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The accelerators and ion-beam analysis techniques are used for simulation of displacement
damage and detailed investigation of distribution profiles of damage and impurity gas atoms
(especially helium and hydrogen) in the irradiation of targets for a wide ranges of doses and
particle energies. The influence of preimplanted helium and heavy ion-induced damage on
deuterium trapping in austenitic and ferritic/martensitic steels was studied. The results obtained
for 18Cr10NiTi stainless steel show that ion-implanted deuterium is weakly trapped by defects
produced in 5keV D’ displacement cascades. The effective trapping temperature interval is
between 300 and 600 K. The characteristics of trapping and the temperature range of hydrogen
isotopes retention in traps formed by prior implantation of helium depend on the concentration of
implanted helium and on the type of defects developed. The formation of helium bubbles in
18Cr10NiTi steel causes an order of magnitude increase in the content of retained deuterium
atoms in the range of temperature 300-600 K and extends the interval of effective trapping
temperatures to 1000 K. Energetic heavy-ion irradiation (1.4 MeV Ar") has been used for
modeling defect cluster formation under displacement cascade conditions to simulate fusion
reactor environments. It was found that retention of hydrogen and deuterium strongly increased
in this case. It is shown that the presence of a surface-passive film considerably shifts the gas
release interval to higher temperatures and reduces the deuterium surface recombination
coefficient by several orders of magnitude.

I. INTRODUCTION

Recent investigations on radiation damage
phenomena have been making remarkable
progress. Still there is a long way to gain clear
understanding of the material behavior in
fission and fusion environments. In this
situation, charged particle-material interaction
studies using accelerators may contribute to
advanced materials R & D.

The interactions of hydrogen and helium
with defects in solids play an important role in
the mechanical behavior of various materials.
Hydrogen and helium atoms are generated by
nuclear transmutation in fusion and fission
reactors, spallation neutron sources and high
energy charged particle environments. Garner
and coworkers have recently shown that in
fission reactors rather high concentrations of
hydrogen can accumulate in stainless steels
[1]. It appears that hydrogen gas can be stored
in irradiated metals at concentrations
significantly in excess of that predicted by
Sieverts’ law, providing that cavities such as
bubbles or voids are formed. The current
hypothesis is that hydrogen is stored as H, gas

in such cavities. In order to explain such
storage it is required that supersaturations of
atomic hydrogen be maintained in metals by

various transmutation, radiolytic or
environmental sources [2].
The retention and accumulation of

hydrogen in irradiated materials are most
likely caused by the presence of high
concentrations of microstructural trapping
sites. It was assumed that helium bubbles and
voids were the operating traps [3]. On the
other hand, the elastic fields around defect
clusters are considered by some researchers as
the trap for retaining hydrogen [4]. Further
experiments are necessary to solve some of
these problems.

In a fusion reactor, the synergistic effect of
displacement damage, helium and hydrogen
atoms can enhance the irradiation-induced
degradation. Such effects were observed in a
number of investigations. The highest swelling
has been observed in ferritic model alloys of
Fe-Cr under triple ion irradiation [5]. In
vanadium alloys, simultaneous irradiation of
Ni, He and H ions enhanced cavity formation
and swelling [6]. The synergistic effect of He

BOIIPOCHI ATOMHOM HAYKU Y TEXHUKH. 2009. Ne4-1.

Cepus: duzuka paauaoHHBIX TOBPEXICHUI U paflallHOHHOe MaTepHanoBeaeHue (94), c. 29-41.

29


mailto:g.d.t@kipt.kharkov.ua

and H irradiation in these alloys and F82H
martensitic steel [7] was confirmed by the
occurrence of larger cavities and higher
swelling under triple ion irradiation as
compared with dual ion irradiations.

In the present work, the measuring system
“ESU-2” and accelerator “Ant” have been
used to study deuterium retention and effects
of the interaction between deuterium, noble

gases and defects in austenitic and
ferritic/martensitic steels. We have used a
beam of argon ions to simulate the

displacement damages produced by high
energy neutrons.

II. THE EQUIPMENT AND
EXPERIMENTAL PROCEDURE

The measuring
compact

of a
“ESU-2
implanter,

system consists
electrostatic accelerator
MeV”, a mass-separator, an
chambers for target irradiation and
measurements  using the methods of
Rutherford backscattering, channeling and
nuclear reactions. The accelerating installation
“Ant” is intended for irradiation of specimens
by beams of gaseous ions and investigated of
deuterium desorption behavior. The conditions
of materials irradiation are summarized in
Tabl. 1.

Table 1
Irradiation conditions
Equipments Ton Energy, keV lon flux, Energy
quip &Y, cm?s! stability, %
Inert gas from He t
The measuring n(;(egiileizirgall; ° 200-1600 13 14
o . . (3200 for double- 10-....10 0.1
system “ESU-2" | active from hydro- .
. charged ions)
gen to nitrogen
Accelerator 20-100 (I) 12 14
ANT® H, H,, D, D,, He, N 15 (1) 10....10 0.5

I1.A. Facility for triple-ion irradiation

The ions of argon and krypton were chosen
because irradiation with these ions with
energies between 1 and 3.2 MeV can cause
damage production at the level of 100 to 200
dpa at a depth of 500 nm from the surface. The
time to achieve 100-200 dpa was ~2-4 hour at
the area of irradiation ~0.1 cm®.

Computations with the program SRIM
2003 [8] have shown that for introduction of
helium and hydrogen (deuterium) in the region
of damage, it is necessary that particles should
have an energy of about 50 keV (helium) and
25 keV (hydrogen/deuterium) (Fig.1). For the
solution of different tasks it is desirable to
provide the possibility of varying particle
energies in the 3 to 50 keV range.
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Fig. 1. Calculated distribution profiles of helium, deuterium and argon ions of energies 50, 25
and 1400 keV in stainless steel, respectively
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Simultaneous implantation of helium and
hydrogen may be performed by means of two
irradiation facilities (Fig. 2) that include:

¢ lon injector with a gas inlet system;
¢ Accelerating system,;

¢ Base chamber;

¢ Magnetic mass-analyzer;

¢ Vacuum-pumping system,;

¢ High-voltage power supply 0-50 kV;

¢ Electrical power supply for the ion
injector.

The difference is only in the gas introduced
into the injector: in one facility it is helium, in
the other — deuterium or hydrogen.

/

ESU-2

17° analysing
magnet

Accelerator ]

of 2-50 keV
helium ions

Accelerator
of 2-50 keV
hydrogen ions

" _chamber for irradiation

of targets and measurements
using the methods

of nuclear reactions

Fig. 2. Diagram of measuring complex ESU-2: 1 — ion injector; 2 — accelerating system;,
3 — base chamber; 4 — electromagnet; 5 — turbomolecular pump

The assembly has an oil-free pumping
system with a residual target-chamber pressure
of ~1.10*Pa. The helium ion flux was
10° cm™®s™, and the deuterium ion flux was
10 ecm™s™. The implantation temperature
ranged from 300 to 900 K. Post-implantation
annealing of specimens was performed in the

The measuring system “ESU-2" allows the
use of various ion beam analysis techniques,
including Rutherford backscattering
spectroscopy (RBS), channeling, nuclear
reaction analysis (NRA) (Tabl. 2). The ion
beam technique and methodologies for the
analysis of experimental data provide a

temperature range 300-1200 K by ohmic comprehensive tool for studying crystal
heating at the rate of 7 K-s™. defects.
Table 2
Some characteristics of analytical techniques which using on the “ESU-2” facility
Analytical Detection of Depth Analyzing Limit of
techniques Elements, Z Resolution, A Layers, um Detection, mass.%
NRA >1 50-300 1-10 10-10”
RBS >2 100 1-3 10"-107
Channeling >2 100 1-3 10"-10°

The substitution of deuterium for protium
allows the use of nuclear reaction profiling to
determine the depth distribution and the
concentration of  hydrogen  isotopes.
Irradiations and measurements by nuclear
methods were performed in one chamber,
excluding contact of the specimens with air
that prevented the formation of artifact trap
sites associated with the surface oxide [9]. The

implanted particle depth distribution was
measured using the nuclear reactions
3He(D,p)4He and D(3He,p)4He. The
measurements were performed using forward
and back scattering geometries.

In the forward geometry, 700-keV *He or
1000-keV D, was used to analyze the near-
surface region that contained deuterium or
helium. With a solid-state detector and
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standard electronics, the energy spectrum of o-
particles (emitted in the nuclear reaction at
different depths at a rate proportional to the
local deuterium concentration) was obtained
and the deuterium or helium depth profile was
deduced. The beam of either *He or deuterium
ions was incident at an angle of 30° to the
specimen surface and the nuclear reaction
products were detected at an angle of 60° with
respect to the analyzing beam. The beam
diameter was 4 and 2 mm during irradiation
and analyzing runs, respectively. The depth
resolution in the forward scattering geometry
was determined to be ~20 nm. The probing
depth was approximately 0 to 0.3 um. To
determine the true depth profile, the
experimental spectrum was fitted by using the
GANRA program [10], in which cross-section
of reaction D(3He,p)4He was taken from [11],
range and straggling of ions *He and “He was
calculated according to Ziegler, angle
distribution of *He in given layer of target was
computed by program SRIM [8].

g O
5

| _6

i

\14/

In the backscattering geometry, the protons
from D (3He,p)4He or 3He(D,p)4He reactions
were measured by the surface-barrier detector
tilted at 157° to the incident beam. The energy
spectra of protons Y(E) were measured in the
0.3-1.6 MeV  energy range. For the
backscattering geometry the probing depth
was 0 to 1.8 um.

I1.B. Facility for double-ion irradiation

The multipurpose compact accelerating
installation “Ant” is intended for irradiation of
specimens by beams of gaseous ions with
different energy spectra (E~2-100 keV)
(Fig. 3). The selected energy range of the two
beams allows wus to interrelate space-
concentration distributions of helium and
hydrogen on the one hand, and to investigate
the behavior of He and H at different
combinations of distributions on the other
hand.
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Fig.3. Diagram of accelerating facility “Ant”:
1 and 8 — turbomolecular pump; 2 — specimen; 3 — gas inflow system; 4 and 11 — system of
electric power supply; 5 and 10 — ion source; 6 — three-electrode electrostatic lens;
7 and 12 — magnetic mass-separator, 9 — accelerating tube; 13 — target chamber;
14 — mass-spectrometer measuring elements

The assembly consists of three different
parts: two ion-accelerating sections I and II
and the target chamber with two mass-
spectrometers.

Accelerating section I includes an ion
source (5) (Penning source-type), three-
electrode electrostatic lens (6), and a mass-
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separator of ions (7). The ion source can
provide beams of H', H,", D', D,", He', N
ions for injecting them into the accelerating
system. The gas is let into the ion source with
the aid of the electro mechanical system SNA-
2. The electromagnetic mass-separator of ions
(7) provides the ion beam rotation through 15°.



Accelerating section I comprises an ion
source (10) (Penning source-type), 9-section
accelerating tube (9), and an ion mass-
monochromator (12). The electromagnetic
mass-separator of ions (12) deflects the ion
beam through 45°. The accelerating section is
degassed by a high-vacuum pumping system
(8) that guarantees the background pressure to
less than 1-10° Pa. The two detectors of the
two monopole mass-spectrometers (14) are
connected to the target chamber to measure the
partial pressure of gases. The vacuum
pumping system for the target chamber is a
turbomolecular pump with a nitrogen trap (1).
The accelerating section I provides ion beams
of energies up to 15keV, and section II
provides ion beams in the range 20-100 keV.

The present paper discusses the application
of the above facilities for an integrated study
of the displacement damage and detailed depth
profiling of damage and impurity atoms in the
irradiation of structural steels over a wide
range of doses of heavy particles, helium and
deuterium.

III. EXPERIMENTAL DETAIL

The specimens used were foils of
austenitic 18Cr1ONiTi and ferritic EI852
steels. The 18Cr10NiTi steel is used in the
states of the former Soviet Union for nuclear
applications, where AISI 304 would be used in
Western countries. Its composition is similar
to AISI 321 (Fe-18.5Cr-9.5Ni-1.5Mn-0.7Si-
0.6T1 with <0.08C). Specimen dimensions
were 27x7x0.1 mm which were cut from
18Cr10NiTi steel, following annealing for 1
hour at 1340K in 10 Pa vacuum. The
specimens were polished in electrolyte of
composition 54% H3PO4, 11% H,SO4, 21%
H,0, and 14% CrOs. Prior to irradiation, the
specimens were short-term annealed to 1200 K
in the experimental chamber for surface
cleaning and degassing.

The specimens were irradiated with
1400 keV Ar" at room temperature up to doses
of 1-10°” to 1-10*' Ar/m*. A beam of argon
ions was incident at angles of 90 and 30° with
respect to the surface. These angles were
chosen to provide the deuterium location in the
damage region only (90°) or in the region of
damage and required argon  atoms
concentration  (30°). The implantation
temperature was 300 K and was monitored

using a chromel-alumel thermocouple. The
SRIM code [8] was used to evaluate the ion
projected ranges (R,) and range straggling
(AR;), as well as the energies deposited in
nuclear collisions (E,), the concentration of
gas atoms (C) and the number of
displacements per atom (dpa), all created at
depths 0-100 nm. The calculations were
performed with a target density of 7.9 grem™
and displacement threshold energies of 40 eV.
Deuterium release from stainless steel samples
was investigated using the thermodesorption
mass-spectrometry technique. The
microstructure of the implanted 18Cr10NiTi
steel was examined by means of transmission
electron microscopy at room temperature,
employing standard bright—field techniques on
the EM-125 electron microscope.
Results and discussion

The amount of deuterium retained in the
specimens at Troom Was ~80% relative to the
irradiation dose (for spectrum measured for
~15 min after irradiation termination and dose
interval 10"-10%° D/m?). The nuclear reaction
profiling and the thermal desorption
measurements have shown that the effective
temperature interval for trapping deuterium
implanted in SS to a fluence of 1:10*° D/m™
lies between 300 and 600 K (Fig.4). The
desorption is characterized by two stages of
gas release.

In order to deduce the deuterium trapping
parameters we have modeled the implantation,
diffusion, trapping, detrapping, and
recombination processes that occur during the
experiment. In the model, deuterium is
implanted in the sample at a distance (x) from
the surface having the profile G(x) obtained
from nuclear reaction profiling measurements
[10] for 5 keV D". The modeling calculation is
a numerical solution for the diffusion of
deuterium in the presence of trapping sites and
has been discussed in detail elsewhere [12]. By
comparison of experimental curves with
calculation data it has been established that
ion-implanted deuterium is trapped by
radiation defects with binding energies of 0.28
and 0.36 eV (see Fig. 4). It was suggested that
D atoms were trapped in vacancies and at
higher doses — in vacancy clusters [12].
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Fig. 4. Linear temperature ramp thermal desorptions (grey curve) and temperature-dependent
areal densities (R) (black curve) of deuterium implanted into 18Cr10NiTi SS

Fig.5 shows the exposure time
dependence of deuterium retention in steel at
RT after irradiation with fluence of
1-10* D/m”. The data presented in Aig. 5 were
obtained by using the NRA and TDS

N
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experimental techniques. The deuterium
retention is decreasing throughout the time
interval under study, especially drastically
during the first several hours.
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Fig.5. Deuterium retention as a function of time for stainless steel samples implanted
with 5 keV D ions to a fluence of 1-10°°m™

The calculations of deuterium retention
during isothermal annealing of specimens at
T=300 K (Fig.5) were performed with
thermodynamic parameters obtained by fitting
the experimental curve shown in Fig. 4. The
modeling calculation gives a good description
of the data for the exposure time of ~25 hours.
The differences that are observed between the
experiment and the calculated deuterium
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retention curves at large exposure times are
related to the blocking influence of the
growing superficial oxide layer. The data
presented in Figs. 4 and 5 show that the ion-
implanted deuterium is weakly trapped by
defects produced in low-energy displacement
cascades. There have been numerous
investigations into the behaviour of hydrogen
in austenitic stainless steel. Three phenomena



have been characterized: 1) trapping by He
bubbles, 2) trapping of hydrogen by irradiation
defects, and 3) surface-controlled release from
solution to the gas phase.

Trapping by He bubbles. Recently [13],
it has been shown that helium pre-implantation
into 18Cr10NiTi steel causes the formation of
traps that can retain hydrogen isotopes in a
wider range of temperatures, 500-1000 K in
comparison with deuterium irradiation only.
The characteristics of trapping and the
temperature range of hydrogen isotope
retention in traps formed by prior implantation
of helium depend on both the concentration of
implanted helium and on the type of defects
developed. The formation of helium bubbles in
18Cr10NiTi steel causes an increase in
retained deuterium by one order of magnitude
in the range 350-550 K in comparison with
deuterium irradiation only.

Trapping by irradiation defects. Nuclear
fusion reactor materials are exposed to higher
densities and high temperatures of plasma with
hydrogen and helium isotopes and thus large
amounts of gas atoms are injected into the
materials. In addition, structural materials are
bombarded by high energy (14 MeV) neutrons
produced in the D-T fusion reaction and
radiation damage is introduced. For DT fusion
neutrons with an energy of 14 MeV, a typical
primary recoil atom energy for medium heavy
target materials is around 400 to 1000 keV
[14]. To make an appropriate choice of fusion
reactor materials it is of important to gain a
deep insight into the interaction between
displacement damages and co-generated
helium and hydrogen, because of the
synergistic effect of these species arising from
their mutual behavior in material.

In the present work, the concentration
depth profiles of retained D atoms implanted
into steel were investigated as functions of the
concentration of inert gas atoms and lattice
disorder resulting from argon pre-irradiation.
By varying the argon implantation angle
relative to the specimen we obtained different
levels of damage and concentrations of argon

atoms at depths between 0-100 nm. Marochov
and Goodhew [15] have established that neon
and argon can be used as an analogue for
helium in implantation-and-annealing
experiments, provided that the doses are
adjusted so that the gas concentrations are
equivalent. On the other hand, argon has a
greater atomic mass than helium and it results
in greater energy transfer during collisions,
and thus, a higher dpa rate of target atoms.

Fig. 6 shows the influence of the 1.4 MeV
Ar’ pre-irradiation on retention and release of
deuterium implanted in 18Crl10NiTi steel.
Fig. 6,a presents the measured energy spectra
of o-particles from the nuclear reaction
D(3He,p)4He. Thermal release of retained D
atoms from the specimen pre-irradiated with
Ar ions is shown in the insert. The deuterium
depth profiles deconvoluted from a-energy
spectra are presented in Figs. 6, b, c. In these
figures the depth distribution of the atomic
displacement (dpa) and range of argon atoms
calculated by the SRIM code are also plotted.

The interaction between deuterium and
deuterium ion- and argon ion- induced atomic
displacement damage is not strong. It is seen
in Fig. 6,a that after annealing at 380K
deuterium atoms get redistributed to a greater
depth, and over 500 K they localize around the
argon projected range (Fig. 6,b). A high level
of damage (~ 200 dpa) and Ca,~1 at.% did not
cause the accumulation and retention of
deuterium at the depth between 0-100 nm.
Fig. 6,c shows the post-annealing depth
profiles of deuterium implanted at room
temperature to 1-10°° D/m’ into a specimen
pre-implanted with argon to 1-10*' m™? at an
angle 30° to the surface followed by annealing
at 500 K. In this case, deuterium migrates to
the region of argon atom distribution, too.
From this region the deuterium atoms escape
when annealed at ~800 K (Fig. 6,a, insert).
Argon is released at 1400 K, and the presence
of deuterium does not appear to have a
significant effect on the argon release spectra.
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Fig. 6. Energy spectra obtained from the specimen pre-irradiated with 1.4 MeV Ar" and
followed by implantation of 5 keV D" ions at RT and then annealed at temperatures between
380 and 500 K. Thermal release of retained D atoms is shown in the insert (a). The deuterium
depth profiles (line with markers), the depth distribution of atomic displacements (dpa) (solid)

and the range of argon atoms (dotted) calculated by the SRIM are plotted (b, c)

By processing the depth distribution
profiles presented in Fig. 6 the values for
deuterium retention were obtained. The
temperature  dependences of  deuterium

36

retention are shown in Fig. 7. The data [13] for

deuterium

retention in specimens pre-

implanted with helium are also included.
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Fig. 7. Deuterium retention in 18Cr10NiTi steel implanted to 1-10°° m™ only and pre-implanted
with helium to 5-10"°, 5-10°° He/m’, argon to 1-10°' Ar/m’ at angles 90 and 30° with regard to
the surface

As can be seen in Fig. 7, at helium and
argon pre-irradiation deuterium is retained in
18Cr10NiTi SS to annealing temperatures of
~500-600 K.

Irradiation of metals and alloys with inert
gas ions generally results in the formation of
microscopic gas bubbles even at RT [16]. For
example, the microstructure is dominated by a
high density of small cavities resulting from
the precipitation of implanted helium for

0.6<Cye<3 at.% [17]. Bubble growth and
coalescence were observed when the
temperature reached 573K [17]. The

investigations of crystal structure perfection,
the type and number of defects examined by
Rutherford  backscattering spectroscopy
combined with channeling have shown a flat
energy dependence of the dechanneling
parameter in Ni irradiated with heavy noble
ions and annealed at 700 K. That indicated the
bubble formation [18].

The microstructure of argon-implanted
18Cr10NiTi specimen after annealing is
presented in Fig. 8. Specimens were produced
as microscopic discs of 3 mm diameter. A
beam of 1.4 MeV argon ions was incident at
angles of 30° with regard to the surface.
Specimens for electron-microscopic
investigation were thinned from two sides. The
layer situated at a depth of 200300 nm from
the irradiated surface was selected for analyses
(see Fig. 6,c). The formation of noble-gas

bubbles (mean size 4 nm, density 5.5-10% m™)
is observed in the implantation layer.

v
100 nm

Fig. 8. Microstructure of steel 18Cr10NiTi
irradiated with argon ions of 1.4 MeV energy
(incident at angles of 30° with regard to the

surface) at room temperature to
a dose of 5-10°° m™ and annealed at 800 K

We suppose that similarly as it takes place
at high-temperature implantation [19], during
annealing of implanted specimens the
processes of growth and coalescence of noble-
gas bubbles occur, too. The detrapping of
hydrogen in the temperature interval 500-
600 K is probably connected with bubble
system transformation. In a recent paper [20] it
has been shown that helium and heavy inert
gas bubbles are characterized by different
strain-field contrasts.

Surface  recombination rates for
hydrogen in stainless steel have previously
been studied by a number of researchers, using
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a wide variety of methods. The investigations
have demonstrated the sensitivity of surface
recombination to the state of the surface
oxidation.

It is known that the process of hydrogen
dissociation/association ~ at  metal-vacuum
interface has a significant influence on
deuterium retention in metals. The back
release is possible only through the formation
of hydrogen molecule by way of surface
recombination. The latter is governed by
physical-chemical mechanisms that are highly
sensitive to the surface condition and, in
particular, to the surface chemical composition
at the level of a fraction of a monolayer. For
example, Myers [3] has indicated that
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electropolishing reduced the surface release
rate by a factor of 1000 of that of the ion-
sputtered surface. This difference is attributed
to the oxide layer produced due to
electrochemical treatment. Some oxidation is
certainly to be expected after the exposure of
samples to air.

Thermodesorption  of  ion-implanted
deuterium  from the  stainless  steels
06Cr18Nil0 and 12Cr18Nil0Ti that

underwent different preliminary preparation
has been studied. It is shown that the presence
of a surface passivating film considerably
shifts the gas release temperature-intervals to
higher temperatures (Fig. 9).
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Fig. 9. The pre-treatment effects on the TDS spectra of deuterium from 12Cr18Nil0Ti and
06CriI8Nil0 steels (#1 — electro-polished and annealed; #2 — electro-polished, annealed, held in
air; #3 — without electro-polishing and preliminary annealing)

Similar investigations were conducted with
EI-852 steel. Ferritic/martensitic steels are one
of a candidate alloys for the first wall of fusion
reactors and also for the container and beam
window of spallation target for accelerator
driven nuclear transmutation system (ADS).
The concentration depth profiles of retained D
atoms implanted into EI-852 steel (its
chemical composition by weight was 13.03%
Cr, 2.04% Si, 1.66% Mo, 0.39% Ni, 0.33%
Mn, 0.12% C, 0.008% P and 0.007% S) were
investigated as functions of the concentration
of inert gas atoms and lattice disorders
resulting from argon pre-irradiation. The
implanted particle depth distribution was
measured using the nuclear reactions
D(CHe,p)'He and in forward scattering
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geometry. By processing depth distribution
profiles the values of deuterium retention were
obtained. The temperature dependences of
deuterium retention are shown in Fig. 10. The
data [13] for deuterium retention in specimens
of 18Crl10NiTi steel are also included. It has
shown that the deuterium detrapping
temperature range was similar to that of the
austenitic stainless steels, but the amount of
retained deuterium at Tyoom Was less by a factor
of ~3 (Fig. 10, curve 1 and 2). In the same
time, for the annealing temperature higher then
~ 400 K the amount of retained in ferritic steel
deuterium was by factor of ~4 more then in
austenitic steel.

The damage previously created by heavy
ion irradiation exert less influence on the



processes of trapping and accumulation of
heavy isotopes of hydrogen—deuterium in EI-

852 steel, that in austenitic steel (Fig. 10,
curve 3 and 4).
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Fig. 10. Deuterium retention vs temperature over the depth of 0 to 100 nm in steels 18Cr10NiTi
(1, 4) and EI-852 (2, 3) after irradiation by deuterium ions up to 1-10'° ecm™ (1, 2) only and after
argon pre-implantation to 5-10"° Ar*/cm’ (3, 4)

In the general case, the intergranular
boundaries in ferritic steels promote a stronger
retention of deuterium at temperatures higher
than room temperature to as compared with
austenitic steels, and serve as traps competitive
with the radiation-created trapping sites [21].

By combining all presented results, the
influence  of the surface  condition,
preimplanted helium- and heavy ion-induced
damages on deuterium trapping in austenitic
and ferritic/martensitic ~ steels can be
determined. At low level of damage (~1 dpa)
and clean steels surface deuterium detrapping
temperature not exceed ~500 K. The efficiency
of deuterium trapping is found to be less by a
factor of ~3 for ferritic/martensitic steels then
in austenitic steel. It is shown that the presence
of surface passivating film reduced the
desorption rate and considerably shifts the gas
release intervals to high temperatures.

Results obtained for stainless steel
18Cr10NiTi show that pre-implantation of
helium or argon causes the accumulation and
retention of approximately all deuterium
implanted to concentrations of 3,000 to 15,000
appm at room temperature irradiation. At
preimplanted helium- or heavy ion-induced
damage gas release is negligible up to
temperatures of ~500 K and only above this
temperature  hydrogen release increases
sharply (Fig. 6,a). It shows that pre-
implantation of helium or argon produces new

type traps for deuterium that moves the
temperature intervals of its release towards the
high temperature region for investigated steels.
Based on the data presented above, one may
assume that formation of high density bubbles
(Fig. 8) resulted in strong accumulation and
retention of hydrogen-deuterium isotopes in
18Cr10NiTi steel up to temperature of 800 K.
This fact is confirmed by data of the 1.4 MeV
Ar"  pre-irradiation on redistribution of
deuterium implanted in 18Crl1ONiTi steel
(Figs. 6, 10). It is seen that after annealing at
500 K deuterium atoms get redistributed to the
region of argon atom location (SRIM
calculations) where the bubble formation was
observed experimentally by TEM. From this
region the deuterium atoms escape at
annealing at about 800 K (Fig. 6).

Concluding, we provided evidence that
helium and argon implantation into austenitic
stainless steel 18Crl1ONiTi causes the
formation of traps that retain hydrogen
isotopes to temperatures of around 800 K. The
interaction between deuterium and deuterium
ion- and argon ion-induced displacement
damages is not strong as compared with inert
gas bubbles. Formation of inert gas bubbles in
deuterium implanted 18Crl10NiTi and EI-852
steels increases the amount of retained
deuterium by one order of magnitude in the
temperature range 350-600 K.
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OCOBEHHOCTH YJIEP)KAHHS Y BBIXOJA JEATEPUS U3 PAUALIMOHHO-
WHIYLIUPOBAHHBIX MOBPEXXJIEHUI1 B CTAJISIX

I'JI. Torcmonyukasa, B.B. Pyscuukuii, C.A. Kapnoe, H.E. Konaney

MogenupoBanue JeQeKTOB CMEIIEHHs M HCCleoBaHUE Mpoduield pacrpeneieHus
HOBPEXJCHUN M MIPUMECHBIX T'a30BbIX aTOMOB (B YaCTHOCTH, T'€JIMsl U BOJOPOJA) B MUILEHSX B
IIMPOKOM JHara3oHe 703 U SHEPTUi UMIUTAHTHPYEMbIX YACTHIl BHIIIOJHEHBI ¢ MCIIOIb30BaHUEM
YCKOpHUTEIEH U sIepHO-(PU3MUECKUX METOJOB aHanu3a. M3yueHo BIMsHME NpelBapUTEIbHOU
UMIUTAaHTALUU TeNus U CO3JaHHs MOBPEKICHUN, WHAYLIUPOBAHHBIX HMMIUIAHTAIIMEH TSKEIbIX
MOHOB, Ha 3aXBaT JeWTepHs B ayCTEHUTHBIX M (DEPPUTHO-MAPTEHCUTHBIX CTalsAX. Pe3ynbTatsl,
nonyueHHele Uit ctanu X18H10T, noka3piBaroT, YTO MOHHO-UMIUIAHTUPOBAHHBIN JedTepuil
c1abo  cBs3bBaeTcs  AeeKTaMd,  BO3HHKAIOIMIMMH  BCJICACTBHE  OOJY4YeHHS  CTalud
HU3KOPHEpreTHueckuMy noHamu D', TeMmepaTypHbIil HHTEpBAN yep/KaHHS Ta3a B 9TOM CIIydae
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coctapnsier 300-600 K. XapakTepucTuku 3axBaTa U TEMIEPATypHbIE MHTEPBAJIBl yJEp:KaHUS
BOJIOPOJIA JIOBYIIKaMM, 0Opa30BaHHBIMM IPU MPEIBAPUTEIbHON HMMIUIAHTALUU TeNHs, 3aBUCST
OT KOHLIEHTPALlUM BHEIPEHHOIO I'eJIUs U TUIIa BOZHUKAIOMIMX JoBylIeK. OOpa3oBaHUE IeUEBbIX
nmy3bIpbkoB B cTanu X18H10T npuBoAMT K yBETMUEHHUIO HA MOPAIOK KOJIMYECTBa JeHTepus,
yaepkuBaemoro B unrepsaie temrepatyp 300-600 K, a Taxxe kK paclimpeHUI0 MHTEpBaJia €ro
s¢¢extuBHoro 3axsara 10 1000 K. Ob6myueHHe BBICOKOIHEPI€TUYHBIMU TSDKEIBIMU HOHAMHU
(1.4 M3B Ar") HMcronb30Baiy JUis MOJCINPOBAHUS 0OPas3yIOIMXCs B KACKANaX CTONKHOBEHMIA
KJacTepoB J1e(EKTOB, XapaKTEPHbIX JUIsI TEPMOSICPHBIX PEakTopoB. B 3Tom ciydae ObLI0
OoOHapy»XEHO 3HAUMTEJbHOE YBEJIWYEHHE yAepxkaHus Bojgopoaa u aeirepus. Ilokazano, yto
NPUCYTCTBUE TOBEPXHOCTHOM MACCHBALMOHHOW MJIEHKH 3HAYUTENBHO CMEIIAaeT HWHTEpBall
BBIXOJ]a Ta3a B CTOPOHY BBICOKHMX TEMIIEpaTyp M YMEHbIIAET KO3(PPHUIMEHT MOBEPXHOCTHOU
PEKOMOMHAIIUY JIeHTepHs HA HECKOJIBKO MOPSIIKOB BEJIMYHMHBI.

OCOBJIMBOCTI YTPUMAHHS I BUXOAY AEUTEPIIO 3 PAIIALIIITHO-
THIYKOBAHWX MOIIKO/KEHB B CTAJISIX

I'.JI. Torcmonyuvka, B.B. Pyscuyovkuii, C.O. Kapnos, 1.€. Konaneuyp

MopnentoBanHsi JedeKTiB 3MIMICHHS 1 JOCHIIKEHHsS MPOoQiTiB PO3MNOALTY MOUIKOMKEHD 1
JOMIIIIKOBUX Ta30BHX aTOMIB (30KpeMa, TeIii0 Ta BOJHIO) Y MIIICHIX B IIUPOKOMY JTiara3oHi 103
1 eHepriii YaCTHHOK, 110 IMIUIAHTYIOThCS, BUKOHAHI 3 BUKOPUCTAHHIM MPUCKOPIOBAYIB 1 siIEPHO-
¢Gi3nYHUX METOZIB aHamizy. BuBUeHMI BIUTMB NONEPEIHBOI IMIUIAHTAIlll TeNi0 i CTBOPEHHS
MOIIKOKEeHb, 1HAYKOBAaHMX IMIUIAHTAII€l0 Ba)XXKKUX 10HIB, Ha 3aXOIUICHHS [eHTepilo B
ayCTEHITHUX 1 (pepUTHO-MapTEHCUTHUX CTaisxX. Pesynprath, orpumani st crami X18HI10T,
MOKa3yIoTh, 10 I0HHO-IMIUTAHTOBaHUH AelTepiil ciabo 3B'13yeThCsl AedeKTaMu, sIKi BAHHUKAIOTh
BHACJIIIOK ONPOMiHEHHs CTali HU3bKOEHepreTMdHuMH ioHamu D. TemmeparypHuii inTepBan
yTpUMaHHs ra3y B IpoMy Bumaaky ctaHoBuTh 300-600 K. XapakTepucTHKH 3axXOIIEHHS 1
TEMIIEpaTypHi 1HTEpBaJM YTPUMaHHS BOJHIO TACTKaMH, YTBOPEHUMH IIpH TOIEPEIHIH
IMIUTaHTaIli Temito, 3ajekaTh BiJ] KOHIEHTpAIil MPOHUKIOTO TENiI0 1 THMY MAacToK, IO
BUHHUKAIOTh. Y TBOpEHHs renieBux OynpOamok B crani X18H10T npuzBoauTs 10 301IbIICHHS HA
MOPSIIOK KUTBKOCTI ICUTEPIt0, MO YTpUMY€EThes B iHTepBasti Temneparyp 300-600 K, a Takox a0
po3mmmpeHHsT iHTepBaly Horo edektuBHOro 3axomieHHs g0 1000 K. OmnpomintoBanHs
BHCOKOCHEPTeTUYHIMHI BaXKUMHU ioHaMu (1.4 MeB Ar') BHKOPHCTOBYBANH ISl MOJICIFOBAHHS
KJacTepiB Je(eKTiB, sKi YTBOPIOIOTBCS B Kackagax 3ITKHEHb 1 € XapakTepHUMH JUIs
TEPMOSIZICPHUX peakTopiB. B 1mboMy Bumagky Oyio BHUSBICHO 3HAaYHE 301IBIICHHS YTPUMaHHS
BOJHIO 1 geWtepito. [lokazaHo, IO MPUCYTHICTh MOBEPXHEBOI MACHBYIOUOI IUIIBKM 3HAYHO
nepeMilrye 1HTEpBaJl BHUXOAY Trazy y OIK BHCOKHX TeMIlepaTyp 1 3MEHIIye KOeQIIieHT
NOBEPXHEBOI peKoMOiHaLii JelTepito Ha AEeKUIbKa MOPSIKIB BETHUYUHH.
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