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Improvement of cyclic durability of BCC structured Ti–Cr–V alloys
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Abstract

Durabilities of Ti–Cr–V alloys were investigated using the cyclic hydrogen absorption–desorption test. The XRD pattern obtained for
Ti24Cr36V40 alloy after 100 cycles suggested the production of a highly distorted secondary phase. A temperature swing cyclic test was
conducted and it became clear that the degradation of hydrogen transfer was caused by the decrease of total hydrogen content in the alloy.
Vanadium content is an important factor in improving durability. High vanadium content prevents rapid degradation in the initial cycles.
Floating zone melting is effective also for improving durability and the effect is remarkable for alloys with high vanadium content. Highly
homogenized Ti8Cr12V80 alloy made by floating zone melting shows only 1.4% degradation from the initial hydrogen capacity after 500
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ycles. As a behavior different from other Ti–Cr–V alloys, the floating zone melted Ti8Cr12V80 alloy shows an increase of the hydrog
bsorption plateau pressure with the progression of cycles.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Ti–Cr–V is one of the hydrogen absorbing alloys, which
ave a body-centered cubic (BCC) structure and the compo-
ents form a series of solid solution alloys. In recent years,
tudy of Ti-based BCC alloys, particularly Ti–Cr–V has been
romoted[1–6]. Most of the hydrogen absorbing alloys de-
eloped for practical use have been intermetallic compounds
uch as LaNi5, TiFe, and TiMn1.5. The Ti–Cr–V alloys show
nique properties different from intermetallic compounds.
lthough such alloys have large initial hydrogen absorbing
apacities (over 3.9 wt.%), the rechargeable hydrogen capac-
ties near room temperature are limited to about 2.6 wt.%.
hese alloys have the possibility of increasing the recharge-
ble hydrogen capacity, but also show disadvantages such as
igh hysteresis and poor durability. In particular, the large
egradation of rechargeable hydrogen capacity in the early
tage of cycling prevents putting this alloy to practical use. In
his study, cyclic absorption–desorption tests were performed
or Ti–Cr–V alloys and the correlations between degradation
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in rechargeable hydrogen capacity and composition o
alloy and heat treatment were examined.

2. Experimental procedure

Ti–Cr–V alloys were prepared by arc melting under
Ar atmosphere in a water-cooled Cu crucible. The ta
compositions of arc-melted alloys were Ti24Cr36V40 and
Ti8Cr12V80. Some ingots obtained were subjected to ann
ing at 1673 K for 10.8 ks and then water quenching (WQ
to floating zone (FZ) melting for homogenization. Press
composition isotherms (PCI) were measured in a con
tional Sieverts’-type apparatus. Following degassing at
423 K for 3.6–7.2 ks, initial hydrogenation was carried
holding the temperature at 293 K under hydrogen pres
of 4.5 MPa. The starting conditions for PCI measurem
were a state after evacuation at 373 K for 3.6 ks foll
ing initial hydrogenation. The apparatus was also use
the cyclic absorption–desorption test. Although a pres
swing absorption–desorption cyclic test was employe
usual, a temperature swing cyclic test was also exec
The pressure swing cyclic test was performed with r
925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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tition of pressurization up to 2.5 MPa for absorption and
evacuation with a vacuum pump for desorption. The tempera-
ture swing cyclic test was performed between 283 and 363 K
in the closed system. Furthermore, X-ray powder diffraction
(XRD) analysis by using Cu K� radiation was carried out
after degassing at 293 K for 3.6 ks to determine phases and
lattice constants.

3. Results and discussion

3.1. Ti24Cr36V40 alloy, pressure swing cycle

The PCIs of Ti24Cr36V40 alloys at 293 K are shown in
Fig. 1. Although the PCI had a more sloped plateau for float-
ing zone melting than water quenching following annealing,
the hysteresis property of FZ slightly improved. Hydrogen
transfer changes during the pressure swing cyclic test up to
100 cycles at 293 K are shown inFig. 2. The WQ alloy shows
considerable degradation of hydrogen transfer in the initial 10
cycles. The FZ alloy shows slower degradation than the WQ
alloy and the difference of hydrogen transfer reaches about
0.13 mass% after 100 cycles. The PCIs after 100 cycles are
also shown inFig. 1. The equilibrium hydrogen pressure for
absorption decreases with the progression of cycles and hys-
teresis becomes smaller. The slope of plateau becomes larger
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Fig. 2. Hydrogen transfer changes of Ti24Cr36V40 alloys with pressure
swing cycling at 293 K.

toward the opposite side. These small peaks shown along with
broadening suggest a secondary phase, which cannot absorb
or desorb hydrogen reversibly. Arashima et al.[7] have re-
ported that floating zone melting improves the homogeneity
of Ti–Cr–V alloys and that the rechargeable hydrogen capac-
ity is increased by this process. The initial hydrogen capacity
of the WQ and FZ alloys prepared in this study was the same
but degradation of hydrogen transfer of the FZ alloy was
smaller than that of the WQ alloy. The highly homogenized
alloy made by floating zone melting had durability against
production of the second phase.

3.2. Ti24Cr36V40 alloy, temperature swing cycle

Cohen and West[8] reported that the degradation of LaNi5
was caused by segregation named disproportionation. One of
the segregated phases is lanthanum hydride and it fixes the
hydrogen. BCC alloys have a large hydrogen solid solution

F
h

fter 100 cycles. XRD patterns of Ti24Cr36V40 alloys are
ummarized inFig. 3. Every peak shifts to a lower 2θ angle
fter hydrogenation due to the residue of hydrogen in the
le. The initial peaks of the FZ alloy are slightly sharper t

hose of the WQ alloy. After 100 cycles, every peak is bro
ned asymmetrically. The most intense peak has broade
higher 2θ angle, while the other two peaks have broade

ig. 1. Initial PCIs of Ti24Cr36V40 alloys and PCIs after 100 cycles of pr
ure swing absorption–desorption cycling at 293 K.
ig. 3. X-ray diffraction patterns obtained for Ti24Cr36V40 alloys before
ydriding and after 100 cycles.
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Fig. 4. Hydrogen transfer and pressure changes of water quenched
Ti24Cr36V40 alloy with temperature swing cycling.

range at low pressure[1]. Therefore, the evacuation condition
in the pressure swing cyclic test is insufficient for complete
hydrogen desorption; the hydrogen transfer change does not
directly express the hydrogen content change in the alloy.
To make it clear whether the accumulation of hydrogen in
the alloy with repeated cycles causes a hydrogen transfer de-
crease, the temperature swing cyclic test in a closed system
was performed.Fig. 4shows the hydrogen transfer change of
the water quenched Ti24Cr36V40 alloy and hydrogen pressure
of the testing vessel during the temperature swing cyclic test
under almost constant pressure. Although the amount of hy-
drogen transfer is smaller than that of pressure swing cyclic
test because of the large hysteresis of the alloy, the tendency
of degradation is same as with the pressure swing test. There-
fore, the total hydrogen amount in the testing vessel was kept
constant during the cyclic tests, the pressure of vessel ex-
presses the hydrogen amount, which is not contained in the
alloy. When the vessel is heated, the alloy releases hydrogen
and the pressure increases. Desorption pressure in this test
shows no change through about 40 cycles and it means that
the hydrogen content after desorption is constant. In contrast,
absorption pressure in the cooling state increases gradually
with the cycles. The tendency of pressure increase with cy-
cles corresponds to the decrease of hydrogen transfer. It be-
comes clear that the hydrogen absorption–desorption cycle
reduces the hydrogen content in the alloy. The X-ray diffrac-
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Fig. 5. Initial PCIs of Ti8Cr12V80 alloys and PCIs after 500 cycles of pres-
sure swing absorption–desorption testing at 293 K.

elements in its own BCC lattice. The Ti8Cr12V80 alloy was
examined using the cyclic absorption–desorption test based
on the consideration that the vanadium content in the Ti–Cr–
V alloy will affect the stability of the BCC structure. The ratio
of Ti/Cr was kept the same with 40% vanadium alloy. The
PCIs of Ti8Cr12V80 alloys at 293 K are shown inFig. 5. The
plateau slope and hysteresis are smaller than the Ti24Cr36V40
alloy. As with the Ti24Cr36V40 alloy, hysteresis of the FZ al-
loy was improved compared with the WQ alloy. The hydro-
gen transfer changes during the pressure swing cyclic test up
to 500 cycles at 293 K are shown inFig. 6. Degradation of
hydrogen transfer, especially in the initial stages of cycling,
is smaller than for the Ti24Cr36V40 alloy, but the degradation
becomes clear with increasing cycle number. The FZ alloy
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ion patterns shown inFig. 3indicate the existence of a high
istorted secondary phase. It is considered that formati

his distorted phase, which cannot be hydrided, degrade
ydrogen transfer of the BCC alloy with cyclic hydrogen
orption and desorption.

.3. Ti8Cr12V80 alloy, pressure swing cycle

Ti–Cr binary alloys form TiCr2 Laves phase, which
ore stable than the BCC structure at low temperature. V
ium is known as one of the metals that can dissolve m
ig. 6. Hydrogen transfer changes of Ti8Cr12V80 alloys with pressure swin
ycling at 293 K.
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shows only 1.4% degradation even after 500 cycles, while
the WQ alloy shows about 5.4% degradation from the ini-
tial state. Vanadium is a metal that has the BCC structure.
The lattice structure changes to a body-centered tetragonal
(BCT) for monohydride and face-centered cubic (FCC) for
dihydride [9]. The Ti8Cr12V80 alloy has same behavior as
vanadium and the XRD pattern shows typical BCT peaks
different from the Ti24Cr36V40 alloy shown inFig. 4. The
transformation to BCT is an important factor for cyclic dura-
bility.

The PCIs after 500 cycles are also inFig. 5 together. The
important behavior is the opposite tendency of absorption
plateau pressure change with absorption–desorption cycles
between the WQ and FZ alloys. The water quenched sample
shows reduction of the absorption plateau pressure with the
number of cycles, the same behavior as for the Ti24Cr36V40
alloy. The floating zone melted alloy shows an increase in
absorption plateau pressure with the number of cycles. It
means that the hydrogen absorption requires more energy
than that of the initial state. This behavior is explained as fol-
lows. Hydrogen absorbing alloys are generally produced by
melting, casting, and heat treatment. Heat treatment is insuf-
ficient for diminishing the lattice strain completely for BCC
alloys. Floating zone melting is not highly effective for the
40% vanadium alloy. Repetition of hydrogen absorption and
desorption produces enormous new strain on the lattice and
t train
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4. Conclusion

Hydrogen transfer degradation was investigated for Ti–
Cr–V alloys with the BCC structure. It was found that
vanadium content and homogeneity have important roles
for cyclic durability. High vanadium content prevents rapid
degradation in the initial cycles. Floating zone melting is ef-
fective for improving durability and the effect is remarkable
for alloys with high vanadium content.
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