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The hydrogenation properties of Fe–Ti–V bcc alloys have been studied by the Sieverts method. Starting
from a fully determined ternary phase diagram, a large number of compositions have been synthesized
and pressure–composition–isotherms have been measured at different temperatures both in the low
and high hydrogen concentration regions. The enthalpies of absorption and desorption have been found
to vary linearly as a function of composition in the ternary domain and depend on the ones of the pure
elements. The absorption capacity is mainly dependent on the iron concentration. Additionally, the crystal
structure of the hydrides has been studied. For the first time a progressive and continuous distortion from
ypes of material: hydrogen absorbing
aterials
etal hydrides

reparation and processing: gas–solid
eactions
henomena: crystal structure

body centered cubic (bcc) to body centered tetragonal (bct) structure has been evidenced.
© 2010 Elsevier B.V. All rights reserved.
nthalpy
hermodynamic properties

. Introduction

Vanadium-based hydrogen absorbing alloys with body centered
ubic (bcc) structure show promising weight capacities compared
o rare earth based storage materials because of the relatively low
tomic mass of vanadium. Indeed, conventional metal hydrides
ave weight capacities less than 1.8 wt% whereas Ti–V based solid
olutions exhibit a total capacity close to 4 wt% [1]. Hydrogena-
ion of the bcc alloys occurs via the successive formation of two
ydrides, the first one being unfortunately too stable to give rise to
eversible storage [2,3]. However, the second hydride is less stable
nd hydrogen absorption or desorption can be carried out close to
mbient conditions with a reversible capacity limited to the differ-
nce of hydrogen concentration in the first and the second hydride.
rom the kinetic point of view, rapid reactions with hydrogen occur
t room temperature only with bcc phases in which small amounts
f a third element with atomic radius 5% smaller than titanium have
een added [4]. Thus substitutions of Ti–V alloys by 3d transition
lements are usually investigated to improve the hydrogenation

ehavior. Many works have been dedicated to the Cr–Ti–V system
hich shows a reversible capacity of 2.4 wt% at room temperature

10–12,5–9] whereas other studies report on the hydrogenation
ehavior of M–Ti–V compounds with M = Mn, Fe, Co, Ni [13–17,2].
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Iron-containing alloys were found to present good reversible capac-
ity among these systems. Lynch et al. [18] have shown that for
(V0.9Ti0.1)1−xFex, varying x from 0 to 0.075 allows to change the
plateau pressure within more than one order of magnitude without
affecting capacity. Moreover, as the high cost of vanadium is one of
the main drawbacks limiting the practical application of bcc alloys,
the possibility to use cheaper ferrovanadium alloys is of peculiar
interest [19–22].

Maeland et al. [18,2,23–25,3,4] studied the hydrogenation
properties of the bcc Fe–Ti–V alloys in the composition ranges
(Ti0.1V0.9)1−xFex, 0 < x < 0.075 and (V1−yTiy)0.98Fe0.02, y = 0.1, 0.2 and
0.25. The maximal hydrogen concentration reaches 2 H/M, with
a pressure plateau between 1 and 2 H per metal atom (H/M).
Nomura and Akiba [14] investigated the Fe–Ti–V system in the com-
position range Ti(33–47 mol%)–V(42–67 mol%)–Fe(0–14 mol%) and
found that the best composition for hydrogen absorption was
Ti43.5V49.0Fe7.5 with a maximum hydrogen uptake of 3.90 wt%
(H/M = 1.90) at 253 K and a reversible capacity of 2.4 wt% when
hydrogenated at 253 K and desorbed at 573 K under 1 atm. Kagawa
et al. [26] studied the thermodynamic properties of hydrogen des-
orption for slightly higher titanium rates, and Challet et al. [27]
measured absorption–desorption isotherms for (Ti0.35V0.65)1−xFex,
x = 0.07 and 0.14. A comparison of these works shows that the

addition of iron to a Fe–Ti–V alloy destabilizes the hydride, while
an increase of the titanium concentration stabilizes it. Apart from
the results of Nomura and Akiba [14] and Challet et al. [27], few
thermodynamic data were harvested for iron contents higher than
7.5 at.%.

dx.doi.org/10.1016/j.jallcom.2010.09.030
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Phase analysis of the metallic samples, after annealing at 1000 ◦C. All samples are single bcc phase.

Sample no. Nominal Measured composition (at.%) Lattice parameter

composition Ti V Fe a (nm)

0 Ti10V80Fe10
a 10.2(7) 80.2(2) 9.6(6) 0.30223(4)

1 Ti10V88Fe2 9.8(3) 88.3(4) 1.9(1) 0.30447(3)
2 Ti12V70Fe18

a 11.7(2) 71.2(3) 17.2(2) 0.30017(7)
3 Ti20V70Fe10 20.4(3) 69.8(4) 9.7(2) 0.30479(3)
4 Ti20V78Fe2 20.6(7) 77.4(7) 2.0(1) 0.30720(3)
5 Ti30V50Fe20

b 29.2(1) 50.7(2) 20.1(1) 0.30379(9)
6 Ti30V60Fe10 31.1(2) 58.9(2) 10.0(1) 0.30738(7)
7 Ti40V50Fe10 40.9(1) 48.9(1) 10.2(1) 0.30980(4)
8 Ti41V41Fe18 42.1(1) 41.0(1) 16.9(1) 0.30808(5)
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As mentioned in Section 1, the hydrogenation of the bcc alloys
9 V90Fe10
a –

a The maximal concentration of absorbed hydrogen did not exceed 1 H/M.
b Annealed at 1200 ◦C.

Recently, we investigated the ternary phase diagram of the
e–Ti–V system at 1000 ◦C, in order to precisely determine the
xtension of the bcc domain [28]. We also studied the influence
f the annealing temperature by measuring the isothermal section
t 1200 ◦C. We found that 15 at.% Fe can be substituted in the bcc
i–V solid solution at both temperatures and we have shown that
he lattice parameters of the bcc phase depends linearly on the
omposition. In the present work, with the help of these phase
iagram data, we report on the hydrogenation properties (equi-

ibrium pressure, total and reversible capacity) of Fe–Ti–V alloys
ver a larger composition range in the bcc domain. We found that
nthalpies of absorption and desorption vary linearly as a function
f composition in agreement with previous finding but extended
ere to a larger composition domain. The structural changes during
ydrogen absorption are also investigated.

. Experimental details

The alloys (5 g) were synthesized by melting the pure bulk met-
ls (99.98% Fe from Sigma Aldrich, 99.99% Ti from Alfa Aesar, 99.9% V
rom Goodfellow) in a cold crucible induction furnace under argon
tmosphere. Each alloy was turned over and melted four times to
nsure a good homogeneity. The obtained samples were annealed
or three weeks at 1000 ◦C or 1200 ◦C in a resistive furnace. Before
nnealing, the samples were wrapped in a tantalum foil and intro-
uced into a silica tube evacuated to high vacuum, filled with argon
o that the inner pressure would be 1 bar at the annealing tempera-
ure and sealed. Tantalum prevents contamination from the silica.
fter annealing, the alloys were quenched by dropping the silica

ube into water. Weight losses during melting were not detectable.
ypical weight losses during heat treatment were less than 0.5%.

X-ray diffraction (XRD) experiments were performed at room
emperature on a Bruker AXS D8 �–� diffractometer using Cu-
� radiation (� = 1.5418 Å, Bragg-Brentano geometry, 2�-range
0–120◦, step size 0.04◦, in beam rear graphite monochromator).
he lattice parameters were refined with the Rietveld method [29]
sing the program FullProf [30]. The uncertainty on the lattice
arameters was calculated by multiplying the standard deviation
iven by the FullProf program by the Bérar factor [31,32]. The chem-
cal composition of the phases was investigated on bulk samples
y electron probe microanalysis (EPMA) with a CAMECA SX100.
cceleration voltage and beam current were 15 kV and 40 nA,
espectively. The composition of the alloys was determined from
0 to 100 measurements; the standard deviation of these measure-

ents is given as the uncertainty on the phase composition and

esults from counting statistics, the experimental setup and alloy
omogeneity.

The samples (0.5 g) were hydrogenated by exposing them to
ure gaseous hydrogen (99.9999% H2 from Alphagaz). The sample
90.8(8) 9.2(8) 0.29981(4)

surface was first filed under argon atmosphere in order to elim-
inate possible surface oxides, and the sample was introduced in
the sample holder under argon atmosphere. The activation of the
hydrogenation reaction was performed by exposing the sample to
25 bar H2 at room temperature, then heating it at 500 ◦C under vac-
uum for 1 h, and then cooling down back to room temperature. This
cycle was repeated four times, after which the sample was consid-
ered to be activated. Such treatment was performed in order to
ensure fully activated samples but further studies [33] have shown
that these bcc samples can also be activated in milder conditions
at room temperature.

Pressure–Composition–Isotherm (PCI) curves at different tem-
peratures were then measured by the manometric Sieverts method
[34] using different pressure gauges (1, 10 and 100 bar) according
to the measuring ranges. The uncertainty on the measured hydro-
gen concentrations in the metals is about 10% of the fully charge
capacity (i.e. 0.2 H/M max.) and the pressure accuracy is about 0.1%
of the full scale (i.e. 0.1 bar max).

3. Results

The hydrogenation properties were studied for ten metallic
compositions inside the bcc domain. According to our ternary phase
diagram [28] an annealing temperature of 1000 ◦C was enough
to obtain bcc single phased samples for every composition but
Ti50V30Fe20. For this latter composition, again according to the
phase diagram [28], a single phase sample could be obtained by
treating the sample at 1200 ◦C. Table 1 summarizes the measured
compositions and structural properties of each studied samples
after annealing.

It is worth to note that annealing treatment was performed
in order (i) to have fully equilibrated sample and (ii) to obtain
increasing amount of dissoluted iron in the bcc phase by rais-
ing the annealing temperature. However, this does not preclude
the possibility of using non-annealed sample. Indeed, in a recent
work to be published elsewhere [33] it was demonstrated that
the hydrogenation properties of an as-cast bcc sample with
composition Ti24.5V59.3Fe16.2 does not need annealing nor pre-
treatment to be hydrogenated though for the first hydrogenation,
the kinetic is found to be slightly slower and the plateau pres-
sures slightly higher for the as-cast alloy than for the annealed
sample.
involves the successive formation of two hydrides [2,3]. The first
hydride is usually stable and is observed around 1 H/M whereas
the second exists for values close to 2 H/M. Accordingly, the present
study will be divided into two parts addressing the phases observed
in the PCI curve above and below 0.9 H/M, respectively.
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Table 2
Maximum capacity measured during activation (25 ◦C, 2.5 MPa) for samples 0, 2 and
9.

Sample no. Nominal composition Maximum capacity
(±0.1 H/M)
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�Habs = −102 · xTi − 36 · xV + 73 · xFe (3)
0 Ti10V80Fe10 0.97
2 Ti12V70Fe18 0.95
9 V90Fe10 0.95

.1. Capacity above 0.9 H/M

Among the studied samples, Ti10V80Fe10, Ti12V70Fe18 and
90Fe10, i.e. sample nos. 0, 2 and 9, did not absorb more than 1
/M (Table 2) at room temperature. Moreover, the PCI curves of

hese samples could not be measured properly because of poor
eproducibility and a rapid drop of the maximum hydrogen storage
apacity after few cycles.

The PCI curves of every other sample (nos. 1 and 3–8) were mea-
ured at different temperatures ranging between 25 and 200 ◦C
epending on the equilibrium pressures and are shown in Fig. 1.
ach obtained PCI curve in the hydrogen rich region (>0.9 H/M)
resents a plateau, with a significant hysteresis and a slight slope.
s already stated, the hydrogen poor region cannot be measured
y the Sieverts method in this temperature range due to very low
quilibrium pressure.

From the determination of the plateau pressure at different tem-
eratures, it is possible to calculate the enthalpy of formation and
issociation of the hydride for each alloy from the van’t Hoff equa-
ion. To be accurate, the determination of both parameters requires
ata points in a wide range of temperature. In our case, due to the

imited investigated temperature range, we chose to refine the only
nthalpy keeping the entropy to 130 J K−1 mol(H2)−1, a value com-
only accepted as the entropy of gaseous hydrogen. The results

btained by this method are reported in Table 3. In addition, the val-
es of the plateau pressure at 100 ◦C for absorption and desorption
re also given in this table.

In Table 4, other characteristics of the measured isotherms are
iven: maximal capacity (at 25 ◦C, 10 bar), plateau widths, hystere-
is factor log(Pabs/Pdes) at 25 ◦C and plateau slope d(log P)/d(H/M).

.2. Capacity below 0.9 H/M

The equilibrium pressures at room temperature for hydrogen
oncentrations smaller than 0.9 H/M are lower than 10−3 bar and
hus difficult to measure with a classical Sieverts apparatus. It was
onsequently not possible to determine whether a pressure plateau
xists at this temperature in this concentration region. However, by
ncreasing the temperature above 100 ◦C, it is possible to raise sig-
ificantly the pressure to obtain measurable PCI curves for the low
ydrogen concentration domain. These measurements have been
one for three samples Ti10V88Fe2 (no. 1); Ti20V70Fe10 (no. 3) and
i41V41Fe12 (no. 8). The PCI curves at temperatures between 150 ◦C
nd 350 ◦C are presented in Fig. 2. The isotherms present neither
ysteresis nor plateau. That indicates that this range of hydrogen
oncentration and temperature is characterized by a single phase
olid solution domain rather than the coexistence of two phases,
ne poor and one rich in hydrogen as observed for the region
bove 0.9 H/M. However, these measurements do not preclude the
ppearance of a pressure plateau at lower temperature.

To answer this question, the Ti20V70Fe10 sample (no. 3) was
urther investigated by room temperature XRD after loading at dif-

erent hydrogen concentrations. Fig. 3 presents the evolution of the
btained diffraction patterns as a function of the hydrogen content.
s previously reported, the alloy Ti20V70Fe10 adopts a bcc structure
t 0 H/M. For higher hydrogen concentrations, a splitting of the
Compounds 509 (2011) 372–379

diffraction peaks takes place and the patterns cannot be indexed in
a simple bcc structure. Some authors report on the possible forma-
tion of a body centered tetragonal (bct) phase upon hydrogenation
[35–37]. This structure adopts the space group I41/amd and can
be described as a superstructure of the bcc phase with abct = 2·abcc
and cbct = 2·abcc. The metallic atoms lying in site 2a (0,0,0) in the
bcc cubic cell occupy site 16 h (x,0,z) with x = 1

4 and z = 3
8 in the bct

cell. Several possibilities were used to refine the patterns: (i) coexis-
tence of a bcc and a body centered tetragonal phase, (ii) coexistence
of two bcc phases, or (iii) a single bct phase. For each concentration
higher than 0 H/M, the single bct phase leads to the best refinement.
Therefore it was considered that the structure is submitted to a
progressive and continuous tetragonal distortion when the hydro-
genation concentration increases from 0 to 0.87 H/M. It is worth to
note that the lattice parameter a remains nearly constant whereas
c increases linearly as a function of the hydrogen concentration
(Fig. 4).

The evolution of the cell volume per metal atom as a function
of the hydrogen concentration is shown in Fig. 5. It increases lin-
early between 0 and 0.87 H/M. For the sake of comparison, the
cell volume for the fully charged hydride at 1.76 H/M, for which
the structure is face centered cubic (fcc), is also shown in Fig. 5.
One can see that this point is located slightly above a straight line
that could be extrapolated from the lower hydrogen concentra-
tions. This indicates that the discontinuous phase transformation
taking place between 0.87 and 1.76 H/M induces a larger increase
of the cell volume per additional hydrogen uptake than the contin-
uous transformation for hydrogen concentrations lower than 0.87
H/M.

4. Discussion

To correlate the thermodynamic data observed for the hydrogen
rich part (>0.9 H/M) to the structural data, the desorption pressures
obtained at 100 ◦C have been plotted versus the cell volume of the
alloys before hydrogenation in Fig. 6. One can see that it exists a
linear relationship between the two parameters and accordingly
that the size effect is the major factor controlling the thermody-
namic properties for this alloy family as already reported for other
substituted systems like Ti–V [26] or LaNi5 [38].

It was established in previous work [28] that the lattice parame-
ters of the alloys depend linearly on the composition following the
relationship:

a = 0.3281 · xTi + 0.3027 · xV + 0.2703 · xFe (1)

Cell volume and lattice parameters have a cubic dependence
but an almost linear relationship can be assumed within the limited
investigated composition range. In addition, the pressure logarithm
and the enthalpy are related by:

Ln(P) = �H

RT
− �S

R
(2)

and a constant entropy as a function of the composition and tem-
perature is assumed (see Section 3.1). It is therefore possible to
model the formation and dissociation enthalpies of the hydride
as a function of the metallic composition of the Fe–Ti–V system.
Indeed, over the studied composition range, a linear relationship
describes fairly well the behavior of the system using the following
equations:
�Hdes = 117 · xTi + 38 · xV − 80 · xFe (4)

where �Habs and �Hdes are respectively the enthalpies of forma-
tion and decomposition of the dihydride, in kJ mol(H2)−1 and xTi,



B. Massicot et al. / Journal of Alloys and Compounds 509 (2011) 372–379 375

10

100

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

absorption

desorption
100 °C

Weight capacity wt.% H)

10

100

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

absorption

desorption 125 °C

100 °C

Weight capacity (wt.% H)

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

1E-4

1E-3

0.01

0.1

1

25 °C

60 °C

P
re

s
s
u
re

 (
b
a
r)

1E-4

1E-3

0.01

0.1

1

25 °C

P
re

s
s
u
re

 (
b
a
r)

1 3

Capacity (H/M)
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Capacity (H/M)

1

10

100

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

absorption

desorption
170 °C

80 °C

)

100 °C

Weight capacity (wt.% H)

1

10

100

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

absorption

désorption 25 °C

r)

60 °C

Weight capacity (wt.% H)

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

1E-4

1E-3

0.01

0.1

25 °C

P
re

s
s
u
re

 (
b
a
r)

Capacity  (H/M)

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

1E-4

1E-3

0.01

0.1
P

re
s
s
u
re

 (
b
a

r

Capacity (H/M)

54

0.1

1

10

100

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

absorption

desorption 170 °C

80 °Ce
 (

b
a
r)

100 °C

Weight capacity (wt.% H)

0 1

1

10

100

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

170 °C

100 °C
absorption

desorption

e
 (

b
a

r)

Weight capacity (wt.% H)

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

1E-4

1E-3

0.01

0.1

P
re

s
s
u
re

Capacity (H/M)

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

1E-4

1E-3

0.01

0.1

80 °C

P
re

s
s
u

re

Capacity (H/M)

76

0 01

0.1

1

10

100

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

absorption

désorption

200 °C

25 °C

re
s
s
u
re

 (
b
a
r)

100 °C

Weight Capacity(wt.% H)

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

1E-4

1E-3

0.01P
r

Capacity  (H/M)

8

Fig. 1. Pressure–Composition–Isotherm curves of sample nos. 1, 3–8 (see Table 1 for detailed compositions) at temperatures ranging from 25 to 200 ◦C in the hydrogen rich
region (>0.9 H/M) (maximum error bars: ±0.2 H/M and ±0.1 bar).
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Table 3
Absorption and desorption thermodynamic data of the studied samples. The �H◦ values are calculated assuming �S◦ = 130 J K−1 mol(H2)−1. The plateau pressures at 100 ◦C
are also reported (abs: absorption; des: desorption).

Sample no. Nominal composition �H◦ for fixed �S◦ (kJ mol(H2)−1) Pplateau at 100 ◦C (±0.1 bar)

abs des abs des

1 Ti10V88Fe2 −41 44 13 5.4
3 Ti20V70Fe10 −40 43 22 6.6
4 Ti20V78Fe2 −46 51 2.3 0.45
5 Ti30V50Fe20 −33 37 112a 24a

6 Ti30V60Fe10 −47 51 1.5 0.45
7 Ti40V50Fe10 −52 57 0.48 0.069
8 Ti41V41Fe18 −44 50 8.1 1.1

a Extrapolated at 100 ◦C from the measurements at other temperatures.

Table 4
Maximum capacity, plateau width, hysteresis factor, plateau slope for the absorption/desorption isotherms measured above 0.9 H/M at 25 ◦C.

Sample no. Nominal composition Maximal capacity (±0.2 H/M) Plateau width (±0.2 H/M) Hysteresis factor (±0.01) Plateau slope (±0.01)

1 Ti10V88Fe2 1.86 0.83 0.39 0.24
3 Ti20V70Fe10 1.74 0.70 0.52 0.26
4 Ti20V78Fe2 1.91 0.72 0.71 0.77
5 Ti30V50Fe20 1.41 0.43 0.65 0.76
6 Ti30V60Fe10 1.69 0.58 0.51 0.27
7 Ti40V50Fe10 1.81 0.60 0.84 1.20
8 Ti41V41Fe18 1.62 0.38 0.89 –
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Fig. 2. Pressure–composition isotherms of the samples Ti10V88Fe2 (no. 1); Ti20V70Fe10 (no. 3) and Ti41V41Fe12 (no. 8) measured in the temperature range between 150 ◦C and
350 ◦C for hydrogen concentrations smaller than 0.9 H/M (maximum error bars: ± 0.2 H/M and ±0.1 bar).
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Fig. 5. Evolution oft the cell volume reduced to one metal atom as a func-
ig. 3. Room temperature X-ray diffration diagrams of sample Ti20V70Fe10 (no. 3)
or different hydrogen concentrations. For 0 H/M the structure is bcc and for con-
entration higher than 0 H/M, the structure is bct with abct = 2·abcc and cbct = 2·abcc

see text for details).

V and xFe are the molar fractions of titanium, vanadium and iron
n the hydrogen-free compound, respectively.
The reliability factors for the linear interpolations leading to Eqs.
3) and (4) are R2 = 0.9994 for absorption and 0.9997 for desorption.
he average difference is less than 0.8 kJ mol(H2)−1 between our
easured and calculated data and less than 4 kJ mol(H2)−1 between

ig. 4. Evolution of the cell parameters of the sample Ti20V70Fe10 (no. 3) as a function
f the hydrogen content in the low concentration region (<0.9 H/M). For sake of com-
arison with the bcc phase, the cell parameters of the bct phase have been divided
y a factor of two (maximum error bars: ±0.2 H/M, ±0.1 bar and ±0.0001 nm).
tion of the hydrogen concentration, for the sample Ti20V70Fe10 (no. 3). The
pressure–composition isotherm at 25 ◦C has also been plotted (maximum error bars:
±0. 2 H/M, ±0.1 bar and ±0.065 × 10−3 nm3).

our calculated data and those reported in [2,3]. In Eq. (4), the coef-
ficients associated with molar fractions can be seen as the partial
desorption enthalpies of the pure elements for the formation reac-
tion between MH and MH2. Table 5 provides a comparison of these
values with the enthalpies of desorption of the pure elements.

We observe that the values for vanadium are very close, which
is not surprising since this element is the major constituent of our
samples. The values for titanium [39] remain relatively close, with a
difference of 19 kJ mol(H2)−1. Finally a difference of 60 kJ mol(H2)−1

is obtained for iron between the partial enthalpy and enthalpy of
desorption of pure metal. This large difference can be explained by
the fact that the value from the literature [39] stands for the reac-
tion between Fe and FeH0.5 and does not involve the FeH2 hydride,
as it is the case for the other elements. According to Eqs. (3) and
(4), it can be concluded that the addition of iron destabilizes the
hydride, while addition of titanium stabilizes it. Considering that
iron hydride is less stable than the vanadium hydride, which in
turn is less stable than the titanium hydride, it can be derived that
the combination of the different elements into a bcc Fe–Ti–V alloy
is in agreement with the relative hydrogenation properties of the

pure constitutive elements. This can be better visualized in Fig. 7, in
which has been plotted lines corresponding to equal values of the
enthalpy of formation of the hydride in the ternary phase diagram.

Fig. 6. Desorption plateau pressure at 100 ◦C as a function of the hydrogen-free bcc
unit cell volume of the studied samples. Numbers refer to the sample no. as defined
in Table 1 (maximum error bars: ±0.12 × 10−3 nm3 and ±0.1 bar).
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Fig. 7. Isocontour lines representing the enthalpy of formation of the fcc hydride
obtained by the hydrogenation of bcc alloys in the Fe–Ti–V ternary system drawn
in the Gibbs triangle. The lines, calculated with Eq. (3), are super-imposed to the
extension of the bcc phase at 1200 ◦C (see Ref. [28]). The compositions studied in
the present work are shown.

Table 5
Comparison of the desorption enthalpies obtained for pure elements (values refer
to reactions TiH to TiH2 [39], VH to VH2 [26] and Fe to FeH0.5 [39]) and calculated
using Eq. (4) for the Fe–Ti–V ternary system.
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sample of composition Ti20V70Fe10 has never been observed until
now, and is an intermediate behavior between what was observed
at room temperature for pure vanadium and for Ti–V alloys.

0.9
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 (
H
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)

Ti V Fe

Enthalpy calculated from Eq. (4) (kJ mol(H2)−1) 117 38 −80
Enthalpy of pure elements (kJ mol(H2)−1) 136 40 −20

As far as hydrogen maximal capacities are concerned, a decrease
s observed for an increasing iron content which can be better visu-
lized in Fig. 8. The isocontour enthalpy and capacity lines are not

trictly parallel. This is mainly because Ti and V have very different
ydride formation enthalpies while they have similar absorption
apacities. This means that, at a constant iron concentration, the
nthalpy will change drastically as a function of Ti/V ratio, but not
he capacity. This feature opens the possibility to find an optimum

ig. 8. Isocontour lines representing the maximum absorption capacity of the bcc
lloys in the Fe–Ti–V ternary system drawn in the Gibbs triangle. The lines are cal-
ulated by interpolation between the values obtained for the different compositions
tudied shown as points. They are super-imposed to the extension of the bcc phase
t 1200 ◦C (see Ref. [28]).
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absorption capacity for a given hydride stability imposed by a given
application.

For each sample presented in Table 4, the pressure plateau
width lies between 0.38 and 0.83 H/M. This plateau width, which
is considered as a relevant parameter for the reversible capacity,
is plotted as a function of the iron and vanadium concentrations in
Fig. 9a and b, respectively. It can be seen that both an increase of the
vanadium rate and a decrease of the iron rate result in an increase
of the plateau width.

No tangible relationship could be observed between the hys-
teresis factor or the slope of the plateaus and the metallic
composition, the lattice parameter or the electron-to-atom ratio.

As concerns the continuous bcc to bct transformation, it can be
compared to the literature data for other systems. At low temper-
ature, for the pure vanadium, there is a coexistence of the bcc and
bct phases between 0.05 and 0.5 H/M. Above 200 ◦C, a continuous
hydrogen enrichment of the bcc phase is observed for hydrogen
concentrations smaller than 1 H/M [40]. Libowitz et al. [25] have
reported at room temperature the presence of a single bcc phase
for concentrations higher than 0.4 H/M for Ti–V alloys containing
more than 10 at.% titanium. The transformation observed for the
0.4

0.5

5

P
la

te
a

0 5 10 15 20

0.3

8

a

at.% Fe

0

0.8

0.9

1

3
4

0.6

0.7

6
7

0.3

0.4

5

8

b

P
la

te
a
u
 w

id
th

 (
H

/M
)

35 40 45 50 55 60 65 70 75 80 85 90

at.% V

0.5
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in the hydrogen-free samples. Numbers refer to the sample no. as defined in Table 1
(maximum error bars: ±0.1 H/M and ±3 at.%).



s and

5

F
i
p
o
t
A
s
t
w

u
0
s
o
i
c

A

a

R

[

[

[

[

[
[
[

[
[

[

[

[

[

[

[

[

[

[
[

[
[
[

[
[

[
[

[
[

[

B. Massicot et al. / Journal of Alloy

. Conclusions

In the present work, the hydrogenation properties of ten
e–Ti–V samples have been studied. The pressure–composition
sotherms of seven samples have been measured at different tem-
eratures. With these data, linear equations modeling the variation
f the enthalpies of formation/dissociation of the hydride as a func-
ion of the composition of the bcc alloy have been established.
ddition of iron destabilizes the hydride, while addition of titanium
tabilizes it, which agrees with the literature data. An increase of
he isotherm plateau width with increasing vanadium content and
ith decreasing iron content was also observed.

A study of the structure of the alloy of composition Ti20V70Fe10
pon hydrogen absorption was carried out, showing that between
and ≈1 H/M, the crystallographic cell adopts a single phase bct

tructure increasing continuously, and then transforms discontinu-
usly between ≈1 and ≈2 H/M from the bct to the fcc structure. This
s the first time that such a behavior is reported for low hydrogen
oncentrations.
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