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The swelling behavior of 18Cr10NiTi austenitic stainless steel irradiated with energetic Ar-ions in the dose range
of 40...105 displacements per atom (dpa) with simultaneously implanted argon to the levels of 0.08...6.3 at.% at
temperatures of 550...700 °C was investigated. Transmission electron microscopy (TEM) has been used to study the
microstructure evolution and to determine the dependence of swelling on the damage and Ar concentration. It is
shown that the highest density and average size of the cavities was observed in the region of the calculated peak
damage and Ar concentration. Argon was found to promote cavity swelling at lower temperature. At simultaneous
creation of defects and argon implantation it was found a shift of swelling curve to higher temperatures compared to
metallic-ion irradiation. The cavity swelling behavior of an austenitic 18Cr10NiTi steel irradiated with energetic
argon ions are compared with those resulting from helium implantation.

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

INTRODUCTION

The effect of a combination of displacement damage
and helium, produced by high energy neutrons, on
mechanical properties and dimensional stability of
structural materials is one of the key issues in the
development of nuclear power. In particular, next
generation fast and fusion reactors are estimated to
reach extreme doses of displacements per atom (dpa)
and transmuting He [1]. Depending on the neutron
spectrum and fluence, helium is produced in materials
by transmutation reactions in amounts up to thousands
of atomic parts per million (appm). Previous studies
have demonstrated that helium plays a strong role in the
development of the irradiated microstructure with
modifications to cavities, dislocations, and secondary
phases.

It is shown that the swelling behavior under ion
irradiation is influenced by the mode of helium injection
[2]. A study by Farrell et al. [3] examined variation in
void behavior between pre-injected, single beam
irradiation, and co-injected irradiation of Fe—Cr—Ni
alloy. They found that in the dual beam case swelling an
order of magnitude more than the pre-implanted
irradiation (8% versus 0.3...0.7%). The resulted void
microstructure is also varied between pre injected and
dual beam. The voids in the pre-implanted samples were
much smaller than those in the dual beam irradiation
and also were at a higher concentration.

In [4] it was found that the addition of helium can
promote the shift of the peak swelling rate location by
~40...70°C higher from the temperature with no
helium additions. Helium affected void nucleation by
decreasing the time to appearance of visible voids. The
simultaneous helium injection shifts the temperature of
the onset of swelling to the region of low temperatures.
Despite a large amount of data, the precise mechanism
of helium influence on void nucleation and growth
behavior is still not known for candidate structural
materials including the austenitic, ferritic and ferritic-
martensitic alloys for Gen IV reactors, fusion and
accelerator-driven spallation (ADS) devices [5]. Further
research needed to solve the fundamental overriding

questions about He and dpa effects and their
synergisms.

There are several methodological approaches in the
studying of the helium effect on the development of
microstructure. In Ref. [6, 7] it was demonstrated that in
situ He implantation in mixed spectrum fission reactor
irradiations provides a very suitable approach to
assessing the effects of He-dpa synergisms. However,
because the typical water-cooled test reactors have a
low accumulative neutron dose, 1...10 dpa/year, the ion
irradiation experiments using light and heavy ion beams
have been applied as surrogates for reactor irradiation
with good success [8, 9]. lon irradiation provides a
possibility to investigate the swelling behavior at higher
doses and to determine the void behavior as a function
of temperature.

To study the effects of a combination of large levels
of helium and displacement damage often use dual ion
beam irradiations by means of two accelerators [10, 11].
In contrast, Mazey et al. [12] have established that by a
reasonable choice of e/m ratio and ion mixture at the ion
source, a mixed beam of high energy neon and nickel
ions could be produced and used for simulation tests of
bubble and void formation and general radiation
damage studies. In this case, neon is used as an
analogue for helium.

Another approach is to use inert gases Ne, Ar, and
Kr with a larger atomic mass than helium and this
results in greater energy transfer during collisions and
thus a larger atomic displacement rate of target atoms
[13].

Helium, neon and argon have been compared in
terms of cavity nucleation during 1 MeV electron
irradiation of a Nimonic PEI6 alloy in HVEM [12].
These results and results for 316 stainless steel [14]
have indicated that neon irradiation produces voids with
sizes and densities similar to that of helium.

The objective of this paper is to determine the effect
of implanted argon on swelling of 18Crl0NiTi
austenitic stainless steel. The focus is on how the
resulting cavity influenced by the irradiation variables,
including, displacements per atom, Ar concentration and
irradiation temperature, as well as comparison the
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swelling behavior with those resulting from helium
implantation.

1. MATERIAL AND METHODS

Samples of 18Cr10NiTi austenitic stainless steel 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 [15].

Microstructural and swelling data were extracted
using conventional techniques conducted on JEM-
100CX and JEM-2100 transmission  electron
microscopes (TEM), employing standard bright-field
techniques. Analysis of TEM micrographs were
performed using image processing software.

The initial pre-irradiation structures of 18Cr10NiTi
steel are shown in Fig. 1.

Fig. 1. Initial structure for 18Cr10NiTi steel
Steel 18Cr10NiTi structure after solution annealing

contains twins of annealing precipitates of second phase
(carbides and titanium carbonitrides) and dislocations.
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Majority of perfect dislocation are extended on partial
dislocation with stacking fault formation. Sum density
of dislocation is ~ 10% cm™.

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 [16]. The argon ions with energies of
0.7...1.4 MeV were chosen for irradiation experiments
in order to investigate the features of swelling at
different ratio of damage dose and gas concentration.
The implantation temperature varied from 550 to 700 °C
and controlled by combination of resistive and ion beam
heating. The error in the temperature measurement did
not exceed £5%. The ion beam current during
irradiation was measured directly from the specimen.
The error in the beam current and, consequently of the
damage dose, did not exceed +10%.

The damage calculations for argon irradiation were
based on the Kinchin-Pease damage energy model, with
a displacement energy of 40 eV for Fe, Cr, and Ni, as
recommended in ASTM E521-96 (2009) [17]. The
SRIM code [18] was used for calculations of ion
projected ranges (Rp) and range straggling (ARy) to
evaluate the concentration of deposited gas atoms. The
various measures of damage were derived from the
profiles shown in Fig. 2, scaled to the actual Ar and dpa
for each data set.

2. RESULTS AND DISCUSSION

Calculated depth distribution profile of damage and
concentration of Ar atoms implanted in 18Cr10NiTi
steel to a dose of 1.5:10" cm? and microstructure
evolution with depth are shown in Fig. 2.
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Fig. 2. The depth distribution of damage and concentration of 1.4 MeV Ar ions in 18Cr10NiTi calculated with
SRIM. Microstructure of steel at specified depth after irradiation at 550 °C



Irradiation cause damage production at the level
from 40 to 105 dpa with simultaneously implanted
argon in the range of 0.08...6.3at.%. TEM studies
showed that irradiation with argon at 550°C is
accompanied by the creation of cavity type defects. The
higher dpa and Ar clearly lead to increased cavity size,
primarily due to the presence of more numerous and
larger faceted cavities (see Fig. 2).

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 [19]. At lower
temperatures, high sink concentration and low effective
vacancy diffusion coefficient reduce the vacancies
supersaturation and, therefore, inhibit the formation and
growth of cavities [8]. However, the simultaneous
introduction of vacancies and argon leads to the
development of porosity even at 550 °C.

The changes of cavities number density (N) and
average cavity size <d> as a function of depth are
plotted in Fig. 3 in 100 nm sections from 0 to 800 nm.
The removing of ~ 100 nm depth-layer of material was
performed by the electro-pulse technique.
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Fig. 3. Average size (d) and number density of cavities
(N) as a function of depth for 1.4 MeV Ar ion
irradiation at 550 °C to 1.5-10"" cm™

The number density and average diameter of voids
as well as swelling tended to increase with increasing of
damage level and argon concentration to a depth of
500 nm (see Figs. 3, 4).
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Fig. 4. The depth distribution of calculated damage
(dpa), gas concentration (at.%) and swelling (%) for
1.4 MeV Ar ion irradiations at 550 °C to 1.5-10"" cm™,
The value of damage is reduced by an order of
magnitude for better perception

More detailed analysis shows that at depths less than
300 nm, i.e. in conditions of low gas concentration and
high dpa, the size of the cavities virtually does not grow.
Only their density increases, indicating the cavities
nucleation process. This observation demonstrates that
irradiation of austenitic steel with argon ions has the
similar effects as helium irradiation [2]. The
temperature shift of swelling to the region of lower
temperatures is due to argon-associated stabilization of
very small vacancy clusters, which have a very short
lifetime without such stabilization (the same as in
helium case). As a result, a high density of small
cavities is formed. This effect depends on the irradiation
temperature. At a temperature of 550 °C, the mobility of
vacancies is not enough for the growth of large cavities.
The swelling in this case is about 0.1% (see Fig. 4).
However, at irradiation temperature of 645 °C,
everything else being equal, the swelling is (15 £ 3)%
and virtually coincides with the swelling upon
irradiation with metallic ions, which is (13 + 2)% (see
Fig. 4).

It is seen from Fig. 2 that as the defect density and
argon concentration increases, the swelling increases
even at 550 °C, reaching more than 20% at a depth of
~ 500 nm, which is a manifestation of the joint effect of
a large number of defects and argon concentration.
Fig. 4 shows a decrease in void swelling at depths
greater than 500 nm due mostly to a decrease in void
number density, with more little effect of diameter.

One of the primary questions about He and dpa
effects and their synergisms is He/dpa ratio which varies
substantially for different nuclear facilities and
estimates to be << 1 for fast fission, ~ 10 for fusion, and
up to 100 for spallation proton—neutron [2]. Recently,
this question has been studied in detail for ferritic steels
[20, 21], and it has been shown that helium reduces the
swelling as the He/dpa ratio increases. It is interesting to
determine the effect of Ar/dpa ratio on the swelling
behavior of 18Cr10NiT austenitic steel.
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Fig. 5. The depth distributions of damage
in 18Cr10NiTi steel calculated with SRIM for the case
of different Ar* ion energies. Corresponding Ar
concentration profiles are shown in the insert

In order to simulate irradiation conditions that
encompass a wide range of Ar/dpa, three irradiations
were performed with Ar® energies of 0.7, 1.0, and



1.4 MeV. One nominal damage level of 60 dpa at a
reference point 100 nm from the specimen surface was
obtained. Fig. 5 shows calculated depth profiles of the
dpa damage corresponding to specified ion energies.
Argon deposition profiles in the depth range of interest
are shown in the inset of Fig.5. Such an approach
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yielded average values of 7, 12 and 20 appm/dpa in the
near-surface region for 1.4, 1.0, and 0.7 MeV Ar
irradiation, respectively. Fig. 6 shows resulted cavities
microstructure formed after irradiation of 18Crl10NiTi
under considered conditions at temperatures of 600,
625, and 645 °C.

+

Fig. 6. Microstructure of 18Cr10NiTi steel irradiated with argon ions to a nominal dose of 60 dpa ~ at temperatures
of 600 (a ,d, g), 625 (b, e, h) and 645 °C (c, f, i) and Ar/dpa ratio of 20 (a, b, ¢), 12 (d, e, fyand 7 (g, h, i)

Cavities microstructure was analyzed in the near
surface region (0...120 nm). Table summarizes the
irradiation conditions, and corresponding variations of
cavities number density N, average diameter <d>, as
well as the value of swelling (s) for each investigated
case.

Cavity parameters and swelling with variables Ar/dpa

Ar/dpa, Tirr, <d>, N, S,
appm/dpa | C nm x10% cm® %
20 600 9,9 1,44 0,82
625 111 1,52 1,15
645 9,6 1,32 0,63
12 600 11,7 1,68 15
625 28,3 0,42 51
645 23,1 0,49 3,9
7 600 9,1 1,96 0,8
625 9,5/35 0,39 7,6
645 10,3/75 0,11 10,2

As follows from the Table, the maximum cavity size
at a ratio of 20 and 12 appm Ar/dpa is observed at
625 °C. The cavities number density in the first case
virtually constant, while for 12 appm/dpa considerable
drop of density with temperature is observed. The
maximum swelling rate is located at the temperature of
625 °C, which is 10 °C higher compared to irradiation
with metallic ions only.

At a ratio of 7 appm Ar/dpa the evolution of
microstructure is more complicated. At lowest
irradiation temperature of 600 °C the high-density voids
with average diameter of 9.1 nm are formed. This result
is very similar to that of previous two cases. However,
at irradiation temperatures of 625 and 645 °C the
situation is dramatically different (Fig. 7). Along with
small pores, voids with an average diameter of 35 nm
are formed at irradiation temperature of 625 °C, thereby
forming a bimodal distribution. Argon irradiation at



645°C produced a low-density of non-uniformly
distributed cavities with bimodal sizes ranging from
10 nm pores to 75 nm faceted voids (see Fig. 7,c). In the
latter case, the value of swelling exceeds 15%.

Synchronous presence of a considerable number of
small and big cavities indicates that there are going both
growth and still being nucleation of cavities.
Nevertheless, under these conditions, the swelling is
determined by large vacancy cavities.
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Fig. 7. Cavity distributions in steel irradiated to 60 dpa
at 645 °C in the 0...120 nm region for different
appm Ar/dpa ratio

The data presented demonstrate that argon as well as
helium inhibits the swelling as the appm/dpa ratio
grows.

It is considered that argon migrates through the solid
due to enhanced vacancy diffusion, while helium
migrates mainly by interstitial diffusion. This difference

leads to completely different nucleation densities and
has a significant effect on the total void swelling. But
trends, as shown by the present results, can persist.
Therefore, investigation of different materials under the
same irradiation conditions with high-energy argon ions
makes it possible to rank their tolerance to irradiation.

CONCLUSION

This paper shows the changes in microstructure and
swelling of austenitic 18Cr10NiTi after 0.7...1.4 MeV
Ar* irradiations in the temperature range of
550...700 °C to doses between of 40 and 105 dpa with
simultaneously  implanted argon levels  of
0.08...6.3 at.% at nominal Ar/dpa ratios of 7 and
20 appm/dpa and provides the following conclusions:

Irradiated microstructure strongly depends on Ar
concentration, implantation temperature and level of
displacements per atom.

At temperatures below 600 °C the swelling is
suppressed despite the growth of damage until the argon
concentration reaches value ~ 0.5 at.%.

At a dose of 60 dpa the addition of argon shifted the
peak swelling rate location by ~ 10...30 °C higher from
615 °C with no argon additions.

Argon as well as helium shifts the temperature of the
onset of swelling to the region of low temperatures and
inhibits the swelling as the appm/dpa ratio grows.

The results indicate that 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.
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BJIMAHUE OBJIYYEHUA HOHAMMU APT'OHA HA OBPA3OBAHME U PAZBUTHUE
MOPUCTOCTHU B AYCTEHUTHOM CTAJIHA X18H10T

' . Toncmonyykasn, C.A. Kapnos, A.C. Kanvuenko, U.E. Konaneu, A.B. Hukumun, B.H. Boegooun

HccnenoBano MoBeICHUE paciyXaHus aycTeHuTHO# Heprkasetorei ctanu 18Crl10NiTi, 001y4eHHOH S3HepreTHIHBIMU
noHamu Ar B auanazone 103 40...105 cmemennii Ha aToM (CHa) IPU OJIHOBPEMEHHON MMIUIAHTAIIMH aproHa JI0 ypOBHEH
0,08...6,3 ar.% mnpu Temneparype 550...700 °C. TIpocBeunBaromiasi 3iekTpoHHas Mukpockonus (I[IOM) Obuia
WCIIONb30BaHA Ul HM3YYEHHs JBOJIOLUH MHUKDPOCTPYKTYPHI M OIpEIeTeHHs 3aBHCUMOCTH paclHyXaHHsS OT 03Bl H
koHUeHTpanuu Ar. ITokazaHo, 4To HauOOMbIIAs IUIOTHOCTh U pa3Mep MOJOCTeH HaOJIoAaloTcs B 00JaCTH pacyeTHOTO
nuka JaedexToB W KoHLeHTpaluu Ar. Beuio oOHapyKeHO, 4TO aproH CIOCOOCTBYET paciyXaHHI0 MpU Ooljiee HU3KOH
Temmneparype. [Ipy ogHOBpeMEHHOM cO3JaHUM Ae(EKTOB U UMILUIAHTAI[MN aproHa ObLI0 0OHAPY)KEHO CMELIeHHE KPUBOIL
pacnyxaHHs B CTOpOHY OoJiee BBICOKMX TEeMIIepaTyp IO CPaBHEHHIO C OOJydeHHeM HOHaMH MeTauioB. [loBeneHue
pacnyxanus aycteHuTHOH ctanu 18Crl10NiTi, oOayueHHON SHEPreTHYHBIMY HOHAMHU aprOHa, CPaBHUBAETCS C TAKOBBIM B
cily4ae MMIUTaHTalUH Teusl.

BIIJIMB OITPOMIHEHHS IOHAMM API'OHY HA YTBOPEHHS 1 PO3BUTOK
HOPUCTOCTI B AYCTEHITHIM CTAJII X18H10T

I' JI. Toncmonyywvka, C.0. Kapnos, O.C. Kanvuenxo, 1.€. Konaneuyw, A.B. Hiximin, B.M. Boecgoodin

JlocmipkeHO — MOBEMIHKY  pO3MyxaHHs —aycTeHiTHOI Hepxkasiroyoi crtami  18Crl1ONiTi, ompomiHeHOT
SHepreTHUYHUMHY 10HaMu Ar B jgiama3oni 103 40...105 3cyBiB Ha aToM (3HA) MPH OJHOYACHIH IMIUTAHTAL] aproHY 110
piBuiB 0,08...6,3 at.% mnpu Temneparypi 550..700 °C. IlpocsiuyBanbHa enektpoHHa Mikpockomnis (IIEM) Oyna
BUKOPHCTAaHA JJIsl BHBYCHHS EBOJIOII] MIKPOCTPYKTYpPH Ta BHM3HAYCHHS 3aJIEKHOCTI PO3NMyXaHHS BiJ I03M 1
KoHUeHTpauii Ar. [lokasaHo, 1m0 HaiOinbpIIa IMUIBHICTE 1 PO3MIp IOPOXHUH CIIOCTEPIraloThcs B 00JacCTi
PO3paxyHKOBOTO MKy aedekTiB i koHueHTpanii Ar. Byio BHUsBIEHO, IO aproH CIpHs€e PO3MYXaHHIO HPH OiIbII
HU3BKiH Temneparypi. [Ipy oqHOuacHOMy cTBOpEHHI JedeKTiB 1 iMIuIaHTaii aproHy OyJo BHSBJIEHO 3CYB KPHBOI
PO3ITyXaHHs B CTOPOHY OUIBII BHCOKHX TEMIIEpaTyp Yy MOpIBHSHHI 3 ONPOMIHEHHSM ioHaMu MerainiB. IloBeniHka
posmyxanHst aycreHiTHoi crani 18Cr10NiTi, onpomMiHeHOi eHepreTHYHUMH 10HaMU aproHy, MOPIBHIOETHCS 3 TAKOO
y pa3i iMIIaHTauii resmito.
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