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Abstract 

We improve our previous kinetic model of hydrogen transport in Ti [Y. Hamamoto et al., 

Nucl. Mater. Energy 23 (2020) 100751]. The model becomes applicable to both the 

directional processes of absorption and desorption. The limitation in the covered range of 

hydrogen molar fraction, previously up to 1 mol-H/mol-Ti, is dissolved. The numerical 

calculations based on the model with a single set of kinetic parameters closely reproduce a 

series of experimental hydrogen absorption and desorption data for various temperatures, 

and thus verify the validity of the model. 
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1. Introduction 

    Ti and its hydride are promising for use in applications including hydrogen storage [1–5] 

and in nuclear reactors [6–9]. Understanding the hydrogenation and dehydrogenation 

processes of Ti is important for the design in each application, and therefore the kinetics in 

the hydrogen–Ti system have been investigated [10,11]. Ti is used, for example, in the 

condenser tubes in nuclear reactors because of its high mechanical robustness and corrosion 

resistance against seawater [6,12]. Ti-based alloys and hydrides are expected to be used as a 

reactor component, coolant additive, and radiation shield, in nuclear fusion applications [9]. 

Ti is also promising to be used as a particulate additive in molten-salt blankets for tritium 

absorption and transportation in nuclear fusion reactors [13,14]. Such Ti particles can also 

suppress the corrosion of the tubes in the fusion reactor by sacrificially reacting with the 

corrosive HF and F species [15]. In addition, Ti is used as a dopant at the surface of 

lightweight hydrogen-storage materials with low surface activity, such as alkali metal 

aluminum hydrides, to increase the absorption and desorption velocity [16]. 

    However, hydrogen absorption in Ti installed in operating environments in the 

presence of hydrogen can cause mechanical embrittlement to generate cracks and blisters 

in the equipment [17]. The sources of hydrogen in nuclear reactors include the dissolved 

hydrogen present in the cooling water or vapor, and the radiation-induced decomposition 

of water. Embrittlement of the constructive materials in nuclear power plants potentially 

induces disasters, such as radioactive leakage and hydrogen explosion. Hence, 

understanding and then controlling the hydrogen absorption process in metallic 

components are highly demanded for the prevention of hydrogen embrittlement. 

Absorption and desorption of hydrogen isotopes in the plasma facing walls of nuclear 
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fusion reactors are also important in view of embrittlement and undesirable hydrogen 

isotope emission to the plasma core that would negatively affect the reaction. Nevertheless, 

the kinetics of hydrogen transport in metals, particularly around the surface, have not been 

completely explained yet [18]. Previously, we developed a kinetic model of hydrogen 

absorption in Ti [19]. However, for hydrogen desorption from Ti, the model did not 

sufficiently reproduce experimental data, and therefore its applicability was limited to the 

absorption process. In addition, the applicability of the model was also limited to the 

conditions where the hydrogen molar fraction (mol-H/mol-Ti) is sufficiently lower than 

unity, because of the way we defined the surface coverage parameter. In the present study, 

we develop a single kinetic model of hydrogen transport in Ti applicable to both the 

directional processes of absorption and desorption, and without a limitation of the 

hydrogen molar fraction. 

 

2. Theory and calculation methods 

    Table 1 lists the symbols used in the formulation. The fundamental concept of the 

numerical model of hydrogen absorption is described in Ref. 19 and schematically 

depicted in Fig. 1. The hydrogen mass balances are formulated as 
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Xmax is the maximum hydrogen molar fraction, to be discussed later in this section. Ns is the 

molar density of Ti per surface area.  is the fractional coverage, or occupancy, of 

hydrogen atoms at the surface. Jads and Jdes are the hydrogen fluxes for the surface 

adsorption and desorption processes, respectively. Jsb and Jbs are the hydrogen fluxes for 

the inward and outward subsurface transport, respectively. ss is the fractional coverage of 

hydrogen atoms at the subsurface. Jdif is the hydrogen flux for the diffusion in the bulk 

region. Nb is the molar density of Ti per volume. Vb and A are the volume and surface area 

of Ti, respectively. X [mol-H/mol-Ti] is the hydrogen molar fraction in Ti. The values of Ns 

and Nb are calculated by 
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where NA is the Avogadro constant,  is the mass density of Ti, and M is the molar mass of 

Ti. Consequently, Ns and Nb are 2.16 × 10
–5

 mol·m
–2

 and 9.4 × 10
4
 mol·m

–3
, respectively. 

The values of Jads, Jdes [11], Jsb, Jbs [20], and Jdif are determined by 
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S0 is the sticking coefficient at zero coverage of hydrogen atoms onto the surface of Ti. PH2 

and MH2 are the partial pressure and molar mass of hydrogen, respectively. R is the ideal 

gas constant. Tg and Ts are the absolute temperature of the gas and solid phases, 

respectively. kdes
0
 (1.08 × 10

8
 mol·m

–2
·s
–1

 [11]), ksb
0
, and kbs

0
 are the frequency factors for 

the surface desorption, and the inward and outward subsurface transport of hydrogen atoms, 

respectively. Edes (1.17 × 10
5
 J·mol

–1
 [11]), Esb, Ebs, and Edif (5.3 × 10

4
 J·mol

–1
 [21]) are the 

activation energy values of hydrogen for the surface desorption, inward and outward 

subsurface transport, and diffusion in the bulk region, respectively. DH
0
 (9.0 × 10

–7
 m

2
·s
–1
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[21]) is the prefactor of the diffusion coefficient of hydrogen. C is the local concentration 

of hydrogen in the bulk. S0 is unitless for Eq. 6 in the SI unit system and given by 
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where ES0 (–1.99 × 10
3
 J·mol

–1
 [11,22]) is the (regressive) activation energy value for the 

initial chemisorption [11,22]. The value of PH2 is calculated, by the ideal gas law, as 
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P0 is the initial hydrogen pressure. Vch, is the chamber volume. T0 is the initial temperature 

of the gas phase. X0 is the initial hydrogen molar fraction in Ti. nTi is the number of moles 

of Ti. By balancing Eqs. 6 and 7,  can be determined as 
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under the assumption that hydrogen adsorption and desorption on the surface of Ti are in 

equilibrium [11,23,24] because of the high surface activity of Ti. We calculate  by Eqs. 13 

and 14, instead of Eq. 1, for the convenience in parameter fitting. Then, Eqs. 2 and 3 are 

numerically solved by the finite-difference, forward Euler method, with the update of C(z) 

for each time step, to determine X(t). The shape of Ti is assumed to be a two-dimensional 

layer with a finite thickness and an infinite area, and the hydrogen transport solely in the 

direction of the layer thickness is accounted for, in the present study. The symmetric 

boundary condition is employed at the central plane of Ti, z = 0. This setting is equivalent 

to the situation that there is no hydrogen flux across the central plane. Hydrogen absorption 

and desorption from the two outer surfaces of Ti are thus simulated. The values of ksb
0
, kbs

0
, 

Esb, and Ebs are to be determined by numerical fitting. As observed in the form of Eqs. 6, 8, 

and 9,  and ss are defined in the range below unity. In our previous model [19], we did 

not account for Xmax, or Xmax was treated to be unity. Because of the abovementioned 

definition of Ns, the situation  = ss = 1 corresponded to the one X = 1 in our previous 

model. Therefore, the applicability of the model was limited to the conditions where X is 

lower than unity. In the present study, we have incorporated Xmax into the model to remove 

the artificial limitation. To determine the value of Xmax, we account for the lattice structures 

of Ti. As depicted in Fig. 2, the  phase of Ti takes the hexagonal close-packed structure 

with the number of Ti atoms of 2 in a unit cell. H atoms can occupy a half of the 

tetrahedral sites at most, because of the site blocking effect. In this situation, the number of 

H atoms in a unit cell is also 2, resulting in Xmax = 1. The  phase of Ti takes the 

body-centered cubic structure with the number of Ti atoms of 2 in a unit cell. H atoms can 

occupy a half of the tetrahedral sites at most, again because of the site blocking effect. In 
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this situation, the number of H atoms in a unit cell is 6, resulting in Xmax = 3. The  phase 

of Ti takes the face-centered cubic structure with the number of Ti atoms of 4 in a unit cell. 

H atoms can occupy all of the tetrahedral sites at most. In this situation, the number of H 

atoms in a unit cell is 8, resulting in Xmax = 2. Therefore, we set Xmax to be 3 as the 

maximum possible hydrogen molar fraction, which may be consistent with the common 

view for Ti in the community [25–27]. In contrast to the modification of Ns into XmaxNs, Nb 

does not need to be changed because X varies up to Xmax, but is not defined in the range 

below unity, unlikely to  and ss. As another modification of the model, we assumed that 

Tg and Ts were always equal to each other, and therefore treated them as a single, common 

variable in our previous model [19]. In contrast, we distinguish them for generality in the 

present model. 

 

3. Results and discussion 

    By using a series of experimental results, we prove the validity of the hydrogen transport 

model. The experimental data in Ref. 10 is employed. The conditions of the experiments 

were: Vb = 1.3 cm × 1.0 cm × 1.0 mm, P0 = 1.3 × 10
4
 Pa, Vch is unknown [10]. To estimate the 

value of Vch, we use the relation between the equilibrium hydrogen pressure against the  

phase of Ti, P-eq, and the equilibrium hydrogen molar fraction in Ti, Xeq, reported in Ref. 26: 
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Through Eqs. 12, 15, and the Xeq values observed in the experimental data of Ref. 10 in the 
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regime of  phase, we can reasonably estimate Vch, as 2.95 × 10
–3

 m
3
. We assumed that Tg 

is equal to Ts for the calculations for the hydrogen absorption process in this study, as we 

did in Ref. 19. Figure 3 plots the hydrogen absorption curves at different temperatures for 

the experiments in Ref. 10, and our numerical simulation results. The fitting parameters 

ksb
0
, kbs

0
, Esb, and Ebs are determined as 1.16 × 10

11
 s
–1

, 3.24 × 10
9
 s
–1

, 1.18 × 10
5
 J·mol

–1
, 

and 8.50 × 10
4
 J·mol

–1
, respectively. Table 2 summarizes the values of the kinetic 

parameters used in this study. Ref. 10 reported overall activation energies for absorption 

and desorption of 7.4 × 10
4
 J·mol

–1
 and 2.5 × 10

4
 J·mol

–1
, respectively. Ref. 11 reported Esb 

and Ebs of 1.33 × 10
5
 J·mol

–1
 (for  = 1) and 1.35 × 10

5
 J·mol

–1
, respectively. Assuming a 

subsurface-control situation for Ref. 10, the values of our Esb and Ebs lie in the middle of 

those of Refs. 10 and 11. The calculation results, with a single set of kinetic parameters, 

closely reproduce a series of experimental results for various temperatures, as observed in 

Fig. 3. The degree of fitting to the same set of experimental data is higher than the case of 

our previous model [19]. 

    To demonstrate the significance of the introduction of Xmax in our present model and 

to check the validity of the model in the high-X regime, we plot in Fig. 4 the hydrogen 

absorption curves for a Ti layer with a thickness of 1 mm under a constant hydrogen 

pressure of 1 atm at 900 K, calculated by the present and previous models. As a reference, 

the phase diagram of the hydrogen–Ti system in Ref. 26 presents that Xeq for a hydrogen 

pressure of 1 atm at 900 K is 1.6. As observed in Fig. 4, Xeq is calculated to be 0.90 for the 

previous model, and thus inconsistent with the literature value, due to the formulation of 

the previous model corresponding to the situation Xmax = 1. Even for a hydrogen pressure 

of 100 atm, Xeq is calculated to be 0.996. In contrast, Xeq is calculated to be 1.7 for the 
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present model, as observed in Fig. 4. Thus, our present model approximately reproduces 

the literature value of Xeq also in the high-X region, which would not have been realized by 

our previous model. 

    Figure 5 plots the hydrogen desorption curves at different temperatures for the 

experiments in Ref. 10, and our numerical simulation results with the same single set of 

parameter values of kads
0
, kdes

0
, Eads, and Edes as those for Fig. 3. For the calculations for the 

hydrogen desorption process in this study, we assume Tg to be 300 K accounting for the 

rapid decrease in the temperature of the desorbed hydrogen gas owing to the adiabatic 

expansion. The experimental desorption curves are thus satisfactorily reproduced for all the 

temperatures, in contrast to the poor fit by our previous model [19]. The discrepancy 

between the experimental data and the calculation curves around the initial stage might be 

attributed to the unknown heating period to the set temperature after the transportation of 

the Ti sample to the hot zone at t = 0 in Ref. 10, while the calculation assumed a constant 

Ts. Importantly, this data reproduction is accomplished with the same sets of formulae and 

parameters as those for the hydrogen absorption process, and therefore our single model is 

applicable to both absorption and desorption. 

    After we verified the validity of the hydrogen absorption and desorption model and 

determined the values of the kinetic parameters, we carry out case studies to exhibit the 

practicality of the model. Ti was expected to be used for the first wall in nuclear fusion 

reactors [28,29], as well as the present use as a material for condenser tubes in nuclear 

reactors [6,12]. Whilst, Ti can be considered not be very effective as a first wall material, as 

its tritium inventory would be too high to be accepted from viewpoints of fuel cycle 

feasibility and fusion reactor safety. Absorption of hydrogen isotopes into such materials 

causes their hydrogen embrittlement [30]. In this context, we analyze the dependence of the 
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hydrogen absorption rate on the thickness of the Ti layer. Firstly, we plot in Fig. 6 the 

calculated dependence of Xeq on the hydrogen pressure at 550 ºC, as an assumed surface 

temperature of the first wall [31]. Note that Xeq does not depend on the thickness of the Ti 

layer, while the hydrogen absorption rate does. For this calculation and hereafter, we allow 

for the hydrogen transport only through one surface of the Ti layer and the other surface is 

set to be impermeable, to correspond to the practical situations. As the hydrogen molar 

fraction for the onset of hydrogen embrittlement in Ti lies on the order of 100 ppm (1 ppm 

= 1 × 10
–6

 mol-H/mol-Ti), we assume the embrittlement threshold as X = 100 ppm in this 

case study. Under this assumption, from the result of Fig. 6, hydrogen embrittlement can 

occur for the hydrogen pressure higher than 10
–1

 Pa, which is, incidentally, slightly below 

the partial pressure of hydrogen in the ambient air. Figure 7 presents the calculated 

hydrogen absorption curves for Ti layers with various thicknesses under a constant 

hydrogen pressure of 1.0 × 10
–1

 Pa at 550 ºC. The tendency that the period to reach the 

embrittlement threshold becomes longer as the Ti thickness becomes larger is observed. We 

summarize in Fig. 8 the dependence of the period to reach the embrittlement threshold, X = 

100 ppm, on the Ti thickness under a constant hydrogen pressure of 1.0 × 10
–1

 Pa at 550 ºC, 

extracted from the calculated hydrogen absorption curves for various Ti thicknesses. From 

such a series of numerical simulations, one can determine for example the frequency of the 

equipment maintenance treatment, such as material replacement or bake-out, from the 

thickness of the Ti layer, and vice versa. 

    As a case study using our model for the hydrogen desorption process, we employ the 

experimental data in Ref. 28. They measured the deuterium desorption rate from a Ti layer 

deposited on a substrate, as a fundamental investigation for the first wall in nuclear fusion 

reactors. The conditions of the experiments were as follows: The thickness of the Ti layer 
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was 100 nm. The initial deuterium density contained in the Ti layer was 3.3 × 10
17

 D/cm
2
. 

The sample was heated at a rate of 30 K/min in a vacuumed chamber. During the heating 

process, the desorption rate of deuterium gas was measured by using a quadrupole mass 

spectrometer. The pressure in the chamber is not described in the literature, but we 

assumed the deuterium pressure during the experiment to be 1.0 × 10
–8

 Pa in our 

calculations. Figure 9 plots the evolution of the deuterium desorption rate on the Ti 

temperature in the experiment [28], and our calculation results. Relative to our calculated 

curve with the original set of kinetic parameters, the one with modified Edes into 2.10 × 10
5
 

J·mol
–1

 and ES0 into 90.0 J·mol
–1

 provided a better reproduction of the experimental data. 

This modification of Edes and ES0 accounted for the potential formation of a native oxide 

layer on the Ti layer, and was carried out by numerical fitting. In this manner, our model 

can also be used for numerical simulations for the desorption process of hydrogen isotopes. 

The difference between the experimental and calculated curves in Fig. 9 might be 

attributed to possible retardation in the heat transfer in the Ti sample from the heater or in 

the detection by the mass spectrometer. The difference in the kinetic properties between 

hydrogen (our model) and deuterium (the experiment) might also influence. Employment 

of the kinetic parameter values for hydrogen isotopes into our model would be preferable 

for the precision of numerical simulations in the nuclear field. 

 

4. Conclusions 

    In this study, we improved our previous kinetic model of hydrogen transport in Ti. 

Consequently, the model became applicable to both the directional processes of absorption 

and desorption. The limitation in the covered range of X, which previously had to be 

sufficiently lower than 1 mol-H/mol-Ti, was removed. The numerical calculations based on 
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the model satisfactorily reproduced the experimental hydrogen absorption and desorption 

data taken at various temperatures, with a single set of kinetic parameters, and thus 

demonstrated the validity of the model. Case studies for hydrogen absorption and 

desorption in relation to the first wall in nuclear fusion reactors were carried out to 

demonstrate the usefulness of our numerical model. Practically, at the plasma facing wall 

of a fusion reactor, the effect of hydrogen isotope gas may be smaller than that of hydrogen 

isotope incident from the plasma. In such a case, model/parameter modifications are 

required to reflect the characteristics of the hydrogen isotope plasmas. Our renewed 

hydrogen transport model with enhanced applicability could be a useful simulation tool. 
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Figure Captions 

Table 1. List of the symbols, their definitions, and units used in the formulation. 

 

Fig. 1. Conceptual schematic diagram of our calculation model for hydrogen absorption 

into Ti. Jads and Jdes are the hydrogen fluxes for the surface adsorption and desorption 

processes, respectively; Jsb and Jbs are the fluxes for the migration of hydrogen from the 

surface to the subsurface, and from the subsurface to the surface, respectively; Jdif is the 

hydrogen flux for diffusion in the bulk region; and  and ss are the fractional coverages at 

the surface and subsurface, respectively. Reprinted with permission from Ref. 19. 

Copyright 2020 Elsevier. 

 

Fig. 2. Schematics of the lattice structures of Ti and the atomic sites. The mathematic 

formulae calculate the number of atoms in a unit cell. The mark * indicates the operation 

owing to the site blocking effect. 

 

Fig. 3. Hydrogen absorption curves for Ti at different temperatures (marks: experimental 

results [10], lines: calculation results). The fitting parameters are ksb
0
 = 1.16 × 10

11
 s
–1

, kbs
0
 

= 3.24 × 10
9
 s

–1
, Esb = 1.18 × 10

5
 J·mol

–1
, and Ebs = 8.50 × 10

4
 J·mol

–1
 for all the 

calculations. 

 

Table 2. Summary of the values of the kinetic parameters and their references used in this 

study. 



19 

 

Fig. 4. Hydrogen absorption curves for a Ti layer with a thickness of 1 mm under a 

constant hydrogen pressure of 1 atm at 900 K, calculated by the present and previous 

models. 

 

Fig. 5. Hydrogen desorption curves for Ti at different temperatures (marks: experimental 

results [10], lines: calculation results). The same single set of parameter values of kads
0
, 

kdes
0
, Eads, and Edes as those for Fig. 2 is used for all the calculations. 

 

Fig. 6. Calculated dependence of Xeq on the hydrogen pressure at 550 ºC. 

 

Fig. 7. Calculated hydrogen absorption curves for Ti layers with various thicknesses under 

a constant hydrogen pressure of 1.0 × 10
–1

 Pa at 550 ºC. 

 

Fig. 8. Dependence of the period to reach the embrittlement threshold, X = 100 ppm, on the 

Ti thickness under a constant hydrogen pressure of 1.0 × 10
–1

 Pa at 550 ºC. 

 

Fig. 9. Evolution of the deuterium desorption rate on the Ti temperature in the experiment 

[28], and our calculation results with the original and modified kinetic parameters. 
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A Surface area of Ti [m
2
] 

C Local concentration of hydrogen in the bulk [mol m
–3

] 

DH
0
 Prefactor of diffusion coefficient of hydrogen [m

2
 s
–1

] 

Ebs Activation energy for outward subsurface transport of 

hydrogen 

[J mol
–1

] 

Edes Activation energy for surface desorption of hydrogen [J mol
–1

] 

Edif Activation energy for diffusion of hydrogen in the bulk 

region 

[J mol
–1

] 

Esb Activation energy for inward subsurface transport of 

hydrogen 

[J mol
–1

] 

ES0 Activation energy for initial chemisorption [J mol
–1

] 

Jads Hydrogen flux for surface adsorption [mol m
–2

 s
–1

] 

Jbs Hydrogen flux for outward subsurface transport [mol m
–2

 s
–1

] 

Jdes Hydrogen flux for surface desorption [mol m
–2

 s
–1

] 

Jdif Hydrogen flux for diffusion in bulk region [mol m
–2

 s
–1

] 

Jsb Hydrogen flux for inward subsurface transport [mol m
–2

 s
–1

] 

kbs
0
 Frequency factor for outward subsurface transport of 

hydrogen atoms 

[s
–1

] 

kdes
0
 Frequency factor for surface desorption of hydrogen 

atoms 

[mol m
–2

 s
–1

] 

ksb
0
 Frequency factor for inward subsurface transport of 

hydrogen atoms 

[s
–1

] 

M Molar mass of Ti [kg mol
–1

] 

MH2 Molar mass of hydrogen [kg mol
–1

] 

NA Avogadro constant [mol
–1

] 

Nb Molar density of Ti per volume [mol m
–3

] 

Ns Molar density of Ti per surface area [mol m
–2

] 

nTi Number of moles of Ti [mol] 

PH2 Partial pressure of hydrogen [Pa] 

P-eq Equilibrium hydrogen pressure against  phase of Ti [Pa] 

P0 Initial hydrogen pressure [Pa] 

R Ideal gas constant [J mol
–1

 K
–1

] 

S0 Sticking coefficient of hydrogen atoms onto Ti surface [–] 

t Time [s] 

Tg Absolute temperature of gas phase [K] 

Ts Absolute temperature of solid phase [K] 

T0 Initial temperature of gas phase [K] 

Vb Volume of Ti [m
3
] 

Vch Chamber volume [m
3
] 

X Hydrogen molar fraction in Ti [–] (mol-H/mol-Ti) 
Xeq Equilibrium hydrogen molar fraction in Ti [–] (mol-H/mol-Ti) 

Xmax Maximum hydrogen molar fraction in Ti [–] (mol-H/mol-Ti) 

X0 Initial hydrogen molar fraction in Ti [–] (mol-H/mol-Ti) 
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 Fractional coverage of hydrogen atoms at Ti surface [–] 

ss Fractional coverage of hydrogen atoms at the 

subsurface 

[–] 

 Mass density of Ti [kg m
–3

] 

 

 

Table 1. 
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Fig. 1. 
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Fig. 2. 

  

 phase phase  phase
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*
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Body-centered cubic structureHexagonal close-pack structure Face-centered cubic structure
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site

Xmax = 1 [mol-H/mol-Ti] Xmax = 3 [mol-H/mol-Ti] Xmax = 2 [mol-H/mol-Ti]

Tetrahedral
site
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Ti atom

Potential
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Fig. 3. 
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DH
0
 9.0 × 10

–7
 m

2
·s
–1

 Ref. 21 

Ebs 8.50 × 10
4
 J·mol

–1
 This work 

Edes 1.17 × 10
5
 J·mol

–1
 Ref. 11 

Edif 5.3 × 10
4
 J·mol

–1
 Ref. 21 

Esb 1.18 × 10
5
 J·mol

–1
 This work 

ES0 –1.99 × 10
3
 J·mol

–1
 Refs. 11, 21 

kbs
0
 3.24 × 10

9
 s
–1

 This work 

kdes
0
 1.08 × 10

8
 mol·m

–2
·s
–1

 Ref. 11 

ksb
0
 1.16 × 10

11
 s
–1

 This work 
 

 

Table 2. 
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Fig. 4. 

  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 10 20 30 40

Time [min]H
yd

ro
ge

n
 m

o
la

r 
fr

ac
ti

o
n

 [
m

o
l-

H
/m

o
l-

Ti
]

Previous model

Present model



27 

 

 

 

Fig. 5. 
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Fig. 6. 
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Fig. 7. 
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Fig. 8. 

  

0

1000

2000

3000

4000

5000

0 2 4 6 8 10

Pe
ri

o
d

 t
o

 r
ea

ch
 1

0
0

 p
p

m
 [

h
]

Ti thickness [cm]



31 

 

 

 

Fig. 9. 
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