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Study of the kinetics of hydrogen sorption and
desorption from titanium
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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 15–20�m. Thermocycling curves were obtained in a wide
range of temperatures and concentrations for�- and�-titanium. Evaluations of the kinetic parameters of absoprtion and desoprtion as well as
the heat of sorption in�- and�-titanium are presented.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

The kinetics of the interaction between hydride-forming
etals and hydrogen may be determined in some cases by
rocesses of absoprtion and desorption. There are numerous
ata concerning equilibrium thermodynamic parameters such
s solubility, heat of absorption, accumulated in many reviews

1–3], but there is not enough information about kinetic pa-
ameters describing reactions of absorption and desorption.
he scope of this work was to study interaction kinetics in
ydrogen–titanium system in the absence of hydride forma-

ion. The choice of titanium was motivated by its very wide
se as a hydrogen absorber[4,5]. Other purposes were to de-
elop a simple method providing the reliable experimental
ata in a wide range of temperatures and hydrogen concen-

rations in a metal and to develop models, which allow for
he evaluation of kinetic parameters from these data.

. Apparatus and methods

The investigation of the hydrogen–titanium interaction ki-
etics was carried out in a metal high-vacuum system includ-

ing a time-of-flight mass-spectrometer, a pumping sys
a diffusion system of hydrogen refinement and a wor
cell where the samples were placed (Fig. 1). The working
cell is equipped by a capacitance pressure gauge and c
connected to pumps as well as a hydrogen refinemen
inlet system. The outer oven controlled by a computer h
the autoclave made of a stainless steel tube. Tempera
measured by a chromel–alumel thermocouple.

The specimen was a fine powder of titanium with a m
mum grain size less than 40�m (Fig 2). A typical amoun
of titanium powder in the experiments was 6–8 mg.
fore each experiment the sample was annealed in va
at 1.3 × 10−6 Pa, 750◦C for 1 h.

The idea of the proposed method of thermocyclin
to apply a periodical temperature oscillation for a sam
placed into a closed cell filled with hydrogen. Only
autoclave (volumeVac ≤ 1 ml) containing the sample
heated, while the working cell (volumeV ∼ 1000 ml) is kep
at room temperature. The cooling of the sample resul
hydrogen absorption and, therefore, in a pressure decre
the closed working cell, the heating of the sample resu
hydrogen desorption and in a pressure increase. The am
of absorbed (desorbed) hydrogen is derived from the pre
decrease (increase) according to the gas law. For a
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statistics, data of many temperature cycles were collected.
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Fig. 1. The vacuum part of experimental setup.

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

Such an approach gives a possibility to change the period and
the amplitude of temperature oscillations, the average tem-
perature and the initial pressure in the working cell, which
influence the range of hydrogen concentrations in the sample.

The method possesses several advantages in comparison
with the standard TDS method for the study of kinetics of
interaction of hydride-forming metals and hydrogen. In par-
ticular, if a sample is changing during a long-time experi-
ment (cleaving, impurities segregation), it affects the form of
a thermocycling curve. Reproducibility of a curve indicates
that the system behaves well and the curve may be used for
the following treatment.

3. Results and discussion

The choice of the initial pressure in the cell and of the
temperature range for thermocycling determines a range of
attained hydrogen concentration in a material. Thus, it is
possible to choose a path of reaction and to carry out the
research of the kinetics of hydrogen sorption/desorption for
the certain phase states of the material. It can be thermo-
cycling either with phase transition or without. The exam-

Fig. 3. The phase diagram of titanium[3] 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 � + �→� + �→�→� + �→� results in many pecu-
liarities, which are rather difficult for modelling. Besides it
is necessary to take into account that the phase diagram is
presented for the equilibrium system Ti–H, while in our case
this system is not in equilibrium during thermocycling.

3.1. Kinetics of hydrogen absorption and desorption in
α- and β-titanium

To simplify the situation, we studied the kinetics of the
interaction between titanium and hydrogen separately for the
�-and�-phases in the absence of phase transitions. InFig. 3,
curve 2 corresponds to thermocycling in the�-area of the
phase diagram; curve 3 is the same in the�-area. To increase
the accuracy of the following treatment of experimental data,
we used various rates of heating/cooling of the sample.

To evaluate the kinetic parameters we consider two models
with one common assumption that the entire sample is in the
single-phase area during thermocycling.

3
ible

a ion of
a

c

w
t vol-
.1.1. Model 1
A gradient of concentration in the sample is neglig

t elevated temperatures. In this case, the concentrat
bsorbed hydrogen was calculated in the following way

(t) = Nh

Vsample
= p0 − p(t)

Vsample
2Vq

hereNh is the amount of sorbed hydrogen atoms,p0 is
he initial pressure of gas in the closed cell with the
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umeV (prior to the beginning of absorption of hydrogen by
the sample),p(t) is the current pressure,q is the quantity
of hydrogen molecules in unit volume at unit pressure and
room temperature. We shall designatez ≡ 2Vq and express
the amount of atoms of absorbed hydrogen in the sample as
c(t)Vsample= z(p0 − p(t)). Its derivative is

ċ(t)Vsample= −zṗ(t)

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

ċ(t)Vsample= (k∗
ap(t) − b∗c2(t))msample

where k∗
a = k∗

a0exp(−Ea/RT ) and b∗ = b∗
0 exp(−Ed/RT )

are the rate constants of absorption and desorption attributed
to the unit of mass. By eliminating concentration, we obtain:

−zṗ(t) =
(

k∗
ap(t) − b∗

(
z
p0 − p(t)

Vsample

)2
)

msample

That is a differential equation for the time dependency of
the pressure in the experimental cell containing the sample
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Here the pressurep(t) depends on the amount of sorbed hy-
drogen as

p(t) = p0 − Npart

∫
c(t, 	r) dV

whereNpart is the quantity of particles of a powder. The so-
lution of Fick’s equation gives the time dependencyp(t). Six
parameters were varied to fit the experimental curve by the
model one−k∗

a0, b
∗
0, Ea, Ed, D0, Edif .

3.2. Results of data processing

Thermocycling curves for�- and �-titanium have been
approximated on the basis of the model 1. An example of the
fitting of the curve for the�-phase is shown inFig. 4. Here
the 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-
tion at all used rates. The evaluations of activation energies
and pre-exponential factors of absorption and desorption in
the temperature range 300–600◦C for �- and�-titanium are
shown inTable 1. The heat of sorption was derived from the
activation energies as�Hest = (1/2)(Ea − Ed). Numerous
calculations revealed that the most stable parameter during
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Four parameters for the rates of absorption and desorptio
fine this dependency−k∗

a0, b
∗
0, Ea, Ed. The following treat-

ment of the data was the fitting of the experimental curv
the model one by variation of these parameters.

3.1.2. Model 2
In the second case, a gradient of concentration was t

into account. Additional assumptions were made: all the
ticles of the powder are balls with the same radiusR =
15 �m (estimation is done from the micrograph inFig. 2);
the initial hydrogen concentration in all particles is eq
and the initial gradient of concentration is negligible. Due
the spherical symmetry of the problem, we consider o
dimensional diffusion (along the radius of the particler)
where the concentration obeys Fick’s law:

∂c

∂t
(t, r) = D

1

r2

∂

∂r

(
r2∂c

∂r
(t, r)

)
, r ∈ (0, R), t > t0

whereD = D0 exp(−Edif/RT ) is the hydrogen diffusivity
The initial and boundary conditions for Fick’s equation
the following:

∂c

∂r
(t0, r) = 0, r ∈ (0, R);

∂c

∂r
(t, 0) = 0, t ≥ t0;

D
∂c

∂r
(t, R) = (−b∗c2(t, R) + k∗

ap(t))msample, t > t0.
.
-

n

fitting is the heat of sorption of hydrogen. The evaluated v
ues�Hest are close to data�Href presented in[3]. Some
discrepancy between�Hest and �Href may be associate
with the different temperature range of 600–900◦C used in
[3].

The fitting on the basis of the model 2 changes value
absorption and desorption parameters weakly. The para
ters of diffusion were determined with much more inaccur
than the parameters of absorption and desorption. In fact
numerical simulations allow designating the area of poss
values of diffusivity only. However, the discrepancy betwe
the experimental and model curves decreases allowing

Fig. 4. Thermocycling of�-titanium: the comparison of experimental da
and fitting. Rates of heating/cooling: (1) 0.1 K/s, (2) 0.2 K/s, (3) 0.3 K/s.
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Table 1

Ea (kJ/mol) Ed (kJ/mol) k∗
a0 (1/s/Pa/kg) b∗

0 (m6/s/kg) �Hest (kJ/mol) �Href (kJ/mol)[3]

�-Phase 25–27 120–124 2.3–4.6E22 1–2E−25 −50 to−45 −45
�-Phase 38–45 128–137 4.5–45E22 1–10E−25 −50 to−42 −57

Fig. 5. The hatched area represents the evaluation of diffusivity in�- and
�-titanium: (1) diffusivity in�-titanium, (2) diffusivity in�-titanium[6,7].

hydrogen diffusion. The evaluations of hydrogen diffusivity
in the temperature range 300–600◦C in �- and�-titanium in
comparison with[6,7] are shown inFig. 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

metals and hydrogen is proposed. The method is applied for
the investigation of system of titanium powder and hydrogen.

Thermocycling curves were obtained in a wide range of
temperatures and concentrations. It was shown that kinetics
of the interaction between�- and�-titanium and hydrogen
in the absence of hydride formation can be described satis-
factorily well by the model involving sorption and desorp-
tion only. Kinetic parameters of absorption and desoprtion
as well as the heat of sorption in�- and �-titanium were
evaluated.
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