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Abstract

In this study, Ti—Cr binary mixtures were prepared by mechanical alloying and the phase structure and corresponding hydrogen solubility
were discussed. According to the binary equilibrium phase diagram, solubility of Tiin Cr at room temperature is very limited. This is because
Tiis in equilibrium with the extremely stable Laves phase (F)@xisting in the middle of the phase diagram. In this study, it was demonstrated
that mechanically alloying yielded formation of Ti—Cr b.c.c. phase at room temperature. It was discussed how the excess energy derived during
mechanical alloying works on the formation of Ti—Cr b.c.c. ph&s€. isotherms of the synthesized Ti—Cr alloy powders show the capability
of hydrogen absorption and desorption. Especially, thgCFo hydride should be very stable so that the high hydrogen content around 2 wt.%
even at 10* MPa was shown. In addition, theg§Cr,, hydride was identified as f.c.c. structure with hydrogen content was 3.4 wt.% at 5.5 MPa
and 313K.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the binary phase diagram, Ti has h.c.p. structure at low tem-
peratures? < 1155K but b.c.c. structure is stable at higher
Hydrogen storage alloys have attracted growing interest astemperatures] > 1155 K. Cr shows a b.c.c. structure up to
one of the most important materials for ecology, i.e., hydro- the melting point7, = 2136 K. The mixture of b.c.c. Tiand
gen storage for fuel cells and hydrogen vehicles, and humanCr forms solid solution over the entire composition range.
friendly soft actuator for rehabilitatiofl]. The most impor- TiCr, phase is well known to be in Laves structure at low
tant property to be considered for practical hydrogen storagetemperatures but with increasing temperature the allotropic
materials is the capacity of hydrogen near room temperature.transformation in Laves structure occurs from cubic C15
The hydrogen absorbing properties of body center cubic (MgCu,) through hexagonal C14 (MgZhto dehexagonal
(b.c.c.) solid solution alloys have shown many attractive re- C36 (MgNk). At temperature higher than 1643 K, TiCis
sults in the literaturg2—7]. It is well known that the large  stable in b.c.c. structure in the narrow temperature range just
hydrogen solubility in b.c.c. alloys is created by the structure below the conjugate high melting temperature so that itis dif-
transformations accompanied with the hydrogen absorptionficult to obtain metastable b.c.c. phase by the rapid quenching
from b.c.c. into b.c.t. and f.c.c. at higher hydrogen pressure. techniques. However, it is known that the substituting third
Ti is one of the most attractive constitution elements for element is effective to lower the transformation temperature
hydrogen storage alloy. It can absorb the large amount of from b.c.c. to Laves structure. As the result, Ti—-Cr—V and Ti—
hydrogen and it is relatively lightweight. Ti—Cr alloy is also Cr—Mo ternary b.c.c. alloys were obtained by rapid quench-
one of the most promising hydrogen storage alloys. From ing and their extremely high hydrogen absorption capacity,
H > 3wt.%, has been report¢8-7].
"+ Corresponding author. Tel.: +81 55 968 1211x1414; R_ecently, synthesis of r_netast_ab I_e phases by mechanical
fax: +81 55 968 1224. alloying (MA) and mechanical grinding (MG) has been ex-
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is stable to be in Laves structure at relatively lower tempera- 3. Results and discussions

tures, but it has been demonstrated that MG of TiCaves

phase powder yielded the formation of nanocrystalline b.c.c. 3.1. Structures of synthesized Ti—Cr alloys

solid solution[11,13] This should imply that the energy cre-

ated by repeated hard plastic deformation of powders during  Fig. 1 shows the powder XRD profiles of synthesized

MG is much higher than expected. It should be mentioned Ti—Cr alloys with different Ti compositions. The diffraction

here that the mechanical milling is more effective to obtain peaks of mechanically alloyed Ti—Cr powders were highly

larger super-cooling state compared with the rapid solidifi- broadened. The grain sizeb, calculated from the XRD

cation techniques. peak width using Scherrer’'s equation were approximately

In this study, the fundamental information on binary 7.2nm. It can be seen that mechanical alloying of Ti—-Cr

Ti—-Cr b.c.c. alloys prepared by mechanical alloying will be mixtures yielded the formation of single nano-sized solid

provided. It will be discussed how the excess energy derived solutions.

during mechanical alloying works on the formation of TiCr The typical XRD patterns from b.c.c. structure were

b.c.c. phase. And the corresponding hydrogen absorptionobtained for powders with Ti contert40 at.%. The diffrac-

properties will be discussed. tion peak angles moved to lower angle with increasing Ti
composition, suggesting that b.c.c. lattice was expanded by
substituting Ti with larger atomic size. On the other hand,

2. Experimental procedure the additional peaks appeared for powders with Ti content
>40 at.%. From the calculation of lattice parameter as shown

Elemental powders of Ti (purities 99.9%150.m), and in Fig. 2, these additional peaks were also identified to be
Cr(99.9%,<150p.m) were blended to reach nominalcompo- from b.c.c. structure. In this study, the former and latter
sitions of: (a) TpoCrso, (b) Tiz3Crg7 (as TiCp), (c) TizoCrso, b.c.c. phases were defined as Cr-richer and Ti-richer b.c.c.’s,

(d) TiseCrsg, (€) TigoCrao and (f) TigoCrop. After pre-mixing respectively. It is reasonable that Ti richer b.c.c. has a larger
the elemental powders to the desired composition, the powderattice constant than that of Cr richer b.c.c. so thgpCisg
mixture was poured into a stainless steel (SUS304) containeralloy should contain two different b.c.c. phases. It should
together with 1/2in. diameter stainless steel (SUS304) balls be noticed that the lattice constant value of Ti-richer b.c.c.
and sealed under an argon atmosphere in a globe box. In thigor Ti5oCrsg, described as white square, is somewhat crude,
study, the mechanical alloying of the samples was carried outbecause this value was calculated by only one XRD peak
by using high-power mechanical alloying apparatus (NEV- and the peaks from both phases overlap each other. In this
MABS, Nissin—Giken, Japan) under argon atmosphere at roomfigure, reference lattice parameter values of b.g:di at
temperature for milling duration of 90h. This apparatus 1173 K and b.c.c. Cr were plotted.
allowed us to proceed mechanical alloying under continuous  The lattice parameters of Cr-richer b.c.c. alloys increased
water-cooling because the container does not rotate. A ball-with increasing Ti content in the relatively low Ti content
to-powder weight ratio was 40:1 with 3 g material milled region. This is simply due to the dissolution of larger
at once. Ti atoms into smaller Cr lattice. Furthermore, it must be
Subsequently, the ethanol was poured into the container toemphasized here that the excess energy derived during the
prevent oxidatiorj14]. After drying, structure and hydrogen mechanical alloying yields the formation of metastable
absorption/desorption properties of alloys were analyzed by
the following equipments.

The phases in the mechanically alloyed powders were CU-K“; o Croricher b.c.c. phase
identified by X-ray diffraction (XRD) using Cu &radiation % o Ti-richer b.c.c phase
at room temperature. The thermal behavior of the MA pow- |
ders was determined by a differential scanning calorimeter Ju Tig,Cisg
(DSC) at a heating rate of 20 K/min in an argon flow atmo- 3 = % :
sphere. The DSC measurements were carried out in argon \‘:: qu 2 b o TigiCiyg
filled globe box. We used powder sample of 20 mg for DSC “g‘ ‘_—;,L_ S
measurements. After DSC measurements, the phases in the 2 2 2 2%
annealed powders were also determined by XRD at room JI; 2 o R o TiyCigy
temperature. Anti-reflection silicone was used for the sample -
holder for annealed powders. The powder samples after MA )% & A e 2 Ty Cler
for 90 h were put into the reaction tube and evacuated for 12 h i < 2 o N TiyCigo
at673 K. After degassing treatmentat 673 K, the reactiontube | 1 ! ! . 1

40 60 80 100 120 140

was rapidly cooled to RT. The pressure—compositiea()
isotherms for absorption and desorption were determined us-

T(?l\jPSIevert s apparatus at 313K up to hydrogen pressure OfFig. 1. XRD profiles of synthesized Ti—Cr alloys with different Ti compo-
a. sitions.

Diffraction angle 26 (degree)
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Fig. 2. Lattice parameterscalculated from the XRD profiles of synthesized
Ti—Cr alloys. Fig. 3. Pressure—composition isotherms at 313K for synthesized Ti—Cr al-
loys.

Ti-Cr b.c.c. phase at room temperature, which should
appear at higher temperature according to equilibrium phasethe initial activation before hydrogenation was carried out at
diagram. 673 K.

Figs. 1 and Zlso show the diffraction patterns from the Pressure—composition isotherms at 313 K for synthesized
Ti side of compositions. It can be seen that above mentionedTi—Cr alloys are shown iffig. 3 As mentioned previously,
two different b.c.c. phases, i.e., Ti-richer b.c.c. and Cr-richer the hydrogen absorption of b.c.c. a”oys are accompanied
b.c.c, dominate the XRD patterns over the diffraction angle. with structure transformations, b.c-e. b.c.t— f.c.c. In this
These XRD patterns of Ti-richer side, typicallysdCrso al- study, plateau pressure corresponding to the hydride forma-
loy, strongly indicate the progressing towards single-phasetion does not clearly appear for our alloys. Plateau pressures
formation. It is, therefore, believed that excessive mechan- corresponding to b.c.e> b.c.t, for TioCrgo, TizaCrs7 and
ical alloying yields a formation of single Ti-richer phase. Tij,,Crgq powders seem to be higher than 10 MPa. On the
In fact, longer time mechanical alloying for 300 h are under gther hand, the EiCroo hydride should be very stable so
schedule. that the high hydrogen content even at 4®Pa is around

In the early stages of MA, the grain size of Ti and Cr 2 wt.%. In fact, the ToCroo hydride was identified as f.c.c
decreased with proceeding MA process. This is due to the strycture (se€ig. 4). In this study, we calculated the maxi-
accumulation of excess energy served to elemental powdersyym hydrogen capacity for the hypothetical case that only Ti
by the hard plastic deformation. And then, when the grain jn Ti—Cr powder mixture absorbs hydrogen. Calculated value
size reached nano order, the mutual diffusion of each element
starts occurring.

From the consideration of XRD patterns shownHig. CoRa T ' ' ' o Cricher b, phase
1, it seems to predict that the allotropic transformation of = Ti-richer b.c.c. phase
h.c.p.a-Titob.c.c8-Tioccurred before or after initial mutual & foc phase
diffusion starts, suggesting that the enthalpy stored in grain ep o TinCry
boundaries could serve as a driving force for alloy formation
and allotropic transformation. In this study, b.@€Ti phase &
appeared in the early stage of MA. Equivalent behavior was = A2 - aT140C60
seen for Fe—Pd nano-mixturf<]. §

a j']t fol 2 - __D_Ti.z.zc"m

3.2. Hydrogen absorption properties of synthesized
Ti—Cr alloys R £ A gizocrxo

The DSC measurements were carried out from RT to o p % o s 5
673K. The results of the XRD diffraction patterns from Diffraction angle 26 (degree)

heated Ti—Cr powders to 673 K show no significant change
in the diffraction pattern from b.c.c. Therefore, in this study, Fig.4. XRD profiles of synthesized Ti-Cr alloys afferC-T measurements.
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T T T T should appear at higher temperature according to equilibrium
phase diagram. This is due to the accumulation of excess en-
ergy served to elemental powders by the hard plastic defor-
mation. As results, two kind of b.c.c. phases with different
lattice parameters were formed, i.e., Cr-richer and Ti-richer
10 - b.c.c.s. These synthesized phases were found to be stable till
673 K.

As results of pressure—composition isotherms at 313K,
plateau pressures corresponding to b:.exd.c.t, for
TiooCrgo, Tiz3Crg7 and TiypCrgo powders seem to be higher
| a | than 10 MPa. On the other hand, thgglrzg hydride should
© be very stable so that the high hydrogen content even at
10~4 MPais around 2 wt.%. In fact, theghiCrao hydride was
identified as f.c.c. structure. The chemical potential of hydro-

gen in Tho_40Crgo_eo0 b.c.c. alloys at 313K also described
Sk consistently that Ti stabilizes hydride of the synthesized Ti—
00— 5 0 s m Cr alloys.
Ti content (at.%)

O

In Py, (MPa)

o
n

Fig. 5. Chemical potential of hydrogen forai40Crgo—eo b.c.c. alloys at Acknowledgements
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