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Sorption properties and kinetic parameters of hydrogenating and dehydro-
genating processes of Ti; 47521, sMn, 5,5 eutectic alloy, in which partial substi-
tution of each of its component with 2% and 5% of vanadium is performed,
are investigated by Sieverts’ method. As determined, the introduction of va-
nadium within the specified limits results in decrease of the temperature of
the start of intensive hydrogen absorption, decrease of the duration of hy-
drogenating process, and also in substantial increase of sorption capacity (up
to 2.85% wt.). As shown, the alloys, which are subjected to the sorption—
desorption cycling, possess as much activated surface that behave themselves
with regard to hydrogen similar to intermetallic compounds and can absorb
hydrogen at the room temperature and the pressure of 0.23 MPa from the
first seconds of the contact of the specimen with the hydrogen-containing
medium with the average rate of (2—4)-107® wt.% /s.

CiBepTCOBOIO METOMOIO JOCJIiAKEeHO COPOITiiiHI BJIaCTHUBOCTI i KiHeTUYHI mapa-
MeTpPH HPOIIeCiB rifpyBaHHsd i JeriipyBaHHSA BUJIMBAHOTO €BTEKTUYHOTO CTOIIY
Tiy 4754r¢ sMng 595, B AKOMY OyJI0 BUKOHAHO YaCTKOBY 3aMiHYy KOKHOTO 3 I10oro
KoMmmoneHnTis Ha 2% i 5% Bamnagiro. Beranosaeno, 1o Beefenua Bamazniio B
3a3HAYEeHNX MeKaX MIPUBOAUTH M0 SHUKEHHS TeMIIepaTypu MoYaTKy iHTeHCH-
BHOTO BOUpaHHA ['igporeny, 3MeHINIeHHA TPUBAJIOCTHU IPOIlECy TiApyBaHH, a
TAKOK [0 icTOTHOrO 30i/ibIeHHA copOIriinoil mictkoctu (o 2,85% mac.). Ilo-
KasaHo, II0 CTOIM, SKi IIPOUIILIN IIUKJIYBAaHHA cOpOIlis—mecopOIlis, MaioTh
HACTiIbKY aKTUBOBaHY IIOBEPXHIO, III0 BeAYTh cebe 1100 BOJHIO HeHaue iHTe-
pMeranigu i 3maTHi BOupatu Iigpored 3a KiMHaTHOI TeMmepaTypu i THCKY Y
0,23 MIla 3 mepInux CeKyHJ KOHTAKTy 3pa3Ka 3 BOJHEBUM CepPEeIOBUINEM i3
cepeqHBOIO MBHUAKiCTIO ¥ (2—4)-107% mac. % /c.

Merognom CuBeprca mccieLOBaHBI COPOIIMOHHBIE CBOMCTBA U KUHETUUYECKUE
rnmapaMeTphI IPOIIECCOB TUAPUPOBAHUA U JeTUAPUPOBAHUSA JIUTOTO IBTEKTHUUE-
ckoro cmnasa Tiy; sZr;Mny, 5, B KoTOpOoM ObliIa IpOU3Be/leHa YaCTUUHAA 3aMe-
Ha KaKJOro U3 ero KOMIIOHeHTOB Ha 2% u 5% BaHagus. YCTAHOBJIEHO, UTO
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BBeJleHIe BaHAAUA B YKA3aHHBIX Mpefesiax MIPUBOAUT K MOHMMKEHHNIO TeMIIepa-
TYpbl HauaJia MHTEHCUBHOTO IOTJIOIIEHN BOAOPOLA, CHUIKEHUIO IPOIOJIIKHI-
TeJILHOCTHU IIPOollecca TUAPUPOBAHUS, a TAKIKe K CYII[eCTBEHHOMY yBEJIUYeHUIO
copbrmonHoit émKoctu (mo 2,85% wmacc.). ITokasamo, UTO CIJIAaBBLI, IIPOIIIE-
e IMUKJIMPOBaHME COPOIMA—IecopOIina, 00JagaloT HACTOJIBKO aKTHUBUPO-
BaHHOM IMOBEPXHOCTHIO, UTO BEAYT ce0s II0 OTHOIIEHUIO K BOAOPOAY HOI00HO
MHTEPMEeTAJJINAAaM 1 CIIOCOOHEI IIOTJIONIATE BOAOPO IIPY KOMHATHOM! TeMIIepa-
Type u gasaeauu 0,23 MIla ¢ mepBBIX CEKYHI KOHTAKTa 00pasiia ¢ BOAOPOCO-
IepsKaleii cpefoii co cpegHeii ckopocTthio (2—4)-107° mace. % /c.

Key words: hydrogenating, dehydrogenating, hydrogen capacity, eutectic
alloys, intermetallide, solid solution.
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1.INTRODUCTION

Modern investigations allow one to select quite certain materials with
the prescribed properties, such as the temperature and pressure of
formation and decomposition of hydrides, thermodynamic and kinetic
characteristics of the hydride formation processes [1]. Currently, both
LaNi; and the alloys based on it are such the most required compounds.
However, the heavy weight of this class of materials makes problemat-
ic the issue of their use at development of automobile power sources. In
connection with this, the search of new effective metal compositions
for hydrogen accumulators, which use the elements lighter than REM,
acquires a special applicability. AB, intermetallic systems with Laves’
phase structure possess higher potential for changing of AB, com-
pounds in the capacity of hydrogen absorptive materials. For example,
Ti—Zr—Mn compounds absorb significant amount of hydrogen (= 1.8-
2.0% wt.) without the preliminary heat treatment [2, 3]. Maximal
sorption capacity is inherent to the alloys, which are located on the
lower boundary of homogeneity range. For this reason, optimal rela-
tionship of titanium and zirconium, as well as minimal content of
manganese in the intermetallic, makes possible to obtain the absorp-
tion capacity of 2.28% wt. [6].

For TiMn, intermetallic compounds, introduction of vanadium re-
sults in the substantial increase of the nonstoichiometry range from
AB, ,to AB, ¢ for Ti—V—-Mn system and from AB, , to AB; ; for (Ti, Zr)—
V-Mn system as contrasted with (AB,; ;—AB,,) binary system [2]. The
results of Ref. [7] demonstrate that hydrogenating rate of (Ti, Zr)-V—
Mn exceeds the hydrogenating rate of LaNi; by 20-50% .

Enhancement of the parameters listed above is possible not only due
to the account of alloying or optimization of the alloy mixture ratio.
Using of eutectic Ti—Zr—Mn-system-based alloys in the capacity of hy-
drogen accumulators also results in substantial increase of sorption
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capacity and enhancement of kinetic parameters of hydrogenating and
dehydrogenating processes due to combination of advantages of each
phase [8, 9]. These alloys typically consist of b.c.c. solid solution f (T4,
Zr, Mn) with high hydrogen capacity and Laves phases (Ti, Zr)Mn,_,
with operation temperatures acceptable for exploitation and easiness
of the surface activation.

Manufacturing four-component eutectic (Ti, Zr)—(Mn, V), one can
expect the substantial increase of their sorption capacity and en-
hancement of the kinetic parameters of hydrogenating and dehydro-
genating processes.

2. MATERIALS AND METHODS OF INVESTIGATION

Alloys are produced in a laboratory electric arc furnace with perma-
nent tungsten electrode on cooled copper furnace hearth by the way of
six-fold remelting in the atmosphere of the purified argon, using iodic
titanium with a purity of 99.95%, iodic zirconium with the purity of
99.975%, electrolytic vanadium—99.9%, and electrolytic manga-
nese—99.99% as primary components. Chemical composition of alloys
is determined by fluorescent X-ray analysis using VRA-40 spectrome-
ter. Coincidence with nominal composition is within an error of meas-
urement (£0.03%).

Phase composition and lattice parameters are determined by the X-
ray phase analysis method using DRON-3M diffractometer with GUR-
8 standard goniometer in FeK, radiation by the way of photography of
both plane monolithic and powder specimens. Lines of diffractograms
are identified using JCPDS (International Center for Diffraction Data)
database.

Interaction of alloys and hydrogen is studied by Sieverts’ method in
IVGM-2M installation [10] in the heating mode with the rate of
=4°C/min within the temperature range from room temperature to
500°C and under isobaric-isothermal conditions under the pressure of
= 0.6 MPa. Hydrogen purified by sorption is introduced at room tem-
perature, when pressure in working reactor of the installation reaches
the value of 1.33:10°® MPa. During the hydrogenating process, the
time dependences Fy (1), T(t) are registered and all other parameters
are calculated proceeding from them. Amount of the absorbed hydro-
gen is determined by weighing with the accuracy of 1.5-107° g and is
calculated by the pressure change in the closed space.

Desorption of hydrogen from hydrogenation products is investigat-
ed using automated dilatometric complex (ADC) designed at the
G. V. Kurdyumov Institute for Metal Physics of N.A.S.U. for investi-
gation of physical processes, which proceed during the heating of pow-
der compacts[11].

The 47.5 Ti—-30 Zr—22.5 Mn eutectic alloy is chosen as a based one
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(hereinafter alloy compositions are presented in at.%). Alloying prin-
ciple consists in partial substitution of each from its components by
2% and 5% of vanadium (see Table 1).

3. RESULTS AND DISCUSSION

Information concerning the impact of V on the structure and phase
composition of 47.5 Ti—30 Zr—22.5 Mn eutectic alloy is presented in
Ref. [12]. Partial substitution of 2% and 5% of zirconium and 2% of
titanium by vanadium does not result in the structure change. The
substitution of 5% of Ti, as well as the substitution of 2% and 5% of
manganese by vanadium results in appearance of primary crystals of a
solid solution. In all cases, alloying results in the increase of the vol-
ume part of the B-phase and is accompanied by the distribution of va-
nadium between [-solid solution and intermetallide with the advantage
of the last one. In such a case, the Mn content in A-phase decreases and
the boundary of homogeneity range shifts toward the solid solution.

In the case of investigation of the sorption properties of specified
alloys, the possibility of their hydrogenating at room temperature, as
well as in the case of the initial 47.5 Ti—30 Zr—22.5 Mn eutectics is
supposed. Alloys are held in the hydrogen atmosphere at the pressure
of 0.6 MPa during 24 hours. The specified hydrogenation mode does
not lead to the activation of specimens’ surface. Obviously, some criti-
cal volume fraction of intermetallide on the surface of the specimen is
necessary to initiate the process of the active hydrogen absorption at
room temperature. The change of the ratio of phases’ fractions due to
the vanadium alloying renders impossible the process of hydrogena-
tion at the specified parameters.

Intensive hydrogen absorption is detected during the heating pro-
cess and under conditions of isobaric and isothermal holding of alloys
at temperatures of = 500°C and the same pressure.

As in the case of the bearing 47.5 Ti—30 Zr—22.5 Mn eutectic alloy,

TABLE 1. Nominal composition of alloys.

Designation Alloy composition, at.%
Ti Zr Mn Vv
VM V— Mn-2 47.5 30 20.5 2
n V>Mn-5 47.5 30 17.5 5
Vo7 V> Zr-2 47.5 28 22.5 2
r V—o7Zr-5 47.5 25 22.5 5
— V>Ti-2 45.5 30 22.5 2
VoTi-5 42.5 30 22.5 5
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the process of doped alloys hydrogenation proceeds in two stages, rates
of which differ by order of magnitude ((2—3)-107* wt.% /s for the first
and (5—7)-107® wt.% /s for the second stage) (see Fig. 1, a). Duration of
the first stage at which drastic increase of the hydrogenating rate oc-
curs as well as the amount of absorbed hydrogen are in the direct de-
pendence on the ratio of fractions of phases presented in the alloys.

Temperatures of the start of the intensive absorption, amount of oc-
cluded hydrogen at the temperature of isothermal holding and at room
temperature, as well as the duration of the hydrogenating process are
determined from the kinetic dependences (see Fig. 1, b and Table 2).

It is established that alloying with vanadium results in the decrease
of the temperature of intensive absorption start (see Table 2) (for the
initial alloy it is 540°C [8]). During avalanche-type absorption (the sec-
ond stage), the drastic increase of the reactor temperature by 1012°C
per one gram of the formed hydride is detected, i.e., the absorption pro-
cess proceeds with heat release. Duration of the hydrogenation process
Thya increases from 10—15 min for the alloys with vanadium content of
2% to0 40—50 min for alloys with vanadium content of 5% .

Taking into account the temperature of the start of the active ab-
sorption and the rate of hydrogen adsorption on both stages, one can
state that the hydration process begins from the solid solution [ (Ti,
Zr, Mn, V) [13], and cracks formation, which accompanies this process
in material with the surface free of an oxide film, facilitates the pro-
cess of the intermetallide activation and promotes its lightning-like
saturation. Typical deviation of the dependence of change of pressure
on temperature during cooling from the linear law, inherent to all al-
loys, attests to renewal of hydrogenating process with decrease of tem-
perature to 250—-300°C.
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Fig. 1. Changes in temperature and pressure of hydrogen with time (a) and
dependence of pressure (MPa) on temperature (b) at hydrogenation of 47.5 Ti—
30 Zr-17.5 Mn—5V alloy.
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TABLE 2. Kinetic parameters of the process of alloys hydrogenation.

Hydrogen concentration
Alloy [T, °Cltyyq, min Cr, Wt.% H/Me (H/Me),(H/Me)s..
at Trooms Prya|2t Trooms Poim
V—->Mn-2 495 10 2.68 2.71 1.72 1.45 1.97
V—->Mn-5 450 40 2.81 2.85 1.81 1.43 2.16
VoZr-2 395 15 2.62 2.66 1.67 1.41 1.97
V—oZr-5 490 45 2.48 2.66 1.64 1.34 1.91
V->Ti-2 490 15 2.36 2.58 1.58 1.41 1.91
V—->Ti-5 335 55 2.58 2.62 1.67 1.39 1.98

Using X-ray phase analysis, it is established that the end product of
hydrogenation of all alloys consists of hydrides, which are formed on
the base of initial phases only:

- 0-hydride based on (Ti, Zr, V, Mn)H,_, solid solution with face can-
tered cubic arrangement of CaF,-type;

- €-hydride based on (Ti, Zr, V, Mn)H,_, solid solution with tetrago-
nal arrangement of ThH,-type;

- A-hydride based on (Ti, Zr)(V, Mn),_.H;,, Laves phase with crystal-
line structure of MnZn,-type.

Lattice parameters of products of alloys hydrogenation are present-
ed in Table 3.

These results demonstrate that decomposition of phases during hy-
drogenation of the specified alloys does not take place.

It is assumed that the presence of two hydrides based on -solid solu-
tion with cubic and tetragonal lattices is connected with impossibility
of achievement of maximal hydrogen capacity of alloys under the spec-
ified modes of hydrogenation. This fact allows using not only alloying,
but also optimization of parameters of hydrogenation processes of pro-
duced alloys for the increase of sorption capacity.

For separate estimations of the hydrogen capacity of p-solid solution
and Laves phase, the ratio of their molar fractions by Rietveld refine-
ment is performed. As far as phase decomposition does not take place
at hydrogenation, it should come as no surprise that ratio of molar
fractions of hydrides, produced based on each of phases, remains equal
to the relationship of molar fractions in initial conditions.

Amount of hydrogen in the hydride based on the Laves phase is cal-
culated in accordance with [14], hereunder the increase of the lattice
cell volume comprises 2.9-10 nm?® per unit of H/M, where M is a
number of metal atoms in the lattice cell (Pearson’s symbol for the
structure of the MgZn, type—hP12 type ). Measured increment of the
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TABLE 3. Results of X-ray phase analysis of the products of alloys hydro-
genation.

Lattice parameters a (and ¢), £0.0009 nm

Initial phases Hydrogenated Dehydrogenated

A- B- A- 5- €- A B- o-
phase | phase | hydride hydride hydride| phase | phase | phase

Vo> 0.5195 0.5587 0.4553 0.5189 0.3000
Mn - 2 (0.8430) 23347 (0.9177) 04467 (0.4700) (0.8523) 9-3380 (0.4774)

Vo 0.5186 0.5574 0.4538 0.5176 0.2985
Mn - 5 (0.8428) 23334 (0 9155) 0-4438 (¢ 4635) (0.8503) 9-3357 (0.4750)

Vo 0.5199 0.5572 0.4534 0.5187 0.2997
7r-2 (0.8449) 93392 0 9152) 0-4438 (4 4681) (0.8520) 2-3382 (0.4769)

Vo  0.5190 0.5548 0.4523 0.5175 0.2965
zr-5 (0.8442) 9-3356 0 .9113) 0-4420 (4 4669) (0.8501) 2-3367 (0.4718)

Vo  0.5203 0.5598 0.4534 0.5203 0.2970
Ti—2 (0.8439) 23375 (0.9192) 94597 (0.4680) (0.8546) 03386 (0.4726)

Vo  0.5200 0.5569 0.4539 0.5191 0.2985
Ti—5 (0.8430) 23373 (0.9148) 0-4433 (0_4686) (0.8527) 23381 (0.4750)

Alloy

lattice cell of the Laves phase per one metallic atom provides the possi-
bility to estimate the sorption capacity of intermetallide, and the rest
of the adsorbed hydrogen to charge to contribution of 8- and e-hydrides
based on the solid solution (see Table 2).

The obtained data point at the fact that alloying with vanadium re-
sults in the substantial increase of the sorption capacity and enhance-
ment of kinetic and thermodynamic parameters of hydrating processes
due to combination of each phase advantages. It is specifically typical
to the alloys, in which hydride-nonforming Mn is substituted with the
hydride-forming V. In this case, the titanium-based solid solution ab-
sorbs hydrogen with the kinetics, similar to the kinetics of the hydro-
gen sorption by intermetallide and reaches the high level of hydrogen
capacity for the short time. This feature is conditioned by the high sur-
face area of the interphase boundaries, which is typical for the eutectic
structures, across which the diffusion coefficient is approximately 10?
times higher than that in the bulk. In addition, high rate of hydrogen
absorption is in a greater part caused by the crystal b.c.c. structure of
B-phase, in which the hydrogen diffusion coefficient is almost three
orders of magnitude higher than hydrogen diffusion coefficient in o-
phase with h.c.p. lattice [15].

Hydride formation process proceeds in the form of an avalanche also
due to the brittleness of the Laves phase, resulting in quick cleaving of
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the forming hydride and formation of the clean surfaces, ready for the
hydrogen sorption.

Mass-spectrometric investigations of the products of hydrogenation
of the vanadium-doped alloys shows that the release of hydrogen at the
initial pressure in the chamber of 4107 Pa begins at the temperature
of = (55 £ 5)°C (see Fig. 2). It is lower by 25°C than that of non-doped
eutectic alloy.

Integration of the surface area under each of peaks shows that in the
temperature range from 200°C to 300°C under the specified technolog-
ical conditions = 50% of the absorbed hydrogen precipitate from 47.5
Ti—-30 Zr—-17.5 Mn—5 V alloy. Taking into account that = 34% falls to
the share of intermetallide, the first peak with the maximum at the
temperature of 265°C may be interpreted as simultaneous release of
hydrogen from the intermetallide-based hydride [6] and e-hydride
based on B-solid solution during its decomposition until d-hydride.
Proceeding from the data of Ref. [16], the peak at the temperature of
390°C corresponds to the §-hydride decomposition. At the temperature
of 500°C, the process of release of hydrogen terminates. Comparison of
the lattice parameters of the initial, hydrogenated, and dehydrogenat-
ed alloys testifies to practically 100% reverse capacity of alloys (see
Table 2).

Data of experiments on investigation of the influence of the sorp-
tion—desorption—sorption cycling on kinetic and sorption properties
shows that the alloys of the specified group possess as much activated
surface that the hydration begins at room temperature and the pres-
sure of 0.23 MPa from the first seconds of contact of the specimen with
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Fig. 2. Change of the intensity of the hydrogen release (in arbitrary units)
during the heating of hydrogenating products of 47.5 Ti—30 Zr-17.5 Mn—-5V

alloy.
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hydrogen containing medium with an average rate of (2—4)-107°
wt. % / S.

Such an enhancement of the kinetic parameters can be explained by
the dispergation of the specimen during the sorption—desorption cycle
as well as by the decrease of the oxygen concentration on the surface
and in a bulk of particles because of its interaction with the releasing
atomic hydrogen. Hydrating temperature during the second cycle
points at the fact that in this case the absorption begins from interme-
tallide [6].

Kinetic parameters of sorption and desorption as well as sorption
capacity of alloys in succeeding cycles do not practically change. Insig-
nificant increase of the hydrogen adsorption rate is connected with the
increase of the reaction surface, caused by the disintegration of the
particles.

4. CONCLUSIONS

1. Partial substitution of the alloy components by vanadium results in
the substantial increase of the sorption capacity and the enhancement
of kinetic and thermodynamic parameters of the processes of hydro-
genation. In this case, the titanium-based solid solution absorbs the
hydrogen with kinetics, similar to the kinetics of the sorption of the
hydrogen by the intermetallide and reaches the high level of the hy-
drogen capacity during the short time.

2. Hydrogenation of the alloys activated by the sorption—desorption
cycle takes place at room temperature and significantly lower pressure
of 0.23 MPa. In this case, the sorption capacity remains unchanged,
and time during which it reaches its maximal value decreases signifi-
cantly.
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