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Abstract

In-situ neutron powder diffraction measurements and the Rietveld refinement technique have been used to study a fully hydrogen
activated LaNi, alloy during annealing in the temperature range 293 to 1123 K. Diffraction data were analysed by imposing a
didlocation-induced anisotropic line broadening model, to revea the variation of dislocation density and defect structure as a function of
temperature. The activated sample contained predominantly edge dislocations with Burgers vector a/3( — 2110) on prismatic {0— 110}
dip planes associated with medium to long ranged strain fields (M ~2-3). A small proportion of dislocations (~10%) with the same
Burger vectors on basal {0001} slip planes are also indicated by the refinements. This second type of dislocation appears to be more
resistant to annealing than the dislocations on prismatic slip planes. A progressive decrease in dislocation density from ~6x10**/cm? to
the limit of the resolution of our measurement (<10"°/cm?®) was observed between 293 and 973 K. This annealing appears to cause the
restoration of the large pressure hysteresis characteristic of unactivated LaNi,. The most significant reduction in dislocation density occurs
a ~800 K. In contrast, TGA measurements show the release of trapped hydrogen at ~500 K. The latter feature is associated with an
anomaly in the c/a ratio. The results suggest that, in addition to primary defects in the form of dislocations, a different class of defects
such as vacancies and small dislocation loops may also exist in hydrogen activated LaNi,. Further, whereas the former are undoubtedly
associated with observed changes in the pressure hysteresis during activation, the latter are likely to be the favoured site for hydrogen

trapping in activated LaNi,. [ 2002 Elsevier Science BV. All rights reserved.
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1. Introduction

The intermetallic compound LaNi, is one of the most
widely studied metal hydride materials because the low
room temperature absorption pressures and ease of activa
tion make it suitable for applications in hydrogen storage,
purification and as the basis for metal hydride battery
alloys. The compound has an initialy high hydrogen
absorption pressure (~1 MPa a 300 K) leading to large
pressure hysteresis during the first absorption/desorption
cycle. The absorption pressure and hysteresis are (i)
significantly reduced by the initial activation cycle, (ii) are
reduced a little further in the next four to five absorption/
desorption cycles, but (iii) are restored after annealing
[1,2].

It has been suggested that the first activation cycle
introduces a large number of microstructural inhomogen-
eities such as lattice defects, which provide hydrogen
diffusion paths with higher transport rates and accommo-
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date part of the lattice mis-match between the «- and
B-phases [2—4]. These dter the kinetics and hysteresis
respectively. It has long been noted that very strong
anisotropic line broadening is present in the X-ray and
neutron diffraction patterns of activated LaNig [2,5-9].
The (hk0) reflections in the diffraction pattern are most
broadened and the (00I) lines are nearly unbroadened. This
has been modelled as microstrain, primarily on the a-axis
Aa/a [2]. The combined techniques of in-situ measure-
ment of the diffraction profiles and line broadening analy-
sis using the Rietveld refinement method have allowed us
to study dislocations in LaNi, and its hydrides during
hydrogen activation and hydrogenation [2,7,8,10]. We have
investigated the relationship between lattice defects, and
hydrogen absorption behaviour by studying the diffraction
peak broadening interpreted on a dislocation-induced line
broadening model [2,7,8]. Didocations with Burgers vec-
tor a/3( — 2110) predominantly on the prismatic {0— 110}
planes, in the random polycrystalline material generate a
(hkl) dependence that best fits the data and provides a
sound physical meaning for the anisotropic broadening of
activated LaNig [5,9].
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Annedling of activated LaNi, reverses the changes
caused by activation. It restores the hysteresis, removes the
line broadening and, by implication, causes large changes
in the defect structure [1,2]. Unlike activation, except for
the hydrogenation work of Flanagan et &. [1], the anneal-
ing process has not been extensively studied. In this work,
we report the results of in-situ neutron diffraction experi-
ments and Rietveld refinement analyses of the annealing
behaviour of hydrogen activated LaNi, powder. The study
provides information on the dislocation configuration and
density, the kinetics of dislocation annihilation, and the
correlation between the dislocation density and the hydro-
genation properties of annealed LaNi reported in Ref. [1].

2. Experimental

The LaNig sample (Johnson Matthey) was subjected to
five hydriding/ dehydriding cycles at room temperature for
activation. The activated powder sample was held in a 12
mm diameter vanadium canister and loaded into an
evacuated vanadium furnace (10~° Torr) for the in-situ
measurement at the Institut Laue—Langevin (ILL), Greno-
ble, France.

Neutron diffraction data were collected using the instru-
ment D2B. The instrument was operated in high flux mode
and patterns were recorded from O to 160° (2¢) in 0.05°
steps using a neutron wavelength of A =1.597 A. The
diffraction patterns were collected in repeated scans of 20
min duration for various holding times ranging from 7 h
(low temperature) to 2.5 h (high temperature) at 273, 373,
423, 473, 523, 573, 628, 653, 748, 823, 873, 923, 973 and
1123 K.

Structural and dislocation analysis was conducted by
Rietveld refinements using a modified version of the
program LHPM [11] implementing a dislocation-induced
anisotropic line broadening model [7,12]. The moddl is
based on the theories of Krivoglaz et al. [13] and Wilkens
[14], which relate the integral breadth 8 of the broadened
peaks to the didocation structure of the crystallites by
B% = pxf(M) tan®d, where p is the dislocation density, y is
an orientation factor which accounts for the hkl depen-
dence of the broadening due to the preferred slip system(s)
on which the dislocations lie, f(M) is a function of the
dimensionless dislocation distribution parameter M which
is given by M =rp"'? (where r is the outer cut-off radius
of the dislocation strain field) and related to the range of
the dislocation strain field [12]. When a specific dislocation
dip system is assigned, the program caculates y, and
determines the associated broadening for each reflection.
The program has been revised to allow for the refinement
of more complicated dislocation structures containing a
mixture of two slip systems in activated LaNi as recently
suggested by Cerny et a. [9]. The instrumental broadening
determined from an unbroadened reference sample must be
taken into account in this type of analysis. In our case, the

pattern from LaNi, annealed at 1123 K was considered as
relatively unbroadened and used as a reference.

A pardlel thermogravimetric analysis (TGA) was con-
ducted on a small quantity of the same type of hydrogen
activated LaNi, at Salford University. The temperature
was increased from room temperature to 973 K in a
vacuum of initially <1x10~" Torr. Both hydrogen partial
pressure and mass change of the sample were monitored
during the experiment.

3. Results
Fig. 1 shows the observed changes in the neutron

powder diffraction profiles with increasing temperature.
The LaNi; sample in its initial hydrogen activated state
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Fig. 1. Neutron diffraction patterns collected at various temperatures
during the in-situ annealing experiment showing the reduction in aniso-
tropic broadening.
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exhibits very pronounced anisotropic peak broadening
which corresponds to a high dislocation density as sug-
gested by our previous work [2,7]. As the annealing
temperature is increased, the line broadening is reduced.
The most significant decrease occurs at around 800 K, and
the line widths become isotropic above 973 K.

A mixed dislocation configuration with Burgers vector
a/3(—2110) on two types of dip plane, prismatic {0—
110} and basa {0001}, was found to give the best
agreement with the observed data. The weighted profile
R-factor, R,,,, was below 5% for al refinements when this
mixed dislocation model was applied. Modelling of the
dislocation-induced broadening with predominantly a/
3(—2110){0 — 110} type dislocations (~90%) is justified
by our previous work [7]. The co-existence of a/
3( — 2110){0001} type dislocations (~10%) in the system
has recently been determined by Cerny et al. [9] and is also
supported by TEM work of Kim et a. [4]. The dislocation
density calculated according to this model is plotted in Fig.
2a. The didocation density in the sample is reduced
progressively as the temperature increases from ~6x 10"/
cm’ to the limit of the resolution of the fitting technique
(~10"/cm?) between 293 and 973 K in agreement with
qualitative observations of the line broadening in Fig. 1.
The most significant change in dislocation density occurs
a ~800 K. Also shown in Fig. 2b is the sample mass
change and gas pressure derived from TGA measurements
on the same activated material. These are characterised by
a major pesk at ~500 K, below the temperature where
major changes occur in the dislocation density.

It has previously been reported that the ratio of the
lattice parameters, c/a, for activated LaNi, is larger than
that of the unactivated alloy [2,8]. Although the absolute
values of the lattice parameters could contain systematic
errors, the ratio of the lattice parameters c/a should be
relatively stable. In Fig. 2c, the c/a ratio is plotted as a
function of annealing temperature. The ratio decreases as
the temperature increases showing a pronounced anomaly
at around 500 K.

The proportion of the second type of dislocation (a/
3( — 2110){0001}) in the mixed dislocation configuration,
and the dislocation distribution parameter (M) derived
from the Rietveld refinements are shown in Fig. 3. The
proportion of the a/3( — 2110){0001} type dislocation is
stable at ~10% at low temperature, but appears to increase
moderately (to ~30%) as the temperature increases above
800 K. This is not due to an increase in the number of
these didocations, but rather to their greater stability
compared with the a/3(— 2110){0— 110} type disloca
tions. The dislocation distribution parameter M is fitted at
2-3, and it appears to follow a similar trend with tempera-
ture as the proportion of a/3( — 2110){0001}. It should be
noted, however, that this parameter became quite unstable
and the uncertainty became large at higher temperature due
to the smaller amount of broadening.

4. Discussion

Krivoglaz [15] has proposed that there are two classes of
defects according to the relative spatial extent of their
gtrain fields. The first class, like small dislocation loops,
vacancies, interstitials and small precipitates, are finite
defects with a rapidly decreasing strain field, causing
changes to the lattice parameters but no line broadening.
The second class, like straight dislocations, stacking faults
and dislocation cell walls, have essentially infinite length
and slowly decreasing strain fields, inducing line broaden-
ing but no change to the lattice parameters [15]. The
existence of large numbers of the second class of defectsin
activated LaNi; has been confirmed by the presence of
strong anisotropic line broadening in the diffraction pat-
terns. However, in addition to the line broadening, changes
of lattice parameters, mainly reflected in the ratio c/a, are
also observed, indicating that there may also be a consider-
able amount of the first class of defects in the system [9].
The annealing data above contain valuable information on
the stability range and influence on hydride formation of
both classes of defects.

The significant decrease in the dislocation density during
annealing, indicated by the disappearance of the aniso-
tropic broadening at higher temperature (see Fig. 1),
correlates very well with the return of the high pressure
hysteresis [1]. This strongly supports the theory that the
initial creation of large numbers of these defects is the
origin of the high absorption pressure and hysteresis in
unactivated LaNi. The principal defect responsible for the
severe anisotropic broadening has been verified as straight
edge disocations with Burger's vector a/3(—2110) on
prismatic slip planes {0—110} at an average density of
about 610" /cm? by Rietveld fitting of the diffraction
patterns at room temperature. However, by refinement of
the data alowing a mixture of two types of dislocation
systems, a small proportion of a second type of dislocation
with the same Burgers vector a/3( — 2110) on the basd
plane {0001} was also revealed. The dislocation distribu-
tion parameter M between 2 and 3 indicates that the
didocations in hydrogen cycled LaNig are associated with
medium to long ranged strain fields with the possibility of
dlight pile-ups. This dislocation structure is generaly
consistent with our previous caculation [4,7], and the
observation of a second type of dislocation agrees well
with Cerny et a. [9]. Due to the relatively inaccurate
measurement of the instrumental broadening in the experi-
ment, the dislocation densities calculated in this work are
only indicative, providing a relative trend during anneal-
ing. The maximum value of 6 10**/cm? is lower than our
previous calculation from lower resolution data [12], but
higher than the value derived by Cerny et a. from
synchrotron data [9]. To verify the dislocation density
calculated from the method in Ref. [7], we re-examined the
work by determining the dislocation density independently
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Fig. 2. The change in defect density during annealing as indicated by () the dislocation density vs. temperature calculated from line broadening in the
neutron diffraction patterns, (b) the sample mass (solid line and left-hand scale) and pressure (dashed line and right-hand scale) derived from TGA and (c)

the c/a ratio vs. temperature derived from Rietveld refinements.

using the method developed by Krivoglaz et a. [13] and
by Wilkens [14]. The derived dislocation densities from
the two methods differ by only about 1 (in the same order
of magnitude) from those reported here. Such high disloca
tion densities are rarely reported. Other methods of
measuring dislocation densities become less accurate at
very high didocation densities, whereas the line broaden-

ing method only becomes useable at >10°/cm? (depend-
ing on instrument resolution). However, examples of
dislocation densities in the same range have appeared in
the literature, for example in cyclicaly deformed copper
the didlocation density in macroscopic fatigue bands has
been calculated as 10*'—10"%/cm?® [16]. The dislocations
in activated LaNi; are caused by interfacial strains be-
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Fig. 3. The proportion of dislocations on the basal plane vs. temperature (dashed line and scale on the right-hand side) and the dislocation distribution
parameter M vs. temperature (solid line and scale on the left-hand side) derived from the neutron diffraction patterns.

tween the a-phase and the emergent B-phase, which is
known to cause severe damage to the alloy. Therefore, the
estimated dislocation densities close to 10'°/cm” are not
considered unreasonable.

There appear to be severa stages to the annealing
process — possibly due to different defect annihilation
mechanisms. The first stage is from room temperature to
about 423 K. In this stage, the dislocation density and
structure remain the same (see Figs. 2a and 3). The c/a
ratio decreased showing some thermal expansion aniso-
tropy of the LaNi, lattice (see Fig. 2¢). In the same
temperature range, there is some mass change in the
sample, but no change in hydrogen pressure during the
TGA measurement (see Fig. 2b), suggesting the defects in
activated LaNi, are stable in this temperature range.

During the second stage, from 423 to 573 K, there is
little change in dislocation density and structure, but a
significant change in sample mass associated with a major
peak in the hydrogen pressure. This indicates the release of
most of the trapped hydrogen in the lattice in this
temperature range. Trapped hydrogen in activated LaNi,
has been reported previously, but its causes were not
identified. It is interesting to note that the anomaly
observed in the c/a ratio (see Fig. 2¢) occurs in this same
temperature range. These phenomena suggest that the
release of the trapped hydrogen is likely to be associated
with the loss of defects of the first class like vacancies and
dislocation loops, which cause lattice parameter changes
but no line broadening effects, rather than the second class
of defects (dislocations). These defects are likely to be

inherited from the initial formation of «-phase hydride in
the first cycle [4], and act as the preferred sites for
hydrogen trapping. Once established, trapping sites reduce
the amount of hydrogen which may be reversibly stored in
LaNi;. These results suggest that the annesling of re-
peatedly cycled LaNi, in this temperature range can help
to improve the reversibility of hydrogen storage for LaNi,
aloys.

In the third stage, from 573 to 748 K, the lattice
parameters, sample mass and hydrogen partial pressure
indicate that annihilation of the first class of defects is
complete and the line broadening indicates that annihila-
tion of the second class of defects (dislocations) is begin-
ning. Analysis of the line broadening shows a continuous
moderate decrease in dislocation density and an accom-
panying change in the ratio of the two kinds of dislocations
(Figs. 2ab and 3).

The fourth stage occurs from 748 to about 973 K. Here a
significant decrease in dislocation density is observed,
accompanied by a greater change in the dislocation struc-
ture. An increase is observed in the proportion of a/
3( —2110){0001} type dislocations (from ~10 to ~30%)
and a dlight change in the M value (from ~2 to ~3). This
would appear to indicate that edge dislocations on the
basal plane with dightly longer ranged strain field are
more resistant to annealing. At higher temperature, little
line broadening can be observed visually nor can it be
resolved in the Rietveld fitting, indicating that the density
of dislocations in the material is well below 10'°/cm?, and
the hydrogen pressure hysteresis would have been restored
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in these samples [1]. Therefore, thisis arelatively effective
annealing temperature range for the annihilation of disloca-
tions in LaNis.

5. Conclusions

The progressive reduction of strong anisotropic broaden-
ing, the change of lattice parameters and the release of
trapped hydrogen during the annealing of hydrogen cycled
LaNig powder at 278 to 1123 K have been observed and
are associated with the annihilation of different types of
defects in the sample.

At lower temperature (423 to 700 K) anomalous
changes of the c/a ratio are associated with the loss of
trapped hydrogen observed during TGA. This provides
evidence for the existence of defects like vacancies and
small dislocation loops which are likely to act as the
preferred hydrogen trapping sites in the activated LaNi,
aloy.

The line broadening is associated with a high density of
edge dislocations. The predominant dislocation system in
cycled LaNi, is a/3(—2110){0— 110} with intermediate to
long range strain fields. There is an additiona small
proportion of a/3(—2110){0001} type dislocations which
appear to have longer ranged strain fields and are more
resistant to annealing.

The most significant reduction of anisotropic line
broadening occurs a around 800 K, indicating that the
annihilation of the second type of defects (the dislocations)
at a higher temperature is associated with the restoration of
high pressure hysteresis to the LaNig aloy.
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