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Bcc Tizg5Vsg3Feqs2 alloys containing 10 and 30% of C14 Laves phase inclusions were prepared by induction
melting followed by annealing at 1000 °C. X-ray powder diffraction and BSE microscopy confirmed the
presence of the C14 Laves phase (average composition Tiss 4V323Fes;3) embedded in the bcc matrix. The
two end members of the series, the C14 Laves phase and the bcc Tiza5Vsg 3Feqs2 alloy, have very different
hydrogenation behaviors. The C14 Laves phase does not absorb as much hydrogen as does the bcc phase.
No equilibrium plateau and little hysteresis between absorption and desorption were observed at 25°C
for the C14 Laves on the PCI curves whereas those of the bcc sample present one equilibrium plateau and
significant hysteresis between absorption and desorption. As a result, the absorption capacity and the
length of the equilibrium plateau of the multiphase alloys decrease with the C14 Laves phase content. The
hydrogenation properties of an as-cast bcc Tizg5Vsg 3Fe162 sample were also investigated: the kinetics of
the first hydrogenation is found to be slower and the plateau pressures higher for the as-cast alloy than
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for the annealed sample.
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1. Introduction

Several families of metallic hydrides are studied for hydrogen
storage application: ABs, AB, and AB type materials, where A is
an element with high affinity for hydrogen such as rare earth ele-
ments and B an element with low affinity for hydrogen (typically
a transition metal). The hydrogen sorption properties of vanadium
metal, because of its low atomic mass, have also been extensively
studied [1,2]. Hydrogenation of vanadium occurs by the succes-
sive formation of two hydrides; it can take reversibly up to 2.2 wt%.
However vanadium presents several disadvantages: first, it is an
expensive element, then part of the hydrogen absorbed can not
be recovered because of the stability of the monohydride. Finally
thermal treatments are needed to activate the metal.

Away toreduce the cost of such storage material and to improve
the reactivity of vanadium is to alloy it with other elements. Ono
and co-workers considered Ti-V alloys [3]. The two elements form
a bcee solid solution which reacts with hydrogen without any pre-
treatment. However the kinetics are still slow. Maeland et al.
observed that, when a small amount of atoms which radius is
smaller than 95% of the initial element (Fe, Cr, Mn or Ni in the case of
vanadium) was added to Tig 70Vg 30, NO treatment was necessary to
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start the reaction at room temperature and its rate was much faster
[4]. Ti-V-Cr alloys can absorb hydrogen reversibly up to 2.4 wt
[5-9]. Chromium is still an expensive element; the use of a cheaper
transition metal instead of chromium would be economically more
viable. Work by Challet [10] on the bcc alloys (Tig 355 Vo.645 )100—xMx
(M=Mn, Fe, Co, Ni, x=7, 14 and 21) demonstrated that the best
results for hydrogen storage were obtained for Fe.

Secondary phase precipitation has been used to improve the
reaction kinetics and electrochemical activity of several intermetal-
lic hydride [11-14]. For example, Joubert et al. observed significant
enhancement of the discharge capacities of multiphase alloys in
the Zr-Ni-Cr system [11]. Such materials were prepared by precip-
itation of secondary Zr-Ni phases in a Laves phase matrix. La also
does not dissolve into the Laves phase Zr(Crg4Nigg)> but combine
with Ni to form LaNi precipitates. The multiphase alloy showed
better activation than Zr(Crg4Nigg)2 [14]. Improved kinetics were
also reported by Bououdina et al. in multiphase alloys prepared
from Laves phase and LaNis [12]. V3TiNig 56Hfg 24 is composed of a
bcc Ti-V based solid solution and a MgZn,-type Laves phase struc-
ture forming a 3D network in the alloy [15]. The bcc solid solution
is mainly responsible for hydrogen storage while the C14 phase
helps the formation of cracks in the alloy, thus increasing the rate
of the reaction. Akiba et al. developed the concept of hydrogen
absorption by Laves phase related bcc solid solution [13]. Several
AB;-type alloys do not form pure solid solution but always crys-
tallise with bcc solid solution phases (Zrg5TigsMnV for example
[16]). The composition TiMnV cannot be prepared as a single solid
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Table 1
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Nominal composition of the different alloys studied, their expected C14 Laves phase content, type of the different phases present in each sample, their chemical composition
obtained from EPMA analysis and their C14 Laves phase content and cell parameters obtained from powder XRD refinements.

Sample No. Nominal Expected Type of phase Composition Refined wt% Cell parameters (A)
composition content of C14 content the
Laves phase (%) phase
1 Tiz4_5V59_3FE]G_2 0 bcc Ti25.2(7)V59.5(9)F€]5.3(3] 96.2 (5) a=3.0357 (4)
C14 Tizs.1(13)V33.4012) Fe31.6015) 3.8(5) a=4.908 (4)
c=8.041(1)
v Tiza5Vs03Fe162 0 bec Tizs.1(25)Vs0.1(39)Fe15.8(14) 100 a=3.0427 (4)
Tizs6VsesFeirs 10 bcc Tiz7.43)Vss.93)Fe16.7(1) 90.4(7) a=3.0418 (6)
C14 Tizs82)V32.12)Fe32.1(1) 9.6 (7) a=4912(2)
c=8.048 (6)
3 Tiz7.45Vs15F€21.05 30 bce Tize.7(1)Vs6.1(2)Fe17.3(1) 75.3(1) a=3.0374(6)
C14 Tisq.02)V32.603)Fe32.401) 24.7 (1) a=4.91213(7)
c=8.0046 (2)
4 TiszsVsoFess 100 C14 Ti34.6(2)V30.3(2)F€34‘7(3] 100 a=4.9125 (5)
c=8.0054 (7)

Note: The samples 1, 2, 3 and 4 were annealed at 1000 °C for 2 weeks after fusion, 1’ was studied as cast.

solution, C14 phases are always observed inside the bcc matrix.
TEM analysis of the bcc/C14 interface indicates the presence of fine
lamellar structure (width ~200 nm). The capacity of an alloy with
the composition identical to this interface neighbor was found to
be 1.5-2 times larger than that of the original matrix alloy [17].

Fe has a limited solubility in Ti-V alloys. Based on the work of
Tsin Khua and Kornilov on Fe,Ti-V, Fe-Ti and Ti-V-Fe systems
[18,19], Raghavan, Cornish and Watson proposed an isothermal
section at 1000 °C of the ternary system [20,21]. However results
obtained by Challet on the (Tig355Vo0.645)100-xFex alloys disagree
with the solubility limit of Fe in the Ti-V rich bcc solid solution [10].
Massicot et al. reinvestigated the isothermal section at 1000 °C of
the Ti-V-Fe system and proposed a new phase diagram [22]. They
did not find other phase than those reported for the binary systems,
namely the bcc, B2 and the C14 Laves phases (Fig. 1). The C14 Laves
phase was shown to be in equilibrium with the bcc phase in a very
large composition domain. The hydrogenation properties of sev-
eral bec alloys were also studied by Massicot et al. since the Ti/V/Fe
ratios allows a fine tuning of the equilibrium pressure [23]. They
could relate the formation and dissociation enthalpy of a bcc alloy
to the molar fraction of Ti, V and Fe. Knowing the boundaries of
both the C14 and bcc phase domain, we decided to investigate the

100

100

Fig. 1. Isothermal section of the Fe-Ti-V phase diagram at 1000°C. The 4 com-
pounds considered (M) lie along the tie-line joining the C14 and bcc phase domains.

effect of C14 phase precipitation on the hydrogen sorption prop-
erties of the bcc phase. Materials containing 10 and 30% of C14
Laves phases embedded in a matrix of composition Tiy4 5Vs59 3Feq62
were prepared by induction melting and annealed at 1000 °C. The
homogeneity and the chemical composition of the samples were
studied using powder X-ray diffraction (XRD) and electron probe
micro-analysis (EPMA). Hydrogen sorption properties were also
investigated. The structural information and hydrogen absorption
properties of these materials will be compared with those collected
by Massicot on the C14 laves phase compound TizsV3gFess [24]. In
order to estimate the influence of the annealing step on the struc-
ture of the samples, the pure bcc sample Tizg 5Vs59 3Fe162 was also
prepared without annealing.

2. Experimental

All samples were synthesized by melting high purity elements (Ti 99.99% from
Alfa Aesar, V 99.9% from ChemPur and Fe 99.98% from Sigma-Aldrich) in an induc-
tion furnace in a water-cooled copper hearth furnace under argon atmosphere. The
ingots were melted five times and turned over each time to ensure a good homo-
geneity of the samples. After fusion, the ingots were wrapped in a tantalum foil,
annealed in silica tubes at 1000 °C for 2 weeks under Ar atmosphere and quenched
in water to remove any concentration gradient created during cooling and to put
the samples in a state close to equilibrium.

X-ray powder diffraction was collected at room temperature on a Bruker D8
Advance (CuKa, Bragg Brentano geometry, 260 range 20-120°, step size 0.02°). As
the materials were hard and ductile, a fine powder could not be obtained by grinding.
The samples were prepared by filing the ingots. All the patterns were refined with
the Rietveld method using the program TOPAS [25].

The chemical analysis was performed on finely polished samples using an EPMA
Cameca SX 100. The repartition of the second phase in the bcc matrix was studied
using Backscattered Electron Microscopy (BSE). Accelerating voltage and beam cur-
rent were 15 kV and 40 nA respectively. The composition of each phase in the alloys
was determined from 10 to 100 measurements.

The pressure-composition-isotherm (PCI) curves were measured with a Siev-
erts type apparatus. As the compounds were hard to break, no powder could be used
for the experiment. Coarse grains were obtained by breaking the ingot with a ham-
mer and an Abiche mortar. All manipulations before exposure to pure hydrogen gas
(99.9999% from Alphagaz) were carried out in air. Activations were performed at
25°C under 25 bar of hydrogen. A thermal treatment was necessary to fully desorb
the sample: the sample holder was heated over one hour up to 500 °C under primary
vacuum containing residual hydrogen gas and then cooled down to room tempera-
ture. The cycle was repeated four times to ensure complete reaction of the material
with hydrogen before collection of the PCI curves. Absorption kinetics studies were
also performed during the last activation cycle.

3. Results and discussion
3.1. Structural characterizations
Four samples (1-4) were synthesized, the composition of which

are chosen along one tie-line joining the C14 and the bcc domains in
the ternary section at 1000 °C[22]. They should, in principle, consist
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Fig. 2. Powder X-ray diffraction patterns of alloys 1, 2, 3 and 4.

in the same two phases with the same compositions but variable
amounts (Fig. 1, Table 1).

The powder XRD patterns for compounds 1, 2,3 and 4 are shown
in Fig. 2. The most intense peaks could be indexed as the bcc phase.
However minor peaks of low intensity in the region 35-45° are
observed for all compounds. The intensity of these peaks increases
with the amount of second phase content. They are hardly visible
in the case of Tiy45Vs593Feq62, only a light shoulder is noticeable.
The position of these peaks indicates a hexagonal C14 Laves phase.
Rietveld analysis was performed using the program TOPAS. The
lattice parameters and the weight fraction of both phases in each
material can be found in Table 1.

The XRD diffraction powder patterns were collected for the as-
castand annealed Tiy4 5Vsg 3Fe 62 samples (Fig. 3). The patterns are
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Fig. 3. Powder X-ray diffraction patterns of Tiz45Vs93Feis2 (1) annealed (alloy 1)
and (2) as-cast (alloy 1').

similar, both indicate a bcc phase. The as-cast sample seems to be
single-phase as no shoulder can be observed around the main peak
at 42°.

In order to confirm these results, BSE microscopy and EPMA
analysis were performed on finely polished samples for all com-
positions. C14 Laves phase inclusions appear as brighter areas
on BSE images for compounds 1, 2 and 3. The study confirms
the presence of a small amount of C14 Laves phase embed-
ded in the bcc matrix in the case of Tiyg5Vs93Fei62 (Fig. 4a).
As the second phase content increases, a higher amount of
inclusions was observed for compounds Nos. 2 and 3 which
nominally contain 10 and 30% of second phase (Fig. 4b). In the
case of as-cast Tiyg5Vs593Fejg2, no second phase was observed
in the bcc matrix (Fig. 4c). The composition Tiz45Vs93Feiga is
close to the limit of the bcc domain, this may result in the

Fig. 4. BSE image of (a) sample 1, (b) sample 3 and (c) sample 1'.
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Fig. 5. Variation of the chemical composition of (A) the as-cast and (B) the annealed
Tiza5Vse3Fei62 alloys (samples 1 and 1’) studied by EPMA.

precipitation of a small amount of C14 Laves phase during anneal-
ing.

The chemical composition of the inclusions present in the dif-
ferent compounds is similar (Table 1). The average composition is
close to Tizs4V323Fe3; 3 and belongs to the C14 domain proposed
by Massicot et al. [22]. Small differences in the chemical compo-
sition of the matrix of the compounds are observed, particularly
between compound 1 and compounds 2 and 3.

No significant difference in the chemical composition of the
matrix of as-cast and annealed Tiy4 5Vs9 3Fei62 could be observed
(Table 1). This shows that the annealing process does not affect the
composition of the bcc matrix, only a small amount of C14 Laves
phase appearing at the end of the annealing process, probably due
to the decrease of the ternary solubilities at 1000 °C compared to
higher temperature [22]. However more fluctuation in the internal
chemical composition is observed for the as-cast sample due to the
absence of a homogenization treatment (Fig. 5).

3.2. Hydrogenation properties

Let's first consider the end members of the series, namely
the C14 Laves phase Ti354V3p3Fe3;3 and the bcc compound
Tiz45Vs9.3Feq6.2.

An exhaustive study of the hydrogenation properties of bcc
Ti-V-Fe compounds has recently been reported by Massicot et al.
[23]. The hydrogenation process of bcc alloys involves the for-
mation of two hydrides [26,27]. For all hydrogen rich hydrides
(capacity >0.9 H/fu), the PCI curves present a single equilibrium
plateau for absorption and desorption with a significant hystere-
sis and a slight slope. In the case of annealed Tiy4 5Vs93Fe 6.2, the
compound could be fully hydrogenated at 25°C during the first
activation process. The PCI curves obtained in the present work
(Fig. 6) are similar to that reported by Massicot et al. and Challet
et al. [10,23]. This alloy can absorb up to 3.2 wt% hydrogen. How-
ever, because of the stability of the monohydride, hydrogen cannot
be fully desorbed unless heating the material up to 500°C.

The hydrogenation properties of the C14 Laves Ti35V3gFe3s col-
lected by Massicot are reported here [24]. The material is much
more brittle than the bcc alloys and can be easily reduced to a fine
powder. It could be fully hydrogenated at the end of the first activa-
tion. The trend in the PCI curves is very different from that described
above for the bcc materials (Fig. 6). No equilibrium plateau could
be observed. The interesting feature is the absence of hysteresis,
which means that all the hydrogen stored inside the material can
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Fig. 6. PCI curves at 25°C for Tiza5Vs93Fei62 (alloy 1) and TissVioFess (alloy 4).
Absorption data correspond to plain symbols, desorption data to empty ones.

be released upon desorption. The maximum absorption capacity
of the C14 laves phase is lower than that of the bcc compound
Tiz45Vsg93Fe162: the maximal absorption capacity is 3.2 wt% for
Tizs5Vs93Fei62 and only 1.7 wt% for TissVsgFess. However, the
reversible absorption capacities are not so different (~1.1 wt% for
Tiz5V3gFess and ~1.8 wt% for Tiyg5Vs93Fei62). These data agree
with the hydrogenation properties reported by Miyamura et al. who
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Fig. 7. (a) Absorption and (b) desorption PCI curves at 25°C for compounds 1
(3.8wt% C14), 2 (9.6 wt% C14), 3 (24.7 wt%) and 4 (100 wt% C14).
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studied the C14 phases Ti30V10F660, TiZOVZOFeGO and Ti37V25F€37
[28].

The multiphase compounds 1, 2 and 3 could be easily fully
activated during the first hydrogenation process. However hydro-
genation experiments on different pure bcc compositions showed
that the samples could not always be fully activated during the
first hydrogenation: a thermal treatment at 500 °C under primary
vacuum is often necessary for the sample to absorb the maxi-
mal hydrogen amount. The presence of a second phase in the bcc
matrix can help hydrogen to penetrate more rapidly through the
bulk because of the presence of grain boundaries. Besides, the sec-
ond phase inclusions weaken the mechanical properties of the
compound: single bcc phases are very strong and hard to break
into pieces whereas compounds containing a second phase can be
reduced to a coarse powder more easily.

The PCI curves were collected at 25°C for all samples during
absorption and desorption (Fig. 7a and b). The maximum absorption
capacity and the length of the equilibrium plateau decrease with
the content of second phase: the maximal absorption capacity is
3.2 wt% for Tiz4 5Vs9 3Fe16.2 and only 2.8 for Tiy7 45Vs1 5Fes1 05 (30%
second phase). Compounds 1 and 2 have very similar PCI curves and
the same plateau pressures (0.22 and 0.16 MPa, respectively). The
plateau pressure of compound 3 is slightly higher (0.38 MPa): its
value should be close to that of compounds 1 and 2. The explanation
is probably the slight difference in the composition of the matrix:
the matrix of compound 3 is slightly richer in Ti and Fe than that of
compounds 1 and 2. This results in a higher equilibrium pressure.

In order to verify that the resulting PCI curves of the multi-
phase alloys are the sum of the proportional contributions of each
phase, the calculated PCI curves are represented in Fig. 8. A dif-

ference in the plateau pressure is observed for compound 3: this
can be attributed to a difference in the chemical composition of the
matrix as mentioned above. A good agreement between calculated
and experimental data is obtained for compound 2.

The annealing process can be a crucial economic factor for mass
production. In order to evaluate the influence of the annealing on
the hydrogenation properties of Tiy4 5V593Fe162, the PCI curves of
an annealed and an as-cast sample are compared in Fig. 9. The
absorption kinetics are slower in the case of the as-cast sample
(90% of the maximal absorption capacity reached after 586 s). Both
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Fig. 9. PCI curves for as-cast (circles) and annealed (squares) Tiz45Vsg3Feq62 (sam-

ples 1 and 1’). Absorption data correspond to plain symbols, desorption data to
empty ones.
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Table 2

Maximal capacity, reversible capacity, time to absorb 90% of the maximum capacity, equilibrium pressures for absorption and desorption measured at 25 °C under an initial

hydrogen pressure of 2.5 MPa.

Sample No Nominal Maximal capacity Reversible capacity (wt%) too (S) Equilibrium pressure for Equilibrium pressure for
composition (wt%) (£0.1) (0.01-1 MPa) (£0.05) absorption (MPa) (+0.05) desorption (MPa) (+0.05)

1 Tizas5Vs93Feis2 3.22 1.56 35 0.22 0.04

1 Tiza5Vs93Feis2 3.18 1.43 586 0.42 0.10

2 Tizs6VseeFei7s 3.08 1.48 32 0.16 0.04

3 Tiz7.45Vs15Fe21.05 2.81 1.11 46 0.38 0.08

4 TissV3oFess 1.70 0.84 24 No plateau No plateau

curves exhibit similar trends. The main difference comes from the References

equilibrium pressures. Their values are higher for the as-cast sam-
ple: the plateau pressures are 0.42 and 0.10 MPa for the as-cast
sample and 0.22 and 0.04 MPa for the annealed one (Table 2).

4. Conclusion

Several compounds with a bcc matrix of nominal composition
Tiz45Vs93Fe162 containing 0, 10, 30% of C14 Laves phase were
synthesized. The pure bcc phase Tiyg5Vs93Fei62 was obtained
only for the as-cast sample, a small amount of C14 laves being
present in the annealed sample. The hydrogenation properties of
the C14 Laves phase are very different from that of the bcc mate-
rials: the PCI curves do not have any equilibrium plateau and little
hysteresis between absorption and desorption was observed. The
maximum hydrogen absorption capacity of the C14 Laves phase
is also lower than that of the bcc phase. Hydrogen can pene-
trate more easily the bulk of the multiphase alloys during the
first activation because of the presence of grain boundaries but
it does not change the absorption kinetics of the activated alloy.
The hydrogen absorption capacity and the length of the equilib-
rium plateau decrease with the amount of secondary phase. Hence
only a small amount of C14 Laves phase in the bcc is desirable
for hydrogen storage application. The hydrogenation properties of
the as-cast Tiz45Vs93Fe162 compound are quite similar to those
of the annealed sample. The main differences are the absorption
kinetics and the values of the hydrogenation pressures. As a result,
the annealing step in the synthesis process does not seem that
crucial.
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