COMPARATIVE STUDY OF HELIUM BUBBLE FORMATION
IN Cr-Fe-Ni-Mn HIGH-ENTROPY ALLOY AND 18Cr10NiTi STEEL
AFTER IRRADIATION AND POST-IRRADIATION ANNEALING

A.S. Kalchenko, S.A. Karpov, |.E. Kopanets, M.A. Tikhonovsky, G.D. Tolstolutskaya
National Science Center “Kharkov Institute of Physics and Technology”,
Kharkiv, Ukraine
E-mail: karpofff@kipt.kharkov.ua

High entropy alloys (HEAs) are considered for applications in nuclear reactors due to their promising
mechanical properties, corrosion and radiation resistance. In order to understand the irradiation effects in HEAs and
to demonstrate their potential advantages over conventional austenitic stainless steels, we performed helium ion
irradiation experiments with 20Cr-40Fe-20Ni-20Mn high-entropy alloy and 18Cr10NiTi steel under an identical
condition. Both alloys have been irradiated to a dose of 4.8 displacement per atom (dpa) and a helium concentration
of 11.7 at.% at room temperature. After subsequent annealing at 500 °C the microstructure evolution of irradiated
materials was examined. The irradiation promotes the formation of a high density of bubbles in HEA and steel.
Comparison of parameters of helium porosity in these materials has been done.

PACS: 61.72.CC, 68.55. LN

INTRODUCTION

A severe problem in the fission and fusion
irradiation environment is production of a certain
amount of transmutation elements through reactions of
(n, p) and (n, o) in the bulk of structural materials. The
high energy alpha particles can induce volume swelling
and high temperature He embrittlement by enhancing
the void nucleation and growth process due to low
solubility of helium in metals [1, 2].

The study of He-ions irradiation effects on materials,
including the formation and evolution of irradiation
damage defects and the diffusion and aggregation of
helium ions, has become one of the top challenges in
fusion field [3]. During migration of the vacancies and
helium atoms, the grain boundaries are more likely to be
the nucleation sites of helium bubble whose volume are
closely related to the irradiation temperature [2].

Very dense fine helium bubbles are formed at low
temperatures by continuously absorption of helium
atoms, while large bubbles are produced at high
temperatures. The increasing of the volume of helium
bubbles will lead to the blistering and the repeated
exfoliation of the sample surface, which will seriously
degrade the physical properties of materials and reduce
their service life [4].

A necessary task for develop new nuclear reactors
with safe, sustainable and efficient properties is the
research of structural materials with superior
performance in the extreme environment of high
temperature, high stress and intense irradiation damage.

Recently, in addition to traditional materials, a new
type of materials with excellent properties — high
entropy alloys (HEAS) has been proposed [5]. HEAs are
defined as solid solution alloys that contain more than
four principal elements in equal or near equal atomic
percent (at.%), in which the high configurational
entropy of mixing reaches its maximum [6]. There are
also many other similar names, like multi-component
alloys, equiatomic ratio alloys and multi-principal-
elements alloys.

Extensive studies have revealed the excellent
properties of concentrated solid solution alloys,
including microstructure stability under ion irradiations,
a good corrosion resistance and the ability to maintain
good mechanical properties over a wide-range
temperature [7, 8]. However, the He behavior in HEAS,
including the formation and growth of He bubbles, is
still questionable.

In the present study, a non-cobalt 20Cr-40Fe-20 Ni-
20Mn (mass %) high entropy alloy has been
investigated. Cobalt is unfavorable element for nuclear
applications due to high neutron transmutation-induced
radioactivity.

The aim of this work is to study the microstructure
evolution of this material irradiated at room temperature
to a dose of 4.8 dpa and a helium concentration of
11.7at.% and subsequently annealed at 500 °C.
Annealing was used as method for investigation of
exposure of the short-term high thermal flux on the first
wall material of fusion power reactor. Comparison of
the parameters of helium porosity in 20Cr-40Fe-20Ni-
20Mn and 18Cr10NiTi steel irradiated and annealed at
the same conditions was made.

EXPERIMENTAL DETAILS

High entropy alloy with the nominal compositions
(in mass %) of 20Cr-40Fe-20Mn-20Ni was produced by
arc melting in a high-purity argon in a water-cooled
copper mould. The purity of alloying elements was
above 99.9%. To ensure chemical homogeneity, the
ingots were flipped over and re-melted a least 5 times.
The alloy was studied after homogenization.
Homogenization annealing of ingots was carried out at
1050 °C and lasted for 24 h.

Alloys were subjected to thermomechanical
treatment (TMT) that consisted in deformation of the
rolling at room temperature from 6 mm to 0.2 mm with
intermediate annealing at 1100 °C for 3 h. Finishing
annealing after decreasing sample thickness to 0.2 mm
was carried out at 1100 °C for 1 h [9].
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18Cr1O0NiTi steel investigated in this study was
solution annealed at 1050 °C for 30 min.

Samples for TEM studies were prepared as disks of
3mm in diameter. Thin foils were obtained by
mechanical thinning of the disks down to 130 um
followed by electropolishing and short-term annealing.

The samples were implanted with 20 keV He® ions
to a dose of 1-10°* m™. Irradiations were performed with
irradiation facility in accelerating-measuring system
“ESU-2” [10]. The ion flux was 1-10'® He/(m?s). Ion
implantation was carried out at normal ion incidence.
The temperature of the sample did not exceed 25 °C
during irradiation.

The evolution of microstructure was investigated
after post-implantation annealing at 500 °C for 10 min.
Specimens were thinned for TEM examination by jet-
electropolishing with a solution of 5% perchloric acid
and 95% ethanol from back side of the sample until
perforation.

lon stopping distribution for 20 keV helium ions and
irradiation damages (in dpa) have been calculated with
the software The Stopping and Range of lons in Matter
(SRIM 2008) [11]. The dpa calculations are based on a
displacement energy threshold of 40 eV and on the
Kinchin-Pease formalism and Stoller recommendations
[12] (Fig. 1). The thickness of the foils was not
measured directly but assumed to be in the range of
100 nm according to their brightness in electron

microscope.
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Fig. 1. Calculated profiles of damages and
concentrations of 20 keV He ions in 20Cr-40Fe-20Mn-
20Ni alloy irradiated to a dose of 1-10°* m™

The microstructure of the alloys was studied by
electron microscope JEM-2100. Generally, small He
bubbles are observed at under-focused condition to
increase the imaging contrast. The average bubble size
was measured from more than 150 bubbles in each
sample.

RESULTS AND DISCUSSIONS

Fig. 2 shows typical initial microstructure of
18Cr10NiTi steel and 20Cr-40Fe-20Mn-20Ni high
entropy alloy.

The microstructure of unirradiated 18Cr10NiTi steel
consisted mostly of austenite grains (size ~ 30 um), but
small crystallites of d-ferrite were also observed at a
volume fraction of 2...3%. Annealing twins,

precipitates (carbides and titanium carbonitrides) and
dislocations (~ 10® cm™) were seen in austenitic grains.

Fig. 2. The initial microstructure of 18Cr10NiTi
steel (a), 20Cr-40Fe-20Mn-20Ni high-entropy alloy (b)

The results of the study of the structure of HEA
alloy are described in [9]. According to X-ray analysis
as-cast alloy is single-phase with FCC crystal lattice.
After TMT and final heat treatment at 850 °C, the alloy
is single-phase also. Measured by means of EDS and
nominal compositions of HEA alloy and 18Cr10NiTi
steel are presented in Table 1.

Table 1

Nominal and measured materials composition (mass %)
Sample Fe | Cr ‘ Ni |Mn‘ Ti ‘ Si
CrFeNiMn | - - - - - -
Nominal 40 20 20 20 - -
Measured |41.23 19.82 1942 19.18 - 0.35
18Cr10NiTi | - - - - - —
Nominal Bal. 17-19 9-11 2 041 08
Measured | 68.1 179 108 175 0.71 0.74

Fig. 3 shows the microstructure evolution of 20Cr-
40Fe-20Mn-20Ni high entropy alloy and 18Cr10NiTi
steel after He irradiation and subsequent annealing at
500 °C for 10 min in high vacuum. Irradiation leads to
the microstructural defects development, which induced
by nuclear collisions, as well as to the formation of
helium bubbles.

Detailed TEM characterization reveals that He
bubbles in 18 Cr10NiTi steel and Fe-Co-Cr-Ni alloy
exhibit different morphology and density.

The kinetics of helium porosity development at
annealing of 18Cr10NiTi stainless steel irradiated with
20 keV helium ions at room temperature have been
investigated in [13]. TEM examination of irradiated



steel was conducted in the annealing temperature range
from Teom to 1140 °C. At a dose of 1-10°" m?, bubbles
were observed immediately after irradiation at T,gom. At
annealing, the average diameter of the bubbles varies
from ~ 2 nm at T,pom t0 10...20 nm at T,,, = 1140 °C. In
the low-temperature region of annealing from T,on tO
500 °C the average diameter and the density of bubbles
virtually does not change.

As shown in Fig. 3,a, in the case of 18Cr10NiTi,
very small and sparse spherical helium bubbles with
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average diameter of ~1.6 nm and a density of
1.0-10%* m™ have been observed.

In contrast, numerous bubbles with average
diameter of < 1.0 nm were observed in irradiated Fe-Co-
Cr-Ni alloy (see Fig. 3,b). TEM observation was
conducted from over-focus to under-focus in several
samples. The bubble density and diameter in both
alloys, the uncertainties for the size and density are
summarized in Table 2.
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Fig. 3. The morphology and distribution of He bubbles in irradiated and subsequently annealed
18Cr10NiTi steel (a) and 20Cr-40Fe-20Mn-20Ni high entropy alloy (b)

Table 2
Helium bubbles size and density for 18Cr10NiTi steel and 20Cr-40Fe-20Mn-20Ni alloy
after irradiation and 500 °C annealing for 10 min
Helium Irradiation He cqncentration _Mean Num_ber Swelling
Sample fluence, He'/m? | damage, dpa at projected depth, | diameter, de?f'tyé % '
' ' at. % nm 10" m
FeCrNiMn 1-10* 4.8 11.7 0.9+0.3 | 3.1+0.5 0.15
18Cr10NiTi 1.10% 4.8 11.7 1.6+0.4 1.0+0.2 0.32

As can be seen from Table 1, the helium bubbles
size in CrFeNiMn alloy is smaller than that in
18Cr10ONiTi steel, while the number density
approximately 3 times larger. Calculated values of
helium-associated swelling were evaluated to be 0.15
and 0.32% for HEA and 18CrlONiTi, respectively,
suggesting that the helium bubble formation is
suppressed in the HEA. The suppression of bubble
formation may be related to the HEASs’ intrinsic
properties, i.e. severe large lattice distortion and
chemical disorder.

It is known that the extremely low solubility of
helium can exacerbate precipitation of He into clusters
or bubbles at sinks which causes property degradation
of structural materials. However, the different bubble
behavior between studied materials is observed.

Yan et al. [14] have demonstrated that high
temperature annealing leads to a formation of large
bubbles and cavities (hundreds of nanometers) in Ni,
while in Fe-Co-Cr-Ni bubble growth was limited.
Authors explained these observations by low helium

diffusivity in Fe-Co-Cr-Ni that results in suppression of
helium bubbles nucleation and growth (Fig. 4).
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Fig. 4. Schematic diagram of the fluctuation of lattice
potential energy in Fe-Co-Cr-Ni alloy and pure nickel.
EM and E,® are migration energy of interstitial He and

binding energy between He atom and vacancy,
respectively /137



As follows from Fig. 4, interstitial migration is
strongly controlled by the migration energy of
interstitial He, E,“, since He atoms can migrate via
jumps between different interstitial positions [14].

In the case of vacancy migration mechanism, the
binding energy between He atom and vacancy, E\?, will
primarily govern migration process.

Helium atoms injected into the lattice upon
irradiation migrate through interstitial positions before
trapping and agglomerating with vacancies (see Fig. 4).

Tsai et al. [8, 15] have studied kinetics of diffusion
of Co, Cr, Fe, Mn, and Ni in high entropy alloy by using
the method of diffusion couple. They founded that the
diffusion coefficients are lower in HEA compared to
conventional metals. Large fluctuations of lattice
potential energy in Co-Cr-Fe-Mn-Ni facilitate the
formation of deeper traps and atomic blocks resulted in
high activation energy and low diffusion mobility of
atoms.

Despite a discrepancy between regular atomic
diffusion and interstitial He diffusion due to its low
solubility and ability to form bubbles, the effect of
sluggish diffusion can be used to explain the differences
in the behavior of He in Fe-Co-Cr-Ni equiatomic alloy
and steel.

It was suggested in [14] that due to the considerable
lattice distortion, the potential energy gap between two
adjacent positions in the Fe-Co-Cr-Ni lattice is rather
large relative to the ideal zero in pure nickel, as injected
He atoms in Fe-Co-Cr-Ni are influenced by severe
fluctuations in the lattice potential energy during
frequent jumps in the process of diffusion and the
formation of clusters. As a result, a larger number of
helium atoms may be captured by traps with low
potential energy (shown by the blue arrow in Fig. 4).
Due to difficult migration of He atoms, the formation of
helium bubbles is retarded in HEA, wherefore Fe-Co-
Cr-Ni has a much higher critical He concentration
needed to detect TEM-visible helium bubbles at room
temperature.

Frenkel pairs will be generated in a cascade of
defects due to ion irradiation of both CrFeMnNi HEA
and steel. As has been demonstrated in [16], upon the
cooling down of the ballistic phase (0.5 picosecond) of
the damage cascade, defect recombination will take
place during the kinetic phase within a picosecond. The
number of defects that will survive in this case is = 30%
for metals [17, 18]. The processes of generation and
recombination of defects caused by irradiation have a
nanosecond time scale [19], while sluggish diffusion
and evolution of defects may continue microseconds in
HEAs [20].

Y.N. Osetsky et al. [20] believe that the physical
origin of the sluggish diffusion effect may be attributed
to the compositional dependence of vacancy migration
energy with maximum near the site percolation
threshold, and argued that the coupled percolation and
composition-dependent barriers for vacancy jumps
within different subsystems in HEA leads to the
sluggish diffusion.

Implanted helium atoms located in interstitial
positions will ultimately recombine with surviving
defects, leading to the bubble’s nucleation throughout

the irradiated layer. The lower helium swelling in HEA
compared to steel, observed in this study, indicates that
the mechanism of inert gas bubble growth in HEA can
be suppressed.

CONCLUSION

The microstructure evolution in Cr-Fe-Ni-Mn high-
entropy alloy and 18Cr1ONiTi stainless steel after
irradiation with helium ions to 4.8 dpa and 11.7 at.% at
room temperature and post-irradiation annealing was
investigated.

Irradiation promoted the formation of a high density
of bubbles in HEA and steel. Comparison of the
parameters of helium porosity in these materials showed
that the swelling in CrFeNiMn alloy is about two times
smaller than that in 18Cr10NiTi steel.

The obtained result indicates that CrFeNiMn is
much more resistant to the formation of helium bubbles
than conventional 18Cr10NiTi stainless steel.
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CPABHUTEJIBHOE NHCCJIEJOBAHME PA3BUTUS I'EJIMEBBIX ITY3BIPBKOB
B Cr-Fe-Ni-Mn BBICOKOHTPOITUMTHOM CILIABE U CTAJIA X18H10T
HOCIJIE OBJYYEHUMSA U IOCTPAJUAIIMOHHOI'O OTXKUT A

A.C. Kanvuenko, C.A. Kapnos, U.E. Konaneu, M.A. Tuxonosckuit, I'./l. Toncmonyyxkan

BricokosaTponmiiaeie criaBel (BOC) paccmaTpuBaroTcs Kak IEPCICKTHBHBIC MAaTEpHANbl Uil IPUMCHEHUS B
SIEPHBIX PEaKTOpax M3-32 MX MHOTOOOCIIAIOIINX MEXaHHYEeCKHX CBOMCTB, KOPPO3HOHHOW W PagUallMOHHON
ctoiikoctu. C Lenpl0 MOHMMaHMS BIMAHUA 00iyuyeHHMs Ha cBoiictBa BOC M geMoHCTpalnuu UX NMOTEHIHATIBHBIX
MPEUMYLIECTB M0 CPABHEHUIO C OOBIYHBIMU ayCTCHUTHBIMU HEP)KABEIOIMMU CTAJSIMU MBI IIPOBENIN IKCIIEPUMEHTHI
10 OOJIyYEHHIO B MICHTHYHBIX YCIOBUSAX HOHaMu reus ¢ sHeprueii 20 k3B BOC 20Cr-40Fe-20Ni-20Mn u cranu
X18H10T. O6a crnnaBa ObTH 0OJMydeHBI TIPU KOMHATHON TeMmIiepatype A0 1036l 4,8 cMelieHus Ha aToM (CHa) H
KoHIeHTpanuu renust 11,7 at.%. DBOMIOIUI0 MUKPOCTPYKTYPHI OOJYYEHHBIX MAaTEpHaOB HCCIEAO0BAIN TOCIE
orxkura npu 500 °C. OOiydeHHe W OTXKHUI TPUBEIN K 0OPa30BaHHUIO BBICOKOM MIIOTHOCTH Iy3bIppkoB B BOC u
ctamu. [IpoBeeHoO cpaBHEHIE MapaMETPOB TETUEBON TOPUCTOCTH B ATHX MaTepHaaX.

HHOPIBHAJIBHE JOCJIIKEHHS PO3BUTKY TI'EJIEBUX BYJIBBAIIIOK
¥V Cr-Fe-Ni-Mn BACOKOEHTPOIIIMHOMY CILJTABI I CTAJII X18H10T
MICJS OIMPOMIHEHHS I TOCTPATIAIIIAHOT O BIIMAJTY

0.C. Kanvuenxo, C.0. Kapnoe, 1.€. Konaneyv, M.A. Tuxonoscokuii, I./l. Toncmoayuvka

BucoxoentpomiiiHi crraBu (BEC) po3risimaroThes sSIK MEPCIIEKTUBHI MaTepiad Ul 3aCTOCYBAaHHS B SIEPHUX
peakTopax dYepe3 ix 0araTooOilfi04i MeXaHI4HI BIIACTHBOCTI, KOpO3ifiHy Ta pamialiiiHy CTiHKICTh. 3 METOI0
PO3YMIHHS BIUTUBY OompoMiHeHHs Ha BiactuBocTi BEC i meMoHcTparii iX MOTCHIIHHUX IiepeBar y MOPIBHIHHI 31
3BUYaHUMHU ayCTCHITHUMH HEp)KaBIIOUMMH CTaISIMH MU IMPOBEIH EKCIEPUMEHTH 3 ONPOMIHEHHS B 1IEHTHYHHX
yMmoBax iomamu remito 3 eHepriero 20 keB BEC 20Cr-40Fe-20Ni-20Mn i cranu X18H10T. CrmaBu Oyinu
OTIPOMiHEHI MPH KIMHATHIA TemmepaTypi 1o 103 4,8 3MmimeHHs Ha aToM (3Ha) i1 KoHmeHTpauii remito 11,7 at.%.
EBouttoriro MiKpOCTpYKTYpH OTIPOMIHEHHMX MaTepialliB ITOCHipKyBanu micus Bigmamy npu 500 °C. OnpomiHeHHS i
BiJIIIaJI TIPU3BENH JIO CTBOPEHHS BUCOKOI minabHOCTI Oyisrbamok y BEC i crami. [IpoBeneHo mopiBHSHHS mapaMeTpiB
TellieBOi MOPHCTOCTI B IIUX MaTepianax.
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