Journal of

ALLOYS
AND COMPOUNDS

ée A4 T
ELSEVIER Journal of Alloys and Compounds 404—406 (2005) 335-338

www.elsevier.com/locate/jallcom

Study of the kinetics of hydrogen sorption and
desorption from titanium

E.A. Evard, |.E. Gabis, A.P. Voyt

VIA. Fock Institute of Physics, St. Petersburg State University, 198504 Saint-Petersburg, Russia

Received 4 June 2004; received in revised form 19 January 2005
Available online 15 July 2005

Abstract

A method of thermocycling in a hydrogen medium for studying the kinetics of the interaction between hydride-forming metals and hydrogen
is proposed. The method is applied to the titanium powder with a grain size of iBr2Thermocycling curves were obtained in a wide
range of temperatures and concentrationsxfandp-titanium. Evaluations of the kinetic parameters of absoprtion and desoprtion as well as
the heat of sorption ir- andB-titanium are presented.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ing a time-of-flight mass-spectrometer, a pumping system,
a diffusion system of hydrogen refinement and a working
The kinetics of the interaction between hydride-forming cell where the samples were placddg. 1). The working
metals and hydrogen may be determined in some cases bycell is equipped by a capacitance pressure gauge and can be
processes of absoprtion and desorption. There are numerousonnected to pumps as well as a hydrogen refinement and
data concerning equilibrium thermodynamic parameters suchinlet system. The outer oven controlled by a computer heats
as solubility, heat of absorption, accumulated in many reviews the autoclave made of a stainless steel tube. Temperature is
[1-3], but there is not enough information about kinetic pa- measured by a chromel-alumel thermocouple.
rameters describing reactions of absorption and desorption. The specimen was a fine powder of titanium with a maxi-
The scope of this work was to study interaction kinetics in mum grain size less than 40n (Fig 2). A typical amount
hydrogen—titanium system in the absence of hydride forma- of titanium powder in the experiments was 6-8 mg. Be-
tion. The choice of titanium was motivated by its very wide fore each experiment the sample was annealed in vacuum
use as a hydrogen absorl)5]. Other purposes were to de- at 13 x 106 Pa, 750C for 1 h.
velop a simple method providing the reliable experimental  The idea of the proposed method of thermocycling is
data in a wide range of temperatures and hydrogen concento apply a periodical temperature oscillation for a sample
trations in a metal and to develop models, which allow for placed into a closed cell filled with hydrogen. Only the
the evaluation of kinetic parameters from these data. autoclave (volumeVye < 1ml) containing the sample is
heated, while the working cell (volunié ~ 1000 ml) is kept
at room temperature. The cooling of the sample results in
hydrogen absorption and, therefore, in a pressure decrease in

netics was carried out in a metal high-vacuum system includ- hydrogen desorption and in a pressure increase. The amount
of absorbed (desorbed) hydrogen is derived from the pressure

decrease (increase) according to the gas law. For a better
statistics, data of many temperature cycles were collected.

2. Apparatus and methods
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Fig. 3. The phase diagram of titaniUB] and the paths of reactions during
thermocycling of titanium powder.

ple of such a research for the titanium powder is shown
in Fig. 3 Here the experimental curve for thermocycling
with several transitions (curve 1) is shown. The upper branch
corresponds to the desorption process, the lower one is for
the absorption process. The curve contains several cycles,
and at the same time one can observe a very good repro-
ducibility of these cycles. A complicated path of reaction
like o + yv—>B + y—=>B—a + B—« results in many pecu-
. 2 liarities, which are rather difficult for modelling. Besides it
L:Er m Ik.cp = is necessary to take .ir.1to. account that' the phgsg diagram is
= Z . presented for the equilibrium system Ti—H, while in our case
this system is not in equilibrium during thermocycling.

Fig. 2. The electron microscopy picture of the used titanium powder.

3.1. Kinetics of hydrogen absorption and desorption in

Such an approach gives a possibility to change the period andx- and B-titanium
the amplitude of temperature oscillations, the average tem-
perature and the initial pressure in the working cell, which  To simplify the situation, we studied the kinetics of the
influence the range of hydrogen concentrations in the sample.interaction between titanium and hydrogen separately for the

The method possesses several advantages in comparisos-andg-phases in the absence of phase transitionsign3,
with the standard TDS method for the study of kinetics of curve 2 corresponds to thermocycling in thearea of the
interaction of hydride-forming metals and hydrogen. In par- phase diagram; curve 3 is the same infherea. To increase
ticular, if a sample is changing during a long-time experi- the accuracy of the following treatment of experimental data,
ment (cleaving, impurities segregation), it affects the form of we used various rates of heating/cooling of the sample.
a thermocycling curve. Reproducibility of a curve indicates ~ To evaluate the kinetic parameters we consider two models
that the system behaves well and the curve may be used fowith one common assumption that the entire sample is in the

the following treatment. single-phase area during thermocycling.
3.1.1. Model 1
3. Results and discussion A gradient of concentration in the sample is negligible

at elevated temperatures. In this case, the concentration of

The choice of the initial pressure in the cell and of the absorbed hydrogen was calculated in the following way
temperature range for thermocycling determines a range of
attained hydrogen concentration in a material. Thus, it is ) = Nn  po-— P(f)
possible to choose a path of reaction and to carry out the Vsamp|e Vsamp|e
research of the kinetics of hydrogen sorption/desorption for
the certain phase states of the material. It can be thermo-where Ny, is the amount of sorbed hydrogen atorps, is
cycling either with phase transition or without. The exam- the initial pressure of gas in the closed cell with the vol-
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umeV (prior to the beginning of absorption of hydrogen by Here the pressurg(r) depends on the amount of sorbed hy-
the sample) p(¢) is the current pressure, is the quantity drogen as

of hydrogen molecules in unit volume at unit pressure and
room temperature. We shall designate: 2 Vg and express
the amount of atoms of absorbed hydrogen in the sample a
(1) Vsample= z(po — p(1)). Its derivative is

#0) = po— Noan [ (7)o

whereNpart is the quantity of particles of a powder. The so-
lution of Fick’s equation gives the time dependempgy). Six
parameters were varied to fit the experimental curve by the
S model one—k%,, b§, Ea, Ed, Do, Edit-

On the other hand, the flux of absorption rises the concen-
trationc(r) and the flux of desorption reduces it:

c(t) Vsample= —zp(t)

3.2. Results of data processing

c(t)Vsample= (kzp(t) — b*Cz([))msamme Thermocycling curves fowa- and B-titanium have been
approximated on the basis of the model 1. An example of the
fitting of the curve for thex-phase is shown ifig. 4. Here

Othe fitting is performed in the time interval including three
rates of heating/cooling. It should be noted, that the single set
of parameters successfully describes absorption and desorp-
5 tion at all used rates. The evaluations of activation energies
—2p(t) = (k;p(t) _p* (z po P(t)> ) Msample and pre-exponential factors of absorption and desorption in

where kj = ki exp(—Ea/RT) and b* = bjexp(—Eq/RT)
are the rate constants of absorption and desorption attribute

to the unit of mass. By eliminating concentration, we obtain:

the temperature range 300—-6@for o- andp-titanium are

shown inTable 1 The heat of sorption was derived from the

That is a differential equation for the time dependency of activation energies as Hest= (1/2)(Fa — Eq). Numerous
calculations revealed that the most stable parameter during

the pressure in the experimental cell cgntammg the Sa.mple'fitting is the heat of sorption of hydrogen. The evaluated val-
Four parameters for the rates of absorption and desorption de—u €5 A Hesr are close to data Hie presented irf3], Some
fine this dependency-k},, b}, Ea, Eq. The following treat- est ref P '

ment of the data was the fitting of the experimental curve by d'.s' crepancy between Hest and A Href may be assomated
- with the different temperature range of 600-9@used in
the model one by variation of these parameters.

[3].
The fitting on the basis of the model 2 changes values of
3.1.2. Model 2 absorption and desorption parameters weakly. The parame-
In the second case, a gradient of concentration was takerters of diffusion were determined with much more inaccuracy
into account. Additional assumptions were made: all the par- than the parameters of absorption and desorption. In fact, the
ticles of the powder are balls with the same radRis= numerical simulations allow designating the area of possible
15 pm (estimation is done from the micrographhig. 2); values of diffusivity only. However, the discrepancy between
the initial hydrogen concentration in all particles is equal the experimental and model curves decreases allowing for
and the initial gradient of concentration is negligible. Due to
the spherical symmetry of the problem, we consider one- p, Torr

Vsample

dimensional diffusion (along the radius of the partie)e 020 s experi'mem
where the concentration obeys Fick's law: 0181 4 fitting
0.16
ac 19 [ ,0c 0.14 1
—(t,r)=D—— (r*—(@r)|, re(OR), t>t
81‘( ) r2 or ( ar( )) ©. R) 0 0.124
0.10
where D = Dgexp(— Egii/RT) is the hydrogen diffusivity. 0.08 4
The initial and boundary conditions for Fick's equation are  0.06 - IR
the following: 0.04 1
0.02 | M % 1
dc ' °
—(to,r) =0, re(0,R); 0.00 + . 1 . 2— — 3
gz 36000 42000 48000 54000 60000
5(1, 0)=0, ¢>1; time,s
oc . . o . .
D—(t, R) = —b*cz t, R) + kX p(1))m t> to. Fig. 4. Thermocycling of-titanium: the comparison of experimental data
ar( )=( (&, R) + kap()msample 0 and fitting. Rates of heating/cooling: (1) 0.1K/s, (2) 0.2Ks, (3) 0.3KIs.
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Table 1
Ea (kJ/mol) Eq (kJ/mol) K, (Us/Palkg) b} (mP/s/kg) A Hest (kJ/mol) A Hyef (kJ/mol)[3]
a-Phase 25-27 120-124 2.3-4.6E22 1-25 —50to—45 —45
B-Phase 38-45 128-137 4,5-45E22 1106 —50 to—42 —57
diffusivity, m?s™ metals and hydrogen is proposed. The method is applied for
] ] the investigation of system of titanium powder and hydrogen.
1683 Thermocycling curves were obtained in a wide range of
1E-9 temperatures and concentrations. It was shown that kinetics
E 5 of the interaction betwees- and p-titanium and hydrogen
1E-10 4 in the absence of hydride formation can be described satis-
] factorily well by the model involving sorption and desorp-
1E-114 tion only. Kinetic parameters of absorption and desoprtion
1E-12 % as well as the heat of sorption i+ and B-titanium were
E % evaluated.
1E-13 § //
1E-14--i /
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Fig. 5. The hatched area represents the evaluation of diffusivity sBind
B-titanium: (1) diffusivity inB-titanium, (2) diffusivity ina-titanium([6,7].

hydrogen diffusion. The evaluations of hydrogen diffusivity
in the temperature range 300—6@in «- andB-titanium in
comparison witH6,7] are shown irFig. 5. We suppose that
the better evaluation accuracy for the values of diffusivity in
titanium could be obtained for the powders with bigger grain
size.

4. Conclusion

The method of thermocycling in hydrogen medium for
studying of kinetics of interaction between hydride-forming

Petersburg for partially financing this work.
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