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ABSTRACT

LaNis-based intermetallic compounds before and after hydrogen absorption/desorption cycling were
observed by transmission electron microscopy. Both a-type and c-type dislocations, which had respec-
tive Burgers vectors of 1/3 <1120 > and <0001> in the {0110} slip plane, were introduced into
LaNis, LaNig5Cugs and LaNigsFeos after the first absorption/desorption cycle. These alloys exhibited
large difference in the equilibrium pressure between the first absorption and first desorption. Dislo-
cations were introduced during hydrogenation in order to accommodate lattice mismatch between the
metal-hydrogen solid solution and the metal hydride; furthermore, the interface between the solid solu-
tion and hydride was suggested to be the {0110} plane. In contrast, neither dislocations nor stacking
faults were observed in LaNig5Sigs, LaNigs5Alps and LaNig75Sng 75, which showed little or no hysteresis
in the hydrogen pressure-composition isotherms. Excess pressure was needed in the absorption process

for the formation of misfit dislocations.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since Van Vucht et al. have reported that the LaNis rapidly
absorbs more than six atoms of hydrogen atoms per formula unit
under a hydrogen pressure of about 0.25 MPa at room temperature
[1], many researchers have investigated LaNis-based compounds
with the aim of using them in practical applications such as Ni-MH
batteries. The preparation of pseudobinary compounds by partial
replacement of the constituents of LaNis has been investigated as
a means of lowering production costs and improving hydriding
properties, especially reversibility. In fact, almost all La sites are
occupied by rare-earth elements, while the Ni sites can be partially
substituted with 3d transition metals having different levels of solid
solubility [2-4].

LaNis and related alloys have been reported to show significant
anisotropic line broadening in X-ray diffraction patterns [5]. It is
also known that the equilibrium pressure of the first hydrogena-
tion of LaNis-based alloys, including binary LaNis, is higher than
that after the second hydrogenation [4]. However, not all LaNis-
based alloys exhibit such behavior [5,6]. It has been reported that
these two phenomena are related to each other [7] and that they
are strongly associated with cycling lifetime and other practical
properties [4,8].
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In situ X-ray measurements using a high-pressure hydrogen
cell have revealed that anisotropic line broadening of hkO occurs
in only the hydride phase of LaNis during the first hydrogenation
[9,10]. The line broadening has been reported to depend on the ele-
ment substituted for Ni. For example, substitution of Al for the Ni in
LaNis_xAly at x> 0.2 causes the pressure difference and anisotropic
line broadening to disappear [5].

Few microscopic studies on LaNis-based alloys have been car-
ried out using transmission electron microscopy (TEM); instead,
most of the past research has been based on X-ray and neutron
diffraction analysis. It has been reported that stacking faults are
presentin(0001)planesinthe activated LaNis and that the hydride
precipitates in the form of thin plates along <2110 > to grow
into large grains [11,12]. Yamamoto et al. have reported the forma-
tion of numerous a-type dislocations in the LaNis-based alloys after
the first cycle of hydrogen absorption and desorption [13]. Finding
that the difference in absorption pressure between the first and
second cycles was caused by the generation of cracks and a-type
dislocations with a Burgers vector of 1/3 < 1120 >. On the other
hand, cycling properties are typically evaluated in terms of the dif-
ference in equilibrium pressure between hydrogen absorption and
desorption in the isotherm [14].

In the present study, the microstructure of LaNis-based alloys
before and after hydrogen absorption/desorption cycling was
investigated in detail by TEM, in order to elucidate systematically
the lattice defects introduced during hydrogenation and dehydro-
genation. Another aim of this work was to examine the structure of
the interface between the hydride and the metal-hydrogen solu-
tion matrix. While a few structural model of hydride formation
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Fig. 1. P-C isotherms of first absorption/desorption cycle of LaNis, LaNig5Mgs
(M=Cu, Fe, Si, Al) and LaNig75Sn0 25 measured at 298 K under 5 MPa.

in pure Zr and V metals with equilibrium pressures greater than
0.1 MPa have been proposed [15,16], the present study was focused
on LaNis-based alloys, which were selected as representative brittle
intermetallic compounds. Because the hydrogen equilibrium pres-
sure and cycling properties can be tuned by altering the constituent
elements, this type of alloys is promising for practical applications
such as Ni-MH batteries and stationary hydrogen storage.

2. Experimental

LaNis, LaNis_xFex (x=0.1-1.2) and LaNis_yAl, (y=0.05-0.5) were prepared by
arc-melting and LaNig5Cug s, LaNig5Sips and LaNig75Sng25 were prepared by high-
frequency induction melting method. All specimens were annealed at 1173-1223K
for 48 h in evacuated silica tubes. Pressure-composition (P-C) isotherms were mea-
sured by the Sieverts method at 298 K after evacuation at 393 K. All annealed
LaNis-based alloys were observed by TEM before hydrogenation, after the first
cycle of hydrogen absorption/desorption and after the fifth cycle. Samples for TEM
observation were prepared by two methods: (1) alloy particles before and after
hydrogenation were dispersed on Cu mesh without carbon film, and (2) brass tubes
filled with the alloy particles in epoxy resin were thinned by mechanically grind-
ing, by dimpling and finally by ion milling using a liquid nitrogen cold stage. An
H-9000NAR system, Hitachi High-Technologies Co., was used for TEM observation
in this study.

3. Results and discussion
3.1. P-Cisotherms of LaNi5_yMy

Fig. 1(a) and (b) shows the P-C isotherms of the first absorp-
tion/desorption cycle of LaNis, LaNig5Mg s (M =Cu, Fe, Si, Al) and
LaNi4 75Sng 25. The difference in pressure between the first absorp-
tion and first desorption for LaNigsCugs and LaNigsFegs was
similar to that for LaNis. On the other hand, LaNig 5Sig 5, LaNig 5Alg 5
and LaNig75Sng,5 exhibited little or no hysteresis in the P-C
isotherms: their first absorption and desorption equilibrium pres-

Fig. 2. Typical dark-field TEM image of_ ]:aNi4_5 Feos Qefore hydrogen absorp-
tion/desorption. Image was taken from [2 11 0] with 02 2 0 reflection.

sures were similar. The difference in equilibrium pressure between
hydrogen absorption and desorption for LaNis, LaNig5Cugs and
LaNig sFeq s tended to decrease as the cycle number increased. In
addition, the hydrogen desorption pressures for all the LaNis-based
alloys were constant after the first cycle.

3.2. Dislocation formation during hydrogen absorption and
desorption cycling

Fig. 2 shows a typical dark-field TEM image of LaNi4 5 Feq 5 before
the first hydrogen absorption/desorption cycle. This image was
taken from the [2110] direction with the 0220 reflection. As
shown in this image, bright-dark contrast due to lattice defects
was not observed in this alloy before hydrogen absorption; fringe
contrast is caused by the difference in sample thickness. Lattice
defects such as dislocations and stacking faults were not found in
any LaNis-based alloys before hydrogen absorption.

Fig. 3 shows TEM images of LaNig 5Feq 5 after the first hydrogen
absorption-desorption cycle. In Fig. 3(a), bright lines correspond-
ing to a-type dislocations along to the (12 1 0) plane can be seen for
this sample. Fig. 3(b) shows that the c-type dislocations along to the
(0001) plane were also formed after the first hydrogen absorp-
tion/desorption cycle. These a-type and c-type dislocations were
introduced with spacings of 10-20nm and 100-200 nm, respec-
tively, in both LaNis and LaNigsFegs. Dislocation density was
estimated to be greater than or equal to 10'! cm~2 from these spac-
ings in LaNi5 and LaNig 5Feq 5. After the first absorption/desorption
cycle, LaNig5Cups exhibited a-type and c-type dislocations
with spacings of 20-50nm and 200-500nm, respectively. In
this case, the dislocation densities were 10!! and 10! cm—2
respectively.

Fig. 4(a) and (b) shows TEM dark-field images of LaNi4 755ng 25
after one cycle and five cycles of hydrogen absorption-desorption,
respectively. No dislocations or stacking faults were observed in
LaNiq 75Sng 25 after one cycle. However, a-type dislocations were
formed in some particles after five cycles. This indicates that the
number of dislocations increases as the cycle number increases,

)
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b [1010]

Fig. 3. TEM images of LaNigsFeps after the first cycle of hydrogen_absorp—
ti_on/_desorption: (a) the dark-field image taken from the (:lirection of [1 010] with
[1210]reflection and (b) the bright-field image from [1 010]with 000 1 reflection.

although this trends depend on the particle size before hydro-
genation; generally, larger particles are easily broken by stress
concentration and smaller particles tend to undergo plastic defor-
mation. As for LaNigsSigs and LaNigsAlg s, no dislocations were
observed after five cycles of P-C measurements.

As described above, numerous a-type and c-type dislocations
were introduced into LaNis, LaNig sFeg s and LaNig5Cug 5 after the
first hydrogen absorption/desorption cycle. In the first cycle, these
samples exhibited large differences between the absorption pres-
sure and the desorption pressure. In contrast, no dislocations were
formed in LaNig 5Sig 5, LaNig 5Alg 5 and LaNig 7550 25 after the first
cycle. Table 1 lists the differences in equilibrium pressure between
the first absorption and first desorption, as well as the dislocation
densities after the first cycle of P-C measurements. A higher density
of a-type dislocations than c-type dislocations corresponds to hk0
peak broadening in the XRD pattern of the LaNis5 after hydrogen
absorption/desorption. Yamamoto et al. have reported that almost
all a-type dislocations were introduced during the first absorp-
tion/desorption cycle, whereas the dislocation density in TiFe alloys
increased as the cycle number increased [17]. In the present study,
the dislocation density in the LaNis-based alloys was also found to
increase as the cycle number increased. These results suggest that

Fig. 4. Dark-field micrographs of LaNis75Sng 25 (a) after one cycle and (b) after lflve
cycles of hydrogen absorption and desorption, taken from the direction of [1 010]
with 1210 reflection.

Table 1
Difference between the first absorption and desorption equilibrium pressures, and
dislocation densities after the first cycle of P-C measurements.

Py1 — P41 /MPa a-Type dislocation c-Type
dislocation
LaNis 0.5219 >10"" cm—2 10" cm2
LaNigsFeqs 0.2112 >10"" cm—2 10" cm—2
LaNigo5Feq.75 0.1457 >10!'1 cm—2 109 cm—2
LaNi4Fe 0.0805 10" cm—2 10'°cm—2
LaNis5Cuqs 0.2742 10" cm—2 109 cm~—2
LaNi4_5Sig_5 0.0091 - -
LaNig75Sng 25 0.0072 (<]0“ cm—2 )a -
LaNi4,95A10,05 0.3432 >10" cm—2 10" cm—2
LaNigoAlg 1 0.2662 >10'1 cm—2 109 cm~—2
LaNi4‘75A10.25 0.0393 ]0“ Cm72 -
LaNi4.5Alo<5 0.0084 - -

a After five cycles of hydrogen absorption/desorption.
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Fig. 5. P-Cisotherms of first absorption/desorption cycle for (a) LaNis_yAly (x=0.1,
0.25, 0.5) and (b) LaNis_xFey (x=0.1, 0.75, 1.0), measured at 298 K under 5 MPa.

excess pressure is needed in the hydrogen absorption process for
the formation of misfit dislocations in the LaNis-based alloys.

3.3. Relationship between the amount of substitution and
dislocation density in LaNis-based alloy

It has been reported that Al can be substituted for Ni in
LaNis_yAly up to x=1.3, and Fe can be substituted for Ni in
LaNis_yFey up to y=1.2. Nickel is replaced by Fe at both the 2c
and 3g sites, whereas substitution with Al occurs at only the 3g
site [3,16]. Fig. 5 shows P-C isotherms of LaNis_yMy (M = Al, Fe). As
shown in Fig. 5(a), the difference between the first absorption and
desorption pressures decreased to less than 0.1 MPa in LaNis_,Aly
if x was larger than 0.2. In contrast, in Fe-substituted LaNis, the hys-
teresis in the P-C isotherms was not reduced as the amount of Fe
was increased, although the first equilibrium absorption pressure
and the maximum hydrogen content decreased with increasing Fe
substitution. In order to investigate the effect of the amount of
substitution on the microstructural evolution during the reaction,
we observed LaNis_,Aly and LaNis_j,Fe, before and after hydrogen
absorption/desorption cycles by TEM.

Both a-type and c-type dislocations were introduced in all of the
LaNi5_xFex (x=0.05-1.2) specimens after the first cycle of hydro-
gen absorption and desorption, and dislocation density decreased
as the difference in equilibrium pressure between the first absorp-
tion and first desorption decreased when x was larger than 0.5.
In LaNigFe and LaNisgFeq 5, the differences in equilibrium pres-
sure between the first absorption and first desorption were less
than 0.1 MPa, 0.0805 MPa and 0.0465 MPa, respectively. In these
samples, the density of c-type dislocations was 1019 cm~1.

Fig. 6 shows that when x was not greater than 0.1, a-type and
c-type dislocations were introduced into LaNi5_,Aly (x=0.05-0.5)

after the first cycle of hydrogen absorption/desorption. In
LaNig 75Alg 25, some particles exhibited a-type dislocations after the
first cycle. However, no lattice defects such as a-type and c-type
dislocations were observed and only microcracks were observed in
the LaNig 5Alg 5 particles.

3.4. Formation mechanism of dislocations during hydrogenation

Hysteresis in P-C isotherms of metal hydrides such as the Pd-H
system has been extensively researched in the past 50 years. The
hysteresis is generally attributed to the increase in the free energy
of the hydride phase due to mechanical strain in the lattice and to
the effect of nucleus size. In apparent equilibrium, it is argued that
more than one pressure was possible for the same concentrations
of hydrogen [18,19]. Schultus and Hall note that hysteresis resulted
from plastic deformation during the formation of the hydride phase
in the Pd-H system [20]. They assumed that strain was absent or
greatly reduced during dehydrogenation, and represented the hys-
teresis gap pressure ratio as (pf/pd)l/2 =exp(Vy Ap/RT), where prand
pq refer to the formation and deformation pressures of hydrogen, Vy
is partial molar volume of hydrogen and Ap is approximately equal
to the elastic limit of palladium. Flanagan and Clewley explained
that the energy required to form new dislocations subsequently
appeared as heat that transferred to the surroundings, resulting in
increased chemical potential of metal phases both during hydride
formation and deformation [14].

In the present work, we have focused on the difference between
hydrogen absorption and desorption pressures, and we propose
that the formation of dislocations leads to the difference in equi-
librium pressure between hydrogen absorption and desorption.
As described in Section 3.1, the hydrogen desorption pressure
was independent of cycle number in all of the LaNis-based alloys
investigated in the present work. However, the difference in pres-
sure between the first absorption and first desorption strongly
depended on the degree of substitution of a third element into
LaNis. On the basis of in situ XRD results, dislocations can be con-
sidered to be introduced during the hydrogen absorption process
[9]. With those results borne in mind, we discuss the relation-
ship between hydrogenation and the formation of a-type and
c-type dislocations, taking into account the difference between the
absorption and desorption pressures required for introducing dis-
locations in LaNis-based alloys during hydrogenation.

The a-type and c-type dislocations are edge dislocations with
the Burgers vectors of 1/3 <2110 > and <000 1>, respectively,
on the {0110} slip plane in the hexagonal crystal. These a-type
and c-type dislocations are considered to be misfit dislocations that
accommodate the lattice mismatch between the metal-hydrogen
solid solution and the hydride. From the results reported here we
can infer that the interface between the solid solution and hydride
is possibly on the {0110} planes. Fig. 7 shows a schematic dia-
gram of the structure of the interface between the solution and
hydride during hydrogen absorption. In this case, compressive
stress and tensile stress, respectively, increase in the solid solu-
tion and hydride along the interface. When the thickness of the
hydride reaches a critical thickness, misfit dislocations are formed
in the hydride, which has a smaller elastic constant than the metal-
hydrogen solid solution. The elastic constants were estimated by
first-principles calculations [21,22] and the spacing of misfit dislo-
cations (A) was calculated as follows:

A= aaaﬁ

Ay — aﬂ

where ay and ag are the lattice parameters of solid solution () and
hydride (B).

From this equation, the spacings of a-type and c-type dislo-
cations in LaNiggFeg, were calculated to be 8 nm and 7.1 nm,
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Fig. 6. (a) Bright-field image of LaNis9Alo 1 after first cycle, which was observed from_[l 1 20], (b)_dar_k—ﬁeld image of LaNizoAlg; taken from [112 0] with 0002 reflection,
and (c) bright-field image of LaNi4 5Alo 5 after the fifth cycle, which were taken from [1 01 0] with 121 0 reflection. Images in (a) and (b) were taken from the same position.

respectively. In addition, the spacings of a-type and c-type dis-
locations in LaNig75Sng25 were calculated to be 11.0nm and
16.6 nm, respectively. These calculated spacings are of the same
order as those observed for a-type dislocations in the LaNis,
LaNi4 5Cug 5 and LaNig sFeq 5 which exhibited the large difference in
pressure between hydrogen absorption and desorption. However,
the observed dislocation spacings in LaNig5Sig 5, LaNigsAlps and
LaNig 75Sng 25 which showed little or no hysteresis did not agree
with the calculated values. Moreover, the observed spacing of c-
type dislocations in all the LaNis-based alloys studied did not agree
with the predicted values. Possible reasons for this disagreement
include (1) a preferred growth direction and orientation relation-
ship of the hydride relative to the solid solution matrix, depending
on the element substituted into the LaNis-based alloys; and (2)
volume expansion during hydrogenation resulting in generation of
cracks before the introducing of dislocations, because the plasticity
of the LaNis-based alloys is also affected by the substituted ele-
ments. In fact, during the first hydrogenation the particle size of
the LaNis-H decreased to about 100 wm from 100 to 1000 pm: in

{0170}

Dislocation
1 :a-type

| :c-type

Fig. 7. Schematic diagram of interfacial structure between metal-hydrogen solid
solution and metal hydride during hydrogen absorption for the LaNis-based alloy
system.

contrast, the particle size of LaNig5Alg5-H was found to decrease
to less than 50 wm in this study. This result indicates that Al-
substituted LaNis alloys do not require excess absorption pressure
for the introducing of dislocations because the formation of cracks
occurs readily during hydrogenation.

4. Conclusions

The microstructural evolution of LaNis-based alloys before
and after hydrogen absorption/desorption cycles has been inves-
tigated by transmission electron microscopy. It was found that
dense a-type and c-type dislocations were introduced into LaNis,
LaNig5Cugs and LaNigsFegs after the first hydrogen absorp-
tion/desorption cycle. These alloys exhibited large differences
in the equilibrium hydrogen pressures of hydrogenation and
dehydrogenation. Both a-type and c-type dislocations have Burg-
ers vectors of 1/3 <1120 > and <000 1>, respectively, on the
{0110} slip plane. These dislocations were introduced in order
to accommodate lattice mismatch between the hydrogen-metal
solid solutions and metal hydrides. The interface between the solid
solution and hydride was suggested to be the {0110} planes. In
contrast, dislocations and stacking faults were not observed in
LaNig 5Sig 5, LaNig5Algs and LaNig 75Sng 75, which exhibited little
or no difference in the equilibrium pressure between the first
absorption and first desorption. From these experimental results,
we conclude that the difference between the absorption and des-
orption pressures is due to the generation of misfit dislocations.
LaNis-based alloys, in which mechanical strain was accommodated
by the generation of cracks before the introducing of dislocations,
exhibited small hysteresis in P-C isotherms.
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