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The release profile of deuterium from SS316 austenitic steel irradiated with low-energy deuterium ions was
studied using thermal desorption spectroscopy as well as steel microstructure evolution after deuterium implantation
and subsequent annealing by means of transmission electron microscopy. It was found that dislocation loops are pre-
dominant observed defects in SS316 steel irradiated to dose of ~ 1 dpa. The temperature range of deuterium
retention is 300...600 K. Thermal desorption measurements show slightly-resolved stage of deuterium release with
a maximum at temperature near 400 K. The energies of deuterium de-trapping have been analyzed using numerical

simulations based on diffusion-trapping model.

INTRODUCTION

Stainless steels have a very broad field of
application within industry due to its corrosion-resistant
properties. The nuclear energy sector makes a lot of use
of stainless steels.

Austenitic stainless steel of type SS316 is widely
used as structural material in a reactor II and III
generation due to its good creep resistance at high
temperature and oxygen corrosion resistance [1]. This
commercial grade has first been considered on the basis
of it good industrial feedback, and have already been
improved to perform reliably in the nuclear context.
SS136 is considered for many components of future
reactors worldwide, including sodium-cooled fast
reactors, lead-cooled fast reactors, etc.

In structural materials of power plants during their
operation condition there is an accumulation of gaseous
impurities, in particular, helium and hydrogen that
facilitate development of helium embrittlement,
hydrogen embrittlement and swelling [2].

Because of a very low solubility of hydrogen
isotopes in stainless steels, the presence of various
lattice defects (vacancies, vacancy clusters, voids,
dislocations, grain boundaries, impurities) strongly
influences hydrogen isotope retention [3]. Therefore,
parameters of trapping are essential for predicting
hydrogen isotope transport in structural materials.

Due to the practical interest SS316 steel was
extensively studied [4—7]. However, the need to create a
new generation of power plants requires the solution of
many problems of material science, in particular, studies
of the combined effect of hydrogen and radiation-
induced defects on materials.

Experimental investigations of the hydrogen-defect
interaction are often performed by thermal desorption
spectroscopy (TDS), and the parameters of the
interaction are obtained by fitting numerical calculations
based on diffusion-trapping codes to experimental
thermal desorption spectra.

The goal of present paper is an investigation of ion
implanted deuterium interaction with radiation-induced
defects in SS316 austenitic stainless steel using TDS
and TEM experimental techniques in conjunction with
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numerical calculations based on diffusion-trapping
model as well as comparison of obtained data with those
previously found for steels of type 18-10.

1. MATERIAL AND METHODS

The specimens were cut from a 130 um thick hot-
rolled SS316 steel foil and electrochemically polished
with standard electrolyte. In order to de-gassing and to
reduce the effect from pre-existing grain boundaries and
dislocations, the steel was heat treated at 1050 °C for
10 min in target chamber in a vacuum ~10* Pa.
Chemical composition of steel is shown in Table.

Chemical composition of SS316 steel, wt.%

Si Mn| P S |Cr |Ni Mo
<0.75|<2.0|<0.045(<0.030|17.5(13.1{2.3

C
<0.080

Fe
Bal.

The target chamber has a base pressure below
5-10”Pa. A monopole mass-spectrometer is installed in
the target chamber, which allows in situ TDS analysis.

The specimen with dimensions 27x7 mm is mounted
on two electrical feedthroughs and can be resistively
heated by AC current. Only a small central part (3 mm
in diameter) of the sample is subjected to irradiation to
minimize the influence of non-uniformity of the
temperature over the sample surface during TDS. The
sample temperature near the beam strike area is
measured by a  spot-welded chromel-alumel
thermocouple.

The samples were implanted with 12 keV D,
(6 keV/D) ions to the fluences in the range of
(1...3):10%° D/m’ The ion flux on the sample was in the
range of (1...2)-10"® D/(m*s). Ion implantation was
performed at normal ion incidence, and the sample
temperature did not exceed 300 K.

TDS experiments started within 15 min after the im-
plantation was completed. The heating rate was 6 K/s.

Studies of the steel microstructure were performed
by transmission electron microscopy at room
temperature, employing standard bright-field techniques
on an EM-125 electron microscope.

Preparation of specimens to suitable for TEM
thickness was performed using standard jet



electropolishing from unirradiated surface. The initial
structure of SS316 steel is shown in Fig. 1.

-

Fig. 1. The initial microstructure of SS316 steel after
heat treatment at 1050 °C/0.5 h

The depth distribution of gas atoms concentration
and damage was calculated by SRIM 2008 [8] and
shown in Fig. 2. The damage -calculations were
performed with a displacement energy of 40 eV for Fe
and Cr, as recommended in ASTM E521-96 (2009) [9].
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Fig. 2. Calculated 6 keV deuterium profiles of damage
and concentration for 1-10'° em™ irradiation dose

SRIM calculations have demonstrated that the
damage profile is located within the depth of 0-100 nm,
and maximum damage level of 0.18 dpa corresponds
approximately to the distance of 26 nm from irradiated
surface.

Since all the experiments were carried out in high
vacuum conditions without exposure of the sample to
air between implantation and TDS measurements,
adsorption of impurities (like oxygen and carbon) on the
sample surface was strongly reduced. Consequently, it
is assumed that under the present experimental
conditions the concentration of impurities on the sample
surface was low, thus, the recombination rate was high
enough not to affect the TDS spectra.

2. RESULTS AND DISCUSSION

The thermal desorption analysis was employed to
observe hydrogen trapping and de-trapping behavior.

Fig. 3 shows TDS spectra from sample implanted to
a fluence of 1-10'° D'/em®. The spectra consist of two
poorly resolved peaks: around 385 K and around 425 K.
The first rather high peak near 385 K is suggested to be
composed of several narrower peaks also. In the
investigated dose range (1...3): 10" cm™ the amplitude

of thermal desorption peaks increases virtually
proportional to the radiation fluence. This indicates the
deuterium trapping by defects of irradiation origin.

Previous studies of the interaction of ion-implanted
hydrogen isotopes with radiation-induced defects in
austenitic stainless steels have shown that the gas atoms
quickly migrate in material bulk, their binding energy
with defects characterized by low values, and after
annealing to temperatures of 600 K almost all hydrogen
atoms leave the implanted layer [10]. Present TDS
measurements have shown the same tendency.

In order to deduce the deuterium trapping
parameters, we have modeled the implantation,
diffusion, trapping, de-trapping, and recombination
processes that occur during the experiment. The
modeling calculation is a numerical solution for the
diffusion of deuterium in the presence of trapping sites
(1), (2) and has been discussed in detail elsewhere [11].
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where C — concentration of hydrogen into solution; Gy —
concentration of hydrogen in traps of k-type; Sy — the
rate of the hydrogen concentration change in the defects
of k-type; o(x) — the distribution of the hydrogen
introduction rate through the depth;
D(T) = Doexp(-E/kgT) — deuterium diffusivity.
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Fig. 3. The deuterium desorption spectra from SS316 steel,
irradiated at T = 290 K to a dose of 1-10'° D" /em” and
calculated TDS profile using diffusion-trapping model

The presence of two desorption stages in the
experimental spectra implies the consideration of (at
least) two types of traps in the model.

It should be noted that in our calculations, as well as
similar software packages [12, 13], it is assumed that
the traps of gas atoms are represented as a distribution
profile of a 1-dimensional defects of one or more types.
The configuration of these distributions is often defined
on the basis of calculated SRIM damage profiles for
specified ion energy. Furthermore, each trap type can in
general case to attach from the one to several hydrogen
atoms.

The common issue of TDS experiments is the
interpretation of the types of defects responsible for



particular peaks. In the case of irradiation of metals by
light ions with energies in the keV range, mainly point
defects are formed as the energy transfer from an
incident ion to a metal atom is relatively low. We can
assume that the two stages of deuterium desorption in
the spectra shown in Fig. 3 correspond to the deuterium
escaping from these traps.

Calculations performed on the assumption of no
more than one hydrogen atom per trap, have good
agreement with experimental TDS profile and provide
the binding energies of 0.22 and 0.39 eV for low- and
high-temperature desorption stage, respectively; while,
the total concentration of defects exceeds a few atomic
percent. This is contrary to current concepts [14] that
the saturation level of Frenkel pairs in the volume of
irradiated fcc metals is less than 1 at.%. Therefore, such
approach to identification of traps as point defects seems
to be unacceptable, that enforces to take into
consideration another possible defect types and to involve
the concept of multiple population of traps with
deuterium atoms.

It should be noted that at room temperature
irradiation the mobility of vacancies is low, so the
fraction of vacancy clusters is small. Therefore, these
defects were not included in the consideration.

Self-interstitials formed during irradiation due to
their high mobility in austenite at room temperature can
either disappear on the surface (since the ion range is
relatively small) or agglomerate to form dislocation
loops [15].

The defects of dislocation type are often regarded by
researchers as possible trapping sites of hydrogen
isotopes in metals. In particular, Ono [16] for
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Fe-9Cr—2W ferritic alloy clearly demonstrated deep
correlation between the TDS of deuterium gas and
dislocation loop annihilation. According to [16],
deuterium ions irradiated on the specimen were trapped
at dislocation loops and affects their thermal stability.

In the present study TEM observations have been
employed to investigate steel microstructure evolution
after deuterium implantation and subsequent annealing
and its relation to gas release kinetics (Fig. 4).

TEM results show that implantation of deuterium in
SS316 steel is accompanied by the creation of
dislocation type defects. System of dislocation loops
have been observed within the depth layer
corresponding approximately to the ions range.

Nevertheless, as seen from Fig. 4, microstructure
remains almost unchanged throughout the temperature
range where the gas desorption process is observed. The
coalescence of dislocation loops starts at annealing
temperatures about 1000 K and definitively disappeared
at ~ 1200 K. Consequently, the presence of radiation-
induced dislocations in steel and thermally activated
release of deuterium do not exhibit a distinct
correlation.

Our previous detailed studies of 18-10 type steels
[10] had showed that dislocation type defects are not
effective traps for hydrogen isotopes in austenitic
stainless steels. Besides, according to [17, 18], the
binding energy of hydrogen with dislocation-type
defects in stainless steels is 0.05..0.15eV, and

therefore, dislocations do not considerably affect the
deuterium trapping in
temperature.
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Fig. 4. Microstructure evolution and deuterium thermal desorption from SS316 steel,
irradiated to a dose of 3-10°° D*-m™



Among the variety of possible defects, the concept
of multiple capturing of deuterium atoms has developed
most extensively with respect to vacancy type defects.

It may be suggested that multiple population of
mono-vacancies with deuterium atoms can give a
contribution to the desorption spectra in SS316 steel.
According to theoretical predictions [19], the binding
energies of the first and the second deuterium atom in a
single vacancy are almost equal, whereas for the third
and subsequent atoms they are considerably lower. As a
result, the 425 K peak may be composed of two closely
located peaks corresponding to the release of the first
and the second trapped deuterium atom from a vacancy.
Consequently, the 385K peak will represent the
superposition of a series of closely disposed peaks
reflecting the de-trapping of the third and further
deuterium atoms from a vacancy.

For simplicity, we have performed calculations that
provide capturing of the one deuterium atom per trap for
high-temperature stage of desorption and up to six
deuterium atoms per trap for low-temperature peak. The
result of calculations is shown in Fig.3, and the
obtained binding energies are (0.284+0.04) eV and
(0.3940.06) eV, for 385 and 425 K peaks, respectively.

According to our previous results, the calculated
values of binding energies are virtually the same that
were obtained for the case of deuterium irradiation of
18-10 type steels [10]. The value of 0.39 eV is in a good
agreement with the value of binding energy of hydrogen
with mono-vacancy in fcc metals. The total
concentration of defects in such manner of calculation
do not exceed 1 at.%.

Based on the these results, we suppose that the most
preferred trapping sites of deuterium atoms in
investigated SS316 austenitic stainless steel are vacancy
type defects.

In addition, although the influence of dislocation
loops seems insignificant, we have performed additional
calculations involving these defects. Numerical
simulations indicate that their presence does not affect
the determined values of binding energies, and
practically do not change deuterium transport in the
material.

CONCLUSIONS

Interaction of ion implanted deuterium with SS316
austenitic stainless steel was studied by means of
thermal desorption spectrometry and transmission
electron microscopy. TDS profile was analyzed in the
framework of diffusion-trapping model. The main
results obtained are as follows:

1. The ion-implanted deuterium is weakly trapped
by defects produced in low-energy displacement
cascades. The temperature range of deuterium release is
300...600 K.

2. Irradiation of SS316 steel resulted in the
formation of high density dislocation loops which are
thermally stable up to 1000 K and have no considerable
effect on deuterium transport in the material at room
temperature.

3. According to calculations, most preferred trapping
sites for deuterium atoms in investigated steel are
vacancy type defects.

4. The observed data are consistent with those
previously obtained for steels of type 18-10.
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3BOJIIOLUSA MUKPOCTPYKTYPBI Y 3AXBAT JIEVMTEPUSI .
ITPH HU3KOSHEPTETUYECKOM OBJIYYEHUN AYCTEHUTHON
HEPKABEIOIIEU CTAJIA SS316

C.A. Kapnoe, I' /. Toncmonyuykas, b.C. Cynzypos, B.B. Pyscuykuii

Metonom TepMoaecopOLMOHHONH Macc-CIEKTPOCKOIMM M3Y4YEeHO TEPMOAKTUBHPOBAHHOE BbIIEJICHUE NeHTepHs
W3 ayCTEeHWTHOW Hepikasetomel ctamu SS316, oOmydeHHON HU3KOIHEPTreTHUECKHMMU MOHAMM JeiTepus, a TakkKe
Wccie0BaHa 3BOJIIOLMS MHUKPOCTPYKTYPHI CTajll MOCJTE WMIUIAHTALMK JEWTepust W TOCHEeNyIOINX OTKHTOB C
MOMOLIBIO MPOCBEYMBAOIIEH ANEKTPOHHON MHUKPOCKOMUH. BBIIO yCTaHOBJIEHO, YTO OOJlydeHWe OO 03bl ~ 1 cHa
MPUBOAMT K 00pa30BaHUIO JANCIOKAIMOHHBIX TeTelb. TeMrepaTypHbIii HHTepBall yaep)KaHus JelTeprs cOCTaBIseT
300...600 K. M3mepenus mokazaju HajJMdue OJHOW ciabopa3peliuMoi cTaauu BbIXoJa AeHTepus ¢ MaKCUMyMOM
npu Ttemmeparype ~ 400 K. BpimonHeH aHalu3 SHEPTUU  CBA3W JieliTepust € JIOBYIIKAMH TIO0 KPHUBBIM
TEpMOJEeCOpPOLM € MOMOIIbIO YNCIEHHOTO MOJEIMPOBAHMS, OCHOBAHHOTO Ha Monenu Au((y3uu aTOMOB rasza B
ToJie paInalliOHHBIX 1eEeKTOB.

EBOJIIOLISI MIKPOCTPYKTYPH I 3AXOIVIEHHSI JEUTEPIIO )
P HU3bKOEHEPTETUYHOMY OIIPOMIHIOBAHHI AYCTEHITHO{
HEPKABIFOUYOI CTAJII SS316

C.0. Kapnos, I' /I. Toncmoayywvka, b.C. Cynzypos, B.B. Pyycuybkuit

Metonom TepMoaecopOLiitHOT Mac-CIeKTpOCcKomii BHBYEHO TEpPMOAKTHBOBAHE BHAUICHHS JeWTepiro 3
aycTeHiTHOI HepxkaBitowoi cTami SS316, ompomiHEHOT HM3bKOEHEPTreTMUYHNMH IOHAMHU JeiTepilo, a TaKoXK
JOCITiHKEHO €BOJIIOLII0 MiKPOCTPYKTYPH CTali Micis iMIDIaHTaMii aeiTepito i HaCTYMHUX BiAMalliB 3a JOMOMOTOIO
MPOCBITyBAJILHOT €JIEKTPOHHOT MiKpocKorii. Byiio BcTaHOBIEHO, IO OTIPOMiIHEHHS O 03U ~ | 3HA MPU3BOIWUTH 1O
YTBOPCHHS JHCIIOKAifHUX TMeTeNb. TeMmrepaTypHHUid iHTepBay yTpHMaHHA aeiitepito craHoBuTh 300...600 K.
BuMiproBaHHA TIOKa3ajdM HasBHICTh OJHi€l CIabOBUPINIYBAHOI CTadii BUXOLY HOeHTEpif0 3 MaKCUMyMOM IpH
temnepatypi ~ 400 K. IIpoanaizoBaHO eHeprii 3B'A3Ky IEWTepil0 3 MacTKaMM MO KPWBHMM TepMoaecopOIii 3a
JIOTIOMOTOI0 YMCEJLHOTO MOJISIIFOBAHHS, 3aCHOBAHOTO Ha Mozei Au(y3ii aToMiB ra3y B Mo pamialiiiHux 1eQeKTis.



