https://doi.org/10.46813/2024-149-154

CREEP OF VT1-0 TITANIUM ALLOY IN DIFFERENT STRUCTURE
STATES AFTER IRRADIATION WITH HELIUM IONS
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The effect of irradiation with helium ions at T = 350°C with an energy of 20 keV and a dose of 1.5-10* He/cm?
on the structure and properties of VT1-0 titanium alloy in the initial and nanostructural states was studied. It has
been shown that irradiation of VT1-0 samples in the initial state leads to a decrease in mechanical properties when
tested under creep conditions at T = 350 °C, which may be due to dynamic recovery. A material in a nanostructured
state is characterized by an increase in strength and creep rate at a test temperature of T = 350°C, while maintaining
a plasticity reserve. The effect is associated with the structure rearrangement, grain growth and the development of

strain hardening processes as the effective stress increases.

PACS: 62.20.Hg, 61.72.Ff, 61.10.-i

INTRODUCTION

Currently, titanium is in demand in various
industries, including nuclear energy. The technical basis
for the use of titanium alloys as structural materials for
nuclear power are: high strength, high radiation
resistance at operating temperatures (250...400 °C),
corrosion resistance in active environments [1]. Low-
doped titanium alloys are more than an order of
magnitude superior to iron- and chromium-based alloys
in terms of the level of induced activity [2]. Titanium
alloys retain high plasticity after neutron irradiation and
have a low rate of its decrease from neutron fluence.
According to these characteristics, they are superior to
both low-doped and austenitic steels [3].

Nuclear reactions in materials lead to the
appearance of gaseous impurities (helium, hydrogen),
which contribute to the manifestation of helium
embrittlement, hydrogen embrittlement and gas
swellingro

The influence of helium on the properties of
functional materials of nuclear and thermonuclear
reactors has made it a special problem in the physics of
radiation damage and radiation materials science. This
led to intensive study of the behavior of helium in
various metals and alloys and, accordingly, to a large
number of publications on this topic.

There is evidence that helium affects the
development of the microstructure of a material at a low
level of damage, when the density of dislocations,
precipitates and cavities is not yet high. It is known that
low solubility leads to the formation of helium clusters
and bubbles, which can migrate in the material through
the mechanisms of superficial, volumetric, and mixed
diffusion [3-5].

Our previous works have shown that the use of IPD
ensures the formation of structures in the nanometer
range in HCP metals (Ti, Zr) and alloys (VT1-0, BT6,
Zr1Nb, Zr-2.5Nb) [6-12]. The study of radiation effects
in such materials is of both scientific and applied
interest.

The purpose of the work is to study the laws of creep
and the evolution of the structure of commercially pure
titanium VT1-0, obtained by the intensive plastic
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deformation (IPD) method, and the effect of irradiation
with helium ions on its mechanical characteristics.

MATERIAL AND EXPERIMENTAL
PROCEDURE

Studied technical titanium of grade VT1-0 of
industrial processing (hot rolled), the impurity content
was no more than 0.3%. In order to study the effect of
IPD and irradiation by helium ions on the structure and
properties of the alloy, the treatments were used in the
following modes:

1. MO-1 — industrial processing, initial state;

2. MO-2 — MO-1 + irradiation with He ions with an
energy of 20 keV;

3. MO-3 — MO-1 + rolling at 20 °C, deformation (&)
was € = 3.0;

4. MO-4 — MO-3 + irradiation with He ions with
energy 20 keV.

lon irradiation was carried out at a temperature of
~ 350 °C, close to the operating temperature of the
reactor vessel of the VVVET 1000 type, according to the
method described in [13].

The total absorption dose was 1.5-10" He/cm?. The
thickness of the surface layer when irradiated with
helium ions with an energy of 20 keV does not exceed
150 nm. Samples of VT1-0 alloy with a thickness of
0.3 mm were processed on both sides. Thus, taking into
account the long-range effect (propagation of the shock
wave deep into the sample), the influence of irradiation
on the structure-sensitive properties can be significant.

Creep tests were carried out in the step loading
regime at a temperature of 350 °C, the measurement of
elongation accuracy was ~5-10°cm. To study the
defective structure of the VT1-0 alloy, the method of
measuring electrical resistance was used after each
treatment. The electrical resistance (R) was measured at
room temperature by the compensation method. The
structure evolution control was carried out using the
electron microscopic method.

RESULTS AND DISCUSSION

Fig. 1 shows the dependences of the creep rate at
T =350 °C for samples of the VT1-0 alloy after various
treatments over the entire studied stress range.
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Fig. 1. Creep rates at 350 °C as a function of the true
stress for the samples of VT1-0 alloy subjected to
different treatments:
1-MT-1;2—-MT-2; 3— MT-3; 4 — MT-4

Analysis of the results obtained shows that the alloy
in the nanostructured state (MO-3) has higher (~2 times)
strength characteristics compared to the initial state at
the test temperature T = 350 °C, which was noted earlier
in our articles [8, 14].

It should be noted that the creep rate of
nanostructured samples of the VT1-0 alloy increases
compared to the initial state and steps are observed in
the dependence of this characteristic on the true stress,
which indicates a change in the deformation mechanism
as the stress increases (see Fig. 1, curves 3, 4).

It was previously shown [8, 14] that the plastic flow
of nanostructured materials is due to the combined
action of several mechanisms: intragranular slip of
dislocations, cross slip, climbing and annihilation of
dislocations at grain boundaries, as well as diffusion
creep and slip of the grain boundaries. The contribution
of each of these mechanisms to the deformation of the
material depends on the test temperature, the level of
internal stresses, and the state of the grain boundaries.

After irradiation with helium ions, the strength
characteristics of VT1-0 in the initial state (MO-2)
decreased by ~ 20 % (Table, Fig. 1), but the plasticity
did not change.

Tests under creep conditions of the nanostructured
VT1-0 alloy after irradiation showed that the values of
the vyield strength and plasticity of the samples
practically did not change, and the tensile strength
increased (see Fig.1, Table), which indicates the
strengthening of the material.

After each treatment, the values of the relative
electrical resistance (Rzgpk/R77x) Of the samples were
determined, which made it possible to monitor changes
in the defective state of the material. The results of
measuring Rsgk/R77¢ are shown in Table. Data on
changes in the value of residual electrical resistance
confirm the creep data and indicate a decrease in the
defectiveness of the material after treatment with MO-2
and an increase after treatment with MO-4.

Mechanical characteristics and value of residual
electrical resistance of VT1-0 alloy after various

treatments
Modes of R.. /R G0.2, OB, S,
treatment | T MPa MPa %
MT-1 3.193 18.2 20.6 3.9
MT-2 3.073 14.4 16.1 4.0
MT-3 2.654 19.3 30.0 19.2
MT-4 2.929 19.1 37.6 20.4
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Transmission electron microscopy studies of the
original samples showed the following.

during the implantation of helium ions as the dose
grows: a — bending deformation of the lattice;
b — the emergence of helium bubbles
(dose 10 Helcm?); ¢ — helium bubbles growth
(dose 1.5-10" Helcm?)

Extended contours in bright-field images (Fig. 2,a)
indicate elastic bending of the crystal lattice, resulting
from the collective synchronous shift of atoms in the
directions of easy shear. Elastic distortions partially
relax through the formation of walls of dislocations of
the same sign.

The next change in the structure of the surface layer
is the nucleation and growth of so-called helium bubbles
(pores) of already bulk defects, leading to degradation
of properties (see Fig. 2,b and c¢). Extended elastically
deformed regions of the crystal lattice initiate diffusion
flows of embedded He atoms with the formation of
clusters, and subsequently pores (see Fig. 2,b). These
volumetric defects are powerful sinks for interstitial
atoms, which causes an increase in the volume of these
pores (see Fig.2,c). At the same time, the level of
internal stresses decreases somewhat, which can explain
the softening during creep.

Scanning reflection microscopy showed that after
ion treatment, a characteristic relief was formed on the
polished surface of the samples, grain boundaries were
identified (grain size is 1...2 um), which indicates the
rheology of the material (Fig. 3). In addition, places of
surface destruction are visible, which are associated
with the “exit” of bubbles.

%3000 — 1opm

Fig. 3. Surface structure of the VT1-0 alloy after
implantation of helium ions. Helium bubbles are visible
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Dislocation hardening and structural changes as a
result of irradiation led to an increase in microhardness
H,, measured at 20 °C. The average value of H, varies
from 1790 MPa in the initial state to 2210 MPa in the
irradiated state.

However, creep tests at 350 °C showed softening of
the original alloy subjected to ion irradiation. This effect
can be associated with dynamic recovery up to
recrystallization at T~ 0.38T 1. At the same time, the
plasticity of the material did not change, which may be
a consequence of the strong heterogeneity of the
recrystallized structure.

In the nanostructured state, as mentioned above,
strengthening of the material during creep at 350 °C is
observed, which may be associated with restructuring of
the structure. Previous studies [8] showed that during
creep at 350 °C, the deformation nanostructure of the
VT1-0 alloy is destroyed due to the development of
recrystallization processes and in place of the
nanostructure, a recrystallized structure with an average
grain size of ~ 1 um is formed.

During irradiation with helium ions at 350 °C, the
deformation structure is reconstructed. As noted above,
due to recrystallization, grains with a size of ~2 um
were formed.

During the creep process at 350 °C, the development
of recrystallization processes continues, the grains
become larger and plastic flow can develop due to
intragranular dislocation slip. Analysis of the thermal
activation parameters of plastic deformation of
nanostructured samples of the VT1-0 alloy shows that
the activation volume decreases with increasing stress.
Consequently, during the creep process, the density of
deformation defects increases with increasing stress and
the deformation at the stage of developed plastic flow is
controlled by the mechanism of strain hardening, which
leads to an increase in the ultimate strength.

The development of strengthening processes during
creep of the nanostructured VT1-0 alloy after irradiation
with helium ions can also be associated with the
removal of type 1 compressive stresses resulting from
cold rolling.

The influence of implanted helium is practically not
manifested. Helium atoms quickly reach the surface
along numerous diffusion ways at high temperatures
and tensile loads [15]. Helium bubbles can serve as
obstacle in the way of dislocation movement and can
influence the manifestation of embrittlement.

CONCLUSIONS

The effect of irradiation with helium ions with an
energy of 20 keV and a dose of 1.5-10*® He/cm? on the
structure and properties of the VT1-0 alloy in the initial
and nanostructural states was studied.

Irradiation of VT1-0 alloy samples in the initial state
with helium ions with an energy of 20 keV and an
accumulated absorption dose of 1.5-10*® He/cm? leads to
a decrease in mechanical properties when tested under
creep conditions at T = 350 °C, which can be associated
with dynamic recovery up to recrystallization, which
occurs at T ~0.38 Te. At the same time, the
plasticity of the material did not change, which may be
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a consequence of the strong heterogeneity of the
recrystallized structure.

It is shown that at a test temperature of 350 °C, the
strength of VT1-0 in the nanostructured state increases
by 1.5 times, and the plasticity increases by 5 times,
which is due to the development of relaxation processes
in grain boundaries and near-boundary regions, as well
as recrystallization during creep. This indicates the low
thermomechanical stability of the nanostructure formed
as a result of intensive plastic deformation.

Irradiation with helium ions at T =350°C of
samples of the VT1-0 alloy in a nanostructured state
leads to an increase in strength and creep rate, while
maintaining the plasticity reserve. This may be due to
structure restructuring, grain growth, and the
development of strain hardening processes as the
effective stress increases.

The influence of helium pores and bubbles that
appeared during irradiation to a dose of 1.5-10"® He/cm®
on the mechanical properties of the VT1-0
nanostructured alloy at T =350°C against the
background of other obstacles in the path of slipping

dislocations seems to be insignificant.
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MHOB3YUICTb THTAHOBOI'O CIUIABY BT1-0 Y PI3BHUX CTPYKTYPHUX CTAHAX
HICJIA ONIPOMIHIOBAHHSA IOHAMM I'EJITIO

B.I. Cokonenko, B.1. ZKypoa, €.B. Kapacvosa, O.B. Mau, €.C. Casuyk, B.O. @ponos

BuBYCHO BIUIMB OMPOMIHIOBAHHS i0HaMU reiito 3 eHeprieio 20 keB Ta 103010 1,5:10" He/cm? nHa CTPYKTYpY Ta
BJIACTHUBOCTI THUTAHOBOrO cIiaBy Mapku BT1-0 y BuxigHOMy Ta HaHOCTPYKTypHOMY cTaHaX. [loka3aHo, IO
ompomintoBanHs mpu T =350 °C 3paskie BT1-0 y BuxigHOMY cTaHi NpPU3BOIUTH 1O 3HW)KEHHS MeEXaHIYHHX
BJIACTUBOCTEH TpW BHIIPOOYBaHHSX B yMoBax moB3ydocTi mpu T = 350 °C, mo MOXHA TOB'S3aTH 3 AWHAMITHUM
noBepHeHHsAM. sl Marepially B HaHOCTPYKTYPHOMY CTaHI XapaKTEpHO IMIiABHINEHHS MIITHOCTI Ta IIBUIKOCTI
MOB3YYOCTi 3a Temnepatypu BunpoOysanHsa T = 350 °C mpu 30epeskeHHi 3amacy mIacTHIHOCTi. EQexT mos's3yeThes
3 nepeOyJOBOI0 CTPYKTYPH, 3POCTaHHSIM 3€peH Ta PO3BUTKOM MporeciB AedopMamiiiHOro 3MillHEHHA MiJ dac
IiIBUILCHHS HALIPYTH.
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