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Recently, the replacement of vanadium by the less expensive (FeV) commercial alloy has been investigated
in Ti–Cr–V BCC solid solutions and promising results were reported. In the present work, this approach of
using (FeV) alloys is adopted to synthesize alloys of the Ti–Mn–V system. Compared to the V-containing
alloys, the alloys containing (FeV) have a smaller hydrogen storage capacity but a larger reversible hydro-
gen storage capacity, which is caused by the increase of the plateau pressure of desorption. Correlations
between the structure and the hydrogen storage properties of the alloys are also discussed.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Environmental and economical problems associated with the
onsumption of fossil fuels have motivated the search for renew-
ble and environmental friendly sources of energy. In this scenario,
ydrogen emerges as an ideal energy carrier due to its large chem-

cal energy per mass, availability, and environmental safety [1].
owever, the large-scale utilization of hydrogen as energy carrier
as been hindered by a number of economical and technological
roblems that must be conveniently solved. A key technological
hallenge to be overcome is the form of storing hydrogen which is
very important issue for the transport sector [2].

Because of their compactness and safety, metal hydrides are con-
idered to be one of the most convenient ways of storing hydrogen.
owever, the hydrides which are operational near ambient tem-
erature have low hydrogen storage capacities while hydrides with
arge capacities such as MgH2 (7.6 wt.% H) have a high temperature
f operation.

Taking the abovementioned into account, the Ti–V-based body-
entered cubic (BCC) solid solutions have attracted attention for
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ydrogen storage applications due to their larger gravimetric stor-
ge capacities than the conventional AB5 type alloys and the more
uitable operational temperatures than those of the high capacity
ydrides, such as MgH2. The hydrogen reaction kinetics of the Ti–V
inary alloys is slow and improvements are obtained by adding a
hird element. The first reports on Ti–V–TM (TM = transition metal)
lloys were done by Maeland et al. [3] who investigated the effect
f Fe, Mn, Co, Cr, and Ni on the hydrogenation reaction kinetics and
bserved that all investigated third elements enhanced the reaction
ate.

In Ti–V alloys, the reversible hydrogen storage capacity of the
CC solid solutions is smaller than the total hydrogen storage capac-

ty. This behavior is due to the two steps of hydrogenation in
hese alloys, i.e., two plateau pressures in the pressure-composition
sotherms (PCI). The first plateau appears at low pressure, forming
mono-hydride, while the second one appears at higher pressure

nd is due to the transformation of the mono-hydride into a di-
ydride. Usually, only the di-hydride contributes to the reversible
ydrogen storage capacity since the mono-hydride is too stable to
elease hydrogen at reasonable temperature [4].

Iba and Akiba [5] investigated Ti–V–Mn multiphase ternary

lloys and reported that BCC solid solutions containing precipitates
f C14 Laves phases presented better reversible hydrogen sorption
roperties than those of single-phase BCC solid solutions. These
ultiphase alloys were named Laves phase related BCC solid solu-

ions [6].

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sfsantos91@yahoo.com.br
dx.doi.org/10.1016/j.jallcom.2008.09.191
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bly due to the fact that this alloy is almost single-phase BCC. When
vanadium is replaced by ferrovanadium, the two-phase (C14 + BCC)
TiMn0.9(FeV)1.1 alloy almost immediately absorb hydrogen at a fast
rate. The improvement is less drastic with the TiMn1.1V0.9 and
TiMn1.1(FeV)0.9 alloys because the alloy containing pure vanadium

Table 1
Lattice constants and cell volumes of the BCC phases in Ti–Mn–V and Ti–Mn–(FeV)
alloys. Uncertainties are estimated to be 0.0002 Å for the lattice parameters and
0.0008 Å for the cell volumes.
S.F. Santos, J. Huot / Journal of A

The Ti–V-based BCC solid solutions with better reversible hydro-
en storage capacities usually have comparable high vanadium
ontents. From an economical point of view, the minimization of
he vanadium content is mandatory since it is a very expensive raw

aterial. However, the replacement of vanadium is a difficult task
ince its presence is important to ensure high hydrogen-absorbing
apacities and also to stabilize the BCC structure of some Ti alloys
t room temperature. Recently, the replacement of pure vanadium
y a less expensive (FeV) commercial alloy has been investigated
n the Ti–Cr–V system [7–10]. Taizhong et al. [7] investigated the
iCr1.8−x(FeV)x alloy series, obtaining the best results of hydrogen
torage for the TiCr1.2(FeV)0.6 alloy, composed of a C14 Laves phase
ispersed in a BCC solid solution. This alloy showed 3.0 wt.% of
otal hydrogen storage capacity and 1.8 wt.% of reversible hydrogen
torage capacity at 303 K in a pressure range of 10−4 to 3.0 MPa.
he same group also reported good hydriding properties for the
iCr(FeV)0.5 alloy, which reached 3.5 wt.% of total hydrogen storage
apacity and 1.8 wt.% of reversible hydrogen storage capacity [9].
antos and Huot [10] investigated the TiCr1.2(FeV)x alloys (x = 0.6,
.5, and 0.4) and obtained the best hydrogen sorption properties
or the multiphase TiCr1.2(FeV)0.4 alloys, which corresponded to a
otal hydrogen storage capacity and reversible hydrogen storage
apacity of 2.8 and 1.4 wt.%, respectively.

In the present work, this approach of replacing V by a (FeV) alloy
n Ti–V–Mn BCC solid solutions is adopted. To analyze the effect
f (FeV) in this alloy system, two Ti–Mn–V alloys with composi-
ions TiMn1.1V0.9 and TiMn0.9V1.1 were synthesized and had their
tructures and hydrogen sorption properties compared with the
iMn1.1(FeV)0.9 and TiMn0.9(FeV)1.1 alloys similarly synthesized.

. Experimental

The alloys were synthesized by arc melting, starting from Ti, Mn, and V elements
purity > 99%) and a (FeV) commercial alloy as raw materials. The chemical compo-
ition of this (FeV) alloy used as raw material, measured with an Oxford - Link 300
nergy dispersive spectroscope (EDS), was (in at.%): 79.88 of V; 16.26 of Fe; 3.74 of
l; 0.09 of Si; 0.03 of Cr.

The arc melting was carried out under an argon atmosphere and each sample
as remelted at least three times to ensure a good homogeneity of the ingot.

The structural characterization of the alloys was carried out by X-ray diffraction
XRD) using a Rigaku D-max diffractometer with Cu K� radiation. The microstruc-
ures were analyzed by scanning electron microscopy (SEM) using a Philips XL30

icroscope equipped with a backscattered electrons detector.
The hydrogen sorption properties of the as-cast samples were measured with

computer-controlled Sieverts-type apparatus. The activation was carried out at a
onstant hydrogen pressure of 2.0 MPa and 298 K and dehydrogenation was done at
.030 MPa and the same temperature. Prior to the PCI measurements, the samples
ere fully dehydrogenated by maintaining them under vacuum for 14 h at 473 K.

he PCI measurements were carried out at 353 K up to a pressure of 2.0 MPa.

. Results and discussion

Fig. 1 shows the XRD patterns of the investigated alloys. The
hree most intense peaks (x) in the diffraction patterns belong to
he BCC solid solution. For the TiMn0.9V1.1 alloy, the structure was
lmost single-phase BCC solid solution, but some small peaks of the
14 Laves phase can still be detected. This agrees with the results
f Mouri and Iba [11] who reported that the TiMn0.9V1.1 alloy syn-
hesized by arc-melting presented composition of 96.1 wt.% of BCC
olid solution and 3.9 wt.% of C14 Laves phase. Decreasing of the V
ontent in the alloys leads to the increase in intensity of the C14
iffraction peaks, as can be observed comparing the patterns of
he TiMn1.1V0.9 and TiMn0.9V1.1 alloys (Fig. 1). Mouri and Iba [11]

lso observed that increasing the amount of vanadium in Ti–Mn–V
lloys, the amount of BCC phase increases.

Replacing vanadium by ferrovanadium in the alloys leads to an
ncrease in the relative intensity of the diffraction peaks of C14 Laves
hase. The (FeV)-containing alloys also showed a contraction of the

A

T
T
T
T

Fig. 1. XRD patterns of the Ti–Mn–V and Ti–Mn–(FeV) alloys.

ell volume of BCC phase (Table 1), probably caused by the smaller
tomic radius of iron compared to that of vanadium. Challet et al.
12] observed that the increase in Fe content resulted in a decrease
f the cell volume in Ti–V–Fe BCC solid solution.

Fig. 2 shows the change of microstructure upon replacement of
anadium by ferrovanadium. For the TiMn0.9V1.1 alloy, the micro-
raph (a) shows a nearly single-phase structure (BCC phase) with
ome small C14 particles in the BCC matrix. For the TiMn0.9(FeV)1.1,
he micrograph (b) shows a clear two-phase microstructure con-
isting of BCC and C14 Laves phases. These results agree with
he diffraction patterns shown in Fig. 1. The microstructures of
iMn1.1V0.9 and TiMn1.1(FeV)0.9 alloys are shown in Fig. 3a and b,
espectively. For the TiMn1.1V0.9, the two-phase structure identified
n the diffraction pattern of Fig. 1 is clearly seen. The replacement
f vanadium by ferrovanadium resulted in the growth of the C14
olonies and an increased amount of this phase.

EDS of the investigated alloys indicated that the light phase in
he alloys is richer in vanadium than the dark one. On the other
and, the dark phase is richer in Ti, Mn and Fe than the light one.
hese results indicate that the light phase is the BCC solid solution
hile the dark one is a Laves phase because it is expectable to have

arger contents of V in the BCC phase and larger contents of Fe and
i in the Laves phase [13].

Fig. 4 shows the hydrogen activation curves for the Ti–Mn–V
nd Ti–Mn–(FeV) alloys at 298 K. The (FeV)-containing alloys exhib-
ted faster activation than the V-containing alloys. In the case of
iMn0.9V1.1 alloy, the activation is very slow up to about 1500 s and
han proceeds at a faster rate. This incubation time is most proba-
lloys Lattice parameter (Å) Cell volume (Å3)

iMn0.9(FeV)1.1 3.0188 27.511
iMn0.9V1.1 3.0240 27.655
iMn1.1(FeV)0.9 3.0165 27.449
iMn1.1V0.9 3.0286 27.779
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Fig. 2. (a) BSE image of the TiMn0.9V1.1 alloy and (b) BSE image of the TiMn0.9(FeV)1.1

alloy.

Fig. 3. (a) BSE image of the TiMn1.1V0.9 alloy and (b) BSE image of the TiMn1.1(FeV)0.9

alloy.
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ig. 4. Hydrogen absorption curves for the Ti–Mn–V and Ti–Mn–(FeV) alloys at
98 K.

as already a two-phase structure. This explanation agrees with
ouri and Iba [11] who reported that Ti–V–Mn BCC solid solutions
ith larger fractions of C14 Laves phase dispersed in the matrix

howed faster hydrogenation reaction. These authors ascribed this
ehavior to the preferential hydrogenation of the C14 Laves phase,
esulting in the expansion of its structure during hydrogenation
nd, consequently, creating cracks in the C14/BCC interfaces which
ould help the hydrogen penetration into the BCC matrix [11]. These
uthors also suggested the possibility of hydrogen fast diffusion
hrough the BCC/C14 boundaries [11].

In case of the desorption curves (Fig. 5), the amount of desorbed
ydrogen was not high enough to allow a careful and reliable analy-
is of the alloys’ behavior. The limited amount of desorbed hydrogen
s probably due to the low plateau pressure usually exhibited by
he BCC solid solutions and also the limited vacuum achieved by
ur apparatus during the desorption kinetics, which presented a
esidual hydrogen pressure of about 33 kPa. However it is possible

o observe that, under our experimental conditions, the amount
f hydrogen released by the (FeV)-containing alloys was larger
han that of the V-containing alloys. This feature can be related
o a higher hydrogen plateau pressure of desorption for the (FeV)-

ig. 5. Hydrogen desorption curves for the Ti–Mn–V and Ti–Mn–(FeV) alloys at
98 K.
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Fig. 6. PCI of the Ti–Mn–V and Ti–Mn–(FeV) alloys 353 K.

Table 2
Total and reversible hydrogen storage capacities of the Ti–Mn–V and Ti–Mn–(FeV)
alloys at 353 K and maximum pressure of 2.0 MPa (uncertainties for the capacities
are estimated as below 0.1 wt.%).

Alloy Hydrogen storage
capacity (wt.%)

Reversible hydrogen
storage capacity (wt.%)
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iMn0.9V1.1 3.2 0.5
iMn0.9(FeV)1.1 1.8 1.0
iMn1.1V0.9 1.8 0.8
iMn1.1(FeV)0.9 1.6 1.1

ontaining alloys, but this issue can be better analyzed through the
CI results.

Fig. 6 shows the PCI of the investigated alloys at 353 K and
p to 2.0 MPa. From this figure, the plateau pressures of absorp-
ion and desorption under thermodynamic equilibrium conditions
nd the reversible hydrogen storage capacities (i.e., the amount
f absorbed hydrogen that could be desorbed from the samples
nder our experimental conditions) could be evaluated. The arrow
o the right-side indicates the absorption PCI while the left-side
rrow indicates the desorption PCI. The largest hydrogen storage
apacity was achieved for the TiMn0.9V1.1 alloy. However, the low
lateau pressure of desorption hindered a large release of hydro-
en. Thus, under our experimental conditions, only 0.5 wt.% of
eversible hydrogen storage capacity was achieved for this alloy.
he (FeV)-containing alloys presented lower total hydrogen stor-
ge capacities than those of their counterparts synthesized with
ure V. Nevertheless, these (FeV)-containing alloys achieved larger
eversible hydrogen storage capacities than the V-containing alloys.
he reason is the increase of plateau pressures which resulted in a
ower hysteresis for the (FeV)-containing alloys. A similar behavior
s reported by Yu et al. [14] who investigated the hydrogen sorption
roperties of the Ti40Cr10Mn18V32 and Ti40Cr10Mn18V27Fe5 alloys

in at.%) and observed that the partial replacement of Fe for V leads
o a decrease in the hydrogen storage capacity, but an improvement
f the reversible hydrogen storage capacity was observed.

The values of total hydrogen storage capacities and reversible
torage capacities obtained from the PCI curves at 353 K (Fig. 6)

[
[
[
[
[

nd Compounds 480 (2009) 5–8

re summarized in Table 2. There are differences between the val-
es obtained for the absorbed hydrogen from the activation kinetic
easurements (Fig. 4) and the PCI measurements (Fig. 6). These

ifferences can be ascribed to the different temperatures used for
he activation kinetics (298 K) and PCI (353 K) measurements. Fur-
hermore, during the activation kinetic measurements, the samples
ere not fully activated and the saturation was not achieved. Thus,

he values of hydrogen storage capacities obtained from PCI mea-
urements are more reliable.

The reversible hydrogen storage capacities (Table 2) increase for
he alloys with larger contents of C14 Laves phase (Fig. 1). Fur-
hermore, Table 1 shows that the V-containing alloys have larger
ell volumes than the (FeV)-containing alloys. Thus, the intersti-
ial sites for hydrogen storage in the (FeV)-containing alloys are
maller, which could lead to an increase in the hydrogen plateau
ressure.

. Conclusions

The replacement of vanadium by commercial ferrovanadium
FeV) leads to noticeable changes in microstructure and hydrogen
torage properties. Ferrovanadium-containing alloys have a higher
mount of C14 Laves phase than their pure vanadium counter-
arts. This explains the fact that TiMn0.9(FeV)1.1 and TiMn1.1(FeV)0.9
lloys have faster activation kinetics than the alloys containing pure
anadium. Even reducing the total hydrogen storage capacity when
anadium is substituted by ferrovanadium, the reversible hydro-
en storage capacity is improved because of the modification of
he plateau pressures of desorption. Therefore, BCC solid solution
lloys containing ferrovanadium could be considered to be a reli-
ble low-cost system for storing hydrogen.
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