Hydrogenation-induced microstructure changes in titanium
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ABSTRACT

Microstructure changes of commercially pure titanium in a wide range of hydrogen concentrations from
0.8 at.% to 32.0 at.% were studied by means of positron lifetime spectroscopy and Doppler broadening
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spectroscopy. We have obtained new experimental data on the evolution of positron annihilation param-
eters 1y, 7g and their corresponding intensities I, I4 as well as relative changes of parameters S/Sy and W/
W, depending on the hydrogen concentration in commercially pure titanium after gas-phase hydrogena-
tion at 873 K. Results suggest that the hydrogenation of Ti samples up to concentrations of 1.31-2.27 at.%
and subsequent cooling to a room temperature leads to the formation of vacancies and vacancy clusters.
Further increase of the hydrogen concentration up to 32.0 at.% leads to the interaction of hydrogen with
these defects and the formation of “cluster-hydrogen” and “vacancy-hydrogen” complev=<

1. Introduction

The study of “metal-hydrogen” systems is interesting, in part,
due to hydrogen’s diffusive mobility in metals and alloys, and its
high reactivity, i.e., capability of forming complex systems. These
complexes include vacancy-type defects, impurity atoms, disloca-
tions, interstitial atoms and grain boundaries [ 1]. Moreover, hydro-
gen not only actively interacts with the existing structural defects
[2,3]. It also induces formation of a large number of new defects
[4-7]. The nature of hydrogen-induced defects and the mechanism
of their formation are not yet fully understood.

Positron annihilation (PA) techniques are promising
nuclear-physical methods for investigating structural defects in
metal-hydrogen systems. The efficiency of PA methods for
studying metal-hydrogen systems was demonstrated in [4.7-
10]. Relevant issues that can be solved by these techniques
include the study of the mechanisms and dynamics of the
occurrence, transformation and disappearance of defects during
hydrogenation.

In this context, the paper presents new experimental research
on the defect structure evolution in commercially pure titanium
after gas-phase hydrogenation and determination of the relation-
ship between the annihilation parameters and characteristics of
structural defects.
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2. Experimental

Commercially pure titanium was chosen for this research, since this single-
phase material is a widely used test material for the study of hydrogenation-
induced defect formation [8]. Flat rectangular Ti samples with the dimensions of
30 x 30 x 1 mm were prepared. The samples were cut from a sheet of titanium
by spark cutting, mechanically polished and annealed in vacuum at 923 K for 1 h.
The annealed samples were used in this research as a reference material.

Hydrogenation was performed by the Sieverts method using automatic Gas
Reaction Controller LPB (Advanced Materials Corporation) | 11] up to the specified
concentrations in automatic mode at 873 K (with a heating rate of 4 K/min) and
67 kPa. Cooling was performed in vacuum at a rate of 1.5 K/min.

Phase composition and structural parameters of samples before and after the
hydrogenation were studied using the XRD-6000 diffractometer with a Cu Kot
radiation source. Phase composition analysis was performed using the PCPDFWIN
database and POWDER CELL 2.5 full profile analysis software.

Investigation of positron lifetime (PL) in the material and Doppler broadening
(DB) shift of annihilation photons was performed using the equipment described
in [9,10).

The samples were arranged in a so-called “sandwich configuration” (reference
sample - positron source - hydrogenated sample), then packed in aluminum foil
and mounted in a special sample-holder. PL and DB spectra were collected simulta-
neously. The positron source was represented by a “*Ti isotope with an activity of
24.5 pCi.

Three PL spectra with 5 x 10° counts each were collected for every sample.
Spectra were fitted using LT10 software [12]. The spectral analysis was performed
implementing a multicomponent model.

DB spectra were acquired by collecting 2.5 x 10° counts and analyzed using SP
software package [13]. The line-shape parameters S and W were also evaluated
using the aforementioned software {14|. S parameter is ratio of central peak area
to the entire area of Gaussian distribution; W parameter is ration of Gaussian dis-
tribution side area to the entire area. Thus S parameter is associated with positron
annihilation with valence electrons and W parameter with positron annihilation
with core electrons. Relative values of these parameters (S/S, and W/|W,) were used
for Doppler broadening analysis, where So and W, are the shape parameters for ref-
erence samples, S and W are those for the samples after hydrogenation.
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Absolute hydrogen content in the samples was determined by melting in inert
gas atmosphere using the RHEN602 analyzer (LECO Company).

3. Results and discussion

Positron lifetime spectra of reference samples without hydro-
gen were fitted by three exponential components. The first one
corresponds to the positron lifetime in the bulk of the material.
Lifetime values were determined for the two other components
7, and 1y, which refer to annihilation of the positrons trapped by
Ti dislocations (74isi =170 ps) and monovacancies (Tyac =220 ps
[15]). The total intensity of these components did not exceed 1%.
Thus after high temperature annealing at 923K for 1h, small
amounts of dislocations and single vacancies could be identified.
The average lifetime of positrons in the Ti-samples before hydroge-
nation was Tayg = 143.1 £ 0.4 ps.

Figs. 1 and 2 show dependences of annihilation characteristics
on the hydrogen content in titanium after gas-phase hydrogena-
tion. Since the samples were hydrogenated up to concentrations
varying from 0.9 at.% to 31.5 at.%, the hydrogen accumulation is
not the only factor that affects the formation of defects. Another
factor is a phase transformation process. Hydrogen concentrations
corresponding to phase boundaries of the “titanium-hydrogen”
system at 870K for af(oe+p) and (ou+PB)/p transitions are
7.58 at.% and 22.0 at.%, respectively [16]. These transitions are
marked by vertical lines in the figures.

According to the dependences, increase in the average positron
lifetime in samples with a hydrogen content less than 1.31 at.% is
caused mainly by the increasing value of lifetime of the short-lived
component 7¢. The increase of the parameter S/S, is also evident. At
the same time, no long-lived component 74 was found in the PL
spectra. These changes in annihilation characteristics were caused
by the crystal lattice expansion induced by hydrogenation, which
in turn led to a slight decrease of electron density [8]. This fact
was also confirmed by X-ray data analysis.

PL spectra of samples containing (1.31-2.28)at.% of hydro-
gen revealed the appearance of a long-lived component with
the lifetime 74 varying from 190 ps to 310 ps. However, this
component intensity Iy decreased with increasing hydrogen
concentration. Values for the short-lived component t; and
parameters S/Sp and W/W, were practically unchanged. Thus,
we can conclude that there was a certain number of vacancies
formed in the beginning of this concentration range. With a
further increase in hydrogen concentration, the formation of
new defects could not be detected, while the existing defects
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coagulated together form vacancy clusters and “vacancy-hydro-
gen” complexes [17].

For samples with hydrogen concentrations varying from
2.28 at.% to 4.23 at.% we detected a slight increase in the lifetime
of the short-lived component ¢ and significant decrease of the
long-lived component lifetime 74. This was accompanied by an
increase of its intensity Iy. The increase of hydrogen content from
2.28 at.% to 2.32 at.% was accompanied by a sharp decrease of
parameters S/Sp and W/W,. However, the further increase of hydro-
gen concentration up to 5.10 at.% led only to a gradual decrease of
W/W, and increase of S/Sp. The alteration of annihilation character-
istics indicates the interaction of hydrogen with vacancy clusters
accompanied by the formation of “cluster-hydrogen” complexes.
In addition, increased intensity of the long-lived component I,
and altered values of S/S, and W/W, signal the simultaneous for-
mation of a large number of new defects, mainly of vacancy type
[14]. Moreover, the value of lifetime 74 lies in the range from
225 ps to 190 ps, which corresponds to the annihilation of posi-
trons localized in single vacancies and complexes such as “single
vacancy-hydrogen” [18,4]. The increase in lifetime of the short-
lived component ¢ indicates that these processes could be accom-
panied by the formation of dislocations [19], as well as hydride
phase formation.

Further increase of hydrogen content in samples from 4.23 at.%
to 7.73 at.% was accompanied by the growth of 7y, 74 values and
parameter W/W,, and the drop of the long-lived component inten-
sity Iy and parameter S/So. At the same time, after the hydrogen
content reached the value of 5.10 at.%, there was an increase in
S/So and a decrease in W/W,. Such changes of the annihilation
parameters indicate the formation of complexes such as “cluster-
hydrogen”. Increasing the hydrogen concentration up to
16.56 at.% reduced the long-lived component lifetime 74 to
190 ps, and caused growth of its intensity I; until a value of 21%.
At the same time, for the concentrations varying in the range of
(7.73-12.14) at.%, the S/S, parameter decreased and the WiW,
parameter increased, whereas in a range of (12.14-16.56)at.%
there was only a slight decrease of W/W, and an increase in S/So.
Thus, this suggest that for the concentration range of (7.73-
12.14) at%, the formation of “cluster-hydrogen” occurs, while in
the range of (12.14-16.56) at.% “monovacancy-hydrogen” com-
plexes are formed.

In samples with the hydrogen content of (16.56-31.41) at.%, a
sharp increase in the lifetime components g, 74, as well as S/So
were observed. These processes were accompanied by the
reduction of the long-lived component intensity I and W/W,. This
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Fig. 2. Dependences of positron annihilation parameters on hydrogen content in commercially pure titanium after gas-phase hydrogenation: (a) positron lifetime values (1 -
short-lived component 7;; 2 - long-lived component 14); (b) intensity of long-lived component I,.

suggests that, the formation of “defect-hydrogen” complexes, such
as “cluster-hydrogen” and “monovacancy-hydrogen” persisted. In
this range, the short-lived component lifetime 7; was equal to
152.0 £ 0.3 ps, which corresponds to the lifetime of positrons in
titanium hydride TiH, [20]. Hydride formation was also confirmed
by X-ray data. According to the X-ray data, the volume fraction of
the hydride phase in the titanium samples with the hydrogen con-
tent of (24.24-31.41) at.% was equal to 40-50%.

4. Conclusions

This study revealed the behavior of positron annihilation
parameters, such as tf, 7q and their corresponding intensities I
and Iy, as well as the relative changes of parameters S/S, and W/
W, depending on the hydrogen content in commercially pure tita-
nium after gas-phase hydrogenation at 873 K. These results sug-
gest the following:

e For low hydrogen contents (up to 1.31 at.%), the alteration of
annihilation parameters was caused by the hydrogenation-
induced crystal lattice expansion.

In the concentration range of (1.31-2.28) at.%, the occurrence of
vacancies and vacancy clusters formed mainly due to coagula-
tion of existing vacancies.

For hydrogen contents from 2.28 at.% to 4.23 at.%, hydrogen
interacted with vacancy clusters and complexes such as “clus-
ter-hydrogen” were formed. Moreover, this process was accom-
panied by the intense formation of single vacancies that
subsequently bind with hydrogen atoms and form complexes
of the “vacancy-hydrogen” type.

In the concentration range of (5.10-12.14) at.%, positrons were
captured by vacancy clusters containing hydrogen atoms.

In the concentration range of (12.10-31.41) at.%, positrons were
mainly trapped by defects containing hydrogen atoms.

Since the hydrogenation was carried out in hydrogen at 873 K
and was followed by vacuum cooling to room temperature,
the processes of defect formation was highly affected, not only
by the hydrogen accumulation, but also by the phase transfor-
mation processes.
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