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a b s t r a c t

TiH2 and yttrium-doped TiH2 alloy films with different helium concentrations prepared by magnetron
sputtering were investigated using ion beam analysis (IBA), X-ray diffraction (XRD), thermal helium
desorption spectrometry (THDS), positron annihilation spectroscopy (PAS) and nanoindentation tech-
niques. It was found that through increasing the concentration of doped Y atoms, strong release peaks of
helium will be found at about 820 K. The release at 820 K corresponds to the binding energy of the
helium state on grain boundary indicating that the majority of the helium exists in the grain boundaries.
In addition, the results of XRD and nanoindentation indicate that the doping of Y in the TiH2 films can
improve the hardness and the elastic modulus of the films because of the fine-grain strengthening
caused by the decreased size of TiH2 grains.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Tritium, an important hydrogen isotope, is a key component of
future fusion energy production [1]. However considering its
radioactivity and high diffusion coefficient in materials, the storage
of the tritium is a key problem in the nuclear technology. Compared
to traditional liquefied gas, storing tritium as tritide always attracts
scientists' attention because of its higher safety and lower cost.
Titanium tritide is recommended for its properties of low level of
radioactivity, low equilibrium pressure, low cost, greater stability to
air and high tritium capacity than other metal tritides such as La-
Ni-Al alloys and zirconium [2]. The tritium nucleus decays by low
energy (<18.59 keV) beta emission to helium-3 (T/3Heþbþv)
with a half-life period of 12.3 years. The resultant helium atoms
(inert gas) have a strong tendency to aggregate into bubbles
because of their insolubility and high mobility in tritide [3]. The
evolution of the helium bubbles leads to swelling, flaking and
blistering in a material which is associated with helium embrit-
tlement [4,5]. Hence, the life time of the tritide for use is directly
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determined by the consequence of the helium inclusions which is a
function of the concentration of tritium in the original material.

To reduce the impact of incorporated He in titanium tritide,
some alloys like Ti-Y, Ti-Zr, Ti-Mo have been investigated [6,7]. Ti-Y
alloy has some favorable properties such as thermal, stability and
ductility compared to pure Ti [7]. Ti-Y alloy films also show better
performance in helium induced embrittlement [8]. Jinchao Zhang
and coworkers proved that the Yatoms in the alloy will dissolve out
as Y2O3 nanoparticles and nanorods along the (002) plane at room
temperature. In our previous study, the Y atoms dissolved into the
titanium hydride uniformly with the introduction of hydrogen at
room temperature [9]. However, the crystal structures in the Ti-Y
system and Ti-Y-H system are different. Therefore, the research
on helium induced properties of the yttrium-doped titanium hy-
dride warrants intense study.

In this paper, we report the effect of the doped yttrium atoms on
helium behavior in TiH2 films with different helium concentration
prepared by magnetron sputtering on a Si (100) substrate. In the
thermal helium desorption experiments, it was found there was a
strong release feature at about 820 K with increasing concentration
of doped Y atoms. This desorption temperature of helium at 820 K
corresponds to the helium state in the grain boundary, indicating
that helium atoms with a significant concentration were captured
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Fig. 1. The RBS spectra of Tiþ8%Y film deposited on Si substrate using 3.8 MeV 4He ion
beam. The scattering angle is 165� .
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in the grain boundary. It suggested that the doped Y atoms
impacted on either the creation of more grain boundaries or the
capture of more He in the grain boundaries. It should be noted that
we employed hydrogen and He4 instead of tritium and He3 in our
work considering the radiation hazard of tritium and the similarity
of the properties to protons and He4 by nature of their same electric
structure. Their difference in mass will only have a secondary effect
in this situation.

2. Experiment

2.1. Specimens preparation

The TiH2 and Y-doped TiH2 films with different helium con-
centrations were deposited on molybdenum and silicon substrates
by using DC magnetron sputtering. The substances were cleaned
ultrasonically before use. A pure titanium target (99.99%), onwhich
pure yttrium (99.99%) pieces were distributed evenly, was used for
sputtering and this target was placed on a water cooled cathode
during the sputtering. The doping of yttrium was controlled by
altering the quantity of the yttrium pieces on the titanium target
during the deposition. The base pressure of the chamber before
sputtering was less than 1� 10�5 Pa. The sputtering atmosphere
used in the deposition was a mixture of 99.99% pure hydrogen,
99.99% helium and 99.995% argon. To obtain different concentra-
tions of helium in the Y-doped TiH2 films, the proportion of
hydrogen, helium and argon in the mixture was controlled by three
mass flowmeters. The proportion of hydrogen, helium and argon
(QH /QHe /QAr) was 2:6.5:2, 2:12:2 and 2:19:2 (The unit is Standard
Cubic Centimeter per Minute). The deposition temperature of the
samples was around the room temperature during the whole
deposition process. The sputtering pressure and power were 1.1 Pa
and 92.4W respectively and all films were deposited for 1.5 h with
a bias voltage of 65 V [10].

2.2. Characterization

Ion beam analysis (IBA) with elastic recoil detection analysis
(ERDA) was employed to determine the hydrogen and helium
concentrations at the NEC 95DH-2� 3MeV pelletron tandem
accelerator of Fudan University. During the whole measurement,
Au/Si surface barrier detectors were fixed at the laboratory angles
of 165� and 30� respectively relative to the incident beam and the
background pressure of the chamber was less than 5� 10�5 Pa. The
solid angles of the RBS and ERD detector were 1.83� 10�3 sr and
1.12� 10�3 sr respectively. The depth profiles of the light elements
(hydrogen and helium) were measured simultaneously by using
8.5MeV carbon ions [11]. In the ERD analysis, the samples were
tilted by 70� to the sample normal and a 10 mm thick Mylar foil was
set in front of the ERD detector to absorb the scatted carbon ions.
The hydrogen and helium atomic concentration ([H or He]/
[Ti]� 100 at.%) distributions were derived from the ERD spectra by
Alegria 1.2 code [12]. The thickness and yttrium component of the
films, measured by RBS with 3.8MeV helium ions beam, were
calculated by SIMNRA 6.03 program [13]. The incident helium ion
beam was normal to the sample surface.

The crystal structure of the samples was characterized by X-ray
diffraction (XRD) at a D8 ADVANCE and DAVINCI. DESIGN X-ray
diffractometer made by Bruker, Germany. The diffractometer was
used in a two theta mode from 10� to 68� with 0.02� per step using
a Cu Ka source. The thermal helium desorption spectrometry
(THDS) was used for the investigation of the interaction between
helium and the defects in materials, based on the determination of
the release rate of helium in the sample by measuring its partial
pressure during heating with a linear temperature ramp. The
thermal desorption profile was measured with a Quadrupole Mass
Spectrometer (QMS) as the samples mounted in a molybdenum
crucible were resistance heated using a linear temperature ramp
from room temperature to 1773 K (1500 �C) at a rate of 1 K/s.

The defect profiles in the samples were characterized by posi-
tron annihilation spectroscopy (PAS) at State Key Laboratory of
Particle Detection and Electronics, University of Science and Tech-
nology of China. Positrons are easily trapped by vacancy defects,
resulting in a narrowing of 511 keV annihilation peak compared to
bulk annihilation. The S parameter was defined as a fraction of
counts in the central region of the annihilation peak. The me-
chanical properties (hardness and elastic modulus) of the films
were characterized using the nanoindenter G200 from the Agilent
corporation (America) in the continuous stiffness measurement
(CSM) mode, whose maximum load is 500mN. The indenter was
equipped with a diamond Berkovich indenter (triangular based
pyramid) and was calibrated by the classical method consisting of
indenting a fused silica sample at different loads.

3. Result and discussion

3.1. Structural characterization of Y-doped TiH2 films

The Y doped TiH2 films on a Si substrate were analyzed with a
3.8MeV He ion beam scattered into a detector at 165� (Fig. 1). The
doping concentration of yttrium and the thickness of the filmswere
determined by fitting the RBS spectra with SIMNRA. The concen-
trations of yttrium ([Y]/([Y]þ[Ti]) � 100 at.%) were determined to
be 5% and 8%, which were hereafter denoted as 5%Y films and 8%Y
films respectively. The thickness of the films was approximately
1.2 mm. The H toTi ratiowas 1.7:1, which suggests that the Ti mainly
existed as a TiH2 phase in the films, as confirmed in the XRD ana-
lyses. Y-doped TiH2 films with different helium concentration of
approximately 3 at.%, 7 at.% and 14 at.% ([He]: [Ti]� 100 at.%) were
prepared by controlling the relative helium flow rate (QHe
/QAr¼ 6.5:2, 12:2 and 19:2) [14] and the results of the corre-
sponding He depth profiles are shown in Fig. 2.

The XRD patterns of Y-doped TiH2 films deposited on Si sub-
strates with different helium concentration are shown in Figs. 3e5
respectively. The Si substrates were single crystal Si (100) and only
the Si (400) peak appeared at 2q¼ 69.17�, hence there was no Si
peak in all the XRD patterns of the films from 10� to 68�. In
Figs. 3e5, the patterns of the Y-doped TiH2 films exhibited two



Fig. 2. Helium depth profiles of 8%Y doped TiH2 films deposited on Si substrates at
1.1 Pa with different relative helium flow rate QHe/QAr.

Fig. 3. XRD patterns of TiH2 and yttrium-doped TiH2 alloy films with about 3 at.%
helium deposited on Si substrates at 1.1 Pa.

Fig. 4. XRD patterns of TiH2 and yttrium-doped TiH2 alloy films with about 7 at.%
helium deposited on Si substrates at 1.1 Pa.

Fig. 5. XRD patterns of TiH2 and yttrium-doped TiH2 alloy films with about 14 at.%
helium deposited on Si substrates at 1.1 Pa.
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peaks (111) and (220) at 2q¼ 34.75� and 2q¼ 58.08� respectively
[15], both of which indicate that the alloy films exist as the fcc (face-
centered cubic) TiH2 phase. Though the Y atoms were mixed into
the films, there were no extra phase of yttric compound in the
patterns. However, with the increase of the Y atoms, a significant
peak shift of the Y-doped TiH2 films was observed in Figs. 3e5.
Corresponding Dd /d is 0.02 when the concentration of Y increases
to 8% from 0%. This lattice increase can be attributed to the lattice
expansion caused by the dissolution of Y atoms in the TiH2 [9]. In
Fig. 3, with no doping of yttrium, the (111) surface has the lowest
surface energy in all the (hkl) planes, exhibiting a distinct preferred
orientation [16]. With the increase of the doped Y atoms, the
diffraction peaks become boarder and the main peak gradually
changes to the (220) and the preferred orientation of (111) disap-
pears. As is in our previous work [9], some of the Y atoms prefer-
entially combined with the oxygen contamination remaining in the
plasma and formed tiny disordered Y2O3 nanoclusters dispersing in
the TiH2; the others existed as YH2 in the TiH2 films. In thermo-
dynamic theory, the structure of crystallization is made up of three
contributions during grains growth process: the bulk strain energy,
the energy of the top-most surface and the energy contribution
from other interfaces such as the substrate interface [17]. Due to the
strain caused by the yttric compound, a change of preferred
orientation has occurred with the increase of yttric doping. In
Figs. 3e5, by comparing the patterns of Y-doped TiH2 films with the
different helium concentration, we can find that the increase of
helium concentration has also weakened the diffraction peak. This
effect will be discussed further below.
3.2. Thermal desorption experiments

The thermal desorption result of Y-doped TiH2 alloy films with
different helium concentrations (Figs. 6e8) allows the determina-
tion of defect binding energy of the He. The model of Redhead [18]
which is based on the first-order desorption mechanisms can be
used to simulate the helium desorption states, and the desorption
rate L(t) is given by Eq. (1).



Fig. 6. Thermal desorption spectra of TiH2 and yttrium-doped TiH2 alloy films with
about 3 at.% helium deposited on Mo substrates at 1.1 Pa.

Fig. 7. Thermal desorption spectra of TiH2 and yttrium-doped TiH2 alloy films with
about 7 at.% helium deposited on Mo substrates at 1.1 Pa.

Fig. 8. Thermal desorption spectra of TiH2 and yttrium-doped TiH2 alloy films with
about 14 at.% helium deposited on Mo substrates at 1.1 Pa.
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LðtÞ ¼ dN
dt

¼ �Nnexp
�
� E
kT

�
: (1)

where N is the number of the desorption atoms from the sample, n
is the attempt frequency of the atoms in the grains (nz1013/s), E is
the dissociation activation enthalpy, k is the Boltzmann constant,
and T is the absolute temperature, assuming a linear heating,
T¼ T0þbt in which T0 is the initial temperature, b is the ramp rate,
and t is the heating time. From Eq. (1), we can acquire the rela-
tionship between the temperatures of maximum desorption and
the He binding energy.

E
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�
� E
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�
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Based on Eq. (2), the helium dissociation energy that corre-
sponds to the desorption peaks was on top of the coordinate axis, as
are shown in Figs. 6e8. In this study, all the helium desorption
curves can be divided into three main zones to represent three
kinds of helium bounding state, to be specific, zone I, II, and III
represent the temperatures less than 650 K, around 820 K (from
650 to 1100 K) and 1350 K (higher than 1100 K) respectively.
3.3. Discussion

In the thermal helium desorption experiments, the dissociation
activation energies of different helium states are different, in which
mobile helium, helium clusters, and different sizes of helium
bubbles in different lattice position of the grains are included.
Below 650 K (zone I), there is no obvious release peak and the
proportion of helium release (Figs. 6e8) is very small (less than
0.1%). By referring to previous experimental and simulation results
[19e21], for the dissociation energies of 1.2e2.0eV, it can be
concluded that the degassing helium atoms are probably interstitial
helium atoms or single helium atoms with low binding energies
that escaped from the interstitial helium precipitates in the grains.
The dissociation energies of helium atoms in Zone II and Zone III are
equal to 2.3eV and 3.8 eV which correspond to the helium state in
grain boundaries and helium bubbles in the interior of the grain
respectively.

During the thermal desorption, almost all the hydrogen atoms
are released at 650 K (Fig. 9), which coincides with a phase trans-
formation of Ti-H that occurs at this temperature according to the
phase diagram of titanium hydride [22]. Though a large number of
hydrogen atoms are released, nearly no helium is released in this
diffusion and reconstruction processes during the transformation
of TiH2 to Ti. By comparing Figs. 6ae8a, the thermal desorption
spectra of TiH2 only reveals obvious helium release peaks in Zone III
(around 1350 K) where the helium concentration is 3 at.% and 7 at.%
respectively. For the helium concentration of 14 at.% in the films,
helium atoms started to release in Zone II (around 820 K). The
phenomenon in Fig. 8a indicates the evolution of helium atoms in
materials. During the starting deposition of the films in the plasma,
helium atoms backscattered from the titanium target were
implanted evenly into the alloy through magnetron sputtering.



Fig. 9. Thermal desorption spectra for H2 and He from the titanium hydride sample
with 3 at.% ([He]/[Ti]).

Fig. 10. The helium proportion in each desorption zones in the TiH2, 5%Y and 8%Y
doped TiH2 films with different helium concentration.
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Then helium atoms will preferentially combine with the defects in
film and become helium vacancy complexes (HenVm) [23]. With a
low activation diffusion energy (about 0.4eV) [24], interstitial he-
lium atoms will migrate to the helium vacancy complexes or act as
sinks for nearby self-interstitials (SIAs) [25]. After the accumulation
of helium atoms, He bubbles of different sizes will be distributed
throughout the lattice. Further growth of helium bubbles will occur
through migration and consolidation mechanism or Ostwald
ripening mechanism [26]. In zone III, the release of helium atoms
from helium bubbles of different sizes takes place with relative
higher binding energy than in zone II [21]. By comparing zone III in
Figs. 6ae8a, the helium desorption peaks of helium bubbles move
to lower temperature gradually with the increase of helium con-
centration: the main peaks at 1397 K (3 at.% of helium), 1351 K
(7 at.%) and 1271 K (14 at.%) correspond to the dissociation energies
of 4.05 eV, 3.91eV and 3.67 eV, respectively. And there is a knee
peak in higher temperature (about 1500 K) in Fig. 6a when the
helium concentration is 3 at.%. According to the experiment and
calculation results of helium bubbles [21,27], the higher the
desorption temperature is, the smaller size the helium bubble is. It
indicated that nearly all the helium bubbles in the TiH2 exist in
different sizes and shapes and the size of helium bubbles will
become larger with the accumulation of helium atoms in TiH2. The
phenomenon that the lattice distortion is caused by these high-
pressure helium bubbles in the grains is consistent with the
above XRD results in Figs. 3e5 [10]. In Fig. 8a, the helium release in
zone II can be considered to come from the helium in grain
boundaries. According to experiment results in aged TiT2 [21], the
deterioration of the lattice leads to the grain refining, hence, more
grain boundaries formed in the films will increase qualities of he-
lium bubbles in boundaries. In addition, the dissociation energy of
helium bubbles from grain boundaries is quite lower than those in
the interior of the TIH2 grain. In zone II, helium bubbles in the grain
boundaries will connect with each other to form networks in the
films, and those networks will become an easy path for the helium
atoms to percolate to the surface [28].

Fig. 10 shows the helium proportion in each desorption zones in
the TiH2, TiH2 with 5%Y and TiH2 with 8%Y films with different
helium concentration. The helium release increases significantly in
zone II with the increase of doped Y atoms for all helium concen-
trations. By comparing the XRD results in Figs. 3e5, these extra
grain boundaries forming in the films were due to the grain
refinement caused by the doping of yttrium atoms in the grains.
When the yttrium concentration increases from 0% to 8% as is
shown in Fig. 10, the helium release peaks increase greatly in zone
II, nearly 80% of helium atoms were released in zone II when the
doping of Y was 8% (Figs. 8c and 10). In the thermal desorption
spectrum (shown in top axis of Figs. 6e8), the corresponding
binding energy of helium atoms in zone II and zone III, is about
2.3 eV and 3.8 eV respectively, which is calculated by Equation (2).
Through comparing the binding energy of helium atoms in tritide
[19,21], the helium release in zone II corresponds to the grain
boundaries state, while desorbing helium atoms from the helium
bubbles in the interior of the grain needs a higher energy. This
indicates that most of the helium atoms exist in the grain bound-
aries under these conditions. In Fig. 8, the helium release peaks in
zone III move gradually towards a higher temperature with the
increase of doped Y, indicating that the helium bubbles have a
smaller size inside the grains because they have diffused to the
grain boundary.

The depth profiles of defects in Y-doped TiH2 films were
measured using a mono-energetic positron beam with the energy
from 0.5 keV to 20 keV. For Y-doped TiH2 films with different he-
lium concentrations and yttrium content, the S-parameter as a
function of positron implantation energy is shown in Figs. 11 and
12. In Fig. 11, with the increase of helium concentration, the S-pa-
rameters in the films increase rapidly indicating that the increased
helium concentration creates more defects in the TiH2 grains. There
was no major change of S-parameters for the Y-doped TiH2 films
when increasing the concentration of doped Y (Fig. 10) though it
does increase slightly for 8% Y. This indicates the lattice defects
were mainly caused by the helium bubbles in the Y-doped TiH2
films [29].

In order to investigate the effect on mechanical properties
caused by the doping of yttrium atoms in the films, the results of
hardness and elastic modulus test were provided in Fig. 13. The



Fig. 11. The S-parameter as a function of positron implantation energy for 5%Y doped
TiH2 films with different helium concentration.

Fig. 12. The S-parameter as a function of positron implantation energy for Y-doped
TiH2 films with different doping content of yttrium and 7 at.% of helium.

Fig. 13. The hardness and elastic modulus of helium-containing TiH2 and Y-doped TiH2

films with a thickness of about 1.2 mm on Si substances with about 3 at.% helium
deposited under QHe/QAr¼ 6.5: 2.
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hardness values of the 5%Y film and the 8%Y film under the same
helium and hydrogen concentration have a remarkable increase of
10% and 30%, respectively. A similar increase is also found for the
elastic modulus of these films. The same phenomenon was also
found by Zhang et al.’ [8]. With the doping of yttrium atoms in the
titanium films, mechanical properties are enhanced significantly
and this increase has been attributed to the effects of the doped Y in
the TiH2 films: fine-grain strengthening was caused by decreased
size of TiH2 grains [8].
4. Conclusions

The influence of alloying on bubble evolution and helium
release process in magnetron sputtered Y-doped TiH2 alloy films
with different helium concentration has been studied by IBA, XRD,
TDS and PAS. The corresponding mechanical properties of the alloy
films were examined by the nanoindentation technique. In the
thermal desorption experiments, as the concentration of Y atoms
increases, major release peaks appear at about 820 K and nearly
80% of helium atoms are released in zone II when the doping of Y
was up to 8%. It suggested that this release peak corresponds to the
helium bubbles in the grain boundary. And these new grain
boundaries were created by the decreased size of TiH2 grains with
the doping of Y atoms. In addition, the nanoindentation results
indicate that the doping of Y in the TiH2 films can improve the
hardness and the elastic modulus of the films because of the fine-
grain strengthening caused by the decreased size of TiH2 grains.
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