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Abstract

The effects of nonmetal addition such as B, C, O, S and Se, on hydriding properties were investigated for Ti, oZr,,Mn, ,Cr,,V, .
Laves phase aloys. It was found that for both as-cast and annealed samples, the addition of nonmetal elements such as S, Se and C
greatly increases the plateau pressure, improves the plateau slope factor, and expands the hysteresis. The effect of increasing the plateau
pressure was strongest for the S addition. These phenomena are possibly related to the appearance of manganese-rich minute particles as
observed by scanning electron microscopy. The above effects pave the way for increasing the hydrogen storage capacity of the Ti—Mn

Laves phase aloys.
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1. Introduction

AB ,-type Laves phase alloys are regarded as a possible
choice for hydrogen storage materials used for hydrogen
suppliers, heat pumps and nickel—-metal hydride batteries
in the future [1-7]. Ti-Mn AB,-type Laves phase aloys
consisting of multi-components have attracted considerable
interest because of their superior hydriding properties. We
have investigated the effects of nonmetal addition such as
B, C, O, S and Se on hydriding properties for the Ti—Mn
alloys. As a result, it was found that these nonmetal
additions affect considerably the hydriding properties of
the aloys. In this report, the improved pressure—com-
position temperature (PCT) characteristics will be dis-
cussed, and it will be shown that these additions lead to an
increase of the hydrogen storage capacity and a simplifica
tion of the alloy-manufacturing process.

2. Experimental details

A Ti, oZr, ,Mn, ,Cr, .V, , dloy was chosen as a typical
Ti—Mn Laves phase alloy which has superior hydrogen
absorbing properties [1]. Each Ti, Zr,,Mn, ,Cr,,V,.,
alloy containing a nonmetal element such as B, C, O, S
and Se of about 1 at% quantity was arc-melted in an argon
atmosphere. The starting materials were elementa Ti, Zr,
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Mn, Cr and V metals with a 2N purity, and Ti based
compounds for the nonmetal additions. The ingots had a
weight of about 30 g. The alloys obtained were homogen-
ized for 24 h at 1100°C. These samples were characterized
by chemical analysis, optical micrograph, scanning elec-
tron microscopy (SEM), X-ray diffraction and PCT mea
surements. For the latter, the samples were sedled in a
stainless steel holder subsequent to being crushed into a
powder which was introduced into an automated PCT
apparatus.

3. Results and discussion

The compositions of the arc-melted ingots were ana-
lyzed by a chemical method. It was ascertained that each
nonmetal element was completely dissolved in the Ti-Mn
aloy i.e., the composition of B, C, O, S and Se were 1.0,
0.5, 1.5, 0.8 and 1.0 at%, respectively. The only notable
losses were flux during the fusion process of manganese,
but they remained small.

Fig. 1 shows an optical micrograph for the as-cast alloy
without nonmetal addition and one for the S-containing
aloy. Both contain two regions, of which the major part is
considered to be the Laves phase and the minor part the
finally solidified phase. No significant difference can be
seen between these two microstructures. Similar features
were observed for aloys containing other nonmetal ele-
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Tio.9oZro.1Mn,; 4Crg.4Vo.2(as-cast)

Fig. 1. Optical micrographs for as-cast Ti,qZr,,Mn, ,Cr,,V,, and
TiO.erOAlMnl.ach.AVO.ZSO.lB alloys‘

ments. From these results, one can conclude that the
nonmetal addition at the 1 at% level barely influences the
microstructure.

X-ray diffraction patters confirm the hexagonal C14-
type structure for both the as-cast and the annealed aloys
as shown in Fig. 2 for Ti,¢Zry,Mn, ,Cry VS, 05- The
diffraction peaks for both alloys could all be fitted to the
reflections of the MgZn, type structure. There were no
reflections corresponding to the cubic C15-type structure.
The lattice constants a and ¢ for the Cl14-type structure as
calculated from these patterns are shown in Fig. 3. For the
as-cast samples, they are generally smaller for alloys
containing nonmetal additions than for aloys which do not
contain nonmetal additions. Moreover, the lattice constants
decrease in the order of B, C, O, S and Se, as expected
from the atomic size of the added elements. On the other
hand, there is a difference in lattice constants between
as-cast and annedled samples. In the case of the S-con-
taining sample element, the diffraction peaks of the
annealed alloy are shifted toward lower diffraction angle,

(see Fig. 2), which means that the lattice constants of the
annealed sample are bigger than those of the as-cast
sample. Similarly, the aloys C, O and Se containing aloys
show increased lattice constants, after annealing, whereas
the B containing alloys show decreased lattice constants.
Consequently, al lattice constants of the annealed samples
al have nearly the same value. As to the reason for this
behaviour, we suppose, as a hypothesis, that the vacancy
concentration in as-cast alloy increases as nonmeta ele-
ments having a larger atomic size are introduced into the
Cl4-type structure, thus reducing the lattice constants. The
heat-treatment tends to release the vacancy containing
state, thus leading to almost the same lattice constants in
annealed samples.

Fig. 4 shows the PCT diagrams for the as-cast aloys
with and without S additions as measured at 5°C. The
addition of S causes a remarkable increase in the plateau
pressure, flattens the plateau slope and expands the hyster-
esis in comparison with the S-free alloy. The pressure
difference is about 0.9 MPa during absorption and 0.3 Mpa
during desorption at the hydrogen/meta ratio H/M=0.5.
The PCT diagrams measured at 7°C and 27°C for the
annedled alloys with and without C addition are exhibited
in Fig. 5. The C addition aso raises the plateau pressure,
flattens the plateau dope, and expands the hysteresis. In
this case, the pressure difference measured at 27°C is about
1.0 Mpa during absorption and 0.4 Mpa during desorption
a H/M=05. In both Figs. 4 and 5, the maximum
hydrogen storage capacity barely differs between the
addition free and the nonmetal added aloys. So far, we
have found that the addition of nonmetal elements such as
S, Se and C greatly increase the plateau pressure, decreases
the plateau slope, and expands the hysteresis as shown in
Table 1. The plateau dope factor S was evaluated as In
(Pg.75/P, 25) Where P, .. and P, ,. are the pressures at 0.75
and 0.25 maximum hydrogen storage capacity, respective-
ly. The hysteresis factor Hf was evaluated as In(P,/P,)
where P, and P, are the absorption and desorption
pressures at 0.5 of maximum hydrogen storage capacity,
respectively [5]. The effect of increasing the plateau
pressure was strongest for the S addition in case of both
as-cast and annealed samples. The Zr additions in Ti(Zr)—
Mn based Laves phase alloys have a similar effect on
decreasing the plateau pressure and increasing the absorb-
ing capacity [5,8,9]. Thus S-containing Ti—Mn alloys can
contain larger quantities of Zr than S-free aloys, which
indicates that the hydrogen storage capacity of the S
containing aloys increases. On the other hand, the im-
provement of the plateau slope factor suggests for as-cast
alloys that nonmetal addition such as S and C will simplify
the alloy-manufacturing process, because the plateau slope
factor is generally improved by hest treatment.

It iswell known from experience that the increase of the
plateau pressure is related to the decrease of the lattice
constants [8,9]. However for the present alloys the increase
in plateau pressure cannot be explained by a change in
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Fig. 2. X-ray diffraction patterns of as-cast and annealed Ti, 4Zr,,Mn, ,Cr,,V,,S; o, aloys.

lattice constants because those of the annealed samples
have almost the same values, see Table 1. In order to
explain these phenomena we have investigated the micro-
structures by use of SEM. Although we have found no
difference between the nonmetal free and nonmetal added
alloys on a macroscopic scale, we could observe many
minute particles on the aloy-powder surface by using

SEM. As an example, Fig. 6 shows the SEM image of
as-cast Ti,4Zr,,Mn, ,Cr, ,V,, aloy-powder after hydro-
genation of hydrogen absorbing/desorbing 6 cycles. Many
minute particles with the diameter of 20~30 nm appear on
the aloy-powder surface. Transmission electron micro-
scopy experiments revealed the composition of the par-
ticles to be rich in Mn, the detailed results of which will be
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Fig. 3. Variations of lattice constants for as-cast and annealed alloys.
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Fig. 4. Pressure—composition (PCT) diagrams measured at 5°C for as-cast
non-additional and S-added alloys.

reported later. For Ti—Mn based Laves phase dloys it is
known that a increase of the Mn content raises the plateau
pressure and improves the plateau slope factor [1,8]. At
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present, we believe that the effects of the nonmetal
addition are related to the appearance of smal Mn-rich
particles.

4, Conclusions

Tiy4Zr,,Mn, ,Cr,y,V,, Laves phase aloys containing
about 1 at% nonmetal element such as B, C, O, Sand Se
were characterized with regard to their hydriding prop-
erties.

The following conclusions can be drawn:

1. Additions of nonmetal elements such as S, Se and C
greatly increase the plateau pressure, improve the
plateau slope factor, and expand the hysteresis.

2. These effects suggest the possibility of increasing the
hydrogen storage capacity of Ti—Mn alloys.

3. The plateau slope factor of Ti—Mn based Laves phase
alloys which is commonly improved by hest treatments,
can be improved without heat treatment by nonmetal
addition.
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Table 1
Effects of nonmetal additions on plateau pressure, plateau slope factor and hysteresis factor
As-cast Annealed
Plateau Pressure (MPa) none =B =0 <C <Se <S none =0 =B <C <Se <S
Absorption (H/M=0.5) 13 15 1.6 21 25 29 1.0 12 14 19 22 2.7
Desorption (H/M=0.5) 0.76 0.85 0.95 12 13 14 0.65 0.76 0.77 11 12 14
Plateau Slope Factor () S =C <Se =B <none <0 C =S <Se =B =none =0
Absorption 0.52 0.57 0.72 0.81 10 12 0.30 0.37 0.42 0.49 0.52 0.59
Desorption 0.42 0.42 0.50 0.50 0.57 0.77 0.30 0.30 0.39 041 0.42 0.42
Hysteresis Factor (Hf) (0] <none =B =C =Se <S (@) =none <B =C =Se <S8
0.44 0.51 0.53 0.55 0.58 0.69 0.48 0.50 0.58 0.62 0.65 0.69

The vaues measured refer to at 27°C.

Fig. 6. SDEM image of as-cast Ti,qZr,,Mn, ,Cr,,V,, aloy-powder
after hydrogenation of hydrogen absorbing/desorbing 6 cycles.

Development Organization) and ECC (Energy Conserva

tion Center).
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