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TEM study of the dislocations generated by hydrogen
absorption/desorption in LaNi5 and derivatives
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a Laboratoire de Chimie Métallurgique des Terres Rares, CNRS, 2-8 rue Henri Dunant, 94320 Thiais Cedex, France
b Laboratoire de Cristallographie, Université de Genève, 24 quai E. Ansermet, 1211 Genève 4, Suisse
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Abstract

The combination of bright-field and weak-beam transmission electron microscopy (TEM) techniques has been used to analyse the dislocation
systems activated in LaNi5 and derivatives after hydrogen absorption/desorption cycling. The TEM results are discussed and compared with
those obtained from the modelling of the anisotropic diffraction peak broadening using only two dislocation slip systems of the hexagonal
structure.
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. Introduction

LaNi5 and its substitutional derivatives which are
ommonly used for hydrogen storage are commercially
eveloped in nickel-metal hydride (Ni-MH) batteries. During
bsorption/desorption cycling, dislocations are produced
s a consequence of the interaction of hydrogen with the
aterial. After cycling, LaNi5 exhibits an intense anisotropic
iffraction peak broadening that can be reduced in substitu-

ional compounds[1–3]. This broadening has been studied
n LaNi5 by means of neutron powder diffraction[4], and in
aNi5 and some derivatives, by means of synchrotron powder
iffraction [5]. By modelling it, using the theory developed
y Krivoglaz[6] and the procedure described by Klimanek et
l. [7] for the hexagonal system (Table 1), with only two slip
ystems of the hexagonal structure (E1 and E2), it has been
ossible to estimate the dislocation density for each studied
ompound together with the ratio E1/E2[5]. Such systems
ogether with c-type dislocations have been identified by
ransmission electron microscopy (TEM) in LaNi5 either
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deformed[8] or hydrogenated[9,10]. Nevertheless, a comb
nation of other systems cannot be excluded. So, it is ess
to determine by transmission electron microscopy (TE
which systems are activated depending upon the substit
Several intermetallic compounds studied by X-ray diffrac
have been chosen for the TEM study as they present diff
dislocation densities and E1/E2 ratios. Dislocation ana
are performed using bright-field and weak-beam techniq
The results are then compared and discussed with
obtained by X-ray diffraction on the same compounds.

2. Experimental

The intermetallic compounds (LaNi5 and substitutiona
derivatives containing Co, Mn and Al) were synthes
by induction melting of the pure elements followed
a suitable annealing[5]. Their single-phase charac
and compositional homogeneity were checked by X
diffraction (XRD), optical metallography and electron pro
microanalysis. They crystallise in the hexagonal struc
of CaCu5 type (space groupP6/mmm with La in 1a (0 0 0)
and Ni in 2c (1/3 2/3 0) and 3g (1/2 0 1/2)). Fifteen absor
tion/desorption cycles were conducted at 313 K on cru
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Table 1
Dislocations and slip systems considered in hexagonal materials[7]

Dislocation Type Burgers vector Slip type Slip plane

S1 Screw 1/3〈−2, 1, 1, 0〉 – –
S2 Screw 〈0 0 0 1〉 – –
S3 Screw 1/3〈−2, 1, 1, 3〉 – –
E1 Edge 1/3〈−2, 1, 1, 0〉 Basal {0 0 0 1}
E2 Edge 1/3〈−2, 1, 1, 0〉 Prismatic {0,−1,1,0}
E3 Edge 〈0 0 0 1〉 Prismatic {0,−1,1,0}
E4 Edge 1/3〈−2, 1, 1, 3〉 Prismatic {0,−1,1,0}
E5 Edge 1/3〈−2, 1, 1, 0〉 Pyramidal {0,−1,1,1}
E6 Edge 1/3〈−2, 1, 1, 3〉 Pyramidal {0,−1,1,1}
E7 Edge 1/3〈−2, 1, 1, 3〉 Pyramidal {1,1,−2,1}
E8 Edge 1/3〈−2, 1, 1, 3〉 Pyramidal {2,−1,−1,2}

samples. Six cycled compounds studied by X-ray diffraction
[5] have been chosen for the TEM study as they present
different dislocation densities and E1/E2 ratios (Table 2).
TEM specimens were prepared by cold rolling a mixture of
the compound, reduced into powder by decrepitation during
cycling, with Al powder. Three millimeters discs were then
punched out and ion milled to perforation using a precision
ion polishing system (PIPS) with 4–2 keV Ar+ ion at an
incidence angle of 5◦. The samples were observed in JEOL
2000EX and FX transmission electron microscopes. Micro-
graphs were taken under bright-field[11] and weak-beam
conditions [12]. Burgers vector analysis was performed
using the invisibility criteriong · b = 0 [13]. When possible,
the dislocation line directionu has been determined by trace
analysis. For convenience,Table 3 gives the equivalence
between the four indices notation of the hexagonal system
(useful to represent the equivalent orientations) and the three
indices one used for crystallographic calculations (such as
g · b calculations) for all Burgers vectors ofTable 1.

3. Results

The results of the TEM analysis are summarized for the six
studied compounds inTable 2. Only the detailed TEM analy-
sis of LaNi , LaNi Mn and LaNi Co Mn Al
c sults
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many dislocations are visible forg = 0, 0, −2 which indi-
cates that their Burgers vector is different ofa. A few of
them are clearly out of contrast forg = −2, 2, 0. This shows
that their Burgers vector is equal toc (b = [0 0 0 1]). A few of
them are screw as their line direction is close tou = [0 0 0 1].
For most of these dislocations, it has not been possible to de-
termine precisely their orientation due to the curvature of their
line.

Fig. 1. LaNi5 compound after 15 hydrogen absorption/desorption cycles.
Weak-beam micrographs ((a) and (b)) taken in two different orientations.
5 4.6 0.4 3.94 0.36 0.4 0.3
ompounds is given in this paper. The detailed re
or the other compounds, LaNi4.25Co0.75, LaNi4Mn and
aNi3.55Co0.75Mn0.4Al0.3, are given in Ref.[14].

.1. LaNi5

The TEM study reveals the presence of many disl
ions in the thin foil as shown inFig. 1. These dislocation
re visible forg = −2, 2, 0 (Fig. 1a) and out of contrast fo
= 0, 0, −2 (Fig. 1b) which means that their Burgers ve

or is equal toa (b = 1/3〈−2, 1, 1, 0〉). As these dislocation
re aligned close tou = [0 0 0 1], they belong to the slip sy

em E2. The dislocation density can be estimated to be i
ange 1011 cm−2. The observations do not reveal the p
nce ofa-type dislocations lying in the basal plane so
1 slip system has not been evidenced. On the other
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Table 2
Results of the X-ray diffraction peak broadening modelling using E1 and E2 (lattice parameters after cycling, dislocation density and dislocation fractions E1
and E2)[5] and results of the TEM analysis for all the compounds

Compound X-ray modelling[5] TEM analysis

Dislocation density
(1011 cm−2)

E1 (%) E2 (%)

LaNi4.25Co0.75 3.9 2 98 Long dislocations withb = 1/3〈−2, 1, 1, 0〉 andu = 0 0 0 1: E2system. Very few
dislocations withb �= 1/3〈−2, 1, 1, 0〉

LaNi5 3.8 11 89 Long dislocations withb = 1/3〈−2, 1, 1, 0〉 andu = [0 0 0 1]: E2 system.
Numerous dislocations withb �= 1/3〈−2, 1, 1, 0〉: �= E1 and E2 systems. A few
dislocations withb = 〈0 0 0 1〉. Dislocation density in the range 1011 cm−2

LaNi4.6Mn0.4 2.7 36 64 Long dislocations withb = 1/3〈−2, 1, 1, 0〉 andu = 0 0 0 1: E2system. A few
dislocations withb = 〈0 0 0 1〉

LaNi4Mn 3.8 64 36 Dislocations withb = 1/3〈−2, 1, 1, 3〉 �= E1 and E2 systems, possibly belonging
to the E7 system. Dislocation bands composed of several Burgers vectors possibly
lying in basal or pyramidal planes

LaNi3.94Co0.36Mn0.4Al0.3 1.7 79 21 Long dislocations withb = 1/3〈−2, 1, 1, 0〉. Probably E2 system. Dislocations with
b = 1/3〈1, −2, 1, 3〉 �= E1 and E2 systems, possibly belonging to the E7 system

LaNi3.55Co0.75Mn0.4Al0.3 0.17 92 8 Very few dislocations

Table 3
Correspondence between the four and three indices notation for the Burgers vectors of dislocations ofTable 1

a-Type dislocations: 1/3[2, −1, −1, 0] = [1 0 0], 1/3[1, 1, −2, 0] = [1 1 0], 1/3[−1, 2, −1, 0] = [0 1 0]
c-Type dislocation: [0 0 0 1]= [0 0 1]
Other dislocations: 1/3[2, −1, −1, 3] = [1 0 1], 1/3[1, 1, −2, −3] = [1, 1, −1], 1/3[−1, 2, −1, 3] = [0 1 1], 1/3[−2, 1, 1, 3] =

[−1, 0, 1], 1/3[1, 1, −2, 3] = [1 1 1], 1/3[1, −2, 1, 3] = [0, −1, 1]

3.2. LaNi4.6Mn0.4

Many dislocations are present in the compound (Fig. 2). A
few dislocations denoted A have their Burgers vector equal to
c as they are visible forg = 0 0 2 (Fig. 2a) and out of contrast
for g = 0, −2, 0 (Fig. 2b) andg = −1, 2, 0 (not presented
here). Many long dislocations (noted B onFig. 2b), aligned
along the [0 0 0 1]direction, out of contrast forg = 0 0 2 and
visible for g = 0, −2, 0, belong to the E2 slip system.

3.3. LaNi3.94Co0.36Mn0.4Al0.3

Two dislocation family are observed in the compound.
One is consistent with the E2 slip system (Fig. 3) with dis-
locations out of contrast forg = 0 0 2 (Fig. 3a) and visi-
ble for g = −2, 2, 0 (Fig. 3b) and dislocation line close to
u = [0 0 0 1]. The second dislocation family denoted A in
Fig. 4 has a Burgers vector equal toc + a. Dislocations are
visible for g = 2, −2, 0 (Fig. 4a) and out of contrast for
g = 1, −1, −1 (Fig. 4b) which is consistent withb = 1/3
[2,−1,−1,3] or b = 1/3 [1,−2,1,3]. Their dislocation line
orientation, although difficult to precisely determine in this
case, strongly suggests that they belong to the E7 slip sys-
tem (1/3 [1,−2,1,3](2,−1,−1,1)) for the edge character to be
favored.

4

M
t char-

acteristics generated during hydrogen absorption/desorption
cycles in LaNi5 and derivatives. Such a study is complemen-
tary to that presented earlier on four compounds[14].

The first point to discuss is the validity of the TEM analysis
as the thin foil preparation technique is different from those
commonly used in the literature for this type of compounds
[8–10,15–17]. In our technique, powders are cold rolled with
aluminium to obtain thin foils about 100�m thick. Such a
technique is commonly used to obtain 3 mm disks from pow-
der materials but dislocations could have been introduced dur-
ing this process. This is not the case as hardly any dislocations
were observed in the LaNi3.55Co0.75Mn0.4Al0.3 compound.
So the observed microstructure is readily that produced dur-
ing hydrogen cycling for all the compounds.

The next point to address is the comparison between TEM
results and those given by the anisotropic peak broadening
modelling[5] as the observed compounds are coming from
the same batch. Six compositions were chosen depending
upon the dislocation density and the E1/E2 ratio. The compar-
ison is easily done looking atTable 2. The results are in perfect
agreement for two compounds: LaNi3.55Co0.75Mn0.4Al0.3
and LaNi4.25Co0.75. For the first one, the TEM observation
reveals an extremely low dislocation density, consistent with
the strong reduction of anisotropic peak broadening related
to the absence of dislocation activity. Nevertheless, the cal-
culated density coming from the X-ray experiment[5] and
r on
i to
m The
s ould
p g
. Discussion

The combination of bright-field and weak-beam TE
echniques has been used to analyse the dislocation
eported inTable 2should give rise to a larger deformati
n TEM experiments. Such result is linked to the difficulty

easure low density of defects by X-ray experiments.
econd compound, according to the X-ray experiment sh
resent a high density of onlya-type dislocations belongin
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Fig. 2. LaNi4.6Mn0.4 compound after 15 hydrogen absorption/desorption
cycles. Weak-beam micrographs ((a) and (b)) taken in two different orienta-
tions. Two dislocation families (A and B) are indicated on micrographs.

to the E2 glide system. The TEM study confirms that point,
as numerous dislocations witha-type Burgers vector are ob-
served within the sample and no other system seems to be
activated. For LaNi5 and LaNi4.6Mn0.4, the peak broadening
modelling (Table 2) predicted a high density of dislocations
with an E1/E2 ratio of 11/89 and 36/64 respectively. If the
TEM analysis reveals the presence of dislocations belonging
to the E2 system in both case (Table 2), the E1 system has not
been evidenced. Such an activation of the E2 system is very
consistent with what has been previously observed by TEM
in the literatures[16,17]in LaNi5 but only after one hydrogen
absorption/desorption cycle. A density of the order 1012 to
1013 cm−2 has been estimated in the literature in LaNi5, af-
ter only one cycle of hydrogen absorption/ desorption, either
by X-ray experiment[18] or TEM observations[17]. Such
values appear higher than what can be estimated from our
TEM analysis (range consistent with the value obtained from
synchrotron experiment[5] – seeTable 2). Furthermore, the
presence of other dislocations such asc-type dislocations has
been shown: a few of them have a screw orientation. Such dis-
locations moving on prismatic planes may be emitted from
cracks in LaNi5 [8], they could be produced during the com-
pound decrepitation produced by hydrogen cycling. Their

Fig. 3. LaNi3.94Co0.36Mn0.4Al0.3compound after 15 hydrogen absorp-
tion/desorption cycles. Weak-beam ((a) and (b)) micrographs taken in two
different orientations.

motion should be easier than that ofa-type dislocations[8].
The LaNi4Mn compound exhibits a different behaviour at the
TEM level (Table 2) from that predicted by the anisotropic
peak modelling[5]. According toTable 2, the presence of a
large density of dislocations in a ratio E1/E2 of 64/36 was
expected in this sample. In this case, neither of these two
systems has been clearly identified. Dislocation bands com-
posed of different Burgers vectors have been observed: they
could glide either in the basal plane or in a pyramidal plane,
which means that the E1 system could be one of the acti-
vated system but not the E2 one. The TEM analysis reveals
also the presence of another activated system (possibly E7)
not taken into account in the modelling. The last compound
LaNi3.94Co0.36Mn0.4Al0.3 compound, with expected E1/E2
ratio of 79/21 exhibits two sets of dislocations. One is the
expected E2 slip system while the other (probably E7) is dif-
ferent from the E1 system.

So, as a quick conclusion about this comparison, it can
be noted that the E2 system has been generally observed in
all concerned compounds except for LaNi4Mn, while E1 has
never been evidenced even in compounds with expected high
E1 density such as LaNi4Mn and LaNi3.94Co0.36Mn0.4Al0.3.
In these cases, another slip system (probably E7) is strongly
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Fig. 4. LaNi3.94Co0.36Mn0.4Al0.3compound after 15 hydrogen absorp-
tion/desorption cycles. Weak-beam ((a) and (b)) micrographs taken in two
different orientations. A indicates the analysed dislocation family.

activated. Such result leads to a discussion about the systems
involved in the modelling[5]. Fig. 5displays the calculated
diffraction line broadening for all slip systems of the hexag-
onal structure[7]. From Fig. 5, the implication of E2 ex-
plains the strong broadening ofh k 0 peaks and the absence
of broadening of 0 0 l peaks. For LaNi4Mn, which presents,
on contrary to the other samples, a strong broadening of 0 0 l
lines, another system had to be considered. As numerous sys-
tems could be responsible for the broadening (seeFig. 5), E1
system was chosen among others because of the following
reasons: The E5 system has been excluded as, used in com
bination with E2, it did not explain the behaviour of the peak
broadening: strongly anisotropic (LaNi5) to nearly isotropic
(LaNi4Mn). Other systems such as E4, E6, E7 or E8 had been
excluded, as they were never observed in previous TEM stud-
ies in cycled[9,10,16,17]or non-cycled[8] LaNi5. However,
the presence of these systems is not in contradiction with
the X-ray results[5] especially because, if combined with
E2, it could explain an isotropic broadening as observed in
e.g. LaNi4Mn. The present study reveals the possible activa-
tion of other systems as maybe E7. They should probably be
taken into account in the modelling of compounds presenting
a strong broadening of 0 0l lines.

Fig. 5. Calculated diffraction line broadening behaviour as a function of
h k l, for the different slip systems of the hexagonal structure[7].

This study clearly demonstrates the complementarity of
the TEM and X-ray techniques for the analysis of defects.
While the first technique is accurate for low defect density
measurement, the second one is more appropriate for high
dislocation density estimation. Moreover, such a combina-
tion yields a complete description of the sample behaviour at
microscopic and macroscopic scales.

5. Conclusion

The TEM analysis, which allows to visualize the true sam-
ple microstructure, is in good agreement with the activation
of the E2 system for most compounds and the absence of dis-
location activity in LaNi3.55Co0.75Mn0.4Al0.3. However the
activation of the E1 system is never demonstrated. Instead,
the activation of another system (probably E7) is evidenced
for compounds modelled with a high E1 density.

Such an analysis demonstrates that diffraction line broad-
ening modelling using only E1 and E2 is probably not accu-
rate and that other systems should be taken into account.
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