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The thermal desorption spectra of deuterium from 18Cr10NiTi and ODS 18Cr10NiTi steel specimens irradiated
with 10 keV D," ions were examined. The influence of radiation damage on microstructure and accumulation of
deuterium implanted in steels at room temperature and after annealing have been studied. Thermal desorption
spectrum (TDS) from a specimen of ODS 18Cr10NiTi steel exhibits deuterium release over a wide temperature

range with two well-defined maxima at ~420 and ~ 970 K. Two types of precipitates — oxides (Y-Ti-O) and
carbides TiC are considered to explain the mechanism of the deuterium trapping to high annealing temperatures.

INTRODUCTION

The interaction of hydrogen with defects in solids
has a profound effect on the mechanical properties of
materials. The characterization of trapping and release
behavior of hydrogen and its isotopes is one of the key
issues for the development of materials for innovative
nuclear systems. Thermal desorption spectrometry has
been proved to be an effective experimental method to
provide access to study the kinetic of diffusion and
trapping behaviors of H (D) in metals.

Materials with high irradiation resistance that can
operate at high temperature and stresses are needed for
advanced nuclear reactors. Ni based super alloys and
austenitic steels were considered to be excellent choice
of material due to their closely packed structure.
Austenitic stainless steels have high creep resistance but
their void swelling resistance is lower when compared
with ferritic steels. The creep and void swelling
resistance in austenitic stainless steel can be improved
by dispersing ultra-fine stable oxide particles. These
oxide particles are expected to reduce grain coarsening
and grain boundary sliding and thereby increase the
creep resistance. The interface between these oxides and
matrix can act as a sink for voids and increases the void
swelling resistance in austenitic steels. For developing
structural materials of fusion reactors and core
components of advanced fission reactors, ODS
austenitic stainless steels could be an attractive material
because of their corrosion resistance, high-temperature
strength and irradiation properties [1].

Recent work suggested that the oxide particles in the
ODS steels were effective trapping site for helium,
hydrogen and vacancies, so that the oxide particles have
an influence on the nucleation and growth of cavities
[2]. It is known that hydrogen gas can be stored in
irradiated  austenitic  steels at  concentrations
significantly in excess of those predicted by Sieverts’
law [3]. The retention and accumulation of hydrogen in
irradiated materials are most likely caused by the
presence of high concentrations of microstructural
trapping sites. Despite a great number of theoretical and
experimental studies, the capture mechanisms and the
nature of hydrogen traps still remain unclear.
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In our papers we showed that irradiation of
18Cr10NiTi stainless steel to the damage level of ~ 50
displacements per atom (dpa) or pre-implantation with
helium causes the formation of traps that can retain
hydrogen in the temperature range from 500 to 1000 K
and increase the amount of retained deuterium by an
order of magnitude in the 350...550 K region [4, 5].
However, the data on austenitic ODS steels is limited.

In the current study we investigate the influence of
initial microstructure and radiation damages on the
desorption and trapping of deuterium implanted in
18Cr10NiTi and ODS 18Cr10NiTi steels.

1. MATERIAL AND METHODS

The specimens used were foils of 18CrlONiTi
austenitic stainless steel and its strengthened version
measuring 7x7x0.1 mm. The structural features of
18Cr10NiTi steel mechanically alloyed with 80%Y ,0O3—
20%ZrO, nanosized oxide (in molar percent) were
investigated in [6]. Thin foils were obtained by
mechanical thinning of the disks down to 200 pum
followed by electropolishing. After electropolishing,
just prior to irradiation in the experimental chamber, the
specimens were short-term annealed at 1320 K for
surface cleaning and degassing. The temperature of
implantation and annealing was monitored using a
chromel-alumel thermocouple welded to the specimen.

The steels were irradiated with a beam of deuterium
ions. The substitution of deuterium for hydrogen has
allowed us to separate the ion-implanted hydrogen
released out of the samples from hydrogen released out
of experimental chamber components at heating. It is
known that the mass difference of deuterium and
hydrogen can influence the determination of the
thermal-dynamic parameters (via the well-known
isotope effect). However, no differences were observed
in thermal desorption spectra upon change of deuterium
to hydrogen [7]. Hydrogen (deuterium) was implanted
to doses 0.01...1-10" cm™? with an energy of 5 keV/D at
room temperature.

The SRIM code [8] was used to evaluate the ion
projected ranges (Rp) and range straggling (ARp), the
concentration of gas atoms, and the dpa. The
calculations were performed with a target density of
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7.9gcm® and a displacement threshold energy of
40 eV.

The deuterium release from steels was investigated
by the thermal desorption technique in the temperature
range from 300 to 1400 K at a rate of 6 K-s. The gas
release was registered by a monopole mass-
spectrometer. Irradiations and measurements of TDS
were performed in one chamber, to exclude contact of
the specimens with air that prevented the formation of
artifact trap sites associated with the surface oxide [9].
The residual gas pressure in the experimental chamber
was measured to be ~ 5-107 Pa.

Microstructural and swelling data were extracted
using conventional techniques conducted on JEM-
100CX and JEM-2100 transmission  electron
microscopes,  employing  standard  bright-field
techniques. The JEM-2100 is equipped with a Gatan
imaging filter (GIF) for energy filtered transmission
electron microscopy (EFTEM) image acquisition.
Analysis of TEM micrographs were performed using
image processing software. The TEM sample thickness
was determined using a convergent beam electron
diffraction (CBED) pattern acquired in the two-beam
approximation [10]. The thickness estimation method is

based on a comparison of the measured and simulated
intensity profiles across the diffraction disc.

2. RESULTS AND DISCUSSION

The initial pre-irradiation structure of 18Cr10NiTi
steel is shown in Fig. 1,a. After solution annealing
microstructure contains twins of annealing precipitates
of second phase (and titanium carbonitrides) and
dislocations (see Fig. 1,b). Majority of perfect s are
extended on partial dislocations with stacking fault
formation. Sum density of dislocations is ~10° cm™.
Average grain size was ~ 30 pm.

Grain structure of ODS steel was approximately the
same for all samples. The average grain size was
1.2...2.0 um (see Fig. 1,c). Near-uniform distribution of
precipitates with a size of ~10nm and a volume
density of 1-10% m™ are observed for all samples.

The precipitates predominantly have the crystal
lattice and from the results of EDS analyses, it was
found that most of particles were mainly complex
oxides (Y (Zr)-Ti-O) (see Fig. 1,d). In addition, it was
observed precipitates TiC as specific in 18Cr10NiTi
steel and a certain amount in ODS 18Cr10NiTi steel.
The high magnification observation revealed that some
particles show moiré fringes (see insert Fig. 1,d).

T:(‘ Fe
'-. ) 7r Cr |
1 | y Ti

-
@

d

Fig. 1. Initial structure for 18Cr10NiTi (a, b) and ODS 18Cr10NiTi steels (c, d);
electron microprobe analysis of precipitates (inset b, d)

Fig. 2 shows the thermal desorption spectra of
deuterium from 18Cr10NiTi and ODS 18Cr10NiTi steel
specimens irradiated with 10 keV D," ions. The typical
thermal desorption spectrum of deuterium from
18Cr10NiTi irradiated at 290 K to 10%...10"" D,"/cm?
has natively simple structure. One major peak with two
weakly resolved maxima at temperatures 380 and 430 K

is observed. In our previous investigations it is shown
that with dose increasing from 1-10™...1:10"® cm™ the
amplitude of the deuterium peak increases and the
temperature range of gas release shifts to higher
temperatures [11].

The amount of released deuterium for all
implantation doses (corrected for a reflection factor of



~ 0.1 [12]) for 5 keV D" ions is ~ 90% of the implanted
dose. Desorption is completing by 600 K.

The thermal desorption spectrum from a specimen of
ODS 18Cr10NiTi steel, where deuterium was implanted
at 300 K to (0.01...1.0)-10"" D,*/cm? exhibits deuterium
release over a wide temperature range with two well-
defined maxima at ~ 420 and ~ 970 K (see Fig. 2,b). In
first temperature region, the character of deuterium
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desorption practically coincides for the both studied
steels. A slight difference can be noted for ODS steel,
which consists in a better resolution of the first peak by
two maxima for a dose of 1-10° D,"/cm* and an
insignificant shift of the desorption peak to higher
temperatures.
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Fig. 2. Deuterium thermal desorption spectra from 18Cr10NiTi (a) and ODS 18Cr10NiTi steels (b)
irradiated at 300 K to (0.01...1.0)-10" D,"/cm?

Fig. 3 shows TEM examination results for studied
steels after implantation with deuterium at room
temperature. Analysis of micrographs has shown that at
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room temperature only dislocation-type defects were
developed (see Fig. 3).

Fig. 3. Microstructure at a depth 0...100 nm from surface of 18Cr10NiTi (a) and ODS 18Cr10NiTi (b) steels
irradiated with deuterium at room temperature to 1-10''D,"/cm?

As pointed out earlier the observed deuterium
trapping behavior can be successfully simulated by
considering the combined influence of the implantation,
diffusion, trapping, detrapping, and recombination
processes that occur during the experiment [12, 13].
Deuterium trapping in metals is thought to require that
deuterium atoms are most likely accompanied with
vacancies [14]. However, a comparison of TDS data and
microstructural changes in ferritic/martensitic alloys
reveal that active desorption of deuterium is strongly
correlated with annihilation of dislocation loops, a
process which occurs in the same temperature range
[15, 16]. This can imply that most of the deuterium was
trapped by dislocation loops. This mechanism of
deuterium capture seems possible but probably occurs
most strongly at the initial stages of irradiation, since in
the fluence range (1...2):10°° D,/m? the density of

dislocation loops tends to saturate at room temperature,
thereby causing a saturation in retention as well [16].
Implantation of deuterium in austenitic stainless
steels is accompanied by the creation of dislocation type
defects also (see Fig. 3,a). On the other hand, the
calculations presented in paper [12] showed that values
of deuterium binding energy with various traps
suggested that the major deuterium traps are probably
radiation-induced interstitial dislocation loops and
vacancy type defects that correspond to the two stages
of gas release in the desorption spectrum. However, the
difference  in the observed radiation-induced
microstructure of two austenitic steels with and without
titanium indicates that the presence of a dislocation
defect subsystem probably does not significantly affect
the distribution, quantity and temperature range of
retention of implanted deuterium. Therefore, it must be



concluded that for 18CrlONiTi steel the thermal
desorption in temperature range of 300...600 K were
caused by detrapping of deuterium from vacancies and
vacancy clusters.

For the ODS 18Crl1ONiTi steel, the thermal
desorption spectra of deuterium in the temperature
range 300...600 K, as well as the systems of dislocation
loops (‘black spots’) that develops after irradiation at
Trom have no significant differences (see Fig. 3,b). It
can be assumed that the mechanisms responsible for the
trapping and release of deuterium from the ODS steel
have become the same.

The difference in the behavior of deuterium in the
two studied steels is manifested in the presence of the
release stage at high temperature ~970 K for ODS
18Cr10NiTi steel (see Fig. 2,b).

Additional stage in the TDS on the one hand can be
explained by the fine grain size and the presence of
yttria oxides, which provide strong trapping sites in the
steel matrix. Deuterium trapped in oxides has a higher
activation energy than deuterium trapped at grain
boundaries; therefore, the second peak at high
temperature may correspond to hydrogen trapped in
dispersed yttria [17]. On the other hand, the introduction
of nanocarbides or nanonitrides as hydrogen-trapping
sites in steels is often discussed to play a crucial role in
hydrogen embrittlement [18, 19]. Carbides, such as VC,
TiC, and NbC, are most often considered as hydrogen-
trapping sites [20]. The size and coherency of the
specific precipitates were crucial in terms of H trapping
ability [19, 21]. It should be noted, that a coherent
interface — there is perfect registry of the lattices;
coherent with strain — having some strain with the
interface, due to imperfect matching; semi-coherent
interface — the introduction of dislocations reduces the
strain energy (but they themselves contribute to the
energy of the system); incoherent — there is no matching
of the interface.

In this work, the microstructures of ODS
18Cr10NiTi steel samples implanted with deuterium at
room temperature and subsequently annealed to the
temperature of the beginning of the second stage of
deuterium desorption, namely 800 K, and its midpoint —
1000 K were studied. Fig. 4 shows TEM images of
precipitates with sizes of 3...10 nm. Electron

contain mainly titanium, yttrium, zirconium, oxygen
and carbon (see inset Fig. 4).

Fig. 4,a shows TEM images of the nanometric
coherent precipitates in two beams conditions (g = 200).
For these precipitates a Moiré contrast are observed and
moiré¢ fringes perpendicular to g with the spacing of
moiré fringes (1.0 nm <D < 1.3 nm). These are caused
by a little misfit between lattice parameter of the
precipitates and the matrix. For moiré fringes
perpendicular to g active diffraction vector, the
following equation can be considered D = d,d,/(d, — d,),
where D -— spacing of moiré fringes; d;, d, — interplanar
spacing of the matrix and the precipitate [22].

Considering measured in this work mean value of
D=11nm and d;=0.179nm with ¢g=200, the
calculated value of d,=0.214 nm is close to the
reticular distance of {200} planes in the TiC precipitates
(dogo = 0.216 nm).  Electron  microprobe analysis
confirms this nature of precipitates (see inset Fig. 4,a).

Fig. 4,b shows an example of an oxide particles
taken under gx,. No-contrast lines perpendicular to the
g-vector (gao and goqo) can be observed in most of the
oxide  particles, indicating that they are
coherent/semicoherent with the matrix. D spacing in this
case is 1.3nm<D<2.0 nm. Electron microprobe
analysis confirms that nature of precipitates is (Y(Zr)-
Ti-O) (see inset Fig. 4,b).

The strains associated with a coherent interface raise
the total energy of the system, and for sufficiently large
atomic misfit or interfacial area it becomes energetically
more favorable to replace the coherent interface with a
semicoherent interface in which the disregistry is
periodically taken up by misfit dislocations. The spacing
between moiré fringes nearly equals that between the
interfacial misfit dislocations [23]. It was found
experimentally that the inter-spacings between no-
contrast lines are different among different Y,Ti,O,
particles and vary from about 1.4...2.2 nm. The
difference between the calculated inter-spacing (1.4 nm)
and that measured from TEM images was explained by
the strained lattice planes (change in inter-planar
spacings) of Y,Ti,O; particles and the matrix [23].

Several large particles (> 20 nm) in Fig. 4,b does not
show no-contrast lines, and thus seem to be incoherent
with the matrix.

Fig. 4. TEM micrograph of TiC particles taken under g,q0 (a) and (Y (Zr)-Ti-O) particles taken under g,y (b) with
multiple no-contrast lines, owing to the small inter-spacing. Moiré fringes of the nanometric precipitates on steel
was received in two beams conditions. Electron microprobe analysis of precipitates (inset a, b)



Several types of hydrogen traps are currently known
including lattice  spacings, dislocations, grain
boundaries, vacancy clusters, and precipitates. The
hydrogen trapping at the inclusions, to some extent, can
lower the amount of diffusible hydrogen in the matrix,
and consequently improve the resistance to hydrogen
embrittlement [24]. However, about the mechanism of
hydrogen trapping at the inclusion matrix interface there
are conflicting opinions. For example, some studies
indicate that the hydrogen trapping at the inclusions is
mainly attributed to the elastic interaction of coherency
strain with hydrogen atoms, while some other studies
show that the misfit dislocations at the interfaces play a
dominant role [25].

About the susceptibility of the precipitates of
Y-Ti-O and TiC to hydrogen trapping are known the
following. The coherency of TiC is kept at the interfaces
when the inclusion is in the stage of nucleation. The
growth of inclusion can lead to the loss of coherency
when the inclusion size (L) is larger than a critical value
(L¢). When L < Lc, the accumulation of hydrogen atoms
at the interfaces is attributed to coherency strain. When
L > Lc, the part of coherency losses, the elastic strain
induced by lattice misfit decreases and the misfit
dislocations are introduced [25]. The accumulation of
hydrogen at the interfaces is a combining effect of two
stresses respectively induced by lattice misfit and misfit
dislocations [19]. The first direct observation of
hydrogen trapping sites in TiC precipitation-hardening
steel through atom probe tomography shown that the
deuterium atoms were definitely observed on the broad
surface of TiC platelets, which indicated that the broad
interface between the matrix and TiC was the main
trapping site [20].

As was shown in Ref. [23] shown over 95% of all
Y,Ti,07 particles are semi-coherent with the matrix in
austenitic ODS steel. A strong lattice distortion was
detected by TEM and XRD analyses. The lattice
distortion is anisotropic owing to the different lattice
misfits between parallel planes of Y,Ti,O particles and
the austenite matrix.

The hydrogen-trapping property of nano-sized yttria
(Y,03) dispersed 316L austenitic steel was studied in
[17]. The high-pressure gas-charging method was
applied to quantify the effect of yttria oxides (Y,03) on
thermal desorption behavior of hydrogen was used.
Hydrogen thermal desorption spectra from 316L ODS
steel after exposure to 10 MPa hydrogen at 150 °C for
120 h has indicated that the release of hydrogen occurs
in the temperature range 420...900 K.

The change in the hydrogen-trapping property of the
coherent and incoherent TiC particle in a
0.05C-0.20Ti-2.0Ni steel has been investigated on a
quantitative basis by thermal-desorption spectrometry
[19]. It is shown that incoherent TiC particles are not
able to trap hydrogen at room temperature through
cathodic hydrogen charging, due to their high energy
barrier for trapping. TiC precipitate have the broad
semicoherent interface when the precipitate is small and
was supposedly the trap site of hydrogen on the
semicoherent interface during cathodic charging at room
temperature. However, as the precipitate grows, it
decreases the coherency of the side interface, and the

desorption peak that was contributed from the side
interface shifts to a higher temperature and coincides
with the desorption peak of the incoherent TiC particle
at ~ 1100 K. Thus, TiC precipitates can be regarded as
high-temperature traps for deuterium rather than
(Y-Ti-O).

CONCLUSION

We have examined the thermal desorption spectra of
deuterium from 18Cr10NiTi and ODS 18Cr10NiTi steel
specimens irradiated with 10 keV D," ions at 300 K.
The influence of radiation damage on microstructure
and accumulation of deuterium implanted in steels at
room temperature and after annealing have been
studied. The main results obtained are as follows:

The thermal desorption spectrum from a
18Cr10NiTi steel have one major peak with two weakly
resolved maxima at temperatures 380 and 430 K while
ODS 18Cr10NiTi steel exhibits deuterium release over
a wide temperature range with two well-defined
maxima at ~ 420 and ~ 970 K.

The nanometric precipitates (Y-Ti-O) and TiC are
observed in two beams conditions thanks to Moiré
fringes perpendicular to g that indicates on the semi-
coherence of precipitates.

The thermal desorption in region 300...600 K were
caused detrapping of deuterium from vacancies and
vacancy clusters. High-temperature stage of deuterium
desorption from ODS 18Cr10NiTi steel with maximum
at ~970 K is due to deuterium detrapping from TiC
precipitates.
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BJIMSIHUE MUKPOCTPYKTYPbI AYCTEHUTHBIX HEPYKABEIOIIIUX CTAJIEN X18H10T
M X18H10T YO HA JECOPBLIUIO JENTEPHS

A.C. Kanvuenko, B.B. Pysycuuxuii, C.A. Kapnos, H.B. Konoouii, M.A. Tuxonoeckuil,
I'JI. Toncmonyukasn, A.H. Benukoonwtii u B.H. Boesooun

HccrnenoBaHbl CHEKTpHl TepMojecopOmmu aeiitepus w3 obpasmoB cranmeir X18H10T m X18HIOT VYO,
o6nyuennpix monamu 10 k3B D,". M3yueHo BiMsAHME paJHAIMOHHBIX TOBPEXKICHHH HA MHKPOCTPYKTYpPY H
HaKOIUICHUE ACUTEpHUs MOCJE ero WMMIUIAHTAIWU B CTAll IPU KOMHATHOH TeMIiepatype W mociie orxura. CrekTp
tepmonecopoumn u3 cranmu X18HIOT YO nemoHCTpupyeT BbIIENEHHE AEHTEpUS B IIUPOKOM HHTEpBaje
TeMIeparyp ¢ AByMms MakcumyMmamu mpu ~ 420 u ~ 970 K. PaccMoTpeHbl JBa THMA TPEHUNUATATOB — OKCHIBI
(Y-Ti-O) u xap6uzs! (TiC) st 0OBsACHEHHUSI MEXaHU3MA yICPIKAHUS ACHTEpPHs 10 BBICOKHX TEMIIEPATyp OTKHUTA.

BILIVB MIKPOCTPYKTYPU AYCTEHITHUX HEPXKABIIOUNX CTAJIEA X18H10T
I X18H10T JI30 HA JECOPEIIIO JEMTEPIIO

0.C. Kanvuenxo, B.B. Pyscuywvkuii, C.0. Kapnoes, 1.B. Konooiii, M.A. Tuxonoecvxuii,
I' JI. Toncmonyyvka, O.M. Beaukoonuit i B.M. Boeeodin

JlocmimpkeHo ciekTpu TepMojiecopOii aerrepiro i3 3paszkiB craneit X18HI0T i X18H10T JI30, ompomMiHeHUX
ionamu 10 keB D,". BuBueHo BIUIMB pajiallifHUX MOIIKOIKEHb HA MIKPOCTPYKTYPY i HAKOTIMUYEHHS ieiTepito Tmicis
fioro iMIUTaHTamii B cTaji mpu KiMHATHIA TemMnepaTypi i micns Bignany. Criektp Tepmomecop6bmii 31 crani X18H10T
J30 nemoHCTpye BHAIICHHS AEHTEpil0 B IIMPOKOMY iHTEpBali TeMIEpaTyp 3 ABOMa MakCcMMyMamu mpu ~ 420 i
~970 K. Posrsnyro aBa Tunu npeuunitatie — okcuau (Y-Ti-O) i kap6igu (TiC) mis moscCHEHHsS MeXaHi3My
YTPUMaHHS JICHTEPilo 10 BUCOKUX TEMIIEpaTyp BiAmaiy.



