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Abstract

The diffraction peak broadening induced by hydrogen absorption—desorption cycling has been analyzed in four different Laves
phase compounds with the C14 and C15 structures. The broadening is due to strain most probably originating from dislocations
generated at the interface between the o and f hydride phases in connection with the cell volume difference between the two phases.
It has been shown that it is strongly compound dependent. In the case of the C14 structure, the broadening is large and isotropic,
and the latter can be related to the isotropy of the elastic constants of the metallic phase. The broadening is less for the compounds
with the C15 structure, which can be related to a possibly softer lattice. Better ageing properties after long-term cycling are predicted

for this crystal structure.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Hydride-forming intermetallic compounds are of
interest for a number of applications ranging from
hydrogen gas storage [1-3] to nickel-metal hydride
batteries [4,5]. Extensive absorption—desorption cycling
may affect drastically the properties such as absorption
and desorption pressures, plateau slope or hydrogen
storage capacity [6—10]. Therefore, the ageing behavior
is a key parameter to govern to develop long-term
applications.

It has been shown in previous work that a large
broadening of the diffraction peaks in the early cycles of
the hydrogenation due to the formation of lattice defects
such as dislocations may result after prolonged cycling
in a significant decrease of the capacity, related to a
progressive disproportionation of the compound [8].
Following the work of Wu et al. [11,12] on the binary
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compound LaNis, we have performed an extensive study
of the diffraction peak broadening of a series of
hydrogen-cycled compounds LaNis_ M, (M = Ni,
Mn, Al, Co, Cu, Fe, Sn) [13,14]. It has been shown
that the peak broadening observed in these compounds
can be exclusively attributed to strains produced by the
presence of a high density of dislocations. Those
dislocations originate from the large misfit of the lattice
parameters in the two-phase domain between the o
(hydrogen-poor solid solution) and the f (hydrogen-rich
hydride) phases. Indeed, the volume difference may
reach 22% in the case of LaNis.

Besides the A Bs intermetallic compounds (hexagonal,
CaCus type; A =rare earths, B=d or p eclements),
another well-known family of hydride-forming com-
pounds are the so-called AB>, compounds (4 = Zr, Ti;
B=Ni, V, Cr, Mn) (for a review see, e.g., Refs.
[4,15,16]). These compounds are Laves phases crystal-
lizing either in the C14 (hexagonal, MgZn, type) or C15
structure (cubic, MgCu, type). Hydrogen locates in
these two structures in interstitial tetrahedral sites.
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We present hereafter results of the peak broadening
study after hydrogen cycling of Laves phases by means
of synchrotron powder diffraction. The results allow a
comparison between C14 and Cl15-type compounds, a
preliminary study of the effect of the metal composition
and a comparison between ABs and AB,-type com-
pounds.

2. Experimental

The intermetallic compounds were synthesized by
melting of the pure elements in an induction cold
crucible furnace under argon atmosphere. They were
subsequently wrapped in a tantalum foil and annealed in
a silica tube sealed under argon atmosphere at
1000-1050 °C during 7 days. A study of phase diagrams
shows that it is quite common for Laves phases that an
increase of the Ni content is accompanied by a decrease
of the Zr content [17]. To be synthesized as single phases
and to avoid the precipitation of Zr—Ni phases, one
must increase the stoichiometric ratio B/4 over 2
yielding the so-called non-stoichiometric compounds.
In our case the ratio B/A4 = 2.15 was chosen for the Ni-
rich compounds. The samples were characterized by
conventional X-ray diffraction, optical metallography
and electron probe microanalysis (EPMA). The mea-
surement of the thermodynamic properties of the
hydrides was performed at 75°C (hydrogen capacity,
absorption and desorption plateau pressures) with a so-
called volumetric device using the Sievert’s method. The
same apparatus was used to charge each sample after
activation to half of its capacity, allowing a conven-
tional X-ray diffraction measurement in order to
determine the lattice parameters of the saturated o and
under-saturated f phases in equilibrium. Fifteen ab-
sorption—desorption cycles were performed between
10bar and vacuum at a constant temperature (25°C
during five activation cycles, 75°C during the last 10
cycles). Due to a difficult activation and cycling
behavior, sample S3 (see Table 1) was submitted to
only nine cycles and to pressures up to 100 bar. After
cycling, the powdered samples were examined by
scanning electron microscopy (SEM). The average
particle size after hydrogen decrepitation was estimated
visually from the images.

The powder diffraction synchrotron measurements of
the non-cycled and cycled compounds were performed
at the Swiss Norwegian Beamline at the ESRF,
Grenoble, France in the conventional Debye—Scherrer
geometry (capillary diameter 0.3 mm, step scan, 26 range
6-47°, step size 0.005° 26, time per step 2s). The
diffractometer was equipped with six detectors with Si
(111) analyzers. Very particular care was taken regard-
ing the choice of the wavelength. The major concern was
about the compound ZrMng 7;Ni; 21 Vg2 with the C15

structure. In addition to the evidencing of broadening,
one of the major issues of the experiment was to
determine if the broadening is isotropic or not. For this
purpose, one must be able to evaluate the peak widths of
the Miller indices families like 200, 2740, hhh. Among
these families, 7200 peaks are peculiarly relevant.
However, due to the systematic extinctions in the space
group Fd3m, only the peaks 400 and 800 are present in
the diagram. Moreover, the 400 reflection intensity is
very weak when measured at CuKo wavelength and
prevents any study of the angle dependence of 40 0 family.
This is due to the structure factor of this reflection
(proportional to 2fi¢,fs,) and to the peculiar values of the
site scattering factor fie; given the atoms occupying site
164 (Mn, Ni and V) which nearly equals half the value of
fsq =f 7 A modification of one of the site scattering f
factors can be achieved when exploring the effect of the
resonant scattering by adjusting the wavelength close to
the absorption edge of one atom occupying either the site
16d or 8a. We have chosen the X-ray energy 20eV below
Zr K edge. This allows benefiting from the anomalous
dispersion correction f7, = —6.3¢ raising the 400 peak
intensity from 0.7% to 2.8% of the main peak and thus
allowing its measurement. The exact value of the
wavelength (4 = 0.68957 A) was calibrated with the NIST
silicon standard SRM 640b.

The analysis of the peak widths was performed by an
individual profile fitting using the software EVA [18]. A
symmetrical Voigt function was used for each peak and
the contributions in terms of Gaussian and Lorentzian
peak widths were obtained. The instrumental contribu-
tion to the broadening was measured by using the NIST
LaBg standard SRM 660. The deconvolution was
performed according to the method of Langford
[19,20] and the sample integral breadths (f in units of
20) were obtained. They are plotted in the form of a
conventional Williamson—Hall plot [21] and the average
strain (e) may be obtained from the slope of the linear fit
(B cos 8/4 vs. sin6)

B cos O 4esin 6
V)

+1/D, (1)

where D is the apparent coherent domain size.

In addition, a conventional Rietveld analysis was
performed (program Fullprof [22]) allowing precise
lattice parameter determination and choosing between
a substitutional and a vacancy model in the case of the
non-stoichiometric C15 structures. These results were
compared to measurements of the mass density using a
gas pycnometer Accupyc 1330.

3. Results

The main phase in the four studied samples (composi-
tions in Table 1) has the crystal structure types C14 for



176.17(4)
176.85(4)

V(A%

8.153(1)
8.165(1)

¢ (A)

Lattice parameters

a(A)
4.995(1)
5.001(1)

100
96(1)

4(1)

Phase content (wt%)
100

Crystal structure

Cl4
Cl4

Zr0 801y Ti0.20)Mng.972)Nig.7802)Vo.21(1) (4B1.96)
Zro.x()(|)Tlo.zo(|)Mn0.x9(1)N10.77(1)V0.32(1) (AB; 93)
Zro.80<1)T10.20(1)Mn0.70(1)N11.18(1)V0.28(2) (A4B>.16)

Analyzed composition
Additional phase not analyzed

Nominal composition
Zr 3 Tip,MnNig gV > (AB5)
Zr g Tip2MngoNiggVo 3 (4B>)

Metallurgical characterization of the samples

Table 1
Sample
S1
S2
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DD Table 2
B & Description of the stoichiometric C14 and C15 phases (4 = Zr, Ti;
22Q B =Mn, Ni, V)
o — N
Strukturbericht ~ Structure  Space group Atomic
~ type positions
= C14 MgZn, P63 /mmc Ain 4f (1/3, 2/
0 ,z=1/16)
Bin 2a (0, 0, 0)
An B in 6h
AR S x=15/6,2x,1
JE8 5
o~ oo~
Cl15 MgCu, Fd3m Ain 8a (1/8, 1/
(centrosymmetric 8, 1/8)

description)
Bin 16d (1/2,
1/2, 1/2)

99(1)
1(1)

Ni-poor and C15 for Ni-rich samples (see Table 2 for a
description of the structural features of these two
structures). Sample S3 presents a small amount
(4wt%) of the C14 phase. Traces of the Zr;Ni;o phase
were also apparent in the sample S4. The two other
samples were single phase. The microprobe analysis
yielded compositions in agreement with the nominal
composition except for sample S4 for which a stoichio-
metric ratio B/A4 = 2.29 was measured and explains the
precipitation of the Zr;Ni;o phase. These results are
reported in Table 1, together with measured lattice
parameters. The two samples with the C15 structure
deviate from the ideal stoichiometry B/A4 =2 corre-
sponding to full occupancy of site 8a by Zr or Ti only,
and full occupancy of site 16d by V, Mn and Ni. The
way the non-stoichiometry is accounted for in the
crystal structure has been investigated by the structural
refinement using measured powder diffraction data and
by mass density measurement. Basically, two models
could explain the 4 atoms deficiency, i.e., A vacancies or
substitution of B atoms on the A sublattice (V was
supposed to substitute Zr due to closer electronic
properties). The results are reported in Table 3 and are
in favor of a substitution model in both cases.
Observed hydrogen storage capacity ranges between

C15
Cl14
C15
Zr7Nij

ZTMn0~77<3)Ni1~28(5)V0~24(2) (AB59)
ZrN11.42(1)Mn0.09(1)V0.01(1) (A7B10.64)

The nominal and analyzed (EPMA) compositions, the crystal structure, the phase content (Rietveld analysis) and the lattice parameters are indicated.

9q

T A~

E = 0.75 and 1H/M depending on the compounds. No

= % significant decrease of the hydrogen capacity was

2 9 noticed during cycling. The lattice parameters of the o

Zg > and f hydride phases in equilibrium and the calculated

g lattice expansion are presented in Table 4. One may note

= Z . . .

R that the discrete volume expansion varies between

E;. § 11.9% and 20.8%. For the hexagonal structure, one

NS may notice the high isotropy of the lattice expansion.

The measured hysteresis (H, logarithm of the ratio of

the absorption and desorption pressures) as well as the
average particle size after cycling (G) are also presented

n & in Table 4. Larger grain size and low hysteresis are



Table 3

Non-stoichiometry models for the samples with the C15 structure

Sample B/A Density Substitutional model Vacancy model
(measured  (measured
EPMA) pycnometry)
B/A (refined) Density (calculated) B/ A (refined) Density (calculated)
S3 2.16 7.49(1) 2.33 (Zro.72Tio.18Vo.1)(Mng ¢sNiy.15Vo.17) 7.46 (Zro.76Tio.19V0.05)(Mng ¢7Ni1 12V0.22) 2.06 (Zro.78Tio.1900.03)(Mng sNij.0oVo26)  7.26 (Zro74Tio.1000.08)(Mng.65Ni1.09Vo.26)
AB; 16 AB 6
S4 2.29 7.64(1) 2.21 (Zr.94Vo0.07)(Mng 70Ni1 17Vo.14) 7.58 (Zro.91V0.09)(Mng 70Ni1.17Vo.13) AB22g  2.06 (Zr.9700.03)(Mng 67Ni1.12V0.21) 7.25 (Zro.700.13)(Mng 67Ni1.12Vo.21) AB2 29

Stoichiometric ratio and mass density measured by EPMA and pycnometric measurements are compared with the same parameters refined from Rietveld refinement or calculated to match the

stoichiometry in a substititutional model (V substitutes on site 8«) and a vacancy model (vacancy on site 8a).

Table 4

Lattice parameters of o« and f phases in equilibrium, lattice expansions relative to the o phase, hysteresis (H = In P,/ Pqcs), estimated average particle size after cycling (G, SEM), average strain (e)

for cycled and non-cycled compounds

Sample Saturated o phase Undersaturated f§ phase Relative discrete lattice expansion H G (Um)  ecycied (%0)  €non-cycled (Y0)  €cycled—€non-cycled (70)
aA) ¢ (A) V(A aA) ¢ (A) V(A Aafa (%) Acje (%) AV]V (%)

S1 5.007(1)  8.175(1) 177.5(1) 5.331(1) 8.708(1) 214.4(1) 6.5 6.5 20.8 0.7(1) 6(3) 0.192(7) 0.046(4) 0.146

S2 5.021(1) 8.200(1) 179.0(1) 5.309(1) 8.676(1) 211.8(1) 5.7 5.8 18.3 0.20(5) 9(3) 0.119(6) 0.036(4) 0.083

S3 7.097(1) — 357.5(1) 7.370(1) — 400.2(1) 3.8 — 11.9 0.20(5) 20(3) 0.061(4) 0.045(4) 0.016

S4 7.087(1) — 355.9(1) 7.512(1) — 423.9(1) 6.0 — 19.1 0.10(5) 12(3) 0.094(4) 0.079(4) 0.015

081

9081-66L1 (S00Z) 8.1 Cusuuay) aivig pijos Jo jpuinof / v 12 gnsoy A
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Fig. 1. Selected SEM images of the four samples after hydrogen cycling.

observed for the compounds adopting the C15 structure.
Selected SEM images are presented in Fig. 1.

As an example, sclected parts of the measured
synchrotron powder diffraction diagrams of cycled and
non-cycled S1 sample are compared in Fig. 2. The
conventional Williamson—Hall plots are presented in
Fig. 3. The peak widths of the non-cycled compounds
are typical for intermetallic compounds and related to
the homogeneity of the composition and to the presence
of intrinsic structural defects introduced during the
crushing procedure for example. Wider peaks are
observed for sample S4 which can be related to the
higher inhomogeneity of Ni concentration evidenced by
the EPMA. An evaluation of the absolute broadening of
the cycled compounds is hindered by the non-negligible
natural broadening of the non-cycled compounds.
Therefore, the evaluation of the hydrogen-induced
broadening must be done by comparison, for each
sample, between cycled and non-cycled compounds.
This analysis shows a significant change of the broad-
ening for the two compounds with the C14 structure
(sample S1 presenting a larger change of the broadening
than S2), while the change of the broadening is weak in
the two compounds with the C15 structure. In each case,
the broadening is observed to be isotropic. The intersect
of the regression lines with the y-axis shows that the size
broadening is always minor and that only strain
broadening is of importance. The value of the average
strain (e) is reported for each cycled and non-cycled
compound in Table 4.

4. Discussion

The studied compositions of the Laves phases were
chosen in the frame of hydrogen gas storage alloy
development. They were calculated in order to give rise
to hydride formation under approximately 3 bar at
75 °C. They all derive from the binary compound ZrMn,
(C14) by appropriate substitution on the Zr and Mn
sublattices in order to raise the absorption pressure. The
two compounds ZrgTip,MnNipgVg, (S1) and
Zro'gTio'zMno'gNiO.gVOQ, (S2) with the Cl14 structure
allow studying the effect of a small variation in the
vanadium concentration. By increasing the average d-
electron concentration, one may switch from the C14 to
the C15 structure [23]. This was done for the samples
ZrysTig2Mng 72Ni;1 21 Vo.22 (S83) and ZrMnyg 75Nij 21 Vo 22
(S4) by increasing the nickel content. For the two latter
samples the effect of titanium content can be studied.

The compounds with the CI15 structure have been
shown to be non-stoichiometric. This is in agreement
with previous findings in other systems and seems to be
correlated with the nickel substitution [17]. The present
results are in favor of a substitution model (B atom,
most probably V, substituting on the Zr (Ti) site). This is
found to be in agreement with the model described to
explain the non-stoichiometry in HfCo, [24].

The differences of strain between the cycled and non-
cycled compounds can be related neither to a remaining
presence of hydrogen nor to additional local variations
of the composition since the homogeneity is unlikely to
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Fig. 3. Williamson—Hall plot for the four samples in cycled (solid symbols) and non-cycled (open symbols) states (a: S1, b: S2, ¢: S3, d: S4). The
maximum relative error on the line widths measured for the sample weakest lines is 6%.
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change during cycling. Most probable explanation for
the strain increase with the cycling is therefore the
presence of dislocations as evidenced in LaNis com-
pound and derivatives [11-13]. In the following, the
term strain for a given sample should be understood in
terms of strain increase.

Between the two samples with the C14 structure (S1
and S2), the higher amount of strains, the larger
hysteresis and the stronger decrepitation of sample S1
may be related to the higher volume expansion observed
in this sample. One may attribute the differences to the
changes of vanadium content. Indeed, this element has
been described in the literature as beneficial at least for
the hysteresis [25,26]. Concerning the samples with the
C15 structure, hysteresis and strain are already low in
S4. Reduction of the discrete lattice expansion related to
Ti substitution for Zr in S3, has a significant effect only
on reducing the decrepitation.

Larger strains are observed in the samples with the
C14 structure than in the samples with the C15 structure
where they are nearly absent. This phenomenon cannot
be accounted for by differences in the lattice expansion
during hydrogenation since sample S4 has a volume
expansion between those of S1 and S2. This may indicate
that the difference in behavior is mainly structural. In
Zr(AlFe,_,), system, a rare example for which the
elastic properties of the C14 and C15 phases could be
compared at an equivalent composition, it has been
shown that the C14 phase has a higher bulk modulus
than the C15 phase [27]. This observation, provided that
it could be transposed to our system, is in line with our
observation in the case of LaNis substituted compounds
that a lower bulk modulus is associated with more
resistant compounds to the defect formation [28]. One
may predict from the lower hydrogen cycling induced
strains observed with the C15 structure a better long-
term ageing in the frame of a hydrogen storage
application, as is observed for LaNis derivatives [8].

LaNis presents after hydrogenation cycling a huge
and highly anisotropic peak broadening. The peaks with
h k0 indices are extensively broadened while those with
00/ indices are nearly un-broadened. Previous study
based on the model of Refs. [29,30] has allowed the
evidencing of the dislocation system 1/3(2110){0110} as
responsible for the broadening [11,12].

In the case of the cycled compounds with the C14
structure, the absence of any anisotropy in the broad-
ening has not allowed performing a detailed analysis of
the dislocation nature and density since many systems or
combinations of systems could account for an isotropic
broadening. One may however compare the average
strains which reach 0.72% along 200 for LaNis [13] a
value significantly higher than the one obtained in
sample S1.

The fact that the broadening is highly anisotropic in
LaNis is related to the fact that one main dislocation

system is activated introducing highly anisotropic strains.
The absence of anisotropy in the C14 structure may be
explained by an isotropic distribution of different
dislocation systems. Indeed, no anisotropy was observed
in the lattice expansion of C14 structure contrary to what
is observed in the case of LaNis and substituted
derivatives for which it is weak but significant (e.g., for
LaNis: Aa/a = 7.3%, Ac/c = 6.3%).

Finally, the Laves phases are topologically close
packed phases (Frank—Kasper phases). The difference
between the cubic C15 and hexagonal C14 structures
originates only from a difference in Frank—Kasper
polyhedra stacking. In addition, the atoms are arranged
as interpenetrating networks with no evidence of direc-
tional interactions. Therefore, the anisotropy should be
weak even for the C14 structure contrary to what occurs
in the CaCus structure which is not a topologically close
packed structure. Indeed, when they have been measured,
the elastic constants have been shown to be fairly
isotropic in the Cl14 structure (e.g., CaMg, [31] and
MgZn, [32]). This contrasts with what is observed in the
case of LaNis for which a high anisotropy of the elastic
constants has been evidenced [28,33].

5. Conclusion

This work presents, to our knowledge, the first study
of the hydrogen cycling induced peak broadening in
Laves phase compounds. It has been shown that the
compounds with a C14 structure present a significant
and isotropic broadening. On the contrary, the broad-
ening is much reduced in the case of the C15 structure.
This allows predicting a better long-term cycling
stability for the latter compounds. As in the case of
the ABs compounds, the lattice expansion cannot alone
explain the different behaviors observed, and one must
take into account the elastic properties of the com-
pounds.
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