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Positron Spectroscopy of Hydrogen-Loaded Ti-6Al-4V Alloy
with Different Defect Structure
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The defect structure of annealed cast, electron beam melted and ultrafine-grained titanium Ti–6Al–4V alloys
before and after hydrogenation was studied. It has been established that before hydrogenation the predominant
types of defects in electron beam melted and ultrafine-grained titanium alloy are dislocations and low-angle bound-
aries, respectively. The cast alloy after annealing is defect-free material. Hydrogenation from the gas phase to
1.00 ± 0.15 wt% leads to an increase of the concentration of the predominant type of defects. Moreover, vacancy
complexes also presented in electron beam melted and ultrafine-grained Ti–6Al–4V alloys interact with hydrogen
and form hydrogen–vacancy complexes.
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1. Introduction

The presence of hydrogen in metals is an essential tech-
nical and scientific problem, since hydrogen, penetrating
in structural materials, initiates the formation of various
types of defects and significantly affects physical and me-
chanical properties of metals and alloys [1–6]. Hydrogen
embrittlement leads to accelerated depletion of the con-
structional element resource, which is especially charac-
teristic in cases of the development of damage accumula-
tion processes localised near various defects in the metal
structure. Due to the specifics of metal–hydrogen sys-
tem monitoring, periodic control should be based on non-
destructive methods that are sensitive either to changes
in the physical and mechanical properties of the material
or to the direct hydrogen accumulation.

A comparative analysis of experimental data showed
that positron spectroscopy, which is highly sensitive and
allows determining not only the type and concentration
of defects but also the chemical environment, is localised
for monitoring the hydrogen interaction with defects and
revealing the mechanisms of formation of defects of hy-
drogen origin. Nowadays, positron spectroscopy methods
are increasingly used to control advanced structural ma-
terials [7, 8]. Therefore, metals and alloys obtained using
additive technologies may have a specific structure that
is formed during the manufacturing process (lamellar
structure, columnar grains, micro- and nanoscale precip-
itates of secondary phases, developed dislocation struc-
ture). At the same time, ultrafine-grained (UFG) ma-
terials obtained by methods of severe plastic deforma-
tion (SPD) are characterised by the presence of a large
number of defects of various dimensions in the crys-
tal structure, such as vacancies and their complexes,
dislocations, and boundaries of different types [9–11].
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The presence of specific defects and other inhomo-
geneities has a significant effect on the structure, me-
chanical properties, corrosion, and hydrogen resistance of
metals and alloys obtained using additive methods and
methods of severe plastic deformation [12–14]. Thus, the
purpose of this work is to study the initial defect struc-
ture effect on the hydrogen-induced defects accumulation
in a titanium alloy.

2. Materials and methods

For the study, samples were prepared in different mi-
crostructural states: cast material, samples produced by
electron beam melting (EBM Ti–6Al–4V alloy), and sam-
ples obtained using methods of severe plastic deforma-
tion (UFG Ti–6Al–4V alloy). Samples in the cast state
were annealed at a temperature of 750 ◦C. The EBM
Ti–6Al–4V samples were built using an electron-beam
melting 3D-printer designed in Tomsk Polytechnic Uni-
versity [15]. The Ti–6Al–4V powder was supplied by
“Normin” Ltd. (Russia), the average particle size of the
powder was 70 µm. The samples were blocks with dimen-
sions of 20×20×1mm3. The samples were manufactured
at the scanning rate of 16 mm/s, and the substrate tem-
perature of ≈ 750 ◦C.

The UFG state in cast Ti–6Al–4V alloy was obtained
by comprehensive pressing with a change in the defor-
mation axis and a gradual temperature decrease in the
range of 600–580 ◦C (ISPMS SB RAS, Tomsk) [16].

Hydrogen saturation was carried out on a Gas Reaction
Controller LPB by Advanced Materials Corporation ac-
cording to the Sieverts method. The source of hydrogen
is a Proton HyGen 200 hydrogen generator (the purity of
the generated hydrogen is 99.9995%). Hydrogenation oc-
curred automatically at a temperature of 600 ◦C (heating
rate of 4 ◦C/min) and a hydrogen pressure of 67 kPa in
the chamber. Cooling took place in a vacuum at a rate
of 1.5 ◦C/min. The average concentration for all hydro-
genated samples, determined by melting in an inert gas,
was 1.00± 0.15 wt%.
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A semi-digital positron spectrometric complex was
used for studying the evolution of the defect structure
of metals and alloys upon hydrogen saturation. In this
complex, the methods of positron annihilation lifetime
spectroscopy (PALS) and the coincidence analysis of
the Doppler broadening of the annihilation spectroscopy
(CDBS) are integrated. The time resolution and count
rate of PALS module were 170±7 ps and 90±30 counts/s,
respectively. For CDBS module the energy resolution
was 1.16±0.03 keV at 116±15 counts/s count rate. The
source of positrons was an isotope 44Ti with 0.91 MBq
activity. For individual samples, one two-dimensional
CDBS spectrum and two PALS spectra were obtained
with good statistics (3 × 106 for PALS and 4 × 107

for CDBS). The analysis was carried out according to
a three-component trapping model using the LT10 soft-
ware package [17, 18]. The contribution of the positron
source was 5.9% for titanium alloys, associated with an-
nihilation in radioactive salt (τ1 = 305 ± 1 ps with a
relative intensity of 71.7%) and the annihilation of ortho-
positronium (τ2 = 1779± 10 ps with a relative intensity
of 28.3%). The CDBTools program package [19] was used
for CDBS spectra processing through S and W param-
eters analysis obtained for OX cross-section of the two-
dimensional spectrum [7, 20].

The structural and phase state of the obtained samples
was examined using X-ray diffraction analysis, scanning
and transmission electron microscopy.

3. Results and discussion

In the initial state, cast Ti–6Al–4V alloy has an in-
homogeneous structure consisting of α single-phase and
(α + β) two-phase regions. The single-phase regions
10–40 µm in size, as a rule, are surrounded by the
two-phase regions. In the single-phase regions, grain
structure with dimensions of 3–5 and 7–10 µm is ob-
served in transverse and longitudinal sections, respec-
tively. According to the data of X-ray diffraction anal-
ysis, the volume fraction of β phase in this state of the
alloy is 5 vol.%.

The internal grain structure of the EBM Ti–6Al–4V
samples is represented by α-phase plates, along which
β-phase layers are located. The α-phase plates form
colonies similar to the perlite colonies in steel. The thick-
ness of the alpha-phase plates is predominantly 9 µm,
but plates with a thickness of 200 nm are also observed in
EBM alloy. X-ray diffraction studies have shown that the
volume fraction of β phase in samples of EBM Ti–6Al–4V
alloy is equal to 4 vol.%.

The microstructure of UFG samples is represented by
a two-phase (α+β) grain-subgrain structure with an av-
erage grain size of 0.29 µm (Fig. 1). The formation of
the UFG structure is found to lead to a slight increase in
the volume fraction of the β phase (up to 5 vol.%).

The hydrogenation of cast and UFG titanium al-
loy samples to a concentration of 1.00 ± 0.15 wt% re-
sults in the appearance of Ti–Hx hydride precipitates.

Fig. 1. Electron micrographs of the Ti–6Al–4V alloy:
(a) EBM Ti–6Al–4V alloy (bright-field image), (b) UFG
Ti–6Al–4V alloy (dark-field image).

At the same time, according to XRD analysis data,
after hydrogenation to the same concentration in the
EBM Ti–6Al–4V alloy, the redistribution of the intensi-
ties of diffraction maxima is observed on the correspond-
ing diffraction patterns. The diffraction patterns con-
tain reflections of α phase of titanium, the cubic δ and
tetragonal γ phases of titanium hydride, and intermetal-
lic Ti3Al phase with hcp lattice.

The results of PALS analysis for the experimental
Ti–6Al–4V samples before and after hydrogenation are
collected in Table I.

In the cast alloy, there is only one short-lived com-
ponent (τF = 147 ± 1 ps) associated with the an-
nihilation of positrons in the titanium lattice [21–26].
Hydrogenation of the cast titanium Ti–6Al–4V alloy up
to of 1.00± 0.15 wt% leads to the appearance of lifetime
components: τA = 166± 2 ps and τB = 276± 6 ps with
intensities IA = 83% and IB = 2%. The component
τA = 166 ± 2 ps is related to annihilation of positrons
trapped by dislocations in titanium [21, 22].
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TABLE IParameters of positron annihilation in Ti–6Al–4V experimental samples.

State τA [ps] IA [%] τB [ps] IB [%] kA [ns−1] kB [ns−1] τF [ps] τavg [ps]
Cast Ti–6Al–4V – – – – – – 147± 1 147± 1

Cast Ti–6Al–4V–H 166± 2 83± 2 276± 6 2.0± 0.1 4.18± 0.08 0.164± 0.007 147± 1 156± 1

EBM Ti–6Al–4V 164± 2 13± 4 290± 5 0.06± 0.03 0.11± 0.03 0.002± 0.001 147± 1 149± 1

EBM Ti–6Al–4V–H 166± 2 61± 2 207± 5 14.0± 0.2 2.6± 0.1 0.74± 0.08 145± 2 154± 1

UFG Ti–6Al–4V 171± 2 71± 2 293± 5 2.0± 0.1 2.18± 0.04 0.115± 0.004 147± 1 153± 1

UFG Ti–6Al–4V–H 167± 5 80± 2 281± 6 0.2± 0.1 3.20± 0.06 0.013± 0.007 147± 1 153± 1

Fig. 2. S–W plot for the Ti–6Al–4V experimental
samples.

The long-lived component τB = 276± 6 ps is responsible
for the annihilation of positrons in complex hydrogen–
vacancy clusters mV–nH (where m is the number of va-
cancies in cluster and n is the number of hydrogen atoms
associated with a cluster) [27].

In EBM Ti–6Al–4V alloy, there are two positron
lifetime components responsible for the annihilation of
positrons trapped by dislocations (τA) and tetravacan-
cies (τB = 290±5 ps). After hydrogenation, the intensity
of the dislocation component increases 4.7 times, while
the lifetime of the long-lived component decreases signif-
icantly (to 207 ps) with intensity growing to 14%. Thus,
the concentration of dislocations increases and hydrogen–
vacancy complexes (V–1H) are formed upon hydrogena-
tion of EBM Ti–6Al–4V alloy [27].

In UFG Ti–6Al–4V alloy, an intense (71%) component
is observed with a lifetime of 171 ± 2 ps, which can be
associated with the annihilation of positrons trapped by
dislocations or low-angle boundaries [13]. In this case,
CDBS data is used to determine the prevailing type of
defects. The S–W plot obtained by OX cross-section
of the two-dimensional spectrum for the experimental
Ti–6Al–4V samples is presented in Fig. 2. CDBS results
for cast Ti–6Al–4V samples after cold rolling to various
deformation degrees are added to the plot for compari-
son. The predominant type of defects after cold rolling
are dislocations, so this type of defect will also be preva-
lent for all collinear experimental values in S–W plot.

Thus, the predominant positron trapping center in
UFG Ti–6Al–4V alloy before and after hydrogenation is
low-angle boundaries. Also, these samples are charac-
terized by the presence of a long-lived component with
a lifetime of ∼ 290 ps, which is associated with the an-
nihilation of positrons trapped by vacancy or hydrogen-
vacancy complexes.

4. Conclusion

This article aimed to study the effect of the initial de-
fect structure on defects accumulation in a titanium Ti–
6Al–4V alloy. The series of measurements were carried
out for cast, electron beam melting, and ultrafine-grained
Ti–6Al–4V alloys before and after hydrogenation. Sam-
ples are found to differ significantly in its initial defective
structure. Annealed cast alloy is defect-free material.
EBM Ti–6Al–4V alloy is characterized by an increased
concentration of dislocations and vacancies complexes,
and low-angle boundaries, and vacancy complexes are
the main types of defects in UFG Ti–6Al–4V alloy. After
hydrogenation, an increase in the concentration of dislo-
cation defects was discovered for all samples. Besides, for
cast and EBM alloys the growth of long-lived component
intensities was observed, which indicates the formation
of hydrogen–vacancy defects.
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