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COOPERATIVE EFFECT OF DISPLACEMENT DAMAGE AND INERT
GAS IMPURITIES ON DEUTERIUM RETENTION IN AUSTENITIC
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The behaviour of hydrogen (deuterium) in austenitic 18Cr10NiTi stainless steel and ferritic/martensitic steels
EP-450 and EI-852 were investigated. Energetic heavy-ion irradiation has been used for modeling defect cluster
formation under displacement cascade conditions to simulate nuclear-power environments. The influence of
preimplanted argon on deuterium trapping in steels was studied using methods of ion implantation, the nuclear
reactions D(*He,p)*He, thermal desorption spectrometry and transmission electron microcopy. It was found that
retention of deuterium in steels is strongly enhanced by presence of radiation damages created by argon ions
irradiation. The hydrogen release temperature interval shifts on 200 K to higher temperature. For the obtaining of
deuterium trapping and desorption thermodynamic parameters in steels numerical simulation on the base of the

continuum rate-theory was used.

INTRODUCTION

Hydrogen plays a significant role in the evolution of
damage microstructure and may affect the mechanical
properties and cracking behavior of structural materials.
The conclusions for nuclear power reactors, especially
in the environments where the irradiation induced
defects are introduced and simultaneously hydrogen is
introduced due to the existence of nuclear transmutation
in the steel, are as follows: the implanted hydrogen ions
had a significant effect on the microstructural damage at
the initial stage of irradiation [1]. Hydrogen enhanced
the nucleation but inhibited the growth of the
dislocation loops. Hydrogen could greatly improve the
effective nucleation sites of voids, but inhibit their
growth. The formation of voids with small size and high
number density should be concerned closely with fast
diffusion rate, low migration activation energy and
trapping of vacancies by hydrogen atoms during
irradiation.

In addition to plasma contamination concerns,
hydrogen retention is also a critical issue for ITER, as it
can affect fuelling efficiency, plasma density control,
and tritium inventory and permeation through the wall
or into coolant channels. Therefore, the underlying
mechanism of hydrogen trapping in structural materials
has been widely studied, but with inconsistent results,
especially when it comes by means of ion fluence and
specimen is exposed to the complex temperature
dependence.

Results obtained in paper [2] for 18Cr1ONiTi
stainless steel show that ion implanted deuterium is
weakly trapped by defects produced in 5keV D"
displacement cascades. The effective trapping
temperature  interval is  300...600 K.  Helium
implantation into this steel causes the formation of traps
that can retain hydrogen isotopes in a wider range of
temperatures, 500...1000 K. The characteristics of
trapping and the temperature range of retention of
hydrogen isotopes in traps formed by prior implantation
of helium depend on the implanted helium
concentration and on the developed defects type.
Helium bubbles formation in 18Cr10NiTi steel causes
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an increase of retained deuterium by one order of
magnitude in the range 350...550 K.

Results obtained for stainless steel 18Crl1O0NiTi
shown that pre-irradiation of argon and the damage
creation at the level of 100...200 dpa provides the
accumulation and retention of approximately all
deuterium implanted at room temperature to
concentrations of 3000 to 15000 appm  [3].
Summarizing the results it can be stated that helium and
argon implantation into austenitic stainless steel
18Crl10NiTi caused the formation of traps that retain
hydrogen isotopes to temperatures of about 1000 K. The
interaction between deuterium and argon ion-induced
displacement damages is not strong compared with inert
gas bubbles.

In the current study we investigate hydrogen
retention and release from austenitic and ferritic-
martensitic steels, the influence of radiation damage on
accumulation and distribution of deuterium implanted in
steels after annealing and implantation at high
temperature.

1. EXPERIMENTAL PROCEDURE

The specimens used were foils of austenitic
18Cr10NiTi and ferritic-martensitic steels EP-450
(Cr13Mo02NbVB), EI-852 (Cr13Mo2VS). Specimen
dimensions were 27x7x0.1 mm. These specimens were
polished in electrolyte having composition: 54% H3PO,,
11% H,SO,4 21% H,0, and 14% CrO; or HCIO,
(10%) + C3HgO3 (10%) + C,HsOH (80%). Before
irradiation the specimens were short-term annealed in
the experimental chamber for surface cleaning and
degassing. Composition of investigated materials is
presented in the Table. The initial structure of steels EP-
450, EI-852 and 18Cr1ONiTi is shown on Fig. 1.
Microstructure of steel EP-450 consisted of a duplex the
structure of tempered martensite (sorbite) and ferrite of
approximately 1:1. Along the grain boundaries ferrite-
ferrite and ferrite-sorbite observed large globular
carbides M,3Cs with a strong contrast in bright-field
image and smaller carbides on the boundaries of
martensite grains. Globular carbides M,3Cg observed in
initial structure of steels EI-852.
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Grade of | Country . . Other
steel producer C S Mn cr Ni Mo v W Nb B elements
. 0.1... 11... | 0.05 1.2... 0.1.. 0.3...
EP-450 Russia 015 0.6 0.6 135 | 03 14 0.3 - 0.6 0.004 -
EI-852 Russia 0.13 1.19 0.31 | 13.15 | 0.27 1.69 — - — - P =0.017
18Cr10NiTi <0.12 0.7 15 18.5 10 - — - — - 0.6Ti

Fig. 1. Initial structure of steels EP-450 (a) and EI-852 (b) after thermal treatment 1350 K, 0,5 hour+1020 K/1
hour and microstructure of 18Cr10NiTi steel after annealing for 1 hour at 1340 K (c)

Microstructure of 18Cr1ONiTi steel is two-phase
after solution annealing. Grains of &-ferrite are also
observed with austenitic grains (dimension about
30 mkm). Volume fraction of &-ferrite constitutes
2...3%. Twins of annealing precipitates of second
phase (carbides and titanium carbonitrides) and
dislocations are the elements of austenitic grain
structure. Majority of perfect dislocation are extended
on partial dislocation with stacking fault formation.
Sum density of dislocation is ~ 10® cm™.

Combinations of nuclear reactions techniques
(NRA), transmission electron microscopy (TEM),
programmed thermal desorption technique (TDS) were
applied to the materials in order to get a more complete
picture including composition, morphology and the
features of irradiation-induced defect distribution.

The measuring system “ESU-2” was used for the
creation of radiation damage and measurements using
different ion beam analysis techniques, including
Rutherford  backscattering  spectroscopy  (RBS),
channeling, nuclear reaction analysis (NRA). The ion
beam technique and methodologies for the analysis of
experimental data provide a comprehensive tool for
studying crystal defects.

The argon ions were chosen because irradiation with
these ions with energies 0.5...1.4 MeV can cause
damage production at the level of 100 to 200 dpa at a
depth of 700 nm from the surface. The time to achieve
100...200 dpa was ~ 2...4 hour at the area of irradiation
~0.1 cm? Simultaneous implantation of helium and
hydrogen with energies 2...50 keV may be performed
by means of two irradiation facilities [3].

The assembly has an oil-free pumping system with a
residual target-chamber pressure of ~3-10°Pa. The
deuterium ion flux was 10* cm™?s™. The implantation
temperature ranged from 300 to 900 K. Post-
implantation annealing of specimens was performed in
the temperature range 300...1200 K by ohmic heating
at the rate of 7 K-s™.

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
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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. The
measurements were performed using forward and back
scattering geometries.

Study of deuterium release from stainless steel was
performed using a thermal desorption technique on the
assembly designated “Ant” [3] in temperature range
300...1500 K at a rate of 6 K-s™. Isotope of hydrogen
deuterium was used in TDS experiments to avoid the
errors caused by the influence of hydrogen evolved
from components of testing chamber. The residual gas
pressure in the experimental chamber was ~ 510 Pa.

The microstructure of the implanted steels was
observed using transmission electron microscopy at
room temperature, employing standard bright—field
techniques on an EM-125 electron microscope.

2. RESULTS AND DISCUSSION
2.1. DEUTERIUM

Fig. 2 shows deuterium distribution profiles in
18Cr10NiTi steel irradiated with 5keV D' to
1-10% cm™ at room temperature and after annealing.
The amount of deuterium retained in the specimens at
Troom Was ~80% relative to the irradiation dose and

decreases to ~ 5% after annealing up to 500 K.
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Fig. 2. Experimentally measured depth distribution
profiles of deuterium implanted with energy 5 keV
at Troom t0 1:10™%cm™ in steel 18Cr10NiTi
and after annealing
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The nuclear reaction profiling and the thermal
desorption measurements have shown that the effective
temperature interval of trapping deuterium implanted in
SS 18Cr10NiTi to 1-10% D/em? is 300...600 K (Fig. 3).
The data presented in Fig. 3 were obtained by using the
NRA and TDS experimental techniques. A desorption
is characterized by two stages of gas release with
maximum at ~ 380 and 430 K.

Insert in Fig. 3 shows the exposure time dependence
of deuterium retention in steel at RT after irradiation to
1-10" D/ecm?. It is evident, that decrease of deuterium

Depth profiles of deuterium in steel EP-450
irradiated with 5keV D* to 1-10"%m? at room
temperature and its evolution during post-implantation
annealing is presented on Fig. 4. Concentration of
deuterium, retained in steel EP-450 at T,,on in the
implanted layer is approximately three times lower than
the calculated assuming 100% trapping. The height of
concentration profiles decrease during the annealing.

retention is observed for the entire time interval
especially drastically during the first few hours.
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Fig. 3. Experimental (black point) and the
calculated (grey curve) linear temperature ramp
thermal desorptions, temperature-dependent areal
densities (R) (black curve) and deuterium retention as
a function of time (in insert) for 18Cr10NiTi
stainless steel samples

In order to deduce the deuterium
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
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 [4]. 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. It was
suggested that D atoms were trapped in vacancies and
at higher doses — in vacancy clusters [4].

The calculations of deuterium retention during
isothermal annealing of specimens at T =300 K were
performed with thermodynamic parameters obtained by
fitting the experimental thermal desorption curve shown
in Fig. 3. The modeling calculation gives a good
description of the data for the exposure time of
~25hours. The differences observed between the
experimental and the calculated deuterium retention
curves at large exposure times are related to the
blocking influence of the growing superficial oxide
layer. The data presented in Figs. 2 and 3 show that the
ion-implanted deuterium is weakly trapped by defects
produced in low-energy displacement cascades.

trapping
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Fig. 4. Depth profiles of deuterium implanted with
energy 5 keV at Troom to 1:10*°cm™ into the steel
EP-450 and after annealing

The amount of deuterium retained in the specimens
and the thermal desorption measurements have shown
that the higher changes are observed under the
annealing in the temperature range ~400...500 K
(Fig.5). The temperature interval for trapping
deuterium implanted in steel EP-450 to 1-10* D/cm™ is
300...700 K and is broader than in steel 18Cr10NiTi
(see Fig. 3).

In this thermal desorption measurements H, is used.
It is known that the mass difference of deuterium and
hydrogen can influence the determination of the
thermal-dynamic parameters (isotope effect). However,
no differences were observed in thermal desorption
spectra upon change of deuterium to hydrogen.
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Fig. 5. Linear temperature ramp thermal desorptions
for hydrogen and temperature-dependent areal
densities (R) of deuterium implanted in EP-450 steel

2.2. DAMAGE + DEUTERIUM

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-
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irradiation. By varying the high-energy argon
implantation angle relative to the specimen we obtained
different levels of damage and concentrations of argon
atoms at depths between 0...1.0 um. Marochov and
Goodhew [5] 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 of deuterium implanted in
18Cr10NiTi steel. In the backscattering geometry we
increased the probing depth to 1.8 um. The deuterium
depth profiles deconvoluted from proton-energy spectra
are presented. In these figure the range of argon ions
calculated by the SRIM [6] code are also plotted.
Distribution profile of deuterium implanted in
18Cr10NiTi steel without pre-irradiated 1.4 MeV argon
ions is presented in the insert on the figure.

Preliminary creation of damages causes the
retention of nearly 100% of implanted deuterium. A
part of deuterium in the process of irradiation migrates
in the layer of argon deposition. The process of
migration affects the availability of large damages in
the layer in which the deuterium is implanted.
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Fig. 6. Distribution profiles of deuterium implanted
with energy 5 keV at Troom t0 2.5:10'° cm™
in 18Cr10NiTi steel pre-irradiated with 1.4 MeV argon
ions to 1-10*"Ar/cm? (1) and after annealing
at 500 K (2)

After annealing at 500 K ~40% of the deuterium
trapped in a layer of atomic displacement damage is
lost, and the rest of deuterium atoms get redistributed to
a greater depth completely and localized around the
argon projected range. From this region the deuterium
atoms escape when 18Cr10NiTi steel annealed at
~ 700 K.

Fig. 7 shows that preliminary irradiation of EI-852
steel by argon ions with energy 1.4 MeV also causes the
increase of retention and redistribution of deuterium in
the area of argon depaosition as in the case of austenitic
steel 18Cr10NiTi. Retaintion of deuterium in this case
is nearly 100% at a dose of implantation 1-10*" cm™.
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Fig. 7. Distribution profiles of deuterium implanted
with energy 5 keV at Troom to 1-10%" cm? in EI-852 steel
pre-irradiated with 1.4 MeV argon ions to 1-10*"Ar/cm?

Depth distribution of deuterium implanted with
energy 5 keV to dose 1-10"°cm™ at Tyeom in EP-450 steel
preliminary irradiated with 500 keV argon ions to dose
5-10'°cm™ and its evolution during post implantation
annealing are presented on Fig. 8.

Under irradiation by argon ions with 500 keV
energy the radiation damages near 100 dpa is produced
with simultaneous introduction of ~ 5 at.% of inert gas
on the depth of deuterium implantation (1...100 nm). It
causes the retention of nearly 100% of implanted
deuterium (see Fig. 8, curve 1).

Amount of deuterium and its depth distribution
don’t change after annealing up to 500 K. Detrapping
occurs between 500 K < T,y <600 K.

By processing the depth distribution profiles the
values of deuterium retention in 18Cr10NiTi and EP-
450 steels for all Ar-ion predimplantations were
obtained. The temperature dependences of deuterium
retention are shown in Fig. 9. The data of deuterium
retention in specimens pre-implanted with helium are
also included [2]. The calculated ion range and defect
production profiles for different experimental sets are
presented in the inserts
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Fig. 8. Distribution profiles of deuterium implanted
with energy 5 keV at Troom to the dose 1-10™°cm in steel
EP-450 (1) after pre-irradiation 500 keV argon ions to
dose 5:10'°cm and after annealing at 380 (2), 500 (3)
and 600 K (4)
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Fig. 9. Deuterium retention vs temperature in steels 18Cr10NiTi (O, &, ¢, 4) and EP-450 (7, ®) after irradi-
ation by deuterium ions up to 1-10"° cm™ only (4, ) and after argon or helium pre-implantation (O, &, ¢, ®)

As follows from a Fig.9, depending on
experimental conditions three qualitatively different
types of retention behavior are observed. The behavior
in one’s turn is determined by efficiency of trapping
strength of defects. Radiation defects produced by low
energy deuterium ions are weakest traps for gas atoms
and annealing of material to 500 K quite enough for
most of it desorption from steels. More powerful lattice
damage caused by 1.4MeV Ar" ions incident
perpendicular to the sample surface leads to the
formation of stronger deuterium traps, so at least half of
it remains in the sample after annealing to 500 K. And
finally, implantation of deuterium into the layers with
high level of damage and/or inert gas concentration (top
three inserts on Fig. 9) causes virtually 100% deuterium
retention in austenitic and ferritic-martensitic steels to
annealing temperatures of ~ 500 K.

This result obtained for ions with various damaging
ability (Epe = 12 keV, E = 500 and 1400 keV) imply
that the actual radiation damage of the crystal lattice do
not play a major role in deuterium retaining. It can be
concluded that the appearance of new stronger
deuterium traps in steels is due to the presence of inert
gas atoms forming helium (argon) — vacancy complexes
or bubbles. It is possible also that hydrogen get trapped
by strained nearest bubble surrounding. The stages of
sharp lowering of deuterium retention curves that are
observed at temperatures T >500 K can be connected
with an essential role of surface-controlled processes
with thermodynamic parameters inherent for each of
steels as we think.

Published data analysis showed that in the
temperature range 500...700 K structural steels are
characterized by a significant increase of vacancies
mobility.

In ref. [7] positron annihilation spectroscopy was
used to study of the formation and annealing of vacancy
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clusters in austenitic steels and Fe-36%Ni alloy.
Defects were induced by electron (5 MeV) irradiation at
room temperature and subsequent stepwise annealing. It
was shown that small vacancy clusters are formed in
these materials. Vacancy clusters were thermally stable
up to 450 K. For the samples preliminarily quenched
for solid solution it was found that stage which
associated with dissociation of vacancy-type clusters is
observed between 500...650 K.

The defect recovery in proton irradiated Ti-modified
D9 steel has been studied by positron annihilation
isochronal and isothermal annealing measurements [8].
D9 samples have been irradiated with 3 MeV protons
followed by annealing at various temperatures in range
of 323 to 1273 K. The drastic decrease in positron
annihilation parameters, viz. positron lifetime and
Doppler S-parameter, around 500 K indicates the
recovery of vacancy-type defects.

On the other hand, it is well known that irradiation
of metals and alloys with inert gas ions generally results
in the formation of microscopic gas bubbles even at RT
[9]. For example, the microstructure is dominated by a
high density of small cavities resulting from the
precipitation of implanted helium for 0.6 < Cy, < 3 at.%
[10]. Bubble growth and coalescence were observed
when the temperature reached 573 K [10].

We may to suppose that similarly as it takes place at
high-temperature implantation [9], during annealing of
implanted specimens the processes of growth and
coalescence of noble-gas bubbles occur, too. And the
detrapping of hydrogen in the temperature interval
500...600 K is may be connected with bubble system
transformation.

Our TEM investigations of argon-implanted
18Cr10NiTi specimen are presented in Fig. 10. A beam
of 1.4 MeV argon ions was incident at angles of 30°
with regard to the surface.
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Fig. 10. Microstructure of steel 18Cr10NiTi irradiated with argon ions of 1.4 MeV energy (incident at angles
of 30° with regard to the surface) to a dose of 1-10*" cm at room temperature (a), 600 (b) and 800 K (c)

The microstructure after irradiation at room
temperature was consisted of a high density of
dislocation loops and dislocation network (see
Fig. 10,a). Increasing the temperature of irradiation to
600 K was caused a decreasing density of dislocation
structure and a very hard-to-see bubbles (see Fig. 10,b).
At T;,=800 K the formation of noble-gas bubbles
(mean size 4 nm, density 5.5-10" cm™®) was observed in
the implantation layer (see Fig. 10,c).

These data is allowed us to conclude that the
decreasing of deuterium concentration in the
temperature interval of 500...700 K probably connected
with bubble system transformation caused by high
mobility of vacancies at these temperatures.

CONCLUSIONS

The influence of pre-implanted inert-gas atoms on
deuterium trapping in 18Cr10NiTi, EP-450 and EI-852
steels was investigated using the nuclear reactions
D(®He,p)*He, desorption spectrometry and transmission
electron microcopy. Trapping, retention and evolution
of deuterium depth distribution profiles were studied for
10...30 keV D,", 12keV He' and 1.4 MeV Ar*
implantation at room temperature followed by
annealing at 300 to 1500 K. The amount of trapped and
released deuterium atoms were measured as a function
of implantation dose and temperature.

Retention of deuterium implanted to concentration
of about 1 at.% is determined by small concentration of
radiation defects created by low-energy deuterium ions,
the small deuterium binding energy to defects and high
hydrogen diffusivity in austenitic and ferritic-
martensitic steels at room temperature. Annealing of
steels up to 500 K is enough to release most of the
implanted deuterium from traps.

Preliminary irradiation of steels by helium or argon
ions produces strong traps including radiation damage
and rare-gas atoms. As a result, the deuterium atoms
retain in steel at higher temperature. The decreasing of
deuterium concentration at 500...700 K probably
associates with bubbles system transformation caused
by high mobility of vacancies.
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COBMECTHOE BJIMSIHUE PAI[I/IAI_[I/IOHHI)IXUHOBPE)KI[EHI/Iﬁ U IIPUMECEM
HMHEPTHBIX I'A30B HA YIEP/KAHUE JEUTEPUS B AYCTEHUTHBIX
N ®EPPUTHO-MAPTEHCUTHBIX CTAJIAX

C.A. Kapnoe, U.E. Konaney, B.B. Pyscuykuii, b.C. Cynzypos, I /I. Toncmoayyxan

H3ydyeHno moseneHue Bomopoaa (neitepus) B aycTeHuUTHOW HepikaBeromied cramu X18HI10T u ¢epputHO-
MapTeHcHTHBIX craimsax EP-450 u EI-852. JIns monemmpoBanus neeKTHOH CTPYKTYpHI, KOTOpas oOpa3yercs B
Marepuanax SACpPHBIX JHEPTETHYECKUX YCTAaHOBOK, HCIIONB30BAIM OONYyYCHHE CTaJ€H BBHICOKOIHEPTETUIHBIMH
MOHAaMH aproHa. Bimstane npensaputensHOro 00IydeHNe aproHOM Ha ylepKaHUe JeUTepHs B CTAILSIX UCCICAOBAIH
METOAaMH HWOHHOW HWMIUIAHTAINH, SACPHBIX pPeakIui D(3He,p)4He, TEPMOICCOPOLIMOHHON CHEKTPOCKOINH U
MIPOCBEYUBAIOLIEH 3JEKTPOHHOM MUKpPOCKONHMU. bBBUIO YCTAaHOBIEHO, 4YTO YJEp)KaHUEe JAeUTepus B CTasAx
CYIIECTBEHHO TMOBBINIAETCS B NPUCYTCTBUM paJUallMOHHBIX MOBPEXICHWH, CO3MaHHBIX IPEABAPUTEIILHOMN
UMIUIaHTalMed HOHOB aproHa. HaOmomaeTcs cIOBUI TeMIlepaTypHOTO MHTEpBaJia BBIXOAA BOAOpOJA W3
KpucTamueckoit pemerkn Ha 200K B obOnmacte Oomee BbicOKMX —Temmeparyp. Jns  u3BIedeHHs
TEpPMOJMHAMUYECKUX MapaMeTpOB 3aXBaTa W JecOpOLUH JAeHTepusl U3 CTaleil MCIOJb30Bajlack pacyeTHast MOAEINb,
OCHOBaHHAs Ha TeOpHU TUPPy3Ur aTOMOB BOIOPO/a B I0JIE PaIHAMOHHBIX Je(eKTOB.

CILJILHUM BIIJIUB PATIALIMHAX INOWKOJKEHD I JOMIIIOK IHEPTHHUX I'A3IB
HA YTPUMAHHS JEUTEPIIO B AYCTEHITHUX
I PEPUTHO-MAPTEHCUTHHUX CTAJIAX

C.0. Kapnos, I.€. Konaneuw, B.B. Pysxcuyvkuii, b.C. Cynzypos, I'./I. Toncmoayuvka

BuBueHO noBeaiHKy BOJHIO (ZieiiTepito) B aycTeHiTHII Hepskasirouiii crami X18HI10T i ¢pepurHO-MapTeHCUTHUX
cranax EP-450 1 EI-852. [Ins mopnentoBaHHS JAe(eKTHOI CTPYKTYpH, LIO BHUHHMKAaE B Marepianax sSaepHHUX
CHEPreTHYHUX YCTaHOBOK, BUKOPUCTOBYBAJIM OIPOMIHCHHS CTAJIei BUCOKOCHEPTeTHYHIUMH i0HAMH aproHy. Bruus
HOTEPETHHOTO ONPOMIiHEHHS aproHOM Ha YTPUMaHHS JSHTepir0 B CTasX MOCHIKYBaJM METOJAMH I1OHHOI
immmanrarii, sepanx peaxuiii D(CHe,p)*He, Tepmonecop6uiitioi criekTpockomii Ta MpoCBidyi0u0i e1eKTPOHHOT
Mikpockomii. Byo BCTaHOBIIEHO, IO YTPUMaHHS IEHTEpito B CTANAX ICTOTHO 3pOCTa€ B MPUCYTHOCTI paialliiftHuX
HOIIKOKEHb, CTBOPEHHX MOTIEPEIHBOI0 IMILUIaHTALI€0 10HIB aproHy. CrocTepiraeThes 3MIIEHHS TeMIEPaTypPHOTO
IHTepBaly BUXOAY BOAHIO 3 KpuctamiuHoi pemritkum Ha 200 K B ob6macte Oinpmn Bucokmx Temmeparyp. s
OTpPUMaHHS TEPMOAMHAMIYHUX IapaMeTpiB 3axOIUICHHS 1 JecopOuii JelTepilo i3 cTaneil BUKOPHCTOBYBaACs
PO3paxyHKOBa MOJIEIb, 3aCHOBaHA HA TeOPil TU(y3ii AaTOMIB BOAHIO B MOJII PafialliftHAX JE(PEKTIB.
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