
T
i

W
a

b

a

A
R
R
1
A
A

K
T
H
P
T

1

a
s
c
T
l
k
i
t
s
t
a
r
g
d
h
d
t
[
p
h

0
d

Journal of Alloys and Compounds 509 (2011) 2523–2529

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

hermodynamics approach to the hydrogen diffusion and phase transformation
n titanium particles

eimin Gaoa,∗, Weiqi Li a,b, Jin Zhoub, Peter D. Hodgsona

Centre for Material and Fibre Innovation, Deakin University, Geelong, VIC 3217, Australia
College of Mechanical & Electrical Engineering, Nanjing University of Aeronautics & Astronautics, Nanjing 210016, China

r t i c l e i n f o

rticle history:
eceived 6 July 2010
eceived in revised form
1 November 2010

a b s t r a c t

The hydrogen diffusion and phase transformation in a titanium particle were studied based on thermody-
namic calculation. The mechanisms of hydrogen diffusion in different phases (�-Ti, �-Ti and TiHx) were
analyzed. A mobility database was developed for titanium–hydrogen system based on the experimental
works on hydrogen diffusion coefficient reported in literature and the fundamental of diffusion. To imple-
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ment the calculation, a commercial software package for the simulation of diffusion-controlled phase
transformation was used. The hydrogen diffusion process, hydrogen distribution, phase transformation
and phase growth rate during hydrogenization of a titanium particle at temperatures of 560 K, 800 K and
1000 K were discussed. The thermodynamics and kinetics analysis provided quantitative insight into the
diffusion process and improved the understanding of diffusion mechanism and phase transformation.

© 2010 Elsevier B.V. All rights reserved.

hermodynamics

. Introduction

Titanium and its alloys are attractive materials for structure
pplication in many industrial fields because of their high ratio of
trength to weight, high heat resistance, outstanding resistance to
orrosion and high toughness in a wide variety of environments.
heir application is, however, hampered by high gap sensitivity,
ow machinability and poor deformation characteristics [1]. It is
nown that the mechanical properties of the materials can be
mproved by doping or charging alloy elements, resulting in phase
ransformation and microstructure change. It has been demon-
trated that hydrogen is one of the most important elements
hat can significantly affect the mechanical properties of titanium
nd its alloys [2]. The machinability of titanium alloys can be
emarkably improved by charging with a certain level of hydro-
en, whereas a higher hydrogen content in titanium alloys can
eteriorate the mechanical properties of titanium products due to
ydrogen embrittlement [3]. The characteristics of titanium having
ifferent hydrogen concentrations and the structures and proper-

ies of different titanium hydrogen phases have been investigated
2,4]. However, the dynamic process of hydrogen diffusion and
hase transformation during hydrogenation or dehydrogenation
as rarely been reported due to the experimental difficulties.

∗ Corresponding author. +61 3 52272334; fax: +61 3 52271103.
E-mail address: weimin.gao@deakin.edu.au (W. Gao).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.073
With the advent of modern computational tools regarding alloy
thermodynamics and kinetics, it is possible to simulate the progress
of diffusion-controlled phase transformations in multi-component
alloys [5–7] and, thus, to predict mechanical properties. In this
paper, the dynamic process of hydrogen diffusion and phase trans-
formation were analyzed based on thermodynamic and kinetic
calculations and by coupling with both dispersed phase model and
moving boundary model. A kinetic database was also developed for
titanium hydrogen system.

2. Diffusion mechanism and diffusivity of H in Ti

A finite-difference code developed for the simulation of
one-dimensional diffusion controlled phase transformation in mul-
ticomponent alloy systems (DICTRA) [8] was used to model the
hydrogen diffusion in titanium particles, which combines an
explicit description of the diffusion equation with thermodynamic
calculations assuming local thermodynamic equilibrium at moving
interface. As DICTRA uses the CALPHAD approach, the diffusion flux
of a species is related to the chemical potential gradient rather than
the concentration gradient. When the chemical potential gradient
is regarded as the driving force, mobilities are used instead of dif-

fusivities to calculate the flux so that the thermodynamic driving
forces and the diffusion coupling between elements are taken into
account.

A thermodynamic database, TTTI3, published by Thermo-calc
[8] was used in the present work to describe the Gibbs free energy

dx.doi.org/10.1016/j.jallcom.2010.11.073
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:weimin.gao@deakin.edu.au
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f phases as a function of temperature, composition and pressure.
ue to, so far, there has been no a kinetic database for Ti–H sys-

em available, a database is developed based on the experimental
esults on hydrogen diffusivity from literature to describe the diffu-
ion coefficients of hydrogen in different phases and self diffusions
f hydrogen and Ti.

There are three phases in Ti–H system [4]. Pure titanium has
wo kinds of allotropes. �-Ti phase (h.c.p.) is stable at temperatures
elow 1155 K, while at temperatures above 1155 K the dominating
hase is �-Ti (b.c.c.). With the permeation of hydrogen, �-Ti can
ransfer to �-Ti above 576 K, while it transfers to hydrides (TiHx)
t lower temperatures than 576 K [9]. The hydrides can also be
reated from �-Ti as the concentration of hydrogen in titanium
urther increases. The hydrogen shows different mechanisms and
iffusivities in different phases.

.1. Hydrogen diffusion in ˛-phase

The diffusion mechanism of hydrogen atoms in �-Ti is inter-
titial diffusion. In h.c.p. �-Ti, there are two possible positions
vailable for interstitial atoms: tetrahedral (radius = 0.34 Å), and
ctahedral (radius = 0.62 Å). It is widely believed that hydrogen
toms occupy the octahedron sites [9]. For a multicomponent sys-
em, as there is a relation between concentration gradients and
sually the concentration of one of the component is chosen as a
ependent variable in the calculations [10]. For the chosen compo-
ents, the interstitial sites are not occupied and, for simplicity, it

s assumed that only substitutional components contribute to the
olume and all substitutional components have the same partial
olar volumes [11,12]. This work is only about Ti–H system, this

nd the following descriptions of diffusion mechanism, however,
llow the interstitial elements of hydrogen to be treated in future
obility assessments.
A few expressions have been reported to describe the tem-

erature dependence of hydrogen diffusion coefficient in �-Ti, as
resented in Fig. 1.

Wasilewski and Kehl [13] measured the H diffusion coefficient
n �-Ti at temperatures from 773 K to 1097 K with volumetric mea-

urement method and obtained the following fitted expression for
ydrogen diffusivity in �-Ti, D�.

� = 1.8 × 10−6 exp
[−12380 ± 680

RT

]
(m2/s) (1)

ig. 1. Hydrogen diffusion coefficients in �-Ti (the solid lines denote the experi-
ental results reported by Wasilewski and Kehl [13], Papazoglou and Hepworth

14] and Philips et al. [17], respectively, the dashed lines are the extrapolation of
heir experimental results and the filled square is the experimental result of Brauer
t al. [18]).
pounds 509 (2011) 2523–2529

With the same measurement method, Papazoglou and Hep-
worth [14] studied the hydrogen diffusion coefficient from 884 K
to 1102 K and reported:

D� = 3 × 10−6 exp
[−14700 ± 650

RT

]
(m2/s) (2)

The principle of the volumetric measurement method has been
described in detail in [15,16]. The method involved placing a pre-
treated pure �-Ti sample in a prescribed vessel, infusing hydrogen,
measuring the hydrogen pressure in the vessel, educing the relative
saturation of hydrogen in titanium from the variation of hydrogen
pressure and, finally, calculating the hydrogen diffusion coefficient
based on its relationship with the relative saturation. Since it is easy
to produce �-Ti during the creation of �-Ti samples, the control of
�-Ti formation is important when using the method. Wasilewski
and Kehl [13] produced �-Ti by exposing long cylindrical titanium
specimens to hydrogen at a sufficiently high pressure. The sample
preparation is likely to form a surface layer of �-Ti for the duration
of the isothermal experiment. To determine the hydrogen concen-
tration profile in �-Ti, the �-Ti layer was removed by Wasilewski
and Kehl before testing. To avoid the formation of �-Ti on sample
surface, Papazoglou and Hepworth [14] controlled the hydrogen
pressure in vessels to be lower than the equilibrium value of the
formation of �-Ti.

The effect of temperature on the kinetics of hydrogen in �-
Ti was studied by Philips et al. [17] with the cathode charging
method. They measured the hydrogen contents and the thicknesses
of hydride layers formed during galvanostatic cathodic polarization
in 0.05 M H2SO4 at a current density of 1 mA/cm2 at temperatures
of 25, 40, 60, 80 and 100 ◦C. The hydrogen diffusion coefficient in �-
Ti was calculated from the thickness of hydride layer and described
as

D� = 6 × 10−6 exp
[−14400 ± 800

RT

]
(m2/s) (3)

Brauer et al. [18] studied the diffusion phenomenon of hydro-
gen in titanium and Ti alloys with a nuclear physics method based
on the reaction of 15N + 1H → 12C + 4He + � (4.43 MeV). The concen-
tration of hydrogen was calculated from the number of � rays and
the diffusion coefficient was extracted from the hydrogen depth
profile based on the principle of diffusion. It was reported that
the diffusion coefficient of hydrogen in �-Ti at 452 K, D�(452 K), is
2.3 × 10−10 m2/s. Comparing with the extrapolation of the diffusion
coefficients measured with the volumetric measurement method
(Eqs. (1) and (2)) yields D�(452 K) = 1.5 × 10−12 m2/s.

In comparing the measurement methods, one finds that the
formation of �-Ti and titanium hydrides was avoided in the exper-
iments of Papazoglou and Hepworth [14]. This is unlikely to in the
experiments of Wasilewski and Kehl [13] and Philips et al. [17].
Although the method used by Brauer et al. [18] is unlikely to form
those phases, the measured value of hydrogen diffusion coefficient
is several orders of magnitude higher than those obtained from the
volumetric measurement method and the nuclear physics method.
Therefore, the experimental results of Papazoglou and Hepworth
[14] have revealed the diffusion characteristics of a pure �-Ti sys-
tem and Eq. (2) was used in this modeling work.

2.2. Hydrogen diffusion in ˇ-Ti

The crystal lattice of �-Ti also has two kinds of sites, tetrahedral
and octahedral. There are some debates about the site of hydrogen

atom.

Considering the binding energy, Han [9] reported that the posi-
tion of hydrogen atoms is not fixed in �-Ti (H) crystal. It was
proposed that hydrogen atoms occupy octahedral sites in relatively
low hydrogen content titanium, while they are apt to occupy tetra-
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edral sites in titanium with high hydrogen content. In 2Ti + 1H �-Ti
H), the binding energy of hydrogen in tetrahedral sites is 0.005 eV
igher than that in octahedral sites; in 4Ti + 1H �-Ti (H), the binding
nergy of hydrogen in tetrahedral sites is 0.018 eV lower than that
n octahedral sites. Huang et al. [4], however, reported that, as inter-
titial atoms, hydrogen atoms should occupy tetrahedral sites due
o the tetrahedral interstitial radius is bigger than the octahedral
ne in a bcc structure. Han [9] pointed out that although the inter-
titial radius of tetrahedral sites is larger than that of octahedral
ites in the b.c.c. structure (the interstitial radius of �-Ti octahe-
ral sites, rx, is 0.2778 Å and rx is 0.4278 Å for tetrahedral sites), the
ctahedral interstitial sites are not persymmetric. The interstitial
toms can only lead to two atoms departing their equilibrium posi-
ion markedly, while the others have no distinct departure. Then,
he lattice distortion is not severe. Therefore, in some kinds of b.c.c.
tructure metals, interstitial atoms occupy tetrahedral interstitial
ites, such as carbon atoms in molybdenum, but in other b.c.c. met-
ls, interstitial atoms occupy octahedral ones, such as carbon atoms
n �-Fe.

Through the same method as for �-Ti, Wasilewski and Kehl [13]
nvestigated the hydrogen diffusion coefficient in �-Ti at temper-
tures of from 923 K to 1273 K and reported that the variation of
ydrogen diffusion coefficient with hydrogen concentration is not
emarkable in �-Ti except at very low hydrogen concentration. The
ydrogen diffusion coefficient as a function of temperature can be
xpressed by

� = 1.95 × 10−7 exp
[−6640 ± 500

RT

]
(m2/s) (4)

Papazoglou and Hepworth [14] measured the diffusivities in
.c.c. structure at 1122 K, 1162 K and 1173 K. Sevilla et al. [19]
tudied the hydrogen diffusion with pulsed field gradient-nuclear
agnetic resonance at the temperature of 620–830 K and obtained:

� = 6.3 × 10−8 exp
[−14184 ± 966

RT

]
(m2/s) (5)

The diffusion coefficient of hydrogen in �-phase is a few orders
f magnitude higher than that in �-phase. The coefficient as a func-
ion of temperature is illustrated in Fig. 2. It can be seen that the
esults reported by different coefficient are almost the same at high
emperatures. The difference between the results of Wasilewski

nd Kehl [13] and Papazoglou and Hepworth [14] may be attributed
o the samples used by Papazoglou and Hepworth [14] having a
ower hydrogen concentration. At very low hydrogen concentration
<10% saturation), the diffusivity depends on the hydrogen concen-
ration [13,14]. However, this was not taken into account in the

ig. 2. H diffusion coefficient in �-Ti (the solid line and dashed line denote the
xperimental results reported by Wasilewski and Kehl [13] and Sevilla et al. [19],
espectively; the dotted line and dot-dashed line are the extrapolation of their exper-
mental results, respectively, and the opened circles are the experimental result of
apazoglou and Hepworth [14]).
pounds 509 (2011) 2523–2529 2525

mobility database developed in this work due to the lack of experi-
mental data. The experimental results of Wasilewski and Kehl [13]
and Sevilla et al. [19] were extended to compare their predictions
to the diffusion coefficient at low temperatures, as shown in Fig. 2.
A large difference can be found between the predictions from Eq.
(4) and the experimental results of Sevilla et al. [19]. Eq. (5) derived
from the experimental data at 620–830 K by Sevilla et al. [19] also
shows a good prediction for the coefficients at high temperatures
and a good agreement with the measurement of Papazoglou and
Hepworth [14]. Thus, Eq. (5) was used to determine the hydrogen
diffusion coefficient in �-Ti at the present work.

2.3. Hydrogen diffusion in titanium hydrides

There are three kinds of titanium hydrides [20]. �-Phase with
f.c.c. structure has an atom ratio of hydrogen to titanium between
1.5 and 1.99, which is the eutectoid product of �-phase. �-Phase
can also form when excessive hydrogen permeates into �-Ti. TiH2
is called �-phase and has a f.c.t. structure. �-Phase with a metastable
f.c.o. structure separates out from �-phase. Hydrogen atoms in �-
phase occupy tetrahedron sites. This kind of hydride has lattice
parameters a = 0.4454 nm. After �-phase becomes �-hydride, all the
tetrahedral sites are occupied. �-Phase has lattice parameters of
a = 0.4168 nm, b = 0.4234 nm and c = 0.4577 nm. The sizes of these
hydrides are all much larger than �-Ti (a = 0.295 nm) [21].

Many researchers have studied the diffusivity of hydrogen in
titanium hydrides with different methods, such as pulsed field
gradient-nuclear magnetic resonance (PFG-NMR) [22], inelastic
neutron-scattering measurements [23,24], nuclear magnetic res-
onance measurements [25], diffraction-enhanced X-ray imaging
(DEI) method [26] and mechanical spectroscopy [27]. The results
on hydrogen diffusion coefficient reported by different authors
[22,23,27–29] are nearly the same. The data reported by Kaess et al.
[22] were used and Eq. (6) was derived to calculate the diffusion
coefficient of hydrogen in TiHx in the present work. The variation
of the hydrogen diffusion coefficient with the atom ratio of H to Ti,
x, and the temperature is also illustrated in Fig. 3:

DTiHx = (2 − x)3.17 × 10−7 exp
[−11700

RT

]

(1.5 ≤ x ≤ 1.95) (m2/s) (6)
2.4. Diffusion data for modeling

In a multicomponent system, there are a number of
concentration-dependent and interrelated diffusion coefficients. In

Fig. 3. H diffusion coefficient in titanium hydrides.
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model. The hydrogen concentration in the atmosphere, Cs, is 1%.
The phase transformation rate is a function of hydrogen con-

centration. Fig. 5 shows that the velocity of the phase boundary
increases sharply with an increase on hydrogen in the system
and achieves a maximum value of approximate 5.8 × 10−3 �m/s at
526 W. Gao et al. / Journal of Alloys a

rder to perform the simulation of phase transformation and diffu-
ion in the multicomponent system, atomic mobilities are generally
sed, rather than diffusion coefficients, to reduce the number of
arameters stored in the database and make the parameters are

ndependent, as only one unique mobility is required for a com-
onent in the multicomponent system [8]. Although, theoretically,
he diffusive reactions of the present work can be modeled with
he diffusion coefficients, which were evaluated from experimen-
al measurements in the above sections, a mobility database was
reated by considering the extension of the kinetic database for
ore complex Ti-H alloy systems. The composition-independence
obilities in � and � phases were extracted from Eqs. (2) and

5), respectively, by defining �i = −Qi + RT ln Di for element i, where
i is the activation energy of the element. For TiHx phase, the
omposition dependency was described with a linear combina-
ion of the values at each endpoint of the composition space and a
edlich–Kister expression [11,30]. In the calculations the interdif-

usion coefficients in �-phase and �-phase were then obtained by
eans of the Einstein relation, while the composition dependent

nterdiffusion coefficients in TiHx were related to the mobilities and
ole fraction of components and thermodynamic factors by the

se of the Darken relation [11]. This method has been discussed
lsewhere [11,31–33]. The mobility database, in conjunction with
Ti-based alloy thermodynamics database (TTTI3) and the CAL-

HAD technique, was also used to calculate the local equilibrium
onditions at phase interfaces in order to determine the moving
oundary migration rate, phase fractions, phase compositions and
hemical potentials.

. Diffusion and phase transformation

The isothermal hydrogen diffusion process and phase transfor-
ation in a titanium particle of 0.5 mm in radius were simulated in

his paper. According to phase diagram [4], there are four charac-
eristic temperature ranges. At each range, there is a specific phase
ransformation process during hydrogen diffusion. They are of less
han 573 K, 573–956 K, 956–1155 K and above 1155 K. Because only

phase exists in the system and no phase transformation occurs
bove 1155 K, the simulation was only performed for the hydro-
en diffusion and phase transformation processes at the first three
emperature ranges. The titanium particles have an initial hydrogen
ontent of 0.003 wt%.

One-dimensional spherical model was used and 100 cells were
pplied for the region from the center to the surface of the spheri-
al particle. The grid points in the modeling region were distributed
eometrically with a geometrical factor of 0.8, so that a higher num-
er of grid points in the surface region of the titanium particle were
ielded to result in more accurate value for the region of inter-
st. This is an optimized gridding scheme, which can reach a fast
omputation and make the final results independent of the grid
istribution. A closed boundary was applied for the center of the
article. The fluxes of hydrogen and titanium are then zero at the
enter. The third boundary condition was employed to model the
ydrogen diffusion at titanium surface exposed to the hydrogen-
ontent atmosphere and was expressed by

∂C

∂x

∣∣∣∣
x=r

= −ˇ(Cx=r − Cs) (7)

here ˇ is hydrogen transfer coefficient at the surface of titanium
articles. Cx = r and Cs denote the hydrogen concentration at the

itanium surface and the hydrogen potential in atmosphere, respec-
ively.

As, up to now, there is no literature relating to the hydrogen
ransfer coefficient at titanium surface, experiments of hydroge-
ization of pure titanium slabs at 650 ◦C and 950 ◦C were performed
Fig. 4. Phase transformation at 560 K.

to determine the mass-transfer coefficient that may depend on both
temperature and environment composition. The depth-profiles of
hydrogen in the hydrogenized sample surfaces were measured
with a glow discharge optical emission spectroscopy (GD-OES)
and the results were used to extract the hydrogen transfer coef-
ficient with a method proposed by Gao et al. [34]. The uncertainty
analysis of this method has also been discussed in detail in our
previous work [34]. It was found that the hydrogen transfer coeffi-
cient weakly depends on the temperature and an average value of
1 × 10−7 mol/s with a uncertainty of ±0.08 × 10−7 mol/s was then
used in this work no matter what phase existed in the titanium
surface.

4. Results and discussion

4.1. Diffusion and phase transformation under 573 K

With the calculation, the phase transformation rate, the hydro-
gen concentration at the particle surface, the start and end times of
phase transformation, the volume friction of phases and the aver-
age hydrogen concentration in the titanium particle at any time can
be obtained.

At a temperature less than 573 K, � phase is presented in a
titanium particle with 0.003 wt% hydrogen. With the diffusion of
hydrogen into the particle, � phase transfers to titanium hydride
(�-Ti) until the amount of atomic hydrogen in TiHx becomes satu-
rated (Fig. 4). The hydrogen diffusion and the phase transformation
from �-Ti to �-Ti at 560 K were calculated with moving boundary
Fig. 5. Variation of moving velocity of �-Ti boundary with average H concentration.
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30 wt%. This implies that the �-Ti formation mechanisms at both
800 K and 1000 K are the same. However, the phase transforma-
tion rate is faster at 1000 K then at 800 K, due to higher hydrogen
diffusion coefficient at 1000 K. The fastest boundary velocity is
Fig. 6. The reduction of � phase at 560 K.

hydrogen concentration of 0.38 wt%. The velocity then rapidly
rops to about 1.5 × 10−3 �m/s and descends more slowly with
further increase in hydrogen. This can be attributed to the for-
ation of the hydride phase, which has a low hydrogen diffusion

oefficient. The barrier hydride layer blocks the penetration of
ydrogen and, in turn, leads to a slower phase growth rate [35].
his results in a slow volume-average rate of phase transformation
nd the larger the titanium particle size the slower the average
hase transformation and hydrogen diffusion velocities. The simu-

ation results show that it takes more than 160 h to transfer all of
he � phases to TiHx for a particle with a diameter of 1 mm at the
emperature of 560 K (Fig. 6).

.2. Diffusion and phase transformation at 573–956 K

To investigate the hydrogen diffusion and phase transforma-
ion characteristics at 573–956 K, the hydrogen diffusion process
t 800 K was calculated. At this temperature, with the diffusion of
ydrogen into the titanium particle, �-Ti firstly forms from �-Ti
nd then transforms to TiHx, which becomes the only composition
n the final system. It was found that �-Ti forms at the grain bound-
ries, while the formation of �-Ti is mainly intergranular within the
-Ti, as shown in Fig. 7. This can be confirmed from experiments

36,37].
A constant phase growth rate was found for �-Ti (Fig. 7b).

owever, the transformation velocity of �-Ti to �-Ti interface
ncreases during the hydrogen diffusion and reaches a maximum of
.42 �m/s (Fig. 8), which is more than 70 times faster than that for
he formation of �-Ti from �-Ti at 560 K (Fig. 5). It was also found
hat the fastest phase transformation rate occurs when the � phase
eaches to about 30 wt%.

Due to the high hydrogen diffusion coefficient in �-Ti and the
ast phase growth rate, the phase transformation from �-Ti to �-
i and, then, to TiHx in a 1 mm titanium particle can finish in
bout 2.2 h at 800 K. The transformation process from �-Ti to �-Ti
akes about 24 min, starting at 5 min and finishing at about 29 min
Fig. 9a). The formation of TiHx starts after 1 h 27 min of hydrogen
iffusion and finishes within 52 min (Fig. 9b). A constant transfor-
ation rate of 0.033 wt% per second was found. As the titanium
ydride formation is mainly intergranular, the effect of the hydride
ayer on the penetration of H can be ignored and the velocity is
table.
Fig. 7. Phase transformation at 800 K.

4.3. Diffusion and phase transformation at 956–1155 K

The characteristics of hydrogen diffusion at 956–1155 K were
studied by modeling the diffusion process at 1000 K. As hydrogen
diffuses into the titanium particle from the atmosphere, �-Ti forms
from the initial �-Ti. Because the hydrogen diffusion coefficient in
�-Ti is much higher than that in �-Ti, the hydrogen can quickly
transfer to the phase boundaries between �-Ti and �-Ti from the
particle surface and, as a result, the diffusion controlled phase trans-
formation is very fast (Fig. 10). As observed for the variation of the
�-Ti growth rate with hydrogen concentration at 800 K, the phase
growth rate at 1000 K also increases at first and, then, reaches a
maximum value when the content of �-Ti in the system is about
Fig. 8. Variation of �-Ti boundary moving velocity with H concentration.
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Fig. 9. The reduction of � phase (a) and � phase (b) at 800 K.

.28 �m/s and the phase transformation in the particle can be fin-
shed within 6.5 min.

.4. Variation of hydrogen concentration

Fig. 11 shows the variation of volume-average hydrogen concen-

ration during the hydrogenization of titanium particles at different
emperatures. At 560 K, the average hydrogen concentration in the
itanium particle increases very slow because of the formation of
he �-Ti barrier layer. At 800 K, as the transformation rate from �-Ti
o �-Ti is faster than that from �-Ti to TiHx and because of the high

ig. 10. �-Ti boundary moving velocity as a function of average H concentration.
Fig. 11. Variety of average H concentration during hydrogenization.

hydrogen diffusion coefficient in �-Ti, the hydrogen concentration
in the system increases sharply when �-Ti exists in the system.
It can be seen that, in the first 3 h, the hydrogen concentration
increases up to 3.3 wt% from the initial concentration of 0.003 wt%.
However, when TiHx is the only phase in the system, the hydro-
gen diffusion rate becomes very slow. Fig. 11 also shows that the
hydrogen increases to 1.77 wt% within 2 h at 1000 K. It should be
noticed that the hydrogen diffusion process depends on the hydro-
gen transfer coefficient at the titanium surface and the hydrogen
potential of the atmosphere. The hydrogen transfer coefficient may
changes with the formation of new phases at the surface of tita-
nium particles. However, in this study, a constant surface transfer
coefficient was employed for all phases.

5. Conclusions

A mathematic model was developed based on thermodynamics
and kinetics to calculate the hydrogen diffusion and phase trans-
formation during the hydrogenization and dehyrogenization of
titanium and its alloys. In this paper, the model was successfully
used to predict the hydrogen diffusion process, hydrogen distribu-
tion, phase transformation and phase growth rate during charging
of hydrogen into a titanium particle at temperatures of 560 K, 800 K
and 1000 K. The calculation results show that, at a temperature of
below 573 K the formation of a TiHx layer results in a slow hydrog-
enization rate of titanium. The phase transformation rate of �-Ti
from �-Ti above 573 K increases with an increase in hydrogen
content and reaches a maximum value. The formation of �-Ti at
temperatures of 573–956 K is intergranular, which leads to a con-
stant rate of �-Ti formation. The boundary moving velocity of �-Ti
is 0.17 �m/s at 800 K.
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