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In spite of all effects of researchers, up to now there is no understanding of the main radiation phenomena advances, in particular, of
the swelling at simultaneously effect of damage dose with generated helium and hydrogen. Imperceptions of this problem is due to
absence in the world science society of experimental equipment for investigations under super high damages (~ above 200 dpa). In
this paper we carried such irradiation and performed results of the swelling behavior in typical ferritic-martensitic steel EP-450 under
different irradiation condition: at high irradiation doses up to 300 dpa, and under dual irradiation with gases (helium or hydrogen).
Simulation of radiation damage under environment which is typical for future reactors, as for fusion and accelerator driven system
(ADS) the irradiation experiments were conducted using Electrostatic Accelerator with External Injector (ESUVI) at NSC KIPT.
Swelling of EP-450 ferritic-martensitic steel were studied under irradiation by Cr ions up to the doses 300 dpa at temperature range
430-550°C. Parameters of swelling, incubation state range; dose zone, where the swelling range reaches the steady state were
determined. Irradiation under dual beam modes was conducted using 1.8 MeV Cr™, 40keV He", and 20keV H'. It is shown that the
behavior of radiation swelling depends on the concentration of helium or hydrogen. Helium and hydrogen have different effects on
the kinetics and magnitude of swelling. In the incubation period helium increases void nucleation and raises their concentration. On
the steady state period helium reduces swelling steels by reducing the voids size; hydrogen is also effective as helium in acceleration
of the swelling beginning, but has less effect on voids nucleation that leads to swelling increase on steady-state period due to uniform
rise of voids number density.
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BIIJIMB OJHO U JBOX TYYKOBOI'O IOHHOI'O OTPOMIHEHHS HA ITOBEJAIHKY PO3ITYXAHHSA
B ®EPUTO-MAPTEHCHUTHIN CTAJII EII-450
IO.E. KynpisinoBa, B.B. bBpuk, B.M. BoeBoain, O.C. Kanbuenko
Hayionanvnuu Haykosuti Llenmp Xapxiecokuu @izuxo-Texniunui Incmumym
M. Xapxie, 61108, Yrpaina, eyn. Axademiuna, 1

Ha croronHi BaXIuBHM € Te, [0 HEMA€ ITOBHOT'O PO3YMIHHS PO3BHTKY OCHOBHHUX paliallifHMX SIBHIN, TaKUX SIK, PO3IyXaHHS HPH
B3a€MO/IIT MTOIIKO/DKEHB 3 TeJIiEM Ta BOJHEM, SIKI YTBOPIOIOTHCS IIiJ] Yac sAEpHHUX peakiiid. BincyTHicTs po3yMiHHS 00yMOBIIE€Ha THM,
[0 NPAKTUYHO TaKi €KCHePHMEHTH N0 HAC HIiXTO HE MPOBOJMB, y CBITOBOi HAyKOBOI CIITFHOTH HEMAaEe EKCHEPHMEHTAJIbHOTO
obnasHaHHs JUId YTBOPEHHs BEIHMKHX MOLIKOMKeHb (no i Buime 200 3Ha). B poGoTi mpeacTaBieHi pe3ysbTaTé HOCIIHKCHHS
MOBEIIHKH PO3MyXaHHS CTaHAapTHOI (epuro-mapreHcutHOi ctanmi EI1-450 3a pi3sHMX yMOB ONpOMIHEHHS: HPH BHUCOKHX A03aX
nomkopkeHHs 10 300 3Ha, a TakoXK HPHU ABOX MYYKOBOMY ONMPOMIHEHHI i0HaMH ra3iB (remiii abo BojeHb). BuBueHO posmyxaHHS
¢depuro-maprercutaoi crani EI1-450 npu onpomineHHi ioHamu xpomy 10 103 300 3Ha. B inrepsani temmeparyp 430...550°C 6ynu
OTpHMaHi pe3yJbTaTH 3 apaMeTpiB MOPHCTOCTI; TPUBAIOCTI IHKyOaIiHHOTO Tepiofy; o0IacTi 103, B SKiH peamizyeTbesl mepexin 1o
CTAI[IOHAPHOI CTaAii; MBUIKOCTI po3myxaHHs. [lokazaHo, 0 3HAUSHHS pO3IyXaHHS (epUTHOI cTaii Moxke mepeBuiryBaT ~20%.
Jnst imitamii pamiamifHUX MOIIKO/PKCHb, XapaKTepHUX JUIS PEakToOpiB MalOyTHHOTO MOKONIHHS —omnpoMiHeHHs crami EIT-450
npoBoiIock Ha EnexrpocraTmuHOMy mpuckoproBadi 3 30BHimHIM imkekTopoM (ECYBI), sikuii 6yno po3podiaeno B HHI[ XDTI.
JIBox mydkoBe iOHHE ONMpOMiHEeHHs mpoBomwioch mpu 1,8 MeB Cr”, 40keB He', u 20xeB H'. IokasaHo, mo moBemiHKa
paniauiiiHOro po3myxaHHs 3aJIeKHUTh BiJl KOHLEHTpALil refifo Ta BOJHIO; Telliil Ta BOJCHb MO-Pi3HOMY BIUIMBAIOTh HAa KiHETHUKY Ta
po3mip posmyxaHHsi. B iHKyOauifiHOMy mepioai Temiid NPHUIIBHIIIYE HPOLEC 3apOMKEHHS IOp, TaKUM YHWHOM, 30UIbIIye iX
KoHIeHTpanito. Ha cramioHapHiil cramii remiii 3HW)Kye PO3MyXaHHS CTajel 3a paXyHOK 3MEHIICHHS po3Mipy mop. Bonmenp Takox
edeKTHBeH, SK 1 Teliif B IPUCKOPEHi oYaTKy pO3IyXaHHs, ale Ma€ MEHIINH BIUIMB Ha 3apOKEHHS MOp, IIe MOXKe IIPHBECTH HABITh
JI0 30UTBIICHHS PO3ITyXaHHS Ha CTAIllOHApHIH cTajil 32 paXyHOK IIOMIPHOTO POCTY KOHIIEHTpALl mop.

KJIIOYOBI CJIOBA: ioHHE OnIpOMiHEHHS, T'elliid, BOJICHb, PO3IyXaHHsI, MiIKPOCTPYKTYpa, (pepuTo-MapTeHCUTHA CTANIb

BJIMSTHUE OJJTHO U JIBYX ITYUYKOBOI'O HOHHOI'O OBJIYYEHHUSI HA TIOBEJAEHUE PACITYXAHUSA
B ®EPPUTO-MAPTEHCUTHOWM CTAJIU 11-450
10.3. Kynpusinosa, B.B. bprik, B.H. BoeBonun, A.C. Kanbuenko
Hayuonanvnvuii Hayunweii Llenmp Xapokosckuil @uzuxo-Texnuyeckuii Mucmumym
2. Xapvkos, 61108, Ykpauna, yn. Axademuueckas, 1
BaxHO OTMETHTH, YTO Ha CETOAHS HET MOJHOTO IOHMMAHWS PAa3BUTHS OCHOBHBIX paJWAIllIOHHBIX SBICHUH, B YaCTHOCTH,
paciyxaHusl IpH B3aUMOJICUCTBUH CMENIAIOMNX MTOBPEXKICHHH ¢ 00pa3yoIUMuUCS refiieM U BogopoaoM. OTCYyTCTBHE IIOHUMAaHHS
00YCIJIOBJIEHO TEM, 4TO NMPAKTHYECKH TaKUe SKCIEPUMEHTHI 10 HaC HUKTO HE NPOBOJWI, T.K. B MHPOBOI Hay4HOH OOILECTBEHHOCTH
HET DKCICPUMEHTAIBHOTO OOOPYAOBaHUS IS CO3MaHHs OoNbIIMX mMoBpekaeHuit (mo u Beimie 200cHa). B mamHo#t pabote
MIPE/ICTAaBIEHbl PE3yNbTAaThl HCCIEI0BAaHUS TOBEACHHUs paclyXaHUs CTaHIApTHOH ¢eppuro-mMapTeHcuTHol cramu OlI1-450 mpu
Pa3NIUYHBIX YCIOBUSAX OOMYYEHHUS: BBICOKHX J103ax mMoBpexaeHHus a0 300 cHa, a Takxke Ipu IBOWHOM OOIy4eHHHM MOHAMHU Ta3o0B
(remmit wam Bozopoxd). s MMHTAnMM pagMalMOHHBIX MOBPEXKICHHH, XapaKTEPHBIX [UISI PEaKTOPOB OyMyIIero MOKOJIEHUS, AN
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TEPMOSIIEPHBIX PEKTOPOB U PEAKTOPOB, YNPABISIEMBIX ~YCKOPHUTEIAMH, oO0nydeHune cramu OI1-450 mnpoBoammock Ha
DJEeKTPOCTaTHYECKOM YCKOpUTENH ¢ BHeIHUM uHxekropoM (DCYBU), pazpaborannom B HHL| XDTU uccnenoBano pacmyxanue
(deppuTHO-MapTEHCHTHBIX cTaned DI1-450 npu obnyueHnn nonamMu xpoma 1o 103 300 cuHa. B unrepsane temneparyp 430...550°C
OTIpENEeNeHbl MapaMeTphl MOPUCTOCTH; MPOMODKUTENIFHOCTh MHKYOAI[MOHHOTO IepHoja; 0o0NacTh 1103, B KOTOPOH MPOHMCXOIMT
Nepexox K CTAaIlMOHApHOM CTaAWH; CKOPOCTh pachyxaHms. [lokazaHo, 4TO BEMHYMHA pACIyXaHUs (PEeppUTHON CTalM MOXKET
npessimars ~20 %. [IByx IydkoBoe HOHHOE 00JIydeHHe MpoBOIMIOCh mpu 1,8 MaB Cr*, 40xoB He', u 20x3B H'. [okazamno, uro
TIOBE/ICHNE PaJUaIlMOHHOTO PACITyXaHUs 3aBUCHT OT KOHIEHTPAUH TN MM BOJOPO/a; TeInil 1 BOJOPO/] IT0-pPa3HOMY BIIHSIIOT Ha
KHHETHKY M BEJIMYUHY paciyXaHus. B HHKyOalnOHHOM IepHoJie Teluii YBEIMYNBACT CKOPOCTh 3apOXKAEHHS TIOp U, CIIE0BATENEHO,
YBEJIMYMBAET UX KOHIEHTpamu. Ha craunoHapHOW CTaany refuid CHIKAeT pacilyXaHUe CTajeil 3a CYeT YMEHBILICHHUs pa3Mepa Iop.
Boznopon Takxe 3¢ dexTuBeH Kak U reiuii B yCKOPEHHH Hayalla pacilyXaHus, HO MMeeT MeHblIIee BIUSHHE Ha 3apOKICHHUE 0P, YTO
MOXET MPUBECTH AaXKe K YBEIMUECHHIO PACITyXaHHIO Ha CTAIlMOHAPHOW CTAJUH 3a CUET MOCTENECHHOTO yBENWYEHHS KOHLEHTPAIUU
op.

KJIFOYEBBIE CJIOBA: nonHoe o0ydeHne, refuii, BOJOPOI, pacilyXaHnue, MUKPOCTPYKTYpa, peppUTo-MapTEeHCUTHAS CTallb

Ferritic-martensitic steels are now the more attractive materials-candidates for claddings and wrappers of nuclear
reactors and for the first wall of fusion reactors due to their low induced activity, low void swelling and creep, high
resistance to high-temperature and helium embrittlement. There are different international programs of 4 generation
reactors development and fusion reactors. These programs are based on the use of ferritic-martensitic steels that will
operate in the wide range of temperatures under damage doses of 200 dpa and higher and also under high levels of gases
(helium and hydrogen) [1-3]. Also, it is supposed to use ferritic-martensitic steels for reactor TWR claddings; because
these steels have the lower swelling under high doses of irradiation. Moreover, ferritic- martensitic steels are potential
candidate alloys as structural materials for the Spallation Neutron Source. In the intense spallation neutron sources
for the material science as well as the accelerator driven system for transmuting long lived nuclides to
shorter ones, materials of target and its vessel are damaged by various influence of strong irradiation,
thermal shock, erosion and corrosion [4, 5]. Ferritic-martensitic steels were chosen for investigation because of its
excellent response to neutron irradiation compared with austenitic steels [6]. A lot of data have been generated for this
alloys subjected to fission neutron irradiation, but none for the SNS condition. Helium generation in irradiated metals is
known to assist void nucleation and thereby accelerates the onset of void swelling at incubation period [7]. Until
recently, hydrogen was concurrent hydrogen generation can also assist void nucleation and possibly accelerates
swelling even in the absence of helium. Hydrogen is known to be strongly captured in helium-nucleated voids or
bubbles, thereby contributing to cavity stabilization [8, 9]. Furthermore, in some alloy systems co-injected helium and
hydrogen appear to interact synergistically to strongly promote swelling [10, 11].

This paper summarized the effects of different doses (50 -300 dpa) for understanding swelling behavior and
actuality of damage and gases (helium and hydrogen) effects on EP-450 ferritic-martensitic steel. To obtain materials
performance data in such a severe irradiation environment, experiments were carried out using the ESUVI, because this
unique facility could simulate the gas/dpa ratios expected under fussion environment. The objectives of the present
study are (1) investigation of swelling of industrial ferritic-martensitic steels EP-450 under irradiation by chromium
ions up to the doses of 300 dpa; (2) explore the effects simultaneous displacement damage and gas co-injection on
swelling of EP-450 steel in response to allow development and refining of the co-injection techniques needed for future
studies.

MATERIAL AND EXPERIMENTAL TECHNIQUE

The EP-450 steel is a typically example of ferritic-martensitic steel used as standard structural material for
hexahedral cladding fuel assembly in BN-600 and future fast reactors. In this steel after partial conversion of y-o and
after heat treatment has a duplex structure of tempered martensite (sorbite), and ferrite, in a ratio of 1: 1. For
investigation were used standard 3 mm diameter microscopy disks of 0.2 mm thickness. The composition of steel and
heat treatment conditions are shown in Tablel. The single ion irradiation proceed under 1.8 MeV Cr’* ions with TEM
discs irradiated at temperature of swelling maximum 480°C to doses 50 -300 dpa. The dual ion irradiation under helium
levels were 0-8000 appm and hydrogen levels - 0-10000 appm. The main irradiation parameters of the specimens are
listed in Table 2. Irradiation was carried out on ESUVI electrostatic heavy-ion accelerator located at Kharkov Institute
of Physics and Technology. This facility has been used previously to conduct a variety of studies on various alloys
[12-13].

Table. 1.
Chemical compositions of EP-450 steel (wt, %).
Steel Type Chemical composition, wt%
of C Cr Si | Mn | Mo | V Nb Ni Other
precipitates
EP-450 My;Cs, 0.10- | 11.0- | 0.6 | 0.6 | 1.2- | 0.1- | 0.25- | 0.30 | B-0.004
(13Cr2MoNbVB) MC 0.15 13.5 1.8 | 0.3 | 0.55

HT: 1050°C/0.5h+720°C/1h
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Table. 2.

Irradiation parameters of EP-450 specimens. Displacement dose (D), temperature of swelling maximum (T),

helium (He, appm) and hydrogen (H

appm) levels

Specimen Swmax (OC) D (dpa) | He, appm H, appm

100 -
500 -
480 50 8000 -

EP-450 - 1000

(13Cr2MoNbVB) - 5000

- 10000

480 200 100 -

200 2000

dpa rate (k) — 2:10dpa/s.

Fig. 1 is a damage deposition, the gas injection profiles and accompanying damage profiles for 40 keV He" and 20
keV H", showing that very high but well-defined levels of gas can be deposited in the examined region without inducing
significant amounts of additional damage dose. The calculation was made using the Kinchin-Pease option of the SRIM-
2006 code. We were based on two reasons then selecting the depth of investigated layer: the investigated layer must be
on sufficient depth from irradiated surface to eliminate the surface influence and, on the other hand, the number of
implanted chromium ions must be minimal. Note that at the end of range ~20% Cr has been injected, causing significant
chemical alteration, as well as acting as injected interstitials that strongly depress void nucleation [14—17]. To minimize
the influence of the injected interstitial the irradiated specimens were thinned from both sides, choosing a layer at a
depth of 100200 nm from the ion-incident surface for microscopy analysis. This depth also minimizes the effect of the
surface on the examined region, especially at the very high dpa rate of 1'107 dpa/s in this region.
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Fig.1. Profiles of dose distribution and implantation ions fraction at depth
dose (—) and injected ion profiles (-+)for 1,8 MeV Cr". 20 keV H ion profiles (- - -) and 40 keV He (- * -)

Microstructure of irradiated specimens were examined using a JEM-100CX transmission electron microscope.

STRUCTURE OF EP-450 STEEL AFTER IRRADIATION BY HEAVY IONS

Unirradiated microstructure of steel EP-450 consists of ferrite and sorbite (tempered martensite), in relation to
structural components, in the ratio of approximately 1:1. The main redundant phases in steel EP-450 after quenching
and tempering are carbides M»;Cs (where M is Cr, Fe and Mo) and MC. Mean grain size in steel EP-450 is about 20
pum.

The analysis of microstructure of unirradiated and irradiated specimens was showed previously [18]. The main
attention in the present paper is paid to the analysis of swelling behavior in EP-450 steel. The structure changes of EP-
450 steel under different irradiation temperature and the dose 100 dpa is shown on Fig.2.

Temperature dependence of main swelling parameters after irradiation under the dose 100 dpa in EP-450 steel is
shown on Fig.3-5. Vacancy voids are observed at all studied temperatures under irradiation dose 100 dpa (Fig.3).
Reduce of irradiation temperature causes the increase of voids size from 10 to 20 nm and decrease of their number
density from 210" to 810" cm™ (Fig. 3-4). Under this dose void formation is observed only in ferrite.

Maximum of swelling of ferrite phase in steel EP-450 is observed at temperature 480°C (Fig.5) that agrees with
previously investigation performed on accelerators and in reactors [19].
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Microstructure evolution of steel EP-450 in dependence on irradiation dose at temperature of maximal swelling
(480°C) is shown on Fig.6.

200'nm

Fig.2. Microstructure of steel EP-450 irradiated to dose 100 dpa at temperature 450 (a); 510 (b); 550°C (c).
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Fig.6. Microstructure of steel EP-450 irradiated at T;;=480°C to dose 50 (a); 100 (b); 150 (c); 200 (d); 250 (e) and 300 dpa (f).

In previously work, it was shown that only ferrite swelling to dose 200 dpa [13]. The characteristic structure
evolution is sharp increasing of swelling under doses higher than 200 dpa. At this dose the sorbite stars to swelling as
ferrite. Swelling became more uniform from grain to grain and in sorbite grain although the nonuniformity of swelling
is more pronounced and remains even under dose 300 pa (Fig.6f).

The mean size of voids is increased with the dose in steel EP-450 from 15 to 60 nm. Number density of voids
typically increases but under irradiation doses >200 dpa stabilizes on the level (1...2)10">cm™. Dependence of swelling
and parameters on irradiation dose are shown on Fig 7 - 9.
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Fig.7. Dose dependence of swelling in
irradiated EP-450steel (T;;=480°C)
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As it is seen from Fig.7 the dose dependence of swelling in EP-450 steel has the traditional form characteristic for
all metals and alloys, namely, the presence of incubation stage, transient stage with increasing rate of swelling and
steady state stages of swelling The high increase of swelling rate in steel EP-450 is related with the high increase of
void size (Fig.8 - 9). The mean size of voids under the dose >200 dpa makes more than 50 nm and some voids reach the
size more than 100 nm and contribute substantially to swelling.

During the steady state stage the rate of swelling of steel EP-450 ~ 0.14%/dpa. Due to the comparatively high rate
the swelling of ferritic steel under the dose 300 dpa reaches~20%. Such swelling of ferrite steel is unexpected because
ferritic steels were considered as material with low swelling [20].

EFFECTS OF DAMAGES AND DIFFERENT HELIUM LEVELS ON SWELLING OF EP-450 STEEL

Heluim produced by transmutations has long been suspected to play a major role in viod nucleation. Indeed,
helium contained in small vacancy clusters can significantly reduce the vacancy reemission rate and thereby increase
the nucleation rate.

For investigation of gas effect on swelling in EP-450 steel was chosen doses of 50 dpa (incubation period) and 200
dpa (steady state period) Fig.10.

The results of EP-450 steel swelling obtained under dual irradiation (Cr+He) at 50 dpa and T;,=480°C and helium
levels (0 — 8 000appm) is shown on Fig.10-12. The co-injection of helium leads to reduce of voids size from 17 to 3 nm
and to increase of number density from 2:10" cm™ to 410""cm™ (Fig.11). A characteristic behavior of structure in this
case is the sharp increase of swelling from 0.02% up to 0.32 % at helium level 0-500 appm and above 500 appm “slow
state” is presented on Fig.12. The increasing of swelling may be due to the increment of gas pressure caused by high
helium concentration in voids.

Fig. 10. Microstructure of EP-450 steel irradiated at T;,=480°C and D= 50dpa at different helium levels:
Oappm (a); 100 appm (b); 500 appm (c); 8000 (d) appm.
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Fig.11. Effect of damage (D=50 dpa) and different helium levels ~ Fig.12. Effect of damage (D=50 dpa) and different helium
(0-8 000 appm) on void size in EP-450 steel levels (0-8 000 appm) on swelling in EP-450 steel

Fig. 13-15 show that on the stage of voids formation at 50 dpa (incubation period) 100appm of helium increases
the swelling due to increase of number density. At 200 dpa (steady-state) period 100 appm of helium decreases the
swelling of EP-450 steel due to reduce of voids size.

The results for EP-450 steel obtained under dual irradiation (Cr+H) at 50 dpa and T;,=480°C and different
hydrogen levels (0 — 10 000appm) are presented on Fig.16-18. The co-injection of hydrogen leads to reduce of voids
size from 17 to 6 nm and to increase of number density from 210" cm™ to 2:10'%cm™. A characteristic behavior of
structure is the increase of swelling from 0.02% up to 0.93 % at hydrogen range 0-5000 appm and above 5000 appm
swelling decrease from 0.93% to 0.37%. At 0-1,000 appm H increase of swelling due to reduce of number density. At
10,000 appm swelling decreases due to voids size (Fig.17-18).
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20 1018
3 104 5000 appm
164 ;
é - = __’ 3 101-/']5 0.5 J
= 1\ o _--=--- 5 e
g\ E 2
g Fl 1o 2 B 061 w
) ] 0 5 = 1000 appm
© 84  e—m878 e o v
> I} -— 5 c% 04 4
) * L10"° ’E 10 000 appm
49 E 02 4
O T T T T T 1 D’D T T T T L]
0 2000 4000 6000 8000 10000 2000 4000 6000 8000 10000
H, appm H, appm
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Fig.18. Effect of damage (D=50 dpa) and different hydrogen
levels (0-10 000 appm) on swelling in EP-450 steel

CONCLUSION

Ion bombardment -now may be unique chance to explore radiation behaviour of advanced steels to high dpa levels
and different levels of gases (helium and hydrogen) which are typical for new reactor’s generations.

Firstly the results on the swelling behaviour of structural materials at very high radiation doses and ultra-high
levels gases - hydrogen and helium were obtained. Speciments of ferritic-martensitic steel EP-450 were irradiated in
ESUVI under single, dual beam irradiation to dose 50 and 300 dpa at temperature of swelling maximumand at helium
and hydrogen levels 0 — 8 000 appm and 0- 10 000 appm, respectively. The results of TEM observation demonstrate:

(a)The maximum of steel EP-450 swelling is situated in the region ~480°C. After extended incubation period
~150 dpa the transition to steady state stage of swelling with the rate 0,14%/dpa is observed.

(b)It is shown that swelling of steel with BCC may reach the value higher 20%.

(a) Ferritic —martensitic steels are sensitive to co-injection of helium and hydrogen.

(b) At incubation period helium increases the swelling. Increase of swelling due to number density increase.
Helium exhibits a strong influence on the nucleation of voids, increasing their concentration.

(c) At incubation period hydrogen is also effective as helium in acceleration of the swelling beginning, but has less
effect on voids formation that leads to swelling increase on steady-state period due to uniform rise of voids number
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density.

(d) At steady - state period helium co-injection decreases the swelling of EP-450 steel.

The obtained results refuse the existing opinion that steels of this class have considerably high resistance to
swelling; so the additional investigations of this phenomenon are necessary, also with simultaneously injection of gas
ions (He, H).

These results are needed to expand the understanding of the fundamental radiation effects and associated
rradiation consequences, such as swelling, phase instability, as well as the application of this knowledge for the
development of radiation-resistant alloys for future generations of reactors.
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