EFFECT OF ARGON-ION IRRADIATION ON CAVITY FORMATION IN
18Cr10NiTi AUSTENITIC STEEL AND ITS STRENGTHENED VERSION
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The swelling behavior of 18Cr10NiTi austenitic stainless steel and its strengthened by Y,05-ZrO, nanooxides
version irradiated with 1.4 MeV Ar-ions up to dose 30 displacements per atom (dpa) with simultaneously implanted
argon to the levels 200 appm at temperatures of 550...650 °C was investigated. Transmission electron microscopy
(TEM) has been used to study the resulting microstructure evolution. Cavities were observed in both materials. The
overall swelling of ODS 18Cr10NiTi steel reaches 0.1% which is about half as much as conventional 18Cr10NiTi

steel.

PACS: 52.40Hf, 28.52Fa, 68.49Sf, 79.20Rf

INTRODUCTION

Austenitic steels are used in nuclear power as
material for pressure vessel internals and fuel claddings
in fast reactors. In comparison with ferritic-martensitic
steels they are characterized by higher high-temperature
strength, but have lower radiation resistance [1]. An
addition of nanosized oxide particles to these steels and
the nanostructure state production that characterized by
the presence of nanosized particles (~ 2...10 nm) with
high density (~10"...10cm?®) and uniform
distribution into the matrix are considered an effective
way of improving their irradiation resistance. Moreover,
the addition of the minor elements may offer the
potential to improve the mechanical properties of ODS
austenitic stainless steels. To predict radiation resistance
of new steels it is necessary first to assess their
resistance to radiation swelling. The ion irradiation
experiments using light and heavy ions have been
applied as surrogates for reactor irradiation with good
success [2].

Irradiation causes two basic types of damage: on the
one hand, atomic displacements resulting in vacancy
and self-interstitial lattice defects, which subsequently
cluster into loops and cavities; and on the other hand,
nuclear reactions creating foreign elements, especially
hydrogen and helium atoms, which precipitate into
bubbles and grow by accumulation of vacancies.

It was shown [3] that argon can be used as an
analogue of helium in implantation-and-annealing
experiments, provided that the doses are adjusted so that
the gas concentrations are equivalent. In addition,
irradiation with heavier inert gases (in particular, Ar)
leads to a greater transfer of energy during collisions
and, therefore, to a higher dpa rate.

The objective of this work is to understand better the
role of microstructure and composition of 18Cr10NiTi
steel at its mechanical alloying by Y,03-ZrO,
nanooxides on the cavities formation and swelling after
1.4 MeV Ar' irradiations in the temperature range of
550...650 °C to dose ~ 30 dpa.

1. MATERIAL AND METHODS

In this study 18Cr1ONiTi austenitic stainless steel
and its strengthened by Y,05-ZrO, nanooxides version

were investigated. Commercial austenitic  steel
18Cr10NiTi was used as initial steel. ODS steel
production included the mechanical alloying (MA) of
steel powder with 0.5wt.% of Y,05-ZrO, nanooxides
with their subsequent compacting and mechanical-
thermal treatment [4]. The chemical composition of the
powder was determined experimentally (wt.%):
65.51 Fe, 18.0 Cr, 10.76 Ni, 0.63 Ti, 1.63 Mn, and
0.41 Si. As a result, rolled ribbons of ODS 18Cr10NiTi
steel thickness of 200 pum were obtained. The size of
coherent-scattering domains (CSD) of the oxide
nanopowders (determined by the XRD method) was
16.5 nm, and the cubic lattice parameter was measured
to be 1.0528 nm. It is shown that steel powders after
mechanical alloying contains both austenitic and ferritic
phase approximately in equal parts for all compositions
of the oxide nanopowder. Annealing at temperatures
above 800 °C leads to austenization, and, at the same
time, increasing in CSD size and microstrains level
decreasing. Austenitic matrix phase was observed in the
ODS steel ribbons after the final thermal treatment.
Microstructural and swelling data were extracted
using conventional techniques conducted on JEM-

100CX and JEM-2100 transmission electron
microscopes, employing standard  bright-field
techniques. Analysis of TEM micrographs was

performed using image processing software.

Samples of 18Cr10NiTi austenitic stainless steel and
its ODS version for TEM studies were prepared as disks
of 3 mm in diameter. Thin foils were obtained by
mechanical thinning of the disks down to 130 um
followed by electropolishing and short-term annealing.
To remove a specified depth layer of material from
irradiated side of the sample the electro-pulse technique
was used [5].

The thickness of TEM samples were determined
using a convergent beam electron diffraction (CBED)
pattern acquired in the two-beam approximation [6].
The thickness estimation method is based on a
comparison of the measured and simulated intensity
profiles across the diffraction disc.

The initial pre-irradiation microstructures of
18Cr10NiTi steel and its ODS version are shown in
Fig. 1. The structure of 18CrlONiTi after solution
annealing contains twins of annealing precipitates of
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second phase (carbides and titanium carbonitrides) and
dislocations. Majority of perfect dislocation are
extended on partial dislocation with stacking fault
formation. Sum density of dislocation is ~ 10° cm™.
Average grain size was ~ 30 um (see Fig. 1,a).

Grain structure of ODS steel (see Fig. 1,b) was the
same approximately for all samples, average grain size
was 1.2...2.0 um (see Fig. 1,c). Significant concen-
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tration of precipitates and its near-uniform distribution
are observed for all samples. Precipitations size varied
from several nanometers to hundreds of nanometers, but
the last were a few orders less, thus, its contribution to
concentration and average size was negligible (see
Fig. 1,d). Note, that calculations were performed on
large data array (more than 1000 precipitates per
composition).
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Fig. 1. Initial structure of 18Cr10NiTi steel (a) and its ODS version (b), distribution of grain size (c)
and size distribution of the oxide precipitates (d) in ODS steel

The accelerating-measuring system “ESU-2” with an
oil-free pumping system with a residual target-chamber
pressure of ~5-10° Pa was used for the creation of
radiation damage [7]. The argon ions with energy of
1.4 MeV were chosen for irradiation experiments. The
irradiation temperature varied from 550 to 650 °C. The
error in the temperature measurement did not exceed
+ 5%. The error in the beam current and, consequently
of the damage dose, did not exceed + 10%.

2. RESULTS AND DISCUSSION

Calculated by SRIM 2008 [8] depth distribution
profiles of damage and concentration of Ar atoms
implanted in 18Cr1ONiTi steel to a dose of 1:10'7 cm™
are shown in Fig. 2. The damage calculations are based
on the Kinchin-Pease model (KP), with a displacement
energy for each alloying element was set to 40 eV, as
recommended in ASTM E521-96 (2009) [9].

TEM observations have been performed on the first
100 nm from the surface where the incident ions of
argon are virtually not deposited. Due to the dose
gradient through the thin foil, an average value of
30 dpa is considered. In average, the dpa rate is about
4-107 dpafs.

TEM studies showed that irradiation with 1.4 MeV
argon ions is accompanied by the creation of cavity type

defects. Fig. 3 shows TEM micrographs of the Ar-
implanted sample of 18Cr10NiTi and ODS 18Cr10NiTi
steels to 30 dpa at temperature 550...650 °C.
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Fig. 2. The depth distribution of damage
and concentration of Ar atoms calculated with SRIM
Jfor 18Cr10NiTi irradiated 1.4 MeV Ar ions to a dose
of 1-10" em™

In the case of 18Cr10NiTi irradiation with metallic
ions (without gas co-injection) to the dose of 50 dpa at a
damage rate of 107 dpa/s, the swelling was observed in
the temperature range 590...640°C [10]. At lower



temperatures, high sink concentration and low effective
vacancy diffusion coefficient reduce the vacancies
supersaturation and, therefore, inhibit the formation and
However,

growth of voids [1]. the simultaneous
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introduction of vacancies and argon (estimated
concentration of argon atoms in the analyzed layer is
about 200 appm) leads to the development of cavities
even at 550 °C (see Fig. 3).
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Fig. 3. TEM micrographs of the Ar-implanted sample of 18Cr10NiTi steel (a, ¢, e, g) and ODS 18Cr10NiTi
steel (b, d, f, h) to 30 dpa at temperature 550 (a, b); 600 (c, d); 625 (e, f), and 650 °C (g, h).
Cavity distributions in steel are shown in the inserts



The cavities are characterized as bright regions
surrounded by a darker band of contrast in Fig. 4. This
classical Fresnel contrast arises when bubbles/voids are
imaged in an under-focused condition, and reverses with
an over-focused condition (see the insert in the Fig. 4).

Despite the fact that significant concentration of
precipitates were distributed near-uniform over the
sample, areas with reasonably inhomogeneous
distribution of cavities throughout the matrix and from
grain to grain are observed.
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Fig. 4. Bright-field TEM micrograph of the ODS
18Cr10NiTi steel irradiated at 625 °C to 30 dpa

The local microstructure of the material plays a key
role in the trapping of Ar particles and nucleation of
cavities, and it is not unreasonable to assume that the
microstructure between adjacent grains may be different
due to the mechanical alloying process.

It is difficult to determine the exact composition of
oxides. Fig.5 and Table shows areas (indicated by
crosshair or square) of EDS analysis and the
corresponded chemical composition of the precipitate’s
particles (Y, Zr, Ti) obtained by the EDS. Matrix
elements were recorded as 21.7; 69, and 9.8 at.% for Cr,
Fe, and Ni, respectively. Oxygen is determined
indicatively.

As can be seen from the table, the compositions of
precipitates differ significantly, which confirms the
conclusion that they correspond to the different
(Y, Ti, Zr)-O compounds [11, 12].
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Fig. 5. Bright-field TEM micrograph of the ODS
18Cr10NiTi steel with marked areas of EDS analyze

Coarse precipitates composition (at.%)

# probe/ 001 | 002 | 003 | 004 | 005
element
Y 2049 | 11.85 | 9.05 | 18.77 | 0.6
7 1182 | — | 515 | 1152023
Ti 206 | 132 | 350 | 2.11 | 041

As can be seen from Fig. 4, the cavities are grouped
near the precipitates. The cavities started to nucleate and
grew at the interface between some oxide particles and
matrix. This result indicates that the oxide/matrix
interface acts as a sink for vacancies. High
concentration of vacancies contributes to the nucleation
of cavities at the interface, which is consistent to
previous observations in ODS ferritic/martensitic steels
[13] and ODS austenitic steels [14]. Not only at the
particle/matrix interfaces, but as shown in Fig. 3,
segregation of cavities at grain boundaries and twin
boundaries were also observed.

Argon atoms can also contribute to the nucleation of
cavities at the oxide/matrix interface. Argon can trap
vacancies and stabilize them, to enhance the cavity
nucleation [15, 16]. In this case, cavities formed around
the precipitates have a density increased by several
times and an average diameter in 2—3 times smaller than
the cavities formed far from the precipitates.

The mean size and density of cavities in ODS
18Cr10NiTi steel were smaller and higher, respectively,
as compared to those in conventional 18Cr10NiTi steel
(see Fig. 3). This indicates that the fine dispersed oxide
particles are effective in suppression of cavity
coarsening and contributes to limiting defect clusters to
small size. Fig. 6 shows the temperature dependence of
the swelling of 18Cr10NiTi austenitic stainless steel and
its ODS version.
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Fig. 6. Evolution with temperature of the swelling for
18Cr10NiTi (gray) and ODS 18Cr10NiTi (black) steels

As can be seen from Fig. 6, after irradiation of
18Cr10NiTi steel and its ODS version with high-energy
argon ions the swelling has a low value and weakly
depends on the irradiation temperature, especially in the
case of ODS steel. The swelling value is 0.15...0.2% for
18Cr10NiTi and ~ 0.1% for ODS 18Cr10NiTi steels.

Analysis of the literature data has showed that
recently, there has been an insignificant swelling at
examination of specimens generated from past
irradiation programs. After irradiation in the EBR-II
reactor at low dose rates (~2-10™ dpa/s) to 24.15 dpa at



~371...389 °C, a series of  microstructural
modifications in SS304 and X-750 nickel base alloy
were identified. It was shown that even though cavities
are commonly found in both SS304 and X-750, the
overall swelling of both alloys is minimal (0.11% in
SS304 and 0.0044% in X-750) [17]. An estimation of
the helium content in SS304 and X-750 indicate the
cavities in SS304 are voids, whereas the cavities in
X-750 could be helium bubbles.

ODS steels exhibit a lower level of swelling than
equivalent steels without ODS dispersoids [18, 19].
Suggested reasons for the radiation resistance exhibited
by precipitate-matrix interface sinks and ODS steels
have been summarized in [19—21]. One idea is that the
oxides provide a catalyst for annihilation of the
structural defects (vacancies and SIAs caused by
radiation). This could be either due to some attraction
between the oxide and the defects, or altered defect
dynamics at the interface boundary combined with the
high density of particles. Another idea is that the
disorder already brought about by the oxide dispersions
in the steel structure make further disruptions caused by
radiation less effective in weakening the material. A
third is based on the original purpose of ODS: that the
increased density of pinned dislocations promotes
recombination.

Anyway, in some cases the microstructure at
~ 100 dpa does not seem to correspond to the domain of
significant swelling by noticeable cavity growth. It
appears that the linear swelling domain with 1%/dpa
rate [22] is not reached. In Ref. [23], it is indeed
suggested that at “lower” PWR-relevant temperatures, a
bounding estimate for the swelling rate might be
~0.07%/dpa. In work [24], the swelling rate between
intermediate and high dose is only ~ 0.003%/dpa, still
lower than this bounding estimate.

CONCLUSION

This paper shows the changes in microstructure and
swelling of austenitic 18Cr10NiTi and its ODS version
after 1.4 MeV Ar' irradiations in the temperature range
of 550...650 °C to dose 30 dpa with simultaneously
implanted argon levels of 200 appm at nominal Ar/dpa
ratios of 7 appm/dpa and provides the following
conclusions:

Irradiation is accompanied by the creation of cavity
type defects. Complex Y-Ti-Zr-O nanoparticles, grain
boundaries, and twin boundaries act as strong traps for
cavities.

Cavities formed around the precipitates have a
density increased by several times and an average
diameter in 2-3 times smaller than the cavities formed
far from the precipitates. It is might mean that adding
oxide nanoparticles can improve the radiation
resistance.

Argon shifts the temperature of the onset of swelling
to the region of low temperatures.

The overall swelling of the ODS 18Cr10NiTi steel is
minimal after 1.4 MeV Ar’ irradiations in the
temperature range of 550...650 °C to dose 30 dpa and
reaches 0.1% which is about half as much as
conventional 18Cr10NiTi steel.
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BJIMAHUE OBJIYYEHUA HOHAMMU APTTOHA HA OBPA3OBAHHUE ITIOPUCTOCTH
B AYCTEHUTHOM CTAJIH X18H10T U EE YIIPOYHEHHOM BEPCUA

HU.B. Koaoouni, C.A. Kapnoe, A.C. Kanvuenko, U.E. Konaney, M.A. Tuxonoeckuit, I'./]. Toacmoayykas,
A.H. Beauxoouwtii u B.H. Boeeooun

HccnenoBaHo pacnyxaHue aycTeHUTHON Hepxkaperoweil ctanm X18HI0T u ee nucnepcHO-ynpOYHEHHOM
HaHOOKcHIaMH cucTeMbl Y,03-ZrO,-Bepcuu, 00Jdy4YeHHBIX SHEPreTUUHBIMU MOHaMu Ar ¢ 3Heprueil 1,4 MhaB no
no3bl 30 cMmelleHMit Ha aToM (CHa) ¢ OJAHOBPEMEHHO WMIUIAHTHPOBAaHHBIMU aToMamu aprona no 200 appm B
nuanazoHe Temnepatyp 550...650°C. Jlnd wu3ydeHUs 3BOMIOLUMM MHMKPOCTPYKTYpbI ObUIa HCIIOJIB30BaHA
npocBeunBaromas 3nekTponHas mukpockonus (I[I9M). IMonmoctn Habmoganuce B o0omx marepuanax. OOmee
pacmyxanne YO X18HI10T cramu mocturaer 0,1%, 9TOo mpuMepHO BABOE MEHBINE, YeM B OOBIYHOW cTaiu
X18H10T.

BIIJINB OIIPOMIHEHHA IOHAMM APT'OHY HA YTBOPEHHSI TIOPUCTOCTI
B AYCTEHITHOI CTAJII X18H10T TA ii 3SMIIIHEHOI BEPCII

L.B. Koaooii, C.O. Kapnogs, O.C. Kaavuenko, 1.€. Konaneyb, M.A. Tuxonoecokuii, I'./]. Toacmonayuska,
O.M. Beaukoonuit i B.M. Boceooin

HocnimkeHo po3nyXaHHs aycTeHiTHOI Hepikasitouoi ctani X18H10T i 1i qucnepcHo-3MilHEHOT HAHOOKCUAAMU
cucremu Y,0;-ZrO,-Bepcii, onpoMiHEHNX eHepreTHUHUMHU ioHamK Ar 3 eHeprieto 1,4 MeB no no3u 30 3mimiine Ha
aToM (3Ha) 3 OJHOYACHO IMIUIAHTOBaHWUMHU atoMamu aproHy no 200 appm y amianazoHi temmnepatyp 550...650 °C.
Jlnsi BUBYEHHS €BONIOLII MiKpOCTPYKTYpH Oyjla BUKOpPHCTaHa IPOCBiUyroda eJeKTpoHHa Mikpockoris (ITEM).
[NopoxHuHM crnoctepiranucs B 060x Marepianax. 3araibhe posmyxanus 30 X18HIO0T crani mocsrae 0,1%, mo
MpuOJIM3HO BIBIYI MeHIIe, Hixk uIg 3BudaitHol ctanu X18H10T.



