microscope {SEM) micrographs of LaNiy: as-received, coli ralled and ball milled. Magnification of 500 bes lo7 all Images.
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Fig 2 Hydrogen activation kinetics at 323 K: (a) absosplion under 1500 kPa and (b)
desorption under 5 kPa

either by bali milling or cold rolling change kinetics only in the
activation step and determine the total capacity reached in the sec-
ond cycle, but play no role in subsequent sorption kinetics. It also
confirms that ball milling for a prolonged time changes both the
kinetics and total capacity. This change of kinetics with long mill-
ing time may be due (o tron contamination from milling tools. To
verily this, atomic absorption has been done on ball milled sam-
ples. 1t revealed that the samples bail milled 15 and 60 min had
respectively 0.76 and 1.77 wt.% of iron, This is a non-negligible
amount of foreign element and may be the reason for the slow
kinetics and reduced capaclties of ball milled samples.

33. Crystal structure .

Fig 4 shows X-ray diffraction parterns of as-received, cold
rolled and ball milled LaNi, before hydrogenation. All parterns
show only the presence of LaNiy structure, The only difference be-
tween the samples is the broadening of the peaks which means 2
reduction of crystallite size with roiling number and milling time.
Diffraction patterns (not shown) of samples submitted to 1wo
hydrogenation/dehydrogenation cycles also showed the LaNi,
phase with broad peaks. Crystallites size as evaluated from Riet-
veld refinement are listed in Table | and displayed graphically in
Fig. 5. The as-received sample presents an important reduclion of
crystallite size after two hydrogen cycles. The hydrogen introduc-
tion into the material induces an expansion of the lattice that
causes a certain strain. When hydrogen atoms exit the lattice,
the strain is released breaking crystallites into smaller size. For

Hi% (Wi %)

H % (wd %)

Time (s

Fig 3. Second cycle hydrogen sorplion kinetics st 323 K: (a) absarpnion under
1500 kPa andt (b) desorption under 5 kPa

Intensity (a11)

Fig. 4 XRD pattevis of as-received. cold rolled and ball milled LaNie before
hydrogesation.

Table §
Crysialtice vire of Laliy phasc for different states.

Samples As-synthesiced (nr)  After 2 cycles of hydropenation [am}
As-received 507 £ 0.6 163102
R 5x 210:04 16.1 £0.5
CRI2x 126103 142204
(R 25% 9.1¢02 10.1 202
BM 15 nmin 69£02 71204
BM 60 min 50£0.2 54102
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Fig. 5. Evelurion of crystallite size.

cold rolling, reduction of crystallite size is proportional to the num-
ber of rolls. A bigger size reduction is achieved by ball milling.

It should be noticed that, after only two cycles, the crystallite
size tends to merge toward a common value for all samples. This
may indicates that there is a minimum stable crysiallite size
achievable by the structure,

Microstrains are reporied In Tahle 2 and in Fig 6. The as-re-
ceived LaNi; does not have any microstrain before and after two
cycles of hydrogenation, Upon cold rolling. the microstrain in-
creases with the number of rolls. Surprisingly, after two bydroge-
natjon cycles the microstrain is essentially the same, no matter
how many rolls were done. In the case of ball milling. a short mill-
ing time increases the microstrain and decreases crystallite size.
For longer milling the crystallite size is further reduced which
may explain why microstrain reverted to zero. It is interesting to
note that for the 15 min ball milled sample, hydrogenation totaily
releases the microstrain. The residual microstrain in the cold rolled
samples indicates that, even after a few hydrogen cycles, there is
stidl a mechanical stress left in these samples.

Fig. 7 gives the LaNis lattice parameters in as-received, cold
rolled and ball milled states before and after two hydrogenation
cycles. It is clear that cold rolling has almost no effect on the “a"
lattice parameter. The “¢” parameter does change but we could ex-
pect that, because rolling has an “elongating” effect on the grains
and ads lexture. We see that after two cycles ol hydregenation,
the "@” and “¢" lattice parameters have a lendency to revert (o
the value shown by the as-received sample. The only discrepancy
is for the “a” parameter of the sampie cold rolied 5 times but it
is still close to experimental errors. In the case of ball milling,
the variations are in the same direction but of a higher magnitude.
These results on the crystal structure of LaNis are consistent with
Joseph et al. [25], who also reported that increasing milling time
resulted in reduction of peak intensities, broadening of the peaks,
smaller crystallite size, decrease of lattice parameter “a" and in-
crease of lattice parameter “c".

Tabie 2
Microstrain of LaNiy phase for different states.

Samiples As-synthesized (%) Alter 2 cycles of hydrogenation (1)
As-received 0.00 £ 0.01 0.00 £ 0.03

CR 5% 0.077 2 0.007 0236 £ 0,009

CR12x 0.137 10012 0.243 1 0.00§

CR 25x 022420014 0229:001)

BM 15 min 0254003 0022008

BM 60 min 0:02 00202
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Fig. 7. Evolution of bath Liece parameters for LaNi, as-synihesized and after 2
cycles: {2) latice parameter o and (b) Lattice parameter ¢

3.4, Hydrogen sorption properties of different samples coid rolied 12
times

As rhe ball milled samples were in powder form and cold rolled
samples were plates of consalidated powder, the effect of the sam-
ple’s morphology on the hydrogen sorptien kinetics has ro be
investigated. Selected specific shapes [rom the 12 times cold rolled
sample were collected. Details are given in Tahle 2. For this exper-
iment, cold rolling was performed in air at room temperature.

During cold rolling commercial LaNi; powder. plates of different
sizes were formed, Different plates” sizes were selected in order to
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Tabic 3

Dsfferent samples of LaNiy cobd rotled 12 times i air.
Names Descriprions
As-pecelved No processing

CR 1 2x ymalf plares
CR 12x big plates
CR 12% + Ni powder
CR 12x powder

Cold rulled 17 times small plates colkvted directly aftet rofling

Cold rolled 12 times big plates collevted directly after rofling

Same a5 "CR 12x small plares” 1o which 50 wi.k of Ni powider was added for thermal conductiviey
Cold rolled 12 times plates were reduced into powter by hand in a mortar and pestie

H % (wil %)

H% (wWi%)

4. Conclusion

Thie effects of cold rolling LaNis on its hydrogen sorption behav-
iour were investigated. We found that the activation ol LaNis is
highly enhanced by celd rolling and comparable to 15 min ot ball
milling. Balt milling reduces incubation time for short milling time.
The exact mechanism ible for the imp. of activa-
tion kinelics upon cold rolling is still not well known, but nanocrys-
tallinity certainly plays a role. The fact that the 60 min milled
sample presents slow kinetic despite a very small crystallite size
is not clear. As the crystallite size is gefling smaller, part of the
material may become amorphous. The presence of an amorphous
phase may be detrimental to hydrogen sorption. Another explana-
tion may be the presence of iton. Muore work is needed to get a clear
explanation of the decrease of kinetic upon prolonged milling.

As cald rolling samples present faster activation despite having
similar crystallite size, other characteristics beside nanocrystallin-
ity have to be considered. The sample coid rolled 5 rimes had the
highest reversible capacity and the shortest incubation time of all
samples. Therefore, as for ball milling, extensive use of mechanical
deformation has a detrimental eflect. The exact reason of acliva-
tion enhancement with cold rolling is still unclear. It is known that
cold rolling increases the number of high angle grain boundaries
[29] but in our case this has to be proved.

We also found that the sample’s morphology has a great impact
on the activation characteristics. For commercial applications
using LaNi, as hydride, it seems to be benefiGal to cold roll this al-
loy to save time and energy before activation.

dgements

o 200 00 w0 800 1000
Tena (5)

Fig. 8 Hydrogen activation kinetlcs of 12 rimres cold rolied LaNi, ar 323 K: (a)
absorpron under 1500 kP%a and {b} desorption under 5 kPa.

measure the contribution of consolidating more (big plates) or less
(small plates) powder. We also wanted to investigate the effect of
heat transfer inside the sample holder. To do so, we mixed the “CR
12x small plates™ sample with nickel powder (325 mesh 99.8%
fram Alfa Aesar) in order to increase the thermal contact. Results
of first hydrogenation of the samples listed in Table 3 are shown
in Fig. B(a) First, it is obvious that “CR 12x small plates” with
and without Ni powder have the same hydrogen sorption behav-
iour. Therefore, thermal conductivity does not seem to be the rate
limiting step for our experimental configuration. We se¢ that con-
solidation of powder induces an incubation time which is directly
proporiional to the size of consolidation. The sample “CR 12x big
" have a much longer incubation time than “CR 12x small
For the sample “CR 12x powder” there is no incobation
time but the intrinsic kinetic is not as fast as for the "CR 12x small
plates™ and “CR 12x big plates”. Fig. &(b) shows the desorption
kinetics of the same zamples. it is remarkable to see that there
are no differences in desorption kinetics except lor capacity. Thus.
the morphology eflect is only present for the activation.
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thank Hydro-Québec for a fellowship. We would like to thank also
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and Mr. F. Lafontaine for atomic absorption analysis and Mr. J. Lang
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Conclusion

L’hydrogéne comme vecteur énergétique est une des solutions a la future pénurie
en combustibles fossiles et aux problémes reliés a I’émission de gaz a effet de
serre. 11 faut donc trouver des moyens de stocker I’hydrogéne sécuritairement sous
ses formes gazeuses, liquides et solides. Pour le stockage solide, les hydrures
métalliques ont un bon potentiel pour exercer un stockage efficace. Cependant,
certains de ces matériaux ont des difficultés lors de la premiére absorption
d’hydrogéne. Ceci entraine un accroissement du colt de 1’hydrure et par le fait
méme réduit le potentiel commercial du stockage via les hydrures métalliques.
Les méthodes de déformations plastiques sévéres telles que le laminage a froid, le
forgeage et I’extrusion peuvent étre utilisées pour préparer les matériaux afin de

faciliter cette premiére hydruration.

Dans le cadre de ce projet de maitrise, I’étude de I’effet du laminage a froid sur
les propriétés de sorption d’hydrogeéne du LaNis a été effectuée. De la poudre de
LaNis a été¢ laminée 5x, 12x et 25x a froid sous argon avec un appareil de
laminage. A titre de comparaison, de la poudre du méme alliage a aussi été broyée
15 et 60 minutes sous argon avec un broyeur mécanique a billes. La morphologie
et les structures cristallines des échantillons ont été obtenues respectivement a
’aide d’un microscope électronique a balayage et d’un diffractometre a rayons X.
C’est avec un appareil de titration de I’hydrogéne que les mesures d’absorption et

de désorption ont été effectuées.

Les résultats montrent que le laminage réduit considérablement la taille des
particules et des cristallites. 11 améliore également la cinétique d’activation du
LaNis en réduisant le temps pour atteindre sa pleine capacité. Des trois
échantillons laminés, c’est I’échantillon laminé 5x qui a la plus grande capacité
réversible et le temps d’incubation le plus court. Les résultats présentent
clairement que [’activation du LaNis est fortement améliorée avec le laminage a

froid et comparable 4 15 minutes de broyage mécanique.
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Le mécanisme exact responsable de cette amélioration en cinétique aprés
laminage n’est pas encore bien déterminé, mais la nanocristallinité et la présence
de défauts jouent certainement un réle primordial. Toutefois, une taille de
cristallites trop petite peut nuire a la cinétique comme le démontre 1’échantillon
broyé 60 minutes, mais dans ce cas, la contamination au fer pourrait aussi en étre
la cause. 1l y a probablement un compromis a faire entre la taille des cristallites, le
nombre de défauts présents, la microdéformation, la morphologie et 1’oxydation

de surface pour obtenir une cinétique plus rapide et une bonne capacité.

Dans la deuxiéme partie de ce travail, la morphologie de différents échantillons
laminés 12x a I’air a été étudiée afin de mieux comprendre le comportement de
I’hydrogénation. Il s’est avéré que la morphologie particuliere de ces échantillons
affecte seulement la premiére absorption. En somme, 1’échantillon « Laminé 12x
petites plaquettes » a la meilleure cinétique d’activation, car c¢’est lui qui absorbe

sa pleine capacité en hydrogene le plus rapidement.

Bref, dans une perspective industrielle utilisant le LaNis comme hydrure, il serait
trés avantageux de laminer cet alliage pour diminuer le temps d’activation. Par
exemple, comme le LaNis est présentement utilisé dans la fabrication de batteries
Ni-MH, notamment pour des lampes de poche, le fait de réduire le temps

d’activation de cet hydrure, pourrait réduire le colt global de ces batteries.

Pour les travaux futurs, il serait préférable de faire des tests de cyclage avec le
LaNis laminé pour vérifier sa capacité a long terme. De plus, étant donné que le
laminage est une technique assez récente dans le domaine des hydrures
métalliques, il serait intéressant de laminer d’autres alliages. Des cinétiques de
sorption de I’hydrogene seraient ensuite effectuées sur ces alliages laminés dans le
but d’observer leur temps d’activation. Des alliages de Mg,Ni et de CaNis laminés
ont déja montrés une diminution de leur temps d’activation et feront

prochainement I’objet d’un autre article.
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Appendice A : Structure hexagonale compacte
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