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A B S T R A C T   

The effect of irradiation doses and the role of grain size for titanium subjected to swift heavy 167 MeV Xe26+ ion 
irradiation have been investigated. Positron annihilation spectroscopy was applied for these studies. The 
nanostructured surface was obtained by blasting and annealing treatment. It was noticed that the concentration 
of vacancy clusters in the ion projectile range significantly decreased by a factor two after the grain size 
reduction. These clusters were built from 5 to 16 vacancies and were present mostly near the area occupied by 
the implanted atoms. Promising Ti properties as self-healing metal have been found. This study shows that grains 
structure strongly affects the resistivity of metals for irradiation and proves that surface mechanical treatments 
can be used as a grain size refinement method and modification of surface for enhanced irradiation resistivity.   

1. Introduction 

It is well known that many atomic defects occur in a target when it is 
irradiated. Defects can coalesce to form, for example, clusters of va-
cancies and dislocation loops. This leads to unwanted processes such as 
hardening, swelling, brittleness and creep, and ultimately to destruction 
of the material. It has been proven that the grain boundaries in the 
irradiated polycrystalline material can influence defects concentrations 
because they act as sinks where created defects disappear [1–8]. 
Therefore, grain size refinement was proposed as a solution for 
enhanced resistivity of nuclear materials under extreme irradiation 
conditions. In other words, the usability of such materials is extended 
without affecting their mechanical properties (i.e. strength and 
ductility). Better damage accumulation and lower defects concentration 
were observed in many nano- and ultrafine grain metals and their alloys, 
i.e. Ni [1], Cu [1], Mo [2], W [3], ferritic steel [4], austenitic steel [5], 
oxide dispersion strengthened steel [6], TiNi alloy [7]. For example 
authors [3] studied bubbles formation in W after 2 keV He ion im-
plantation at 950 ◦C with two different ion fluencies of 3.6 × 1019 and 
3.2 × 1020 ions/m2 and they observed the presence of the grain size 
threshold equal 35 nm below which average bubble density drastically 
decreases. However, also in some studies lowering of mechanical 

properties due to an increase in grain size was noted, i.e. in nano-
crystalline Cu irradiated with neutrons [8]. All this indicates the exis-
tence of an optimal grain size which should be assessed experimentally. 
The damage resistance issue in nanostructured metals is also important 
due to the possibility of applicability of such structures in electronics 
and space technology [9]. 

One of the promising approaches to prevent nuclear material 
degradation is the conception of self-healing material [10–14]. In such 
material irradiation damages under typical reactor operating conditions 
recover themselves. The self-healing properties depend strongly on the 
amount of grain and twins boundaries. A self-recovery mechanism was 
firstly described by atomic simulations for pure Cu [10]. Bai et al. [10] 
have shown that in nano-Cu upon irradiation, interstitials are loaded 
into the boundary, which then acts as a source, emitting interstitials to 
annihilate vacancies in the bulk. A similar mechanism was then pro-
posed also for Fe [11]. In metals, self-healing remains challenging due to 
low atomic mobility at non-elevated temperatures [12]. However, the 
defect migration kinetics allow resolving this problem [13,14]. Only a 
few experiments confirm the self-healing idea in metals. Twin bound-
aries self-healing was observed by in situ studies in the heavy ion irra-
diated Ag and Cu [13,14]. Atomistic simulations reveal that nano-twins 
are essential to achieve superior radiation tolerance as twin boundary 
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networks promote rapid migration of defect clusters to nanovoids. Twins 
during radiation provide a continuous source for mobile interstitial 
loops which then can annihilate in nanovoids [14]. Reducing the grain 
sizes of coarse-grained face center cubic metal mostly reduces the pro-
pensity for deformation twinning [15]. The hexagonal close-packed 
structure is the most likely to form twinning deformation. The 
high-density twins were reported in nano- and ultrafine grain Ti [16]. 
Moreover, molecular dynamic simulations have shown that the elliptical 
self-interstitial cluster is a precursor in an irradiation-induced nano-
twinning in Zr and Ti [17]. 

Nuclear materials have to withstand neutron irradiation for many 
years. The irradiation damages created by long time neutron exposition 
can be replaced by irradiation with heavy ions [18]. The implantation 
range of such ions is limited to several μm depths. The typical nano-
structured area obtained by mechanical surface treatment significantly 
exceeds the range of the heavy ions. It means that fundamental micro-
structures changes caused by neutron degradation can be performed in a 
thin nanostructured surface prepared by easily applicable mechanical 
methods and heavy ions irradiation. Mechanical surface treatments 
allow one to get grain size in the surface region in wide ranges up to sizes 
even not available for typical methods exploiting high-pressure, like 
high pressure torsion, hydrostatic extrusion, equal channel angular 
pressing, etc. For example, the mean grain size of Ti (purity 99+%) 
acquired by surface mechanical attrition treatment was reported as 
13.21 nm [19], when typically high-pressure methods can reach the size 
not lower than 50 nm [20–22]. This gives the possibility to study an 
irradiation degradation of nanostructured metals and also the applica-
tion of surface treatments as a finishing method for enhanced surface 
radiation resistance. 

The aim of the current studies is focused on studies of grain size role 
on irradiation resistance and evaluation of the self-healing Ti properties. 
According to knowledge of the authors, irradiation damages in Ti have 
not been studied exhaustingly and only few reports associated with 
irradiation resistance of Ti or its alloys can be found [23–26]. For 
example, Budzynski et al. [23] have shown that after implantation of 
heavy 130 MeV Xe ions the new hcp structure is formed whose lattice 
parameters are about 10% larger than those of the original material. In 
this work authors also noted 13% increase of hardness for fluence 1014 

ions/cm2 caused by presence of the defects. Previously, positron anni-
hilation studies for coarse grain Ti sample [24] shown that dislocations 
and vacancies clusters are observed in projectile ion range and no 
additional damages induced by irradiation stress appear over it. In the 
current work, we investigated the blasting and annealing technique as 
the example of a grain refinement method, which shows that nano-
structuration of Ti can lead to solving the issue related to its micro-
structure degradation. 

2. Experiment 

Ti samples in shapes of plates 10 mm × 10 mm × 5 mm with purity 
99.99% were annealed in 1000 ◦C for 4 h at vacuum 10− 5 Pa. Residual 
gas atmosphere during annealing could be responsible for negligible 
contamination of samples surface but do not affect performed experi-
ment. Titanium was chosen as a promising nuclear base material with a 
low neutron activation. It was shown that blasting and further low- 
temperature annealing of the aluminum and titanium surface can lead 
to forming well-ordered ultrafine or nanograin surfaces [27,28]. After 
annealing, samples were of the same condition, a glass-bead-blasting 
was performed to obtain a high density of dislocations. Blasting was 
made using 125 μm glass beads in a period of 5 min and overpressure 
0.5 MPa bar at Renfert Vario Basic Jet. The blasting nozzle was directed 
perpendicularly to the surface at a distance of 10 mm. Then the blasted 
samples were annealed in 200 ◦C for 1 h. After that subsurface layer of 5 
μm was removed by etching, which eliminates microcracks and retained 
glass. Two samples were kept as references and the other irradiated 
using heavy 167 MeV Xe26+ ions at Flerov Laboratory of Nuclear 

Reactions at JINR, Russia. Four different fluencies were used 5 × 1012, 
1013, 5 × 1013, 1014 ions/cm2. The average ion flux was 5 × 109 ions/(s 
× cm2). One additional annealed coarse grain sample intended for TEM 
examination was irradiated with dose 1012 ions/cm2. 

3. Methods 

Doppler broadening of annihilation line and Positron Annihilation 
Lifetime Spectroscopy (PALS) are two most promising and unique 
methods allowing one to get knowledge about the type and irradiation 
defect concentration in a very shallow depth, especially when they 
employ Variable Energy Positron (VEP) beam. They application in 
different problems was proven many times [29–35]. 

VEP measurements were performed at JINR in Dubna, Russia [36]. 
The energy of incident positrons, which are implanted into a sample 
ranged from 50 eV to 34 keV. It corresponds to the implantation depth 
up to 2.3 μm in titanium. In this measurement only the Doppler 
broadening of annihilation line was monitored. For this purpose HPGe 
detector ORTEC GEM25P4-70 with an energy resolution (FWHM) of 
1.20 keV at 511 keV was used. The annihilation line shape parameter S 
was evaluated in a function of incident positron energies of the beam. It 
is defined as a ratio of the area below the center of the annihilation line 
to the total area of the peak. The S parameter value reflects the fraction 
of positron annihilation with low momentum electrons mainly present 
in defects. Two parts of the same samples were studied after irradiation: 
the so-called track region, and the cascade region. The track region is 
defined as a zone in which ion loses its energy mostly interacting with 
electrons. This region precedes the highly damaged region in which the 
atomic collision cascade occurs. 

The conventional PALS measurements were performed using digital 
spectrometer APU-8702RU with detectors based on the BaF2 scintilla-
tors. The timing resolution (FWHM) equaled about 180 ps. The positron 
source was based on 22Na with activity 27 μCi closed between thin 5 μm 
thick titanium foils and its contribution was equal to 14%. Source 
contribution consists of two lifetime components: 242 ps (97%) and 952 
ps (3%) and was subtracted during spectra deconvolution. The analysis 
of obtained spectra including 2 × 106 counts was provided with the LT 
program [37]. The average penetration depth of 22Na positrons into Ti is 
about 48 μm [38]. To get information on defects depth distributions a 
sequential etching procedure was applied. Each sample was etched in a 
solution of 10 ml HNO3, 2 ml HF and 10 ml distilled water to reduce 
their thickness and then a positron lifetime spectrum was measured. 
This procedure was repeated until the bulk value of a positron lifetime 
was obtained. The etching does not cause the formation of additional 
defects and this procedure was successfully used in many studies [24,29, 
30]. 

The XRD measurements have been performed at room temperature 
using the Roentgen diffractometer EMPYREAN in Frank Laboratory of 
Neutron Physics, Dubna, Russia. A water-cooled X-Ray tube with Co 
anode was used as a source of radiation. The data acquisition system is 
based on a silicon strip detector PIXcel 1D that contains 255 strips and 
covers a range of (0◦–3.5◦) in 2θ angular scale. The depth of analysis is 
equal to around 13 μm (measured in the direction normal to the sample 
surface). 

The TEM study was carried out using TalosF200i transmission elec-
tron microscope operating at an accelerating voltage of 200 kV. 

4. Results and discussion 

4.1. PALS results for samples after blasting and refinement process 

Shot damage causes typical defects of plastic deformation in the 
surface area, and therefore there are dislocations and vacancies in the 
crystal structure. First, we examined the depth distribution of defects in 
the sample after shot blasting and in the sample further annealed at 
200 ◦C for 1 h (called later also as refinement sample). It should be noted 
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that the used temperature of 200 ◦C, for the creation of ultrafine well- 
ordered grains, is comparable with the planned operating temperature 
of high strength titanium alloys in International Thermonuclear Exper-
imental Reactor (ITER) components, and is a little lower than the tem-
perature in II generation fission reactor vessel [25,39]. In Fig. 1 the 
positron lifetimes of the samples before and after annealing of the 
blasted surface are depicted. For well annealed initial samples positron 
lifetime was equal to 147 ps, and corresponded with Ti value for not 
defected bulk structure [40,41], (hatched area in Fig. 1 a, e). The mean 
positron lifetime is defined as: 

τ =
∑

i
τi × Ii, (1)  

where τi, Ii are positron lifetime components and corresponding in-
tensities, resolved from the measured PALS spectrum. Each lifetime 
component stands for different defect types and its intensity correlates 
with its concentration. After treatments mean positron lifetime τ below 
the surface increases, see Fig. 1a, e. The damaged region with defects 
spreads up to 100 μm for blasted - Fig. 1a, and 150 μm for refinement 
samples - Fig. 1e. Some parts of positron emitted from 22Na isotope can 
reach undamaged part of sample and annihilate with positron lifetime 
equal 147 ps. Its number was determined using LYS-1 program based on 
multi scattering model described in detail in work [42]. During calcu-
lations an experimental geometry of measurements and Ti absorption 
coefficient equal 208 cm− 1 was used. The amount of positrons which 
annihilate in undamaged material increase nonlinearly with cumulative 

thickness of removed material, see Fig. 1d and h. During deconvolution 
of spectra one lifetime component τ3, standing for positrons annihilated 
in undamaged part, was fixed. In the blasted sample we recognize two 
additional positron lifetime components standing for different types of 
defects in damaged part of sample. The first one with intensity over 80% 
with a lifetime of 170–180 ps stands for dislocations. Similar lifetimes 
178 ps (I = 78%) were reported in ultrafine-grained Ti–6Al–4V titanium 
alloy with a grain size around 290 nm [31] and also in severe plastic 
deformed Ti, where τ = 185ps (I = 98.4%) [32]. Longer lifetime 
component with values from 310 to 340 ps represents small vacancy 
clusters. Their size can be estimated as 4–6 vacancies based on calcu-
lations performed for pure Ti at work [32]. These observations agree 
with calculations of V1–V3 vacancy cluster energy formation, which 
shows that bigger vacancy clusters, like trivacancies is much more stable 
than mono- and divacancy [33]. In the damaged region, the values of τ1 
and τ2 remain almost constant up to 40 μm. After refinement (anneal-
ing), the long component almost disappears. Only near-surface (refine-
ment sample without etching) the presence of τ4 component 1120 ps was 
observed which is caused by clustering vacancies and microcracks. 
Authors [28] studied surface roughness of blasted and refinement Ti 
sample. Similarly, the presence of 5 μm depth cracks was observed only 
in the annealed samples. In the refinement sample spectra, three com-
ponents were found. The first one τ1 with lifetimes around 170 ps rep-
resents dislocations that formed grain boundaries during Ti recovery 
(Fig. 1f) and the second one is a reduced bulk lifetime inside grains in 
damaged part of sample, which responds to a delocalized positron 

Fig. 1. The depth profile of the fitted positron lifetime components τ1, τ2, fixed component τ3 and the mean positron lifetime obtained for the sample exposed to 
blasting and after grain refinement (blasting and annealing). Open points represent components intensities. The hatched area marked the positron lifetime value 
measured on the sample before treatment. 
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annihilation from the Bloch-state (Fig. 1g). Similarly to blasted sample, 
the third component represents the positron annihilated in the undam-
aged region. Corresponding intensities I1 and I2, illustrating the number 
of positrons annihilating in a given type of defect, are marked as open 
points at the same plots. It should be mentioned that over 80 μm a 
deconvolution of spectra was done with only two positron lifetime 
components i.e. τ1 and τ3. Fitting using three components causes in this 
case a lack of physical interpretation of obtained results because a 
few-ps lifetimes τ2 with very small intensities are generated. However, it 
is expected that τ2 will rise at depths close to the undamaged region. In 
this way the separation of τ2 from τ3 over 80 μm cannot be performed. 
The presence of only one type of defect gives the possibility to evaluate 
grain size. For this purpose, we use the relationship that links the value 
of the average positron lifetime with the grain diameter d0, in accor-
dance with the model of the diffusion-reaction controlled trap [34,43]: 

τ = τf + 6
L+

d0

(
τb − τf

) L(d0/2L+)

1 + L+

α τf
L(d0/2L+)

, (2)  

where α is positron specific trapping rate at a grain boundary, L+ is the 
positron diffusion length inside the grain, τf is the positron lifetime in the 
grain, and d0 is its diameter, L(z) = coth(z) − 1/z, is the Langevin 
function. A typical for metals L+ = 180 nm and α = ∞ m/s (which means 
that all positrons are trapped by grain boundaries) were assumed in 
calculations. In Fig. 2, the above function equation (2) was plotted in 
dependency on grain size. Obtained results indicate that mean grain size 
averaged over the positron implantation profile in the region up to 40 
μm remains in the diameter range from 470 to 540 nm. This grain size is 
bigger than the one in blasted under pressure 0.3 MPa and further 
annealed in 150 ◦C pure aluminum, where the mean grain size according 
to XRD and TEM studies was in the range 50–70 nm [27]. It is also bigger 
than the grain size equal to 50 nm (based on XRD studies) reported after 
refinement of the Ti surface blasted with SiO2 particles driven by 2.07 
MPa compressed air [28] and the value of 180 nm reported in the top of 
the ultrafine grain layer of Ti after mechanical shot blasting [44]. The 
obtained positron data was compared with grain size obtained by XRD 
method. In Fig. 3 the patterns for initial samples annealed at 1000 ◦C 
and samples after grain refinement are shown. The grain size for blasted 
and annealed samples was evaluated using Scherrer method [45] for 
reflection (001) and (002) and it was equal to 33 nm. The size of 

hexagonal Ti unit cell obtained from XRD measurements decrease from 
value 35.58 Å3 (lattice constants a = b = 2.9492(19) Å, c = 4.7234(25) 
Å) to 35.47 Å3 (a = b = 2.9539(3) Å, c = 4.6935(8) Å) indicating 
presence of residual compressive stresses. It could be assumed that the 
grain size in the top of the surface is much smaller and changes sharply 
with increasing depth but it cannot be estimated exactly from the per-
formed positron experiment due to the broad positron implantation 
profile (the average penetration depth is 48 μm). The few dozen μm 
thicknesses of the obtained ultrafine layers are similar to this reported in 
Al [27] and Ti [28] after blasting and is smaller than the size of the 
ultrafine grain Ti in work [44], which on dependency of used machine 
blasting parameters reach even 320 μm. All these show that the thick-
ness of the ultrafine layer and its grain size can be controlled by different 
blasting parameters like particle size, blasting duration, and propelled 
force. 

4.2. VEP results for samples after irradiation 

In a refinement sample before irradiation, a 5 μm layer was etched. 
Such samples will be called UltRef (Ultrafine Reference). These samples 
were irradiated with Xe26+ swift ions. The impact of one heavy ion in the 
track region is comparable to more than 105 neutrons. The dose in dpa 
(displacements per atom) and Xe atom distributions below the Ti surface 
were obtained using SRIM/TRIM [46] calculation for 1014 Xe26+

ions/cm2, and are presented in Fig. 4a. 
The projectile range of the ions is about 13 μm. The maximum 

damages corresponding to the Bragg peak position are observed at 11.8 
μm. For this reason, both ion track region and cascade area (the sample 
after additional etching of 11 μm) were investigated using a positron 
beam. The results of these measurements presented as S parameter in the 
function of implanted positron energies are shown in Fig. 4b and c. The 
upper axis corresponds to the mean implantation depth of positron 
evaluated according to the formula: 

z=
A
ρEn, (3)  

where A and n are the Makhov function parameters and ρ = 4.5 g/cm3 is 
the density of titanium. The values n = 1.655 and A = 2.86 μgcm2keVn 

reported for Ti were used in evaluation [47]. 
In the ion track region, the S parameter does not vary significantly 

for all samples, except the near surface region at the depth less than 50 
nm, which can be caused by the surface roughness and oxides, Fig. 4b. In 
addition, the difference between irradiated and UltRef samples is almost 

Fig. 2. Estimation of grain size D in ultrafine subsurface obtained after 
refinement method. The black line illustrates the mean positron lifetime 
calculated using equation (2) with parameters α = ∞ ms− 1, L+ = 180 nm, τF =

147 ps, τB = 170 ps. The horizontal arrow is the mean positron lifetimes 
measured for ultrafine surfaces and the vertical line shows estimated grain size. 

Fig. 3. The XRD pattern for the Ti sample annealed at 1000 ◦C for 4 h (dashed 
line), and for the sample blasted and annealed at 200 ◦C for 1 h (solid line). 
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not observed indicating enhanced irradiation resistivity. Up to 2 μm, for 
the highest Xe26+ ion fluency the Ti metal gets a comparative dose equal 
ca. 0.01 dpa (see Fig. 4a). After etching a layer of 11 μm thick, the S 
parameter value of the UltRef sample in an interior decreases from value 

around 0.48 to 0.454, Fig. 4c. This can be explained as the result of the 
heterogeneity of the nanostructured layer and the growing grain size. 
The higher the irradiation dose, the greater the number of defects, which 
increases the value of the S parameter, see Fig. 4c. For the highest dose, 
even a maximum at the depth of 150 nm is visible. The obtained re-
lationships can be described with the VEPFIT [48] program, which takes 
into account the diffusion of positrons near the entrance surface. A 
two-layer model was assumed. Each layer has its own value of diffusion 
length L+, S parameter, and thickness. During fitting a positron diffusion 
length for second layer was fixed to 180 nm. The best fits are plotted as 
the solid lines in Fig. 4c. Corresponding to them parameters are shown in 
Fig. 5. It should be noted that the S parameter rises in the first layer from 
0.461 up to 0.484, and L+ decreases from 181 to 49 nm with increasing 
fluency indicating the increased number of structural defects in the 
cascade region. The fitted size of this region is around 500 nm, however, 
its accuracy is limited by the etching procedure. The sample thickness 
after etching was measured using a micrometer screw with uncertainty 
around ±500 nm. Therefore, it should be assumed that this region 
corresponds well with SRIM/TRIM calculations. Over this region only in 
the sample irradiated with dose 1013 and 1014 slightly increased value of 
the S parameter exists. 

4.3. PALS results for samples after irradiation 

The types of defects and its profile after irradiation for ultrafine grain 
sample was determined using PALS and compared with previous results 
performed for coarse-grain sample described in details in Ref. [24]. In 
Fig. 6 both results irradiated with dose 1014 ions/cm2 are shown. Two 
lifetime components can be separated from spectra at each depth. In a 
coarse grained sample, see Fig. 6 c, a longer lifetime in the range from 
320 to 400 ps can be described as clusters of 5–16 vacancies, however, 
this estimation does not take into account the presence of implanted Xe 
atoms. It is known that Xe atoms can create XeVn vacancy complexes in 
metals [49]. Similar defects occur also for ultrafine grained samples, 
Fig. 6 f. Therefore, the size of clusters does not depend on the size of the 
grains, and the influence of the irradiation dose was also not noted. Lack 
of mono- and divacancies indicates its mobility at room temperature. 
Indeed, the self-migration energy of these vacancies is below 0.60 eV 
and migration is easier for the divacancies than for the monovacancy 
[33,50]. It means that at room temperature stable V3 is immobilized and 
initiates the formation of a larger cluster. Smaller vacancy clusters can 
join such clusters or annihilate at the grain and twin boundaries. The 
presence of vacancy clusters was confirmed in TEM measurements in 
coarse grain Ti sample irradiated with fluency 1012 ions/cm2, see Fig. 7. 
Vacancy clusters occupy the depth up to 13 μm which corresponds well 
with the ion projectile range. In a coarse grain sample also the presence 
of dislocations up to 15 μm was found, indicated by τ1 value larger than 
a bulk lifetime, see Fig. 6b. Over this region, no effect of irradiation was 
noted. For the ultrafine grain sample, over 13 μm depth, only grain 
boundaries (Fig. 6e) with lifetimes around 170 ps and delocalized 
positron annihilation inside grain can be found (see Fig. 6g). It is very 
similar to the blasted and annealed ultrafine sample in Fig. 1 d-f. 

The most interesting changes occur in the intensity of the vacancy 
clusters component, which is linked with its concentration. In the case of 
a coarse grain sample, the intensity I2 remains stable around 10% up to 
5 μm, see Fig. 6 c, and it is twice as big as noted for the ultrafine grain 
sample - Fig. 6 f. The intensity of the second lifetime component I2 for all 
doses as a function of depth is shown in Fig. 8 a-d for samples with the 
coarse grain (white points) and with ultrafine grain (black points). Also 
for other doses, the intensity of the vacancy cluster component is twice 
as high, while the positron lifetime values remain almost unchanged - 
Fig. 8 e-h. The concentration of these clusters should be then connected 
with the grain size. The intensity does not change significantly up to a 
depth of 7 μm. In this region the smallest number of vacancies was 
created (Fig. 4a), which due to the mobility of V1–V2 clusters mostly 
migrate to grain boundaries and annihilate before the creation of an 

Fig. 4. SRIM/TRIM calculations of dose and implanted atoms distribution after 
167 MeV Xe26+ ion irradiation to titanium with fluencies 1014 ion/cm2 is shown 
in a). The determined S parameter in the function of positron energies per-
formed using variable energy positron beam is presented in b) and c). The upper 
axis corresponds to the mean implantation depth obtained using equation (3). 
The results for the track area are shown in b) and for cascade region (after 
etching of 11 μm) in c). The solid lines present best fits obtained using VEP-
FIT software. 
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immobile bigger cluster. However, the intensity drops above 7 μm for 
coarse samples but not for samples with refinement grains. This informs 
us about the broader distributions of clusters in the coarse grain sample. 
The sink efficiency in the coarse grain sample is much smaller than for 
the ultrafine sample which results in increased formation of bigger 
clusters. In both cases all vacancy clusters are removed when cumulative 
etched depth reaches 13 μm and exceeds the range of ion implantation. 
This well agrees with the positron beam results for nanostructurated 

sample, where the S parameter is increased only in the Bragg peak po-
sition and does not change in track region. These vacancy clusters are 
located in the region in which implanted heavy atoms stay after irra-
diation (Fig. 4a). It can be expected that the presence of Xe atoms sta-
bilizes and initiates the creation of these clusters. A similar effect was 
noted, i.e. in silicon doped with high doses of He [35]. A migration and 
accumulation of implemented atoms on grain boundaries results in 
bubble cluster formations, which are the origin of cracks [51]. However, 

Fig. 5. S parameter depth distribution in the cascade region fitted using the VEPFIT program is shown in a). The positron diffusion length obtained for each sample is 
present in b). The best fits are shown as lines in Fig. 4c. 

Fig. 6. Positron lifetime measurements results for Ti samples with coarse and ultrafine grain after irradiation with 167 MeV Xe26+ heavy ions with fluency 1014 ion/ 
cm2. In a) and d) the mean positron lifetime is presented. In b), c), e-g) positron lifetime components (black points) and their intensities (white points) in the function 
of the cumulative thickness of removed material are shown. They have been obtained after the deconvolution of spectra using the LT program [37]. The data for 
coarse grained sample was taken from work [24]. 
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due to large size of Xe atom its migration can be expected at higher 
temperatures. H.A. Vasco et al. [52] studied annealing of defects in TiN 
after Xe swift heavy ion irradiation and observed that the migration of 
Xe was by trapping and de-trapping in defects at temperatures below 
1200 ◦C and was mainly through grain boundary diffusion at elevated 

temperatures. All this shows that decrease size of grains in Ti can limit 
the clusters concentration and reduce its occurrence to Bragg peak 
position. 

It is known that Ti alloys are very sensitive to neutron irradiation, 
and even a relatively low dose of neutrons results in degradation of 

Fig. 7. TEM micrographs of Ti sample surface irradiated with swift heavy 167 MeV Xe26+ ions with fluency 1012 ions/cm2. a) – Bright field image of a sample region 
with a triple junction of low-angle grain boundaries. b) – Dark field image of the same region in weak beam mode. Vacancy clusters are visible as small white spots in 
image b) or the same size dark spots in image a). 

Fig. 8. The long component of positron lifetime τ2 e-g) and its intensities I2 a-d) for Ti samples with coarse (white points) and ultrafine grain (black points) after 
irradiation with 167 MeV Xe26+ heavy ions with fluencies 5 × 1012, 1013, 5 × 1013, 1014 ion/cm2. 
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ductility and fracture toughness [25]. This drastically limits Ti alloys in 
a nuclear application. Studies of neutron irradiated 64% cold worked by 
swaging Ti [26] have shown that the majority of cavities are found in-
side the grains of recrystallized Ti structure irradiated at 348 ◦C. The 
influence of material structure (smaller grain size and β′ precipitates) on 
its mechanical properties changes were observed in neutron irradiated 
high strength Ti–6Al–4V alloy [25]. The performed experiment has 
shown that problems with microstructure degradation can be solved by 
nanostructuration. The concentration of vacancy clusters can be lowered 
by grain refinement. If we provide fast migration channels like twins, in 
which small vacancy disappears before the creation of V3 clusters, we 
will also observe efficient radiation damage recovery at room temper-
ature. Moreover, according to the presented results, irradiation of pure 
nanostructured Ti in temperature 200 ◦C can lead to full recovery of 
structure. The disappearing of V3–V6 vacancy clusters produced during 
blasting was observed after annealing at 200 ◦C. In such temperature, 
these vacancies are mobile, or are unstable and dissociate down to V1 
and V2 and then can easily migrate and be absorbed by sinks. This re-
veals that pure Ti and its alloys in equivalent nanoforms should be 
considered in places exposed also to high neutron doses up to recrys-
tallization temperature of nano-Ti which is equal to around 400 ◦C [21, 
22]. This temperature is enough for typical operation temperature in 
current II generation fission reactors. Nowadays, pure nano- and ultra-
fine grain Ti can be obtained using many currently available techniques 
based on high pressure [7–22] and it can possess better ductility and 
comparable or even higher strength than Ti–6Al–4V alloy [20]. 

5. Conclusion 

Performed studies based on positron annihilation spectroscopy show 
that defects induced by irradiation are formed on the ion track. Most of 
them are present in the Bragg peak position and consist of 5–16 va-
cancies in clusters. The Xe26+ dose up to 1014 ions/cm2 and grain size do 
not affect significantly the cluster size. However, its concentrations for 
the nanostructured sample are almost twice as small in comparison with 
coarse grain samples. VEP result indicates the lack of structural changes 
in the ion track region in nanostructured samples. The disappearing of 
vacancy clusters after annealing at 200 ◦C indicates promising self- 
healing property of Ti. 
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