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AHHOTaus. CoueTaHHe UOHHOTO 06J'Iy‘~IEHI/IH N HAHOMHIOEHTHUPOBAHU S SABJISIETCS 06U_II/IPHOI;I obacThio HcciaenoBa-
HI/Ifl, KOTOpas BK/IIOYAeT B cebst He TOJTBKO SKCII€EPUMEHTRI, HO MU MO Ee/IMPOBAHHUE, CI10c0OHOE BEIIBUTH 0COOEHHOCTH
,E[ECI)OPM&LII/IOHHOFO I[I0BeJeHHU S MaTepHaJIOB Ha MUKPO- U HaHoMacITabe, HpOBEHeHHOE B pa60Te MOJe/INPpOBaHHE
I103BOJIMJIO OLIEHHUTDb COOTBETCTBHE MEJKAY I1apaMeTPaMHU ITPOYHOCTH, U3MEPSIEMbIMH B X0/ € UCITBITAHUI Ha PpacTid-
JKeHHe MaKpOO6paB]_IOB, O6J'[y‘{EHHbIX HefITpOHaMH, H pe3y/ibTaTaMH JMHAMKWY€CKOIo0 HHCTPYMEHTAJ/IbHOTO HHAEH-
THPOBAHH S 06pa3u013, Y49aCTBOBABIIHX B SKCIIEPHMEHTE I10 06J1yqumo MOHaMHM. PACCYMTAaHHBIHN B Xo[e MOoAe/Inpo-
BaHUS IIPUPOCT TBEPAOCTH OKa3aJICSA COIIOCTABHM C ITIOJTYyY€HHBIM 3KCIIEPHMEHTAJIBHO, YTO TOBOPHT O pa60T0cnoc06-
HOCTU MeTOOUKHU. [ImacTruyeckoe rosegeHue, CBOMCTBEHHOE 06pa3uaM B 3KCIIEpHMEHTe, IIPOSBIIAIOIIeeCs B CHHUKe-
HHH BbICOTBI BAJIOB ITPH YBEJIMYE€HH M [103bI O6JIY‘-IEHI/IH, I[IoATBEepAKJ/IOCh 1 B MOAE/TMPOBAHHH.
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Abstract. The combination of ion irradiation and nanoindentation presents a vast field of research which
includes not only experiments but also modeling that can reveal the features of the deformation behavior of
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materials at the micro- and nanoscale. The modeling carried out in the work made it possible to evaluate the
correspondence between the strength parameters measured in the course of tensile tests of macrosamples irra-
diated with neutrons and the results of dynamic instrumental indentation of the samples that were used in
the experiment on ion irradiation. The increase in hardness calculated during the simulation turned out to be
comparable with that obtained experimentally, which indicates efficiency of the technique. The plastic behav-
ior inherent in the samples subject to the experiment which manifests itself in a decrease in the height of the
rolls with an increase in the irradiation dose was also confirmed in the simulation.
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BBE/JLEHUE

ATTecTalus MaTepHaJioB, IVIAHUPYEeMBIX /ISl IIPH-
MeHeHHS B KaueCTBe KOHCTPYKLIMOHHBEIX B siiep-
HBIX U TePMOSIIePHBIX PeaKTopaxX HOBOTO IIOKOJIe-
HHUS, BKJIIOYaeT B cebs M3ydeHHe UX MeXaHHUe-
CKHUX XapaKTepPHUCTUK I10CJIe HAXOXKIeHUS B yCJIO-
BHUSIX, IPUOIUKEHHBIX K 9KCIIJIyaTallHUOHHBIM [1].
IKCIIepUMEeHTEI 10 HeHTPOHHOMY 061y deHHI0 3aHU-
MaIoT IIPOAOJIKUTE/IbHOE BpeMsl, II09TOMY ropas3/io
yalle UCIonb3yeTcst obnyuyeHHe IyUYKaMHU HOHOB.
Martepuaisl, nogBepruirecs: 061ydeHHI0 HOHAMH,
MMeIT yIIPOUHEHHBIN CJI0M, TONLIHMHA KOTOPOTO
COCTaB/IsgeT eJHUHUIBI MUKPOMETPOB, H3-3a Herly-
60KOro IPOHHUKHOBEHU I TS KeJIbIX YaCTHIL [2].

Ins 06pasioB, UMeONHX MpPeACTaBASIOM I
MHTepec [AJIsl UCCIe0BaHUS IPUIIOBEPXHOCTHOTO
C/10s1 TOJMIIMHOM B 1-2 MKM, [/ IOy4YeHHUs 3aBU-
CHMOCTH TBEePAOCTH OT INIyOUHBI, TpebyeTcs mpo-
BOOUTH IMO0 CEPUU UCIIBITAHUH C MaJTBIMH Harpys-
KaMH [3], 1nbo NpUMeHSATh MeTOJ AUHAMHUYECKOTO
MHCTPYME@HTAJIbHOTO HHJeHTHpoBaHUs [4]. [lepBoIt
MeToJ, 3afeHcTByeT 6onpInyio momans obpasua,
BTOPOM - JJaeT BO3MOKHOCTb MOJYUYUTh 3aBUCH-
MOCTb TBePJOCTH OT I/TyOHHBI BHEAPEHHUS UH/EH-
TOpa B eIMHUYHOM 06/1aCcTH.

OoHUM M3 MeTONOB aHa/iM3a HAIPSAKeHHOIO
COCTOSIHHU S, BOSHHUKAIOIIEro IIpH1 JIOKaJbHOM /laB-
JIeHHUH, BSeTCs MOJeIHPOBaHHE METOJ0M KOHeu-
HBEIX 371eMeHTOB. [eoMeTpHUueckue HeJedOpMHU-
pyeMble 06 BeKTHI, CXOLHBIE IT0 pOPMe C peaIbHBIMHU
MHIEeHTOPaMH, IPU UX BHeJPeHUU B TeCTUPYe-
MBIM MaTepHaJl MOTYT CIPOBOLIMPOBATh yIPYro-
IJIacTUYecKHe JepopManuu o6pasma, CBOMCTBEH-
Hble HabaomaeMbIM 3KCIIEPUMEHTAbHO. BaskHEIM
BOIIPOCOM OCTAeTCs COOTBETCTBHE CBOMCTB HCCIIe-
IyeMOro Ha OIBITe obpa3lla XapaKTepUCTHKAM
MoZenbHBIX 06BeKTOB. B ciydae, ecn1u HHTepec
Ipe/CTaBIsIeT [I0ydeHHe 3HaUYeHUH TBePIOCTH, TO
B KayeCcTBe 0A30BBIX XaPaKTePUCTHUK MOJEITHPYeMBIX

INTRODUCTION

The validation of materials planned for use as
structural members in the new generation of
nuclear and fusion reactors involves a study of
their mechanical properties after being exposed
to the conditions close to the operational condi-
tions [1]. Neutron irradiation experiments take a
long time and, therefore, the ion beam irradiation
is applied much more frequently. The materials
subjected to ion irradiation have a hardened layer
of few micrometres thick due to shallow penetra-
tion of heavy particles [2].

For specimens with 1-2 pm thick near-surface
layer, that are of interest for our study, in order to
obtain the hardness-depth relation either a series
of low-load tests [3] or the dynamic tool inden-
tation method [4] is required. The first method
involves a large area of a sample while the second
method allows of obtaining dependence of hard-
ness versus the indentation depth in a single area.

One of the methods for analysing the stress
state arising from local pressure is a finite element
modelling. Ceometric non-deformable objects
similar in shape to real indenters, can induce
elastoplastic deformations of the experimentally
observed sample when embedded into the mate-
rial under test. An important question is whether
the properties of the test specimen correspond to
characteristics of the model objects. If the aim is
to obtain hardness values, tensile data of experi-
mental specimens can be taken as the basic char-
acteristics of the simulated materials [5]. In this
way the dependence between strength properties
and tool hardness can be found.

In this paper a finite element modelling of the
Berkovich type tip indentation test with the hard-
ness values calculation was carried out samples of
Eurofer97 steel irradiated to a dose of 10 displace-
ments per atom. In describing the constructed
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Tabauua 1. Mapamempbl 06pasiio8s, 3adasasiuue cgoticmea Eurofer97 8 npozpammHom nakeme Abaqus
Table1. Sample parameters that set the properties of Eurofer97 in the Abaqus software package

Pexum o6ayyeHuns
Radiation mode

Mpepen tekyyectun, MlMa
Yield strength, MPa

Mpepen npoyHocTn, MlMa
Tensile strength, MPa

OTHOCUTe/IbHOe yAJIMHEeHue, %
Relative elongation, %

NcxooHbI 570 780 14
Initial

2 cHa (dpa), 300 °C 740 800 6
7.7 cHa (dpa), 175 °C 700 990 3
10.9 cHa (dpa), 295 °C 740 1060 9

MaTepHaoB MOTYT OBITh B3SIThI JAHHBIE O PACTSIKe-
HUU 06pa3LoB, IOly4YyeHHbIe B 3KCIIepUMeHTe [5].
Takum obpa3om, MOKeT ObITh HalJeHa B3aKMMO-
CBSI3b MeXXJy IPOUYHOCTHBIMH XapaKTepPUCTHUKAMHU
Y MHCTPYMeHTaIbHOHN TBEPAOCTBIO.

B maHHOMN paboTe mpou3BeLeHO MOJeIHpPO-
BaHHe METONOM KOHEUYHBIX 3/eMeHTOB HCIIBI-
TaHUS 10 METOJY BAABJIHMBAaHUS HaKOHeUHHKA
TuIla bepkoBMUa C pacueToM 3Ha4eHUM TBepHO-
CTH, Ha npuMepe ctanu Eurofer97, obnydeHHoOn
10 no3bl 10 cMemeHUH Ha aToM. [Ipu OoMMCaHUU
[IOCTPOEHHOM MOJe/NH 3aiaBaIuCh YIIPYromaacTu-
yecKHe CBOMCTBA, XapaKTepHbIe /ISl CTalH, IIPO-
mepei obydeHue HeUTpoHaMU. TakuM obpasom,
OBIJIM COTIOCTaB/IEHBI UMeIoecs SKCIIePUMeHTallb-
Hble JaHHBIe [6] U pe3y/1bTaThl MOJETUPOBAHUS.

MATEPUA/JIbI U METOAbI UCCNEAOBAHUA
MogenupoBaHHUe MeTOLOM KOHEUHBIX 37IeMeHTOB
IIPOBOJMJ/IOCH B IIporpaMMHOM I1akeTe Abaqus [7].
BBl MCIIONb30BaH CTAaHAAPTHBIHN MOJY/Ib.

ITockOBKY UHAEHTOp THIIa bepkoBuua obnagaer
CUMMeTpHeH OCH TpeTbero MmopsifiKa, TO A1 CHU-
SKeHHU Sl BBIUMC/AKUTENIbHBIX 3aTPaT MOJEJIHPOBa-
HUe IIPOBOJMJIOCH C IMK/IHUYeCKUMH IPAHUYHBIMH
YCIOBUSMHMU. IPyTHUMHU C/I0BAMU, 3a/laya CTaBUIACh
yepe3 MOCTPOeHUeE IBYX FeOMeTPHUUYeCKHUX 00beK-
TOB: 1/3 4aCTU TpeXIpaHHON NIHUPaMHUbI U 1/3 yacTu
LUIHHAPUYecKoro obpasia.

YcTaHOBJ/IeHHBIe IIPU 3aJaHUU 06pa3I0B 3Haue-
HUS YIPYTOMNIacTUYeCKHUX XapaKTepUCTUK OBl
B3SITHL U3 IUTePaTypHl [9]. MoAyIb yIIPYrOCTH CTaIH
Eurofer97 6p11 mpuHSAT paBHBIM 225 I'Tla, K030-
¢unuenrt Ilyaccona: 0,3. Ilpemen TeKy4ecTH pas-
AUYaNCsA y Pa3sHBIX C/JI0eB. BHIIM 3aJaHbl CIOU:
1 - mpomenmui obsydyeHHe 10 J03bl 2 CMelleHHUS
Ha aToM (cHA), 2 - obnydyeHHUe [0 NO3HI 8 CHA, 3 -
o 11 cHa. B Tabn.l IIpUBeJEeHBl MCIIO/Ib30BaAHHEIE
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Puc.1. a - 2eomempus modeau, nocmMpoeHHOoU 8 Npo2pammHOM
nakeme Abaqus; b - 2ucmozpamma coomeemcmeus pacnono-
XKeHUs cnoes modeAaupyemozo obpasua Eurofer97 u nospex-
darowiell 003bl. JIUHUEL NOKA3aH 2paguk 3agucuMocmu Nospex-
datouieli 0036l om 2nyb6uHbl. OMMeHKAMU cepo20 NOKA3daHbl
cAou, coomaeemcmaeosdsiuue 003am NospexkdeHul Ha puc.la
Fig.1. a - the geometry of the model constructed in the Abaqus
software package; b - correspondence histogram showing loca-
tion of the layers of the simulated Eurofer97 sample and the
damaging dose. The line shows the plot of the damaging dose
versus depth. Shades of gray show the layers corresponding to
the doses of damage in Fig.1a
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[JIs. MOJle/INPOBaHUS 3HaUeHU S IIpeJlesla TeKyue-
CTH, Ipefesa NIPOYHOCTH U MaKCHMaJ/bHOU gedop-
Manuu o6pasioB, MOJy4YeHHble HAa HCXOJHOM
1 06yueHHBIX 0o6pa3ax. YkasaHbl [j03a U TeMIle-
patypa obnydyeHus obpasuos. TemmepaTypa, IpHU
KOTOPOI IIPOBOJM/INCh UCIIBITAHU S HA PAaCTSIKeHHe,
cocTaBisna 25 °C.

Ha puc.l mokasaHa cxema CHCTeMBl "obpa-
3ell + HUHJAEHTOP", MCIIOJIb30BAHHAS B KadeCTBe
MOJEeJIU B JaHHOH pa60Te. Onsg ctanu Eurofer97
B IUTepaType CONep>KUTCS JOCTAaTOYHOe KoJH4Ye-
CTBO IAaHHBIX 0 MeXaHHUYeCKHUX CBOMCTBaxX 06/1ydeH-
HBIX 06pa3moB (cMm. Tabi.1), 4TO6B CMOLENTHPOBATH
06/1y4eHHBIH CJIOM KaK COBOKYITHOCTD 3-X IIO/ICIOEB
(puc.1a), 6MU3KHUX K ITPOPHITIO IIOBPESKAAOIIEH 1035
(puc.1b), paccunTaHHOMY B makeTe SRIM, 115 BHe-
I peHUS B Keje30 HOHOB eJje3a ¢ SHeprueu 5,6 MaB
U 11oToKoM 1-10% roH/cm?.

O6paser 6b11 pa3buT HA JBa OCHOBHBIX CEKTOPA:
LleHTPa/bHYIO YacTh, B KOTOPOM /IS yBeJIUYeHHU S
TOYHOCTH MOJe/THPOBAHUS 30HB KOHTaKTa UH/EH-
Topa c obpasLoM 3afaBaiach MeKkasi ceTka pasbue-
HUS Ha KOHEeUYHBbIe 3/1eMeHTEI (PUC.2), U epudepuii-
Has 4acTh c 6o/lee KPyIIHBIM Pa3MepoOM KOHEUHBIX
3JIeMeHTOB, B KOTOPYIO PacIpPOCTPaH/IOCh U 3aTy-
XaJIo OCTaTOYHOe MeXaHHUeCcKoe HaIlpsSKeHHe.
9TOT Ba>KHBIH IIOATOTOBUTE/BHBIN HIaT II03BOIMII,
C OJHOM CTOPOHBI, He CHUKATh CyIIeCTBeHHO TO4-
HOCTB I10JIy4YaeMbIX Pe3y/IbTaToB, a C IPYTok — COKpa-
TUTb 3aTPaThl PAaC4YeTHOI0 BpeMeHHU. [IpruyeM IJIOT-
Has ceTKa J0/I’KHa NPUCYTCTBOBATh U Ha obpaslie,
Y Ha MHJeHTOpe, B IPOTHUBHOM C/Iy4dae BO3HHUKAIOT
apTedaKkThl Ha rpadHKe 3aBUCHMOCTH CHJIBL B BH]Ie
CJIy4YaHMHBIX He6OMBIINX OTKIOHEHUH OT MOHOTOH-
HOM 3aBUCHMOCTH, YTO BeJleT K 601bmIomy pasbpocy
B PaCYeTHBIX 3HAYeHHIX TBePAOCTH Ha MaJjbIX
rnybuHax.

PacueT 3Ha4YeHHH TBePAOCTH OCYIIeCTBJISA/ICS
o CTaHZapTHOM dopMmyJsie, COpaBefIHUBOU
I UieabHOM IMpaMHU /bl TUIla BeproBuuya [8]:

P

H=——.
24.5-h?

PE3YJIbTATbl U UX OBCYXXAEHUE

Ha puc.3a mokasaHbl 10/ YIPYLOMJIACTHYECKUX
HanpsskeHUU doH Mmu3seca (a), BO3HUKAIOIIHe
B 06pa3ue Eurofer97, umernoimiem 06nyquHme cJiou,
10, UHIEHTOPOM B pe3yjbTaTe NPHUJIOKeHUS MaK-
CHUMaJIbHOM CHUJIBI (258 MH), a Tak:Ke COOTBETCTBYIO-
mue nedpopmarnuu (b).

Hawubonpinre HANPSSKeHUS [IOL UHIEHTOPOM
BO3HHKAIOT B 00JIaCTH, COOTBETCTBYIOIIEHN 06Iy-
YeHHOMY MaTepHany. IIpy ofHMHAKOBOMN BeTUYHHe
yriybneHUS HHAEHTOPA, COCTABISIONMEHN 1 MKM,

Puc.2. a - modeab "uHdeHmop + 0bpaseu,”, c030aHHAs 6 Npo-
2pamme Abaqus; b - ygeaudeHHoe u306pa>keHuUe 30Hbl KOH-
maxkma uHdeHmopa ¢ 06pasu,om, Ha KOMopoMm NoKazaHa bonee
NAOMHAS cemKa KOHeYHbIX 3AeMeHMo8

Fig.2. a - model "indenter + sample" developed in the Abaqus
program; b - enlarged view of the indenter-sample contact area
showing a denser finite element mesh

model, the elastoplastic properties typical of neu-
tron irradiated steel were specified. In such a way
the available experimental data [6] and the simu-
lation results were compared.

RESEARCH METHODS AND MATERIALS

The finite element modelling was carried out with
the Abaqus software package [7]. A standard mod-
ule was used.

Since a Berkovich-type indenter has third-order
axis symmetry, our simulation was performed
with cyclic boundary conditions to reduce com-
putational costs. In other words, the problem was
set by constructing two geometric objects: 1/3 part
of a trihedral pyramid and 1/3 part of a cylindri-
cal sample. The values of elastic-plastic proper-
ties established for the specimens were taken from
the literature [9]. The modulus of elasticity of
Eurofer97 steel was taken as 225 GPa and Poisson’s
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Puc.3. a - none HanpsixxkeHul, 803HuUKWee 8 o6pasue Eurofer97
C YNPOYHEHHbIM N0BEPXHOCMHbIM CAOEM, NpU MOOJeAUpOo8a-
HUU 8HEOpeHUs HedepopMupyemozo UHOeHmopa 00 2Ay6UHbl
1 mkm; b - coomeemcmayrouiee pacnpedereHue depopmauull
800Ab HANPABAEHUS 8HEOPEeHUS UHOeHmopa

Fig.3. a - the stress field that arose in the Eurofer97 sample
with a hardened surface layer when simulating penetration of
a non-deformable indenter to a depth of 1 ym; b - the corre-
sponding strain distribution along the direction of penetration
of the indenter

30HA HANPSI’KeHUH IpeBblIlaeT pagHyC pPaclpo-
CTpaHeHHUS NebopMaL i bosblle, UeM B IISITh Pas.

Ha puc.4 moka3aHbl 3aBUCHMOCTH TBEPLOCTH
0T I71yOMHBI BHeIPEHHU I HHAEHTOPA, II0JyUeHHbIe
B 9KCIIEPUMEHTe U MOJe/JTHPOBAHUU [Jisl 00pa3iioB
Eurofer97: ucxomHoro u 06nyquHoro 0o go3b1 10 cHa
(B akcmiepumMeHTe) U 10,9 cHA (B MOZEITUPOBAHUH).

DKCIIepUMeHTaIbHbIe 3aBUCHUMOCTH OBIIH OIy-
6711KoBaHEI B [10].

Ha puc.4a 3aBUCHMOCTH TBEPIOCTH OT IN1yOHHBI
BHeJpeHUSI HUHAEHTOpPA, IIOJy4YeHHBble B dKCIIe-
PUMeHTe, HMEIOT BH/J CIIAaJAMIIUX KPHUBBIX, B TO
BpeMs KaK I'paduKU A/ Pe3yabTaTOB MOJENIHPO-
BaHMUS NPAKTUYECKH IIOCTOSIHHEL. [JaHHOe 0b6CcTOs-
TeAbCTBO 00BIACHSAETCS TeM (paKTOM, UTO B XOJe
MOZe/IMPOBAHHU S He BO3HHUKaeT Pa3MePHBIN 3¢deKT
MHIEHTUPOBAHMUS, YCTOMYHUBO HabinogaeMbli
B 3KCIIepHMeHTe. Pa3MepHBIN 3QPeKT BrIpaskaeTcs

HAHO MHAVCTPUA Tom 15 Ne6 2022

Puc.4. a - 3asucumocmu meepdocmu om 2Ay6UHbl BHEOPEHUS
UHOeHmMopa, NoAy4eHHble 8 IKCnepuMeHme u ModeAuposanul,
0451 06ny4YeHHbIX U UCX0OHbIX 06pa3suos Eurofer97; b - 3agucu-
MOCMU pa3HuUbl 8 meepdocmu mexxdy 06AyHeHHbIM U UCX00-
HbiM 06pasuamu Eurofer97 om 2ay6uHbl HeOpeHUsT UHOEHMO-
pa, nony4yerHsble 8 Ikcnepumerme (803a 10 cHa) u npu modeAu-
posaHuu (003a 10,9 cHa)

Fig.4. a - dependences of hardness on the penetration depth of the
indenter obtained in the experiment and simulation for irradiated
and initial samples of Eurofer97; b - dependences of the difference
in hardness between the irradiated and initial samples of Eurofer97
on the depth of penetration of the indenter obtained in the experi-
ment (dose of 10 dpa) and in the simulation (dose 10.9 dpa)

ratio: 0.3. The yield strength was different for the
different layers. The following layers were defined:
1 - irradiated to a dose of 2 displacement per atom
(dpa), 2 - irradiated to a dose of 8 dpa, 3 - to 11 dpa.
Table 1 shows the values of yield strength, ten-
sile strength and maximum deformation of the
samples used in the simulation, obtained from
the original and irradiated samples. The dose and
temperature of irradiated samples are indicated.
The temperature at which the tensile test was car-
ried out was 25 °C.

Figure 1 shows a schematic representation of
the sample + indentation system used as a model
in this work. For Eurofer97 steel, the sufficient



NANOTECHNOLOGIES

0,4 q
e Eurofer97 (akcr.)
E e Eurofer97 (moa.)
0,3 1
[ ]
1 [ ]
-
e 0,2
| I } I
0,1 - °
0 T T T T T T 1

0 5 10 15
[lo3a (cmely./aT.) | Doze, (dpa)

Puc.5. Maacmuyeckue 8anbl no Kpasim omnevyamka nocae UH-
0eHmMuposaHus
Fig.5. Pile-ups along the edges of the imprint after indentation

B pPOCTe TBEpPLOCTH C yMeHbUIeHHEeM TIJI1yOUHEI
WHAEHTHUPOBAHUS, TO eCTb CBSI3aH C BeJIMYUHOM
obmactu obpasiia, BCTyMaIlel B KOHTAKT C UHIeH-
TOPOM, U He IIPOsIB/IsieTCs IpU INybruHax, 60npmux
HeKOTOPOI XapaKTepUCTHUYeCKOU ITyOUHBI.

TeM He MeHee, IIpHUBeJIeHHbIe Ha pUc.4b rpadpuxu
NeMOHCTPUPYIOT Y40BIeTBOPUTEIbHOE COOTBET-
CTBHe pa3sHUI] BeJIUUHUH TBePAOCTH MeXay obiy-
YeHHBIM U HeoOlydeHHBIM obpasliaMu, IOTy4eH-
HBIX B 9KCIIePUMEeHTe U B MOJeTHPOBAHUU, UTO
TOBOPHUT O BO3MOKHOCTH IIPUMeHeHHU S MOJelHpo-
BaHHS B KaueCcTBe IIePBUYHOM OLleHKHU TBEePLOCTH
HOBBIX pa3pabaTbiBaeMBbIX CIIIABOB.

[ToMH MO MOy4YeHU s 3aBUCUMOCTEH TBePAOCTHU
OT T1y6HMHBI BHEpeHUSI HHIeHTOPa, ObIIN H3Me-
PeHBI BeJIMYHUHBI IIJIACTUYEeCKUX Baj0B, BO3HUKAI0-
KX I10 [IePUMeTpy OTIleuyaTKa. i3MepeHHe BBICOTHI
BaJIOB IPOBOAMJIOCH IPH MOMOIIH BCTPOEHHOM
dyHkuu Get coordinates Kak pacCTOSIHHE MeXAIY
y37I0M CeTKH, COOTBETCTBYIOI[MM MaKCHMaJlbHOM
rnybuHe HHOeHTUPOBAHMUS, U y3/I0M, COOTBET-
CTBYIOUIMM MaKCHMa/JlbHOMY IOAHSTHIO penbeda
BOKPYT OTIIeYaTKa.

Ha puc.6 moKka3aHbl pe3yJbTaThl BHIUHCIEHHU S
OTHOLIEHH S BBICOTHI IJIACTUYECKHUX BajOB K IJIy-
OHHe OCTaTOYHBIX OTIIEYATKOB, IIOTyUYeHHBIE B 9KC-
IepUMeHTe U IIPX MOJIe/INPOBAHUH.

M3 puc.6 BUAHO, UTO BeJTMYHHBI IIJIACTHYECKUX
BaJIOB, 06pa3yIoONMXCs 10 KPasiM OTIIEYaTKOB IIPH

Puc.6. OmHoweHue 8bICOMbl NAGCMUYECKUX 8dA08 K 2Ay6UHE
0CMamoy4Ho20 omne4amka

Fig.6. The ratio of the height of pile-ups to the depth of the residual
imprint

data on mechanical properties of irradiated sam-
ples are available in the literature (see Table 1) to
simulate the irradiated layer as a set of three sub-
layers (Fig.1a), close to the damage dose profile
(Fig.1b) calculated in the SRIM package, for iron
ion introduction with energy 5.6 MeV and flux of
1-10' ions/cm?.

The sample was divided into two main sectors:
the central part in which a fine grid of finite ele-
ments was set to increase modelling accuracy of
the indentor-sample contact zone (Fig.2), and the
peripheral part with a larger size of finite ele-
ments wherein the residual mechanical stress was
propagated and damped. This important prepara-
tory step made it possible, on the one hand, not
to reduce essentially the obtained results accu-
racy and, on the other hand, to reduce calculation
time. The dense grid must be present both on the
samples and on the indenter. Otherwise, artifacts
in the force diagram appear in the form of random
small deviations from the monotone dependence,
which leads to a large scatter in the calculated
hardness values at small depths.

The hardness values were calculated using the
standard formula valid for an ideal pyramid of the
Berkowitz type [8]:

P

H=——5.
24.5-h?
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HAHOTEXHO/OrUU

BHeJIpeHUHU HHJEHTOpa, KOPPEIUPYIOT C PexkU-
MaMHu ob61ydeHHs: 06pa3loB Kak B MOJeTHpOBa-
HHH, TaK U B 3KCIIEPUMEHTe, YTO TOBOPHUT O BO3-
MOXXHOCTH IIPHMeHeHU s MOZeIHUpPOBaHUS B Kaue-
CTBe MHCTPYMeHTa I1pe/IBapUTeIbHOM OLleHKU TBep-
JOOCTH MaTepHaa.

BbIBO/bl

H3ydyeHHue nepOopMaILHOHHOTO [I0BeJleHUS 0bpas-
LI0B, UMEIOIIUX IeTePOTeHHYI0 CTPYKTYpy, IpHU
JIOKAJTBHOM [JaBJIeHHUHU MOXKeT IIPOBOLHUTHCS
C IIOMOIIBI0 MOJIEJIUPOBAHUSI METOLOM KOHEUHBIX
371eMeHTOB.

MopenrnpoBaHHe MeTOLOM KOHEUHBIX 37IeMeHTOB
mnponecca MHCTPYMEHTAIbHOTO HHIeHTUPOBAHU
[IPOZeMOHCTPHUPOBAJIO YAOBIETBOPHUTEIbHOE COrJIa-
CHe TeopeTHUYeCKH IIpeJCKa3blBaeMbIX 3HAYEeHUH
TBEPLOCTH C 3KCIIePUMeHTATbHBIMU Pe3yIbTaTaMHU.

Takske, KaK U B 9KCIIEPUMEHTe, B MOJeIHUPOBa-
HUU OBIIM IOJIy4eHBl 3aBUCHMOCTH TBepLOCTH
oT T1y6KMHBI BHeJPeHUS HHIeHTopa. M 3KcIepH-
MEeHT, U MOJEe/JHPOBaHHE NeMOHCTPHUPYIOT pas-
JTUYHe CBOMCTB 06pa3sIioB 0 U mmocje obaydeHUs .
[ToCcKOJIBKY B MOZeINPOBAHUM obpa3ser] 3a1aBacs
KaK OAHOPOAHBII BHYTPH IIOZC/IOEB C Pe3KUMHU I'pa-
HHUILIAMH, a B 3KCIIePHMeHTe B CTPYKType BCTpe-
YaloTCs gedeKThl, HeOLHOPOLHOCTH U IPAJHUEeHT
CBOMCTB Ha IpPaHHIle HHTepdeHcoB, TO U 3HaYe-
HHUS TBEPAOCTH PA3NMYATCI MeXAy cobor. Tem
He MeHee, eC/IM CPaBHHBATh PA3HHUIy B 3Hade-
HUSIX TBEPAOCTH MeX/y 00yYeHHBIM M HCXOIHBIM
obpasuamu Eurofer97, mony4eHHYI IpU MOJEIH-
POBAaHHUU U B 3KCIIePHMeEHTe, TO JaHHBIe XOPOIIO
COTJIACYIOTCSI MeXXAy cobo¥, a Ioy4YeHHBle 3HaYe-
HHS MOXXHO CYHMTATh CTATUCTHYECKH 3HAUYUMBIMU.

Kaxk 1 B 3KCIIePHMeHTe, TaK U B MOJe/THPOBAHUH
B pe3y/bTaTe BHeAPeHHUS MHAEHTOPA BO3HUKAIH
IJIACTHYeCKHe Bajbl. HabmoomaeMBIH C pOCTOM /03B
061y4eHUs Criaj MJIACTUYHOCTH, IIPOSIBJISIONIUICS
B CHU>KeHHU U BeJIMYHHBI BaJIOB, BUAEH KaK B 3KCIIe-
PHMeHTe, TaK U B MOZIe/INPOBAHHUH.

B mepcrieKTHBe YHC/IEHHOE MOZIe/INPOBAHKE MOXKET
OBITh UCIIONB30BAHO /151 BBISICHEHUSI MAKPOCBOMCTB
MaTepuJa, 4YTO SIBIsSIeTCS OTAENBHOM 3afaden, Tpe-
OyoIner Ha JaHHOM 3Talle 601bII0ro 06seMa KCIIe-
PHMEHTAIBHBIX JAHHBIX II0 peaKTOPHOMY 061yue-
HUIO. [laHHa4 ke paboTa MOKA3bIBAET, UTO U3Mepe-
HHUSA TBep]lOCTI/I MO>XHO CHUTATh BepI/ICI)I/IL[I/IpOBaHHOI:I
MeTOJIHMKOH I10 9KCIIPecc-aHaIN3y BIUSHUS obnyde-
HUS Ha MeXaHHUYeCKHe CBOMCTBA, YTO IO TBePsKaa-
eTCsI IIPOBeJeHHBIM MOJIe/THPOBAHUEM.

WHOOPMALLNA O PELLEH3UPOBAHUU
Pemakuus 61arofapuT aHOHHMHOTO pelleH3eHTa
(peLleH3eHTOB) 32 X BKJIAJ B pelleH3UpPOBaHHE ITON

HAHO MHAVCTPUA Tom 15 Ne6 2022

RESULTS AND DISCUSSIONS

Figure 3a shows the von Mises elastoplastic stress
fields (a) arising in the Eurofer97 sample with irra-
diated layers under the indenter as a result of the
maximum force application (258 mN) and the cor-
responding deformation (b).

The highest stresses under the indenter occur in
the area corresponding to the irradiated material.
With the same indenter depth of 1 pm, the stress
area is more than 5 times the deformation propa-
gation radius.

Fig.4 shows the dependences of hardness on
indenter depth obtained in the experiment and
simulation for Eurofer97 samples: initial and irra-
diated to dose 10 dpa (in experiment) and 10.9 dpa
(in simulation).

The experimental dependencies were published
in [10].

In Fig.4a, the dependences of hardness versus
indentation depth, obtained in the experiment,
have the form of falling curves, while the plots for
the simulation results are practically constant.
This can be explained by the fact that the dimen-
sional indentation effect stably observed in the
experiment does not appear in the course of sim-
ulation. The dimensional effect is expressed in
growth of hardness with decreasing indentation
depth, i.e., it is related to the area size of the sam-
ple that comes into contact with the indenter and
does not appear at depths greater than a certain
characteristic depth.

Nevertheless, the graphs in Fig.4b show satis-
factory agreement between a difference in hard-
ness values between irradiated and unirradiated
samples obtained in the experiment and in the
simulation, which suggests possibility of using
simulation as an initial estimate of hardness of
the newly developed alloys.

In addition to obtaining the dependencies of
hardness versus indentation depth, the values of
plastic rolls-on occurring around the perimeter of
indentation were measured. The rolls-on heights
were measured using the built-in "Cet coordi-
nates" function as the distance between the grid
node corresponding to the maximum indentation
depth and the node corresponding to the maxi-
mum raised relief around the indentation.

Fig.6 shows the calculation results of ratio of
plastic rolls-on height to the depth of the resid-
ual imprints, obtained in the experiment and in
simulation.

It can be seen from Fig.6 that the values of
plastic rolls-on formed at the edges of indenta-
tions during indentation correlate with the irra-
diation modes of samples in both simulation and
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paboThl, a TakKe 33 pa3MelleHHe CTaTel Ha CanTe
JKypHaJIa 4 Ilepefavy UX B 3JIeKTPOHHOM Bue B HOB
eLIBRARY.RU.

JHekaapauus o KoHPAUKMe UHMepecos. ABIMOpbl 3a28AK0M
06 omcymcmeuu KOHPAUKITO8 UHMEPecos UAU AUYHBIX 0MHO-
wieHuil, Komopble mozAu bul nosausme Ha pabomy, npedcmas-
AeHHyt0 8 daHHOU cmambe.
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experiment, which indicates possibility of using
simulation as a tool for preliminary assessment of
material hardness.

CONCLUSIONS

The deformation behaviour of heterogeneous
specimens under local pressure can be studied by
means of finite element modelling.

Finite element modelling of the tool indentation
process has shown satisfactory agreement between
the theoretically predicted hardness values and the
experimental results.

Both in the experiment and in the simulation
the dependences of hardness versus the penetration
depth of the indentor were also obtained. Both the
experiment and the simulation show differences in
the samples properties before and after irradiation.
Since in simulation the sample is specified as homo-
geneous within sublays and with sharp boundaries,
while in the experiment the defects, non-homoge-
neities and a property gradient at the interface occur
in the structure, the hardness values differ from
each other. Nevertheless, if we compare the differ-
ence in hardness values between the irradiated and
the original Eurofer97 samples obtained in the sim-
ulation and in the experiment, the data are in good
agreement with each other and the values obtained
can be considered as statistically significant.

Both in the experiment and in simulation, plastic
rolls-on appeared as a result of indenter penetration.
The decrease in plasticity observed with increasing
irradiation dose, manifested by a decrease in the
size of the rolls-on, is evident both in the experi-
ment and in the simulation.

In the long term, numerical simulation can be
used to elucidate the macro properties of the mate-
rial, which is a separate task requiring at this stage
a large amount of experimental data on reactor irra-
diation. The present work, however, shows that
hardness measurements can be considered as a veri-
fied technique for the express analysis of the irradia-
tion effect on mechanical properties, which is con-
firmed by the simulation described above.
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