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JEKTPOHHBIE CTPYKTYPbI U ®U3UYECKUE CBOHUCTBA
I'NAPUJIA YPAHA IIPU YAAPHOM C/KATUH

1. Iyii, 1. @y, X. Yoreon, M. Yocon, JI. Jlu, FO. An’”

JlabGopaTopust BEIYUCIUTENBHON GU3UKH, MHCTUTYT MPHUKITaTHON GU3NKN U BRIYUCIUTEILHON MaTeMaTHKH,
Ilexkun, KHP

“Email: yang_yu@iapcm.ac.cn

B pabore wuccrnemyrorcs TermioU3UUECKUE CBOMCTBA, & TAKXKE OCHOBHBIE 3JIEKTPOHHBIE IPOLECCHI
B o-UH; nipu ynaprom cxarum g0 200 I'Tla myrem MozmenupoBaHus METOIOM KBAHTOBOM MOJIEKYJISAPHOM
muHamukn (KM/JD). OcHoBHast ynapHas agua0ara THApWAa ypaHa, MONyYeHHAs W3 ypaBHEHHUS! COCTOSHHSA,
CPaBHUBAETCS ¢ UMEIOLIUMUCS SKCIIEPUMEHTAIBHBIMYU JAHHBIMU I10 JPYTUM IIEPCIEKTUBHBIM THIPUAAM Me-
TaJUIOB, KOTOpbIE MCHONB3YIOTCA [UId XpaHeHus Bojpopona. C MCHONb30BaHHWEM MapHOM KOppensalrOHHON
¢dyukimu (ITIK®D) cocTaBnena xumnuyeckas kapTuHa yaapHo cxkaroro UH;, 1 mokasaH mpoiece Auccouuaum
IIPU yAAPHOM CXaTHU. boiee Toro, CUCTEMATUYECKOE U3yUYEHHUE BIEKTPOHHBIX IIEPEHOCHBIX CBOMUCTB, OTpa-
KaTebHON CIIOCOOHOCTU B ONTHYECKOM OONACTH, MIIOTHOCTH COCTOSHUN M (DYHKLUH JTOKAIN3alH JIEeKT-
POHOB IIPU YAAPHOM CXKaTHH JA€T MOJIHOE MPEACTABIEHUE O CTPYKTYPax U CBOMCTBaX ymapHo cxkaroro UHj;,
YTO CHOCOOCTBYET MOHMMAHHIO CBOWCTB THAPHUIOB ypaHa AJsl UX MPUMEHEHUS IPH XpaHEHUH BOJOPO/A.

Puc. 1. OcHoBHas ynapuas aguabara UH,, monydennas MeToaoM (yHKIHOHANBHOH Teopuu mIoTHOCTH + U
npy pasHbIX 3Ha4CHUAX U

ELECTRONIC STRUCTURES AND PHYSICAL PROPERTIES
OF URANIUM HYDRIDE UNDER SHOCK COMPRESSION

J. Cui, Z. Fu, H. Zheng, M. Zheng, D. Li, and Y. Yang*

LCP, Institute of Applied Physics and Computational Mathematics, Beijing, China
*Email: yang_yu@jiapcm.ac.cn

We investigate the thermophysical properties as well as underlying electronic mechanisms of o-UH,
under shock compression up to 200 GPa by performing quantum molecular dynamics (QMD) simulations.
We obtain its principal Hugoniot derived from the equation of state (EOS) and compare that with available
experimental data of other promising metal hydrides used for hydrogen storage. With respect to the pair
correlation function (PCF), we depict the chemical picture of the shocked UH; and show the dissociation
process under shock compression. Besides, a systematic study of electrical transport properties, optical
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reflectivities, density of states and electron localization functions under shock compression provides a
comprehensive insight into the structures and properties of shocked UH3, which is expected to facilitate the
understanding of uranium hydrides for their applications in hydrogen storage.

Fig. 1. Principal Hugoniot of UH3 derived from DFT+U method with different values of U off
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BJINSITHUE BBICOKOCKOPOCTHOM JE®OPMALINU
U TEPMUUYECKOU OBPABOTKHA HA CTPYKTYPY U CBOUCTBA
HHU3KOJETUPOBAHHBIX CIIJTABOB MEJIN

JI. H. A6oynnuna', M. B. Xomckas', B. H. 3envoosuy’, E. B. Hlopoxos®, A. 3. Xeiigey'
'OIrByH WuctutyT pusuku meramnos umenn M. H. Muxeesa ¥YpO PAH, ExarepunOypr, Poccus

2@I'YTI «Poccuiickuit Oenepansubiii Anepusriii Leatp — Beepoccniickunit HUU texamdaeckor hu3nku
nmenH akagemuka E. M. 3a0abaxunay», CHexxnHCK, Poccus

UccnenoBany BIUsIHUE BEICOKOCKOPOCTHOM Je(OpMai METOIOM AHHAMHYECKOTO KaHAIbHO-YTJIOBOTO
npeccoBanus (JKVYII) u mocnemyromiero oT:kura Ha MUKPOCTPYKTYPY, MEXaHHUYECKHUE U DKCILTyaTallHOHHbIE
CBOICTBa AUCTIEpCHOHHO-TBepAetommx craBoB Cu-Zr, Cu-Cr u Cu-Cr-Zr, 1erupoBaHHbIX MUKpOI0OaBKa-
mu Cr (0,09-0,14 mac.%) u Zr (0,03-0,08 mac.%). Metox JIKYII no3ponser nedopMupoBaTh MaTepHabl
co ckopoctsivi 10*-10° ¢, uro Ha yeTsipe-nsTh MOpsIKOB GoMbIe YeM npH KBasucTaTHueckoM PKYTI, Ges
WCTIOJIb30BaHUS IPECCOBOTO 000OPYAOBaHUS U pacxofa anekrpuueckoii sHepruu. [Ipu JIKVYII Ha cTpykTypy
Mareprana OKa3bIBalOT BIMSHUE BBHICOKOCKOPOCTHAs IeopMalusl MPOCTOTO CABUTA, YAapHO-BOJHOBAs Jie-
(dhopmarus cxxaTus U TeMieparypa.

Uccnenosano Bmusnue [AKVII u cTapeHus Ha MeXxaHMYeCKHE CBONCTBA M AIEKTPONPOBOJHOCTh CILIa-
BOB. [lokazaHo, 4TO mM3MenwueHue CTpyKTyphl cmiaBoB Cu-Cr-Zr Ha Tpu nopsaaka (or 200400 mxM mo
0,2-0,4 MKM) 1 NOBBILICHHE NPeJesa IPOYHOCTH (Op) M Npejena TeKy4ecTH (6 ,) B 2,6 u 3,3 pas, npu co-
XpaHEHUH YAOBJIETBOPUTEILHON MIACTUYHOCTH MOXKET OBITh TOCTUTHYTO YK€ MPU TPEX-UEThIpEX MPOXOAaX
JKVII. Omnpeneneno, uyTo criaBbl Mequ ¢ cyoMukpokpuctamindeckoit (CMK) cTpyKkTypoid, momydeHHOH
metonoMm JIKVII, obnagaroT moBbIIeHHOW 1O cpaBHeHHIO ¢ KpynHokpuctaminmdeckuM (KK) cocrosauem
CHOCOOHOCTBIO BBIJEP)KMBATh KOHTAaKTHBIE MEXaHMUYECKHE HATPY3KH 0e3 MIIacTUYecKoro Ae(opMupoBaHHs.
YcTaHOBNEHO, YTO MOBHIIEHHBIH YPOBEHb MEXaHUYECKUX CBOMCTB HCCIIEJOBAHHBIX CILIABOB, I10 CPABHEHUIO
MeNbI0, CBS3aH C JOMOJIHUTEIbHBIM Ae(opMannoOHHBIM YIPOYHEHHEM, O0YCIIOBIEHHBIM paclaioM TBep-
JIOTO pacTBopa ¢ BblAeneHHeM HaHopasmepHbix dacTul Cr u CusZr B npouecce IKVII n nocnemyromie-
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ro crapenus. [lokazano, yto CMK crumaBel Meau, TepMHyecKd ycToiuuBHI Ipu Harpese no 400-600°C.
Hauano pexpucramimnzaunu aeopMUpoBaHHBIX CIUIABOB 3aJ€P>KUBAETCS BCICACTBUE 3aKPEIJICHUS JUCIIO-
Kalui u cyorpanun HaHoyactuiamu (1-5 BM) CusZr. B pesynsrare 3ameuisiercs mpolecc o0pa3oBaHus
HEHTPOB PEKPUCTAIUIN3ALMH, TPEOYIOIUI MepecTPOHKN AUCIOKAIIMOHHONW CTPYKTYphl. OmnpeneneHo, 4To
B pesynsrare obpaborku: AKYII+400°C, 1 4, moxxno monyunts CMK craB Cu-Cr-Zr ¢ BBICOKOW TBeEp-
pocteio (1780 Mlla), mpounoctsio (g = 542 Mlla, o, = 464 Mlla) n snekrponposoaHocTsio (80%
IACS) npu coxpaneHHH yAOBIETBOPUTENBLHON MacTHYHOCTH. [loka3aHo, 4To KOMOMHMpOBaHHAast 00paboT-
ka JKYTI+400°C+UII Tperrem npuBoauT k Gopmuposanuto HK cTpyKTypsl ¢ pasMepoM KpHUCTaJIUTOB
15-30 1M, 9TO OOECTIeunBacT BBICOKHI YPOBEHb TBEPAOCTH U H3HOCOCTOWKOCTH.

Hdunamuueckue cBoiictBa Ounapabix CMK criiaBoB Ha 0CHOBE MeH UCCIEIOBAHBI B YCIOBHSX YAapHOTO
ckaThsl MHTeHCUBHOCTBIO 4,7—7,3 I'Tla u cropocThio nedopmanuu (0,9—3,2)-105 ¢ Perucrpauuio BoinHO-
BBIX MPOLIECCOB B 00paslax OCYMIECTBISLIM C MOMOIIbI0 JloTiepoBckoro usMeputens ckopoctu VIZAR.
[Mokazano, uto JKVYII (n = 1-3) crutaBoB Cu-Zr u Cu-Cr, npuBozsinee K U3MEIBUYCHUIO0 KPUCTAIIUTOB OT
200400 mxm o 0,3—-1,0 Mxm, yBennuuBaet B 1,9-2,8 paza aquHaMudeckuil npeaen ynpyroctu ['toronmo
(OypL) ¥ AMHAMAYECKHH npesen TekydecTd (¥) u B 1,4 pasa OTKONBHYIO IPOYHOCTE (G,), 1O CPABHCHHIO
¢ ucxoassM KK coctosumnem. [locnenyronue orxuru npu 400-450°C npuBoAsT K JONOTHUTEIBHOMY yBeE-
JIMYEHUIO JUHAMUYeCKuX cBOMCTB B 1,2—1,9 pa3. [1oBbIIIeHHBIN ypOBEHh MEXaHUYECKOTO CBOICTB CILIABOB,
M0 CPaBHEHUIO C MEZbIO, CBA3aH C YIIPOUYHEHHUEM, O0YCIOBICHHBIM BBIIEICHUEM HAHOYACTHIl BTOPHIX (a3
B npornecce JJKVII u mocnenyromiero orxura.

Pabota BrImonHeHa B paMKax rocylapCTBEHHOTO 3a1aHusi MuHoOpHayku Poccun o Teme «CTpyKTypay
Ne Ne122021000033-2.

THE EFFECT OF HIGH STRAIN-RATE DEFORMATION
AND HEAT TREATMENT ON THE STRUCTURE AND PROPERTIES
OF LOW-ALLOY COPPER ALLOYS

D. N. Abdullina', I. V. Khomskaya', V. I. Zel'dovich', E. V. ShorokhoV?, A. E. Kheifets'

M. N. Mikheev Institute of Metal Physics of the Ural Branch of RAS, Ekaterinburg, Russia

2FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

The effect of high strain-rate deformation by the method of dynamic channel-angular pressing (DCAP)
and subsequent annealing on the microstructure, mechanical and functional properties of dispersion-hard-
ening Cu-Zr, Cu-Cr and Cu-Cr-Zr alloys doped with microadditives Cr (0.09—-0.14 wt.%) and Zr (0.03-0.08
wt.%) have been investigated. The DCAP method allows materials to be deformed at speeds of 10-10° 57!,
which is four to five orders of magnitude higher than with the quasi-static method of equal-channel angular
pressing (ECAP), without the use of pressing equipment and electrical energy consumption. During DCAP,
the structure of the material is influence by high-strain-rate shear deformation, shock wave compression
deformation and temperature.

The effect of DCAP and aging on the mechanical properties and electrical conductivity of the alloys
has been investigated. It has been shown that the Cu-Cr-Zr alloy structure refinement on the order of three
(from 200400 to 0.2-0.4 um), and raising the ultimate strength (o) and the yield stress (o, ,) by 2.6 and
3.3 times, while maintaining satisfactory ductility can be achieved even by three or four DCAP passes. It
has been determined that copper alloys with a submicrocrystalline (SMC) structure obtained by DCAP have
increased ability to withstand mechanical contact loads without plastic deformation in comparison with
coarse-crystalline (CC) state of alloys. It has been found that the increased level of mechanical properties
of the studied alloys compared with copper is associated with the additional strain hardening caused by
decomposition of the solid solution with the precipitation of Cr and CusZr nanoparticles during DCAP and
subsequent aging. It has been shown that SMC copper alloys are thermostable when heated up to 400—600°C.
The recrystallization start of deformed alloys is delayed due to the fixing of dislocations and sub-boundaries
by nanoparticles (1-5 nm) CusZr. As a result, the formation of recrystallization centers, requiring changes of
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the dislocation structure slows down. It has been determined that as a result of the treatment by DCAP+aging
at 400°C, 1 h, it is possible to obtain a SMC Cu-Cr-Zr alloy with high hardness (1780 MPa), strength
(o, = 542 MPa, 6, = 464 MPa) and electrical conductivity (80%IACS) while maintaining a satisfactory
ductility. It has been shown that the combination of the treatment by DCAP+aging at 400°C+SPD under fric-
tion of the alloy resulted in the formation of nanocrystalline structure with the grain size of 15-30 nm, which
provided a high level of microhardness and wear resistance.

The dynamic properties of binary SMC copper-based alloys were investigated under shock com-
pression with intensity 4.7-7.3 GPa and strain rate of (0.9-3.2)-10° s™'. Registration of wave processes
in the samples was carried out using the Doppler Velocity Sensor VISAR. It has been shown that the
DCAP of the Cu-Zr and Cu-Cr alloys, which leads to the grain refinement of crystallites from 200—400 to
0.3-1.0 um, increases the dynamic Hugoniot elastic limit (o) and the dynamic yield stress (Y)
by 1.9-2.8 times and the spall strength (Gsp) by 1.4 times, compared to the initial coarse-crystalline
state. Subsequent annealing at 400—450°C leads to an additional increase in dynamic properties by
1.2-1.9 times. The increased level of mechanical properties of the alloy, compared with copper, is associ-
ated with the additional strain hardening caused by the precipitation of nanoparticles of the second phases
during DCAP and subsequent annealing.

The work was accomplished according to the State Assignment of the Ministry of Education and Science
of Russia on the theme “Structure” No. 122021000033-2.
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HOJYIMIINPUYECKOE HINPOKOAUAITASOHHOE
YPABHEHHUE COCTOAHUA ME/IU B ®POPME MOIEJIN POCA-M®U

U. H. Apanos, A. A. Kaskun, A. C. [lanunos, /. I I'opoees, JI. @. I'yoapernko

OI'VII «Poccuiickuit @enepanbubiii Anepusiii Lentp — Beepoccuiickuit HUA
dKCIIepUMeHTaNbHOM (hrs3ukm», Capos, Poccus

OmnwucaH BapuaHT Monudukauuy, ucrnoiabdyemoii Bo POSAL] — BHUND® nmomysmnupuueckoii Mmoaenn
HMIMPOKOANANa3oHHOro ypaBHeHus: coctosiHust POCA-MU [1-2]. [lpu mogudukanmu mogens POCA-MU,
MO3BOJISIIONIAS ONMKCHIBATH CBOWCTBA BEIISCTB MPHU (a30BOM Iepexone >KUAKOCTb — Map, AOTIOJIHEHA ajro-
pUTMaMH U ONHMCAaHUS TEPMOIMHAMUYECKHX CBOMCTB NpH (pa30BOM IMEPEXOe TBEPAOE TENO-KHIKOCTh
(nnaBnenue). Hazsanue moguduumposanHoit mogenn — POCA-M®U. B anropurmax, onuchIBaOMUX Mpo-
necc IUIABICHUS, UCIOJb3YOTCS JOKAJIBHBIE MOJEIU ISl OIMCAHUS CBOMCTB TBEPLOIO TEJla U KUAKOCTH,
B 00NacTsX TUIABIEHUS W MCTIAPEHUs BEIIECTBO MPEACTABISETCS Kak cMech ABYyX ¢a3. Momenb comepKuT
psn cBOOOIHBIX MMApaMETPOB, 3HAUEHHS KOTOPBIX OMPEAETSIOTCS MpH pa3padOTKe YpaBHEHHS COCTOSHUS
KOHKPETHOTO BEUIECTBA. AHAIMTHYECKHE BBIPAKEHUS B MOJENH, MO3BOJIIOT, HE HMCHONb3yS TaOIWYHYIO
¢opMy TpeacTaBIEHHs, pealn30BaTh MOIENb B BHAE MPOrPaMMHOTO MOAYJS AJS pacdeTa TepMOIUHA-
MHUYECKUX (DYHKUMH MO BXOIHBIM IEPEMEHHBIM: IIOTHOCTh — TEMIIEPaTypa, IIOTHOCTh — SHEPTHs, IIOT-
HOCTB — JIaBJIeHHE M0 Bceil obnactu onpenenenus YPC.

OddextuBnocts Mogenu POCA-M®U npoBepena Ha nmpuMmepe pa3padOTKHA YPaBHEHHS COCTOSHHUS
OJIHOTO U3 XOPOLIO UCCIECAOBAaHHbBIX BEIIECTB — MeAu. Ha pucyHKax, IpeCcTaBIeHHBIX B TOKJIAJAE IIPOBO-
JIUTCSl CPaBHEHHE PacueToB Mo pa3paboranHoMy YPC ¢ MHOTOUNCIIEHHBIMH 3KCIIEPUMEHTAIBHBIMU AaH-
HBIMH U pacdueTaMu 1o ApyruM mozaeisiM. [lokasaHo, uto pacyeTsl o paspadoranHomy Y PC onucheiBaroT
KaK JKCTIIEpUMEHTaIbHbIE JaHHBIE, TAK U PE3YJbTaThl PACUETOB MO TEOPETUYECKUM MOAECTSAM (HE YUUTHI-
Baromux 00ojo4YeyHbIe 3(()EeKTH) B 00JIaCTH CBEPXBBICOKUX JABICHUIA U TeMieparyp. [lokazaHo Taxxke,
YTO y4eT B MOJEJIU U3MEHEHUS CBOMCTB BELIECTBA MPU ILIABICHUU II03BOJIAII IIOBBICUTH TOYHOCTD OIU-
CaHUs HKCIIEPUMEHTAJIbHBIX JaHHBIX [0 CPAaBHEHHUIO ¢ paHee pa3padoranHeiM YPC menu B popme moze-
mu POCA-MU.
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SEMIEMPIRICAL WIDE-RANGE EQUATION
OF STATE FOR COPPER IN THE FORM OF THE ROSA-MFI MODEL

L. N. Arapov, A. A. Kayakin, A. S. Danilov, D. G. Gordeev, L. F. Gudarenko

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

The paper describes a modified version of the semiempirical model of the wide-range equation of state
ROSA-MI [1-2] used at RFNC — VNIIEF. To modify the ROSA-MI model describing the material proper-
ties in the liquid-to-steam phase transformation, it was supplemented with the algorithms describing the
thermodynamic properties in the solid-to-liquid phase transformation (melting). The modified model name
is ROSA-MFI. The algorithms describing the melting process use local models for the description of the
solid and liquid properties, the material is represented as a mixture of two phases in the melting and evapora-
tion areas. The model has a number of free parameters, which values are determined in the EOS development
for a specific material. The analytical expressions in the model allow implementing the model as a program
module (not using its tabular form) for the calculation of thermodynamic functions on the base of the input
variables: density- temperature, density-energy, density—pressure over the whole EOS definition domain.

The ROSA-MFI model efficiency was verified by the example of developing the equation of state for
copper, which is a well-studied material. The figures in the paper show the comparison between the results
calculated with the developed EOS and results of using some other models. It is demonstrated that the re-
sults obtained with the developed EOS describe both experimental data and results of computations with
theoretical models (not accounting for the sell effects) in areas of ultrahigh pressures and temperatures. It is
also shown that with variations in the material properties taken into account the model allows improving the
accuracy of describing experimental data, as compared to the earlier developed EOS for cooper in the form
of the ROSA-MI model.
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NCCIEJOBAHMUE BJIUAHUSA OBJYYEHUSA
BBICOKOOHEPI'ETUYECKHUMMHU JIEKTPOHAMHA
HA CBOMCTBA BUHAPHBIX TOMOJIOT'MYECKUX U30J1ATOPOB
C PABHBIM TUIIOM ITPOBOJAUMOCTH

. B. Bensies', M. H. Capbme@2, B. U. Heanoé’, K. A. Kox®, O. E. T epeu;eHKo4, T B. KyaHeb;oeal’z

1I/IHCTI/ITyT (dhm3ukn MeramwioB umenn M. H. Muxeesa, Exarepun0ypr, Poccus
2 o N
VYpanbckuii GpenepanbHbiii yHuBepcuteT, Exarepunoypr, Poccus
3I/IHCTI/ITyT reonorun 1 MuHepanoruu umenu B. C. CoboneBa CO PAH, HoBocubupck, Poccus

4I/IHCTI/ITyT ¢u3uky nomynpoBoaHUKOB MMeHH A. B. Pxanosa CO PAH, HoBocubupck, Poccus

TpexMepHbIe TONOIOTHYECKHE H30JIATOPEI — 3TO HOBBIN KJIacC MaTepHuajoB, KOTOPBIH MIPHUBJIEKaeT K cede
OTPOMHOE BHUMAaHHE 32 CUET CBOMX YHUKAJIBHBIX CBOMCTB [1-2]. OHU ABIAIOTCS Y3KO30HHBIMH MOITYIIPOBOI-
HUKaMH B 00beMe M MMEIOT OecIleeBble 1 TOMOJIOTHYECKU 3alliIeHHble 2D MOBEPXHOCTHBIE COCTOSHHS.
OnHaxo, n3-3a 1e()eKTOB PEIeTKH, BOZHUKAIOIINX B IIPOLIECCE CUHTE3a, BKJIa]l B IIOBEPXHOCTHYIO IPOBOAM-
MOCTb TaKXe BHOCHUT U 00beMHasi IPOBOAUMOCTD [3], TakuM 00pa3oM, OrpaHHUYUBAst MPUMEHEHHE JaHHBIX
MaTepranoB B TAKUX O0JIACTSX, KaK CIIMHTPOHUKA MM KBAHTOBBIX KOMIIBIOTEPAX.

OnHuMH 13 CIOCOOOB YCTpaHEeHUs! 00BEMHON MPOBOJMMOCTH SIBIISIFOTCS XUMHUYECKUE IOMUPOBAHHE, STIH-
TaKCHaJlbHOE BBIPALIMBAHUE TOMOJOTMYECKUX H30JSITOPOB U OOMyYEHHE BBICOKOTOIHEPTETHYECKUMHU Myd-
KaMH 3JIeKTPOHOB [4—-5]. B wacTHOCTH, IpH 00Iy4YeHIH DIIEKTPOHAMH C SHEPTHAMHU ~2,5 M»1B 6b110 nokaza-
HO, YTO NPH ONPEAETIEHHBIX 103aX HET BIUSHUSA HA JUPAKOBCKYIO IUCIEPCUIO 3HEPTUU MTPU OAHOBPEMEHHOM
YMEHBIIEHNH 00BEeMHOM MPOBOAMMOCTH. B 1aHHO# paboTe ncciaenyeTcs BIUsHIE 00TydeHHs 3JIeKTPOHHBIM
Iy4KOM C 3Heprueit »nekTpoHoB 10 MaB Ha coenunenus n-Bi, Te;[6], p-Bi, Te;[6] n Bi,Se;, apnsrommxcs
TOIOJIOTHYECKUMH H30JIsITOpaMu. PaMaHOBCKHE CIIEKTphI 00pa3oB ObUIM U3MEPEHbI Ha KOH(OKAaJILHOM pa-
MaHoBckoM Mukpockone Confotec® Uno ot SOL Instruments, ocnamennasim [13C-getekropom. Bee criekt-
PBI OBIIIM U3MEPEHBI B TEOMETPUH 00paTHOro paccessHus ¢ 00bekTuBoM 40x. BT NCTIONB30BaH J1a3ep ¢ JIu-
HOU BONHBI 532 HM. MOIIHOCTP Jla3epHOTr0 W3My4eHus Obuta MeHee 1 MBT i mpenoTBpalueHust TopeHus
oOpasna. O0nydyeHrue npoBoamiIock Ha 0aze DU3MKO-TEXHOIOTHYECKOT0 MHCTUTYTa YpDY Ha nuHeHHOM
yckoputene YIJIP-10-10C. Iormomennas no3a cocrasuia 100 xIp.

PabGora BrimonHeHa B pamkax rocygapctBeHHoro 3aganusi MUHOBPHAYKU Poccun (tema «Crmny,
Ne 122021000036-3) mpu yactuuHoi nogaepxkke PODU (mpoext Ne 19-29-12061).
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INVESTIGATION OF THE INFLUENCE OF IRRADIATION
WITH HIGH-ENERGY ELECTRONS ON THE PROPERTIES
OF BINARY TOPOLOGICAL INSULATORS
WITH DIFFERENT TYPES OF CONDUCTIVITY

D. V. Belyaev', M. N. Sarychev?, V. Y. Ivanov*, K. A. Kokh®, O. E. Tereshchenko®, T. V. Kuznetsova'**

'M. N. Miheev Institute of Metal Physics of UB RAS, Ekaterinburg, Russia
2Ural Federal University, Ekaterinburg, Russia
3V. S. Sobolev Institute of Geology and Mineralogy of SB RAS, Novosibirsk, Russia
*Rzhanov Institute of Semiconductor Physics of SB RAS, Novosibirsk, Russia

Three-dimensional topological insulators are a new class of materials which are attracting great attention
due to their unique properties [1-2]. They are narrow-gap semiconductors in the bulk and have gapless and
topologically protected 2D surface states. However, due to lattice defects that occur during synthesis, the
bulk conductivity also contributes to the surface conductivity [3], thus limiting the use of these materials in
areas such as spintronics or quantum computers.

Some of the ways to decrease the bulk carrier contribution are based on chemical doping, epitaxial growth of
topological insulators, and irradiation with high-energy electron beams [4-5]. In particular, samples which
was irradiated with swift electrons (~2.5 MeV), were showed that at certain doses there is no effect on the
Dirac energy dispersion with a simultaneous decrease in volume conductivity. We study the effect of irra-
diation with an electron beam with an electron energy of 10 MeV on n-Bi,Te;[6], p-Bi,Te;[6], and Bi,Se;
compounds, which are topological insulators. The Raman spectra of the samples were measured on a SOL
Instruments Confotec® Uno confocal Raman microscope equipped with a CCD detector. All spectra were
measured in backscattering geometry with a 40x objective. A laser with a wavelength of 532 nm was used.
The laser radiation power was less than 1 mW to prevent sample burning. Irradiation was carried out at the
institute of physics and technology of the Ural Federal University on a linear accelerator. The absorbed dose
was 100 kGy.

The research was carried out within the state assignment of Ministry of Science and Higher Education of the
Russian Federation (theme “Spin” No. 122021000036-3), supported in part by RFBR (project No. 19-29-
12061).
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YPABHEHUE COCTOSSHUS XKUJIKOMN ®A3BI TAHTAJIA
IHPU BBICOKHUX JABJIEHUAX U TEMIIEPATYPAX
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B »Toit pa60Te OpeACTaBJICHBI YPABHCHHUA COCTOSIHHA TaHTAJIda HA OCHOBC TPEX MPOCTBIX MOI[GJIeﬁ. Hep—

BO€ ypaBHEHHE COCTOSHUS — ypaBHeHUe Ban-nep-Baannbca [1]:
RT a

T V—b p*

BTOpOG YpaBHEHUC COCTOSHHSA IMMOJYUCHO IMPU paCCMOTPCHUHU MOJICIBLHOM 3aaa4u 3apsAKCHHBIX TBEPABIX

chep [2]:
RT a

Vb p

Tpetbe ypaBHEHHE MOTyueHO B pabote [3] u 3aaeTcs BEIpaXKCHUEM
pe RT 3 a '
V—b V(V+yb)

3nech P — naenenue; T — TeMieparypa; V — yaenbHbIi 00beM; R — yaenbHas ra3oBas MOCTOSHHAS, d, b
U y — TapaMeTpbl. 3HAYCHUS apaMeTPOB B KaXIOW U3 TPex MOJAEIeH HAXOAUIKNCh C UCTIONB30BAHUEM JKC-
MEPUMEHTANBHBIX JaHHBIX [0 M300apUUCCKOMY PACIIUPEHHIO XUAKOHW (Da3bl TaHTaA MPU BHICOKUX TEMITE-
parypax.

IpeatoxkeH METO ONPEeICHHS TTOCTOSHHOTO 3HAYCHUST H30XOPHOM TEMIOEMKOCTH U3 AaHHBIX O yaap-
HOMY C)KaTHIO MCXOIHO TOPUCTHIX 00pasIoB. DTO MO3BOJSET MOMYYUTh KATOPHUECKOE YPaBHEHHE COCTOS-
HUS BEIIECTBA, COOTBETCTBYIONIEE KAKIOMY M3 TPEX MEPEUUCICHHBIX BBIIIE TEPMHUUCCKUX YPaBHEHHH CO-
CTOSTHHS.

C mOMOIIBI0 3THX TPEX MOJENeii MPOBENCHBI PACUCSThI YAapHBIX aanadaT v W30IHTPOI Pa3TPy3KH IS
00pa3IioB TaHTala Pa3IUYHON HAYaIbHOW TUIOTHOCTH. B J0KIame pe3ynbraThl pacyeTOB COTOCTABICHBI
C DKCIIEPUMEHTAIBHBIMUA TAHHBIMU IO YAAPHOMY CXKATHIO M M309HTPOMUUECKOMY PACHIMPCHUIO TAaHTAjA.
Ha ocHOBe cpaBHEHUS Pe3yJLTATOB PACUETOB M M3MEPEHUH ONPeIeICHbI IPAHUIIBI TPUMEHUMOCTH TS KaX-
JIOM MOJZIENH.

HccnenoBanue BBIMONHEHO MpH (PUHAHCOBO# mojmepxke Poccuiickoro HaydHoro ¢ouza, rpant Ne 19-
19-00713, https://rscf.ru/project/19-19-00713/.

Jluteparypa

1. Van der Waals, J. D. On the Continuity of the Gaseous and Liquid States [Text]. — Leiden, 1873.

2. Jluxaaprep, A. A. KpuTHueckue TOUYKM KOHAEHCALUU B KylTOHOBCKuX cucremax [Tekcr] / YOH. —
2000.—-T. 170, Ne 8. — C. 831-854.

3. Herpuxk, I'. I. OgHomapaMeTpruieckoe CEMENCTBO ypaBHEHUI COCTOSIHUS HA OCHOBE MOJEIH TOYEUYHBIX
LEHTPOB M €r0 CBA3b C OIHOMAPaMETPHUECKUM 3aKOHOM COOTBeTCTBEHHBIX coctosinuid [Tekct] / I. I. Iler-
puk, 3. P. lamxueBa // Monutopusr. Hayka u rexnonoruu. — 2010. — Ne 2. — C. 67-78.



COOEPXAHUE | HA MPEABIAYLLYIO CTPAHULY | HA CNELYIOLLYIO CTPAHULY MEYATH

EQUATION OF STATE OF THE LIQUID PHASE OF TANTALUM
AT HIGH PRESSURES AND TEMPERATURES
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In this paper, equations of state for tantalum based on three simple models are presented. The first equa-
tion of state is the van der Waals equation [1]:
RT a

V—b p?

The second equation of state was obtained by considering the model problem of charged hard spheres [2]:
_ R _a
V—b p¥

The third equation was obtained in [3] and is given by the expression
P RT B a ‘
V—b V(V+yb)

Here, P is the pressure; T is the temperature; V is the specific volume; R is the specific gas constant; a, b
and y are parameters. The values of the parameters in each of the three models were found using experimen-
tal data on the isobaric expansion of the liquid phase of tantalum at high temperatures.

A method is proposed for determining the constant value of the isochoric heat capacity from data on shock
compression of initially porous samples. This makes it possible to obtain a caloric equation of state of matter
corresponding to each of the three thermal equations of state listed above.

These three models were used to calculate shock adiabats and unloading isentropes for tantalum samples
of various initial densities. In the report, the calculation results are compared with experimental data on
shock compression and isentropic expansion of tantalum. Based on a comparison of the results of calcula-
tions and measurements, the limits of applicability for each model are determined.

The present study is financially supported by the Russian Science Foundation, grant No. 19-19-00713,
https://rsctf.ru/project/19-19-00713/.
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U. I Bpooosa', B. B. Acmagwes', U. I ITupunxuna', C. B. banywxun®, I B. Kynukoé?,
A. FO. Cumonoé®, B. 1. bensxos®

1I/IHCTI/ITyT ¢uzuku MetaiuioB YpO PAH um. M. H. Muxeesa, Exarepun0ypr, Poccus

2PI'VII «Poccniickuii Oenepanpabiii Anepusiii Leatp — Beepoceniickuit HUU Texandeckoit pu3ukn
nmenH akagemuka E. M. 3a0a0axunay», CHexxnHCK, Poccus

Uzyueno nedopManyioHHOE MOBEACHUE MOJBIX HIIHHAPUIECKUX 000104eK U3 citaBa AMr6, HarpysKeH-
HBIX 8-MHU TOUeuHOU cxemoit nHumupoBanus BB. [eoMeTpruueckue XxapakTepucTHKH 000JI04eK — TUaMeTp
60 MM, TOIIMHA CTEHKH 8 MM (OTHOIIEHHE TONIUHBI K paguycy — 0,27), Beicota 250 u 500 mM. lHTEHCHB-
HOCTh B3PBIBHOTO HarpyeHusl peryaupoajiack TonuuHoi u Becom BB (TOH) u mapamerpamu mpoxiia-
JOK (MaTeprajoM, TOJNLIMHOW). AHATU3UPYsT MOP(OIOrHUECKUE U CTPYKTYPHBIE 0COOCHHOCTH HAPY>KHBIX
U BHYTPEHHHX CIIOEB 000JI04€eK, OBIJIO YCTaHOBIEHO, YTO Mpu TommuHe BB 3—-5 MM Ha BHemiHe#l moBepx-
HOCTH BCeX 000JI0YEK HAOMIOAAIOTCs MIMPOKUE MOJIOCH M TPEIIMHBI, ITyOnHa KOTOPHIX 3aBUCUT OT WHTEH-
CHUBHOCTH Harpy3ku. Ha BHyTpeHHeW MOBEpXHOCTH, 110 TUAMETPY pacIlojokeHbl pedpa (BBIOPOCHI), MOsIB-
JIEHHE KOTOPBIX CBA3aHO C 8-MH TOUEYHOM cxeMoi MHUIMHMpOoBaHUSA BB u cTONKHOBEHHEM ymapHBIX BOJH
OT COCEIHMX TOYeK MHHLMHUpoBaHUs BB. B 3aBHCMMOCTH OT MHTEHCHBHOCTH Harpy:KeHHs HaOIIOAaeTcs
HECKOJIBKO THIIOB CXOXKIEHUSI 000710ueK [ 1-3], XapakTepu3yromuXcsl OTKaJIbIBaeM BHYTPEHHETO CJIOS U €0
roppupoBaHrEeM, HAPYIIEHHUEM CIIOMIHOCTH (00pa3oBaHWeM BHYTPEHHEH MOIOCTH) U YACTUYHBIM Maccore-
PEHOCOM B HEHArpyKeHHYI0 4acTh 000s04kH. [IpoBeneno peHTrenorpadupoBaHue MpoueccoB 1edopMHUpoO-
BaHMs 000JI0YEK B 3aBUCUMOCTH OT BpEeMEHH HarpyxeHus. OnpeeneHsl napaMeTpsl ABHKESHUS HAPYKHBIX
1 BHYTPEHHUX CTEHOK U UX CPEeJHHE CKOPOCTH IMpH pa3zHoi TonmuHe BB. C moMoIpio BBICOKOCKOPOCTHOM
BHUJICOPETUCTPALINU ONPEACICHBI MapaMeTphl ABMKEHUS U MOCTPOEHA JIMarpaMMa JIBUKEHUS BHYTPEHHETO
KOHTYpa 00OJIOUKH B MPOLIECCE €€ YCTOWIMBOTO CXOXKICHUSI.

CTpyKTypHBIE HCCIEAOBaHUS ONEPEUHBIX CEUSHUH 000I0UEK CBUAETEIBCTBYIOT, YTO 1e(opMalioHHAas
MOJIOCOBAsl CTPYKTypa O4E€Hb HEOJHOPOJHA IO PaJNyCy, XapaKTepU3yeTcs pa3HbIM pa3MepOM 3€pHa U pas-
HOOOpPa3HBIMH MO KOH(PHUTYpalry YIacTKaMH JIOKAJIN30BaHHOH 1e(hOpMaLliK C «IUTACTHYECKUMH CTPYSIMUY,
a TaKKe COIEPXHT TPEIIMHBI U mophl. [Ipouecc cxyonbBaHUs 000I0YEK CONPOBOKAACTCS YIPOUYHEHUEM
otHocuTenbHO penepa Ha 200-300 MIla. YBenuuenue konudectBa BB cHmkaet TBepmocTh 000mouku. Bos-
MOKHOW MPUYMHON TAaKOTO U3MEHEHHUS TBEPJOCTH SABJSETCS pellakcalus HapsDKEHUH 3a CUeT MHTEHCUBHO-
ro pa3orpeBa Marepuania B YCIOBHsIX 00Jiee MOIIHOTO B3PBHIBHOTO SKCIIEPHMEHTA.

Ha ocHOBaHMM BBINONHEHHBIX UCCIIEAOBAHUI ONpENEIeHb! YCIOBUS YCTOHYHNBOTO MOTHOTO CXOXKACHUSA
M0JI0H 0007I04KH B UIMHAD 0€3 pa3pyLIeHui.

Pabora BrimonHeHa B pamkax rocyaapcrseHnoro 3aganusi MMUHOBPHAYKU Poccun (tema «CTpykTy-
pa» Ne122021000033-2).
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THE STRUCTURAL STUDIES AND THE RHEOLOGY
OF THE CONVERGENCE OF ALUMINUM SHELLS

I G. Brodova', V. V. Astaf'ev', I. G. Shirinkina', S. V. Balushkin®, G. V. Kuliakov?,
A. U. Simonov?, V. I. Beliakov*

'Mikheev Institute of Metal Physics, Ural Branch of the Russian Academy of Sciences, Ekaterinburg,
Russia

’FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

The deformation behavior of hollow cylindrical shells made of the AMg6 alloy loaded with an 8-point
scheme of explosive initiation has been studied. The geometrical characteristics of the shells are 60 mm in
diameter, 8 mm in wall thickness (the ratio of thickness to radius is 0.27), and 250, 500 mm in height. The
intensity of explosive loading was regulated by the thickness and weight of the explosive (PETN) and the
parameters of the gaskets (material, thickness). Analyzing the morphological and structural features of the
outer and inner layers of shells, it was found that with an explosive thickness of 3—5 mm, wide stripes and
cracks are observed on the outer surface of all shells, the depth of which depends on the intensity of the load,
and on the inner surface there are ribs along the diameter (emissions ), the appearance of which is associated
with the 8-point scheme of explosive initiation and the collision of shock waves from neighboring points
of explosive initiation. Depending on the intensity of loading, several types of convergence of shells are
observed [1-3]. They are characterized by chipping of the inner layer and its corrugation, and discontinuity
(formation of an internal cavity), and partial mass transfer to the unloaded part of the shell. X-ray diffraction
of shell deformation processes depending on the loading time was carried out. The motion parameters of the
outer and inner walls and their average velocities are determined for different explosive thicknesses. With
the help of high-speed video recording, the motion parameters were determined and a diagram of the motion
of the inner contour of the shell was constructed in the process of its steady convergence. Structural studies
of the cross sections of the shells indicate that the deformation stripe structure is very heterogeneous along
the radius, is characterized by different grain sizes and regions of localized deformation with “plastic jets”
of various configurations, and also contains cracks and pores. The process of shell collapse is accompanied
by hardening relative to the benchmark by 200-300 MPa. Increasing the amount of explosives reduces the
hardness of the shell. A possible reason for this change in hardness is stress relaxation due to intense heating
of the material under conditions of a more powerful explosive experiment. Based on completed research, the
conditions for stable complete convergence of a hollow shell into a cylinder without destruction are deter-
mined.

The research was carried out within the state assignment of Ministry of Science and Higher Education of
the Russian Federation (theme “Structure” Ne 122021000033-2).
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JNHAMMNYECKOE PASPYHIEHUE TUTAHA:
MOJIEKVJIIAPHO-AUHAMHNYECKOE NCCIIEJOBAHHUE
N MUKPOMEXAHHNYECKASA MOAEJIb

1. C. Boponun', A. E. Maiiep®

UenssOMHCKUI roCynapCTBEHHBIN yHUBEpCcHUTET, Yensaounck, Poccus

| . . 2
E-mail: "v-demonizerus@mail.ru, “mayer@csu.ru

[Ipu momomu Metona MoneKynsipHoi nuHamuku (M/I) u3ydeHa KMHETHKa 00pa3oBaHUs M pOCTa MOp
B THTaHE MIPU PaCTSHKEHUH MO Pa3IHYHBIM TpaeKTopusM nedopmanun. [IpencraBurenbHble 31eMEHTH 00be-
Ma METaJJIOB, U3HAYaJbHO C MICaJbHON PEIIETKOM M ¢ BHIPE3aHHBIMU B LEHTPE chepuyecKMMU MopaMu
PasHoOro JuaMeTpa, MOJABEPrajuch OCECUMMETPHYHON IeopMaliy PaCTsHKEHHUS NPU MOCTOSHHOW TeMIie-
parype. M/l MofenupoBaHie IPOBOJMIOCH C HCTIONIb30BaHHEM IporpamMmuoro naketa LAMMPS [1] u mex-
aTOMHOT'0 NIOTEHIIMaja [2] TUMa norpykeHHoro aroma. Pacnipenenenue nop mo pazmMepaM U UX KOJIHYECTBO
OTIPEEISIIOCH TIPU TIOMOIIY aJITOPUTMa 00pa0OTKU aTOMHBIX KOoH(purypanuii [3]. AHajsoruyHo [4], naHHBIC
M/I ucnons3oBanuch it 00y4eHHst UCKYCcCTBeHHBIX HelpoHHbIX certeil (MHC) mis HenmuHelHOW 3aBUCH-
MOCTH HalpsKEHUH OT NedopManiy B BUAE TEH30PHOTO yPaBHEHUS COCTOSIHUSA U (PYHKIIMU PACCTOSHUS /10
HYKJIeallly, ONHUCHIBAOLIEH Mopor oOpa3oBaHus monocteil. Ha ocHoBe mpeapiaymux HapaboTok [5, 6] pas-
BUTA U NIPOBEpEHa Mo pe3ynpTaraM MJI mccienoBaHuss MUKpOMeEXaHH4ecKast MOJIENb JUHAMUYECKOTO pa3-
pylieHus TuTaHa. [[yig onpeneneHus napaMmeTpoB MOJENIN MCIIONb3yeTCs CTaTUCTUYECKUi anroputM baiie-
ca, JaHHble M/] BBICTyHaroT Ha 3TOM 3Tale B KaueCTBE 3TANOHHBIX. Janee MporHo3 Moaenu CpaBHUBAETCS
C OKCIIEPUMEHTAIILHBIMH JaHHBIMH M3 JIUTEpaTyphl. TakuM 00pa3oM, pa3BUT MoAxox Ha ocHoBe M/ mone-
JUPOBAHMS ¥ MAIIMHHOTO OOYYeHUs U OMHMCAHHMS TUHAMHUYECKOTO paspylleHHs THUTaHa. McciemoBaHue
BBITIOJTHEHO 3a cueT rpanTa Poccuiickoro Hayunoro ¢onaa, mpoekt Ne 20-79-10229.
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The kinetics of the formation and growth of pores in titanium under tension along various deformation
trajectories has been studied using the molecular dynamics (MD) method. Representative elements of the
metal volume, initially with an ideal lattice or with spherical pores of different diameters cut out in the center,
were subjected to axisymmetric tensile deformation at a constant temperature. MD simulations were car-
ried out using the LAMMPS software package [1] and the interatomic potential [2] of the embedded atom
method. The pore size distribution and their number were determined using the algorithm [3] for of atomic
configuration. Following the previous poaper [4], MD data were used to train artificial neural networks
(ANSs) for the nonlinear dependence of stresses on deformation in the form of a tensor equation of state
and the nucleation strain distance function describing the threshold for the formation of pores. On the basis
of previous developments [5, 6], a micromechanical model of dynamic fracture was developed and tested
according to the results of MD research. To determine the parameters of the model, the statistical Bayesian
algorithm was used, the MD data is treated as a reference one at this stage. Further, the forecast of the model
was compared with the experimental data from the literature. Thus, an approach based on MD modeling and
machine learning has been developed to describe the dynamic fracture of titanium. The study was supported
by the Russian Science Foundation, project No. 20-79-10229.
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PETUCTPAIIUSA OTKOJIbHBIX ABJIEHU B MEJJHOM JIAMHEPE,
METAEMOM IIPU B3PbIBE bPU3AHTHOI'O
B3PBIBYATOI'O BEIIECTBA HA OCHOBE OKTOI'EHA

U. I I'anuynnun, A. FO. I'apmawes, E. B. Cmupnos, A. B. Capagannuxos, /[. I1. Kyuxo,
K. M. Ilpoceupnun, /1. I Ilankpamos, K. M. Ecanos, A. B. Bopoowves, A. C. [ pemumckux

OI'VII «Poccuiickuii Denepansusiii Anepusiit Lientp — Beepoccuiickuit HUM texnuueckoit pusuku
nMmenHu akagemuka E. M. 3a0a0axunay», CHexunck, Poccust

Peructpanus ckopocTH IBMKEHHsI CBOOOAHBIX M KOHTAKTHBIX MOBEPXHOCTEH MPU MPOBEACHUH YIAPHO-
BOJIHOBOT'O 3KCIIEPUMEHTa HEMAJIOBA)KHA MPU OCTPOCHNUU U YTOUYHEHUN YPaBHEHUH COCTOSHUM MPOAYKTOB
B3pBIBA HCCIIEAYEMBIX B3pbIBYATHIX BemiecTs (BB).

C pa3BUTHEM HEMIPEPHIBHBIX BO BPEMEHH M HEBO3MYILAIOIINX METOAOB PErHCTPALlH OBICTPONPOTEKAIO-
HIMX MPOLECCOB, TAKUX KaK paJAHOBOJIHOBAs U JIa3epHasi HHTEep(epoMeTpHs, TPy NPOBEICHNUH SKCIIEPUMEH-
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TOB MO0 METaHUIO METAIUIMYECKHX IJIACTHUH (JIaifHEPOB) MOSBUIIACH BOZMOXKHOCTD OIPEAEIICHUSI HE TOJIBKO
CKOPOCTH UX M0JI€Ta, HO M UCCIIeN0BaHue Ie(OPMAIIOHHO-TIPOYHOCTHBIX CBOMCTB B IMHAMHUYECKHX JKCIIe-
PUMEHTaX, HAIPUMED YIPYTrOIUIACTHYECKOTO OBEJEHUS, OTKOJIBHOM U CIBUTOBOM IIPOYHOCTU MAaTEPUAIIOB.

B Hactosmeil pabore mpoBeneHBI SKCIEPUMEHTHI IO ONPENEICHHIO CKOPOCTU IBIKEHHS MEIHOU
miacTuHel quamerpoM 200 MM M TONIIMHOW 4 MM, MeTaeMOM MpPOAYyKTaMH B3phiBa JeTOHHpYomero BB
Ha OcHOBe okToreHa auaMerpoM 200 MM u TonuiuHOM 30 MM, KOTOPBIM B CBOIO Ou€peab MHULIMUPOBAJICA
IIJIOCKOBOJIHOBBIM Ie€HEPATOpoM. Perucrpanus npouecca mojaeTa MeJHOro JIAHHepa OCYyIEeCTBILIACH ONHO-
BPEMEHHO JIByMs HEBO3MYIAIOIUMU METOAUKAMU — AIlIIapaTy PHBIMU KOMIUIEKCAMU PaJUOBOIHOBOM U JIa3ep-
Ho-reTepoanHHON MeToauk (JI'M, PDV), npu 3ToM ObLIM CHHXPOHHO 33/1€HCTBOBAaHbI TPU OAHOKAHAIBHBIX
panuouHTepdepoMeTpa U oauH 16-KaHaIbHBIHN Ja3epHbIi nHTEppepomerp JIIM.

Peructpanus npouecca nosiera MeJHOTo JIaiiHepa OCyIeCTBIsUIach Ha 6ase nosnera ot 0 1o 50 MM B nisiTH
TOYKax 30HAMPOBaHMS — oceBoil obmacTu (R = 0 MM, rae R — panuyc oOpasua BB, naiinepa) u Ha ynajieHuu
ot ocu Ha R = 20, 40, 60, 80 MmM.

IIo pe3ynbraraM 3KCIEPUMEHTOB OTMEUEHA XOPOILIAsl COITIACOBAHHOCTh PaJMOBOJIHOBOM U JIa3€pHO-TeTe-
POAMHHON METOAMK JUTS KaXKA0H 001acTH pErUCTpali, YTO MO3BOIMIO HOMYYUTh 3aBUCUMOCTH CKOPOCTH
I0JIETa MEJHOTO JaiiHeEpa OT BPEMEHHU U IIPOMJEHHOIO IIyTH. XapaKTep MOIYyYEHHBIX 3aBUCUMOCTEH, I103BO-
JIWJT YBUJIETH SIBIEHUE OTKOJIA, IPOUCXO/AIIETO B METHON TIIACTUHE TOJIIMHON 4 MM.

SPALLATION RECORDING IN COPPER LINER DRIVEN
BY HMX-BASED EXPLOSIVE

1 G. Galiullin, A. Yu. Garmashev, E. B. Smirnov, A. V. Sarafannikov, D. P. Kuchko,
K. M. Prosvirnin, D. G. Pankratov, K. V. Eganov, A. V. Vorobiev, A. S. Gremitskikh

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Recording of free- and contact surface velocities is highly important in the shock-wave experiments to
derive and refine the high-explosive (HE) products equations of state for the HEs under study.

The development of time-continuous and nonperturbative methods of recording high-rate processes such
as radio wave and laser interferometry allows not only determining the velocity of metal plates (liners) in
plate-impact experiments but also examining the strain-strength properties in dynamic experiments, for ex-
ample elastic-plastic characteristics, spall and shear strengths of materials.

The present work addresses the experiments to determine the velocity of copper plate 200 mm in diam-
eter and 4 mm in thickness, driven by explosive products of detonating HMX-based HE sample 200 mm in
diameter and 30 mm in thickness, which in turn was initiated by plane-wave generator. The flight of copper
liner was recorded by two simultaneous nonperturbative methods, i.e. radio wave and PDV systems, with
synchronous use of three single-channel radiointerferometers and one 16-channel PDV laser interferometer.

The flight of copper liner was recorded in the range from 0 mm to 50 mm at five probing points, i.e. in
the axial region (R = 0 mm, where R is the radius of HE sample, liner) and at R = 20, 40, 60 and 80 mm from
the axis.

Experimental results showed the good agreement between laser and PDV methods in each recording
region and provided the copper liner velocity vs. time and travel distance. The behavior of the obtained de-
pendencies indicates the spallation occurring in the copper plate 4 mm thick.
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UCCJEJOBAHUE TEILIO®U3NUYECKUX CBOMUCTB KEJIE3A
HA OCHOBE AB INITIO PACUHETOB
N OKCIIEPUMEHTA 110 UMIIYJIBCHOMY HAI'PEBY

U. C. I'anvyos, M. A. Ilapamonos, B. b. @okun, /. B. Munaxkos,
A. B. [loposamosckuii, M. A. [lletinonun

OO6benuHeHHbI HHCTUTYT BBIcOKUX Temmnepatyp PAH, Mocksa, Poccust

MockoBCKu# PU3NKO-TEXHIUECKH HHCTHTYT, MockBa, Poccus

Keneso siBnsieTcs: MUPOKO PACHPOCTPAHEHHBIM KOMIIOHEHTOM Pa3IMYHBIX KOHCTPYKIHMOHHBIX Marepua-
JIOB, KOTOpbIE MOABEPraloTCS WHTEHCHUBHBIM TEPMHUYECKUM M MEXaHHMYECKUM HarpyskaMm. B cBs3u ¢ 3Tum
OOJBIIYIO 3HAUMMOCTH MPEACTABISAET MOTYUYECHUE HAIEKHBIX JaHHBIX KaK 00 YpaBHEHHH COCTOSIHUS JKelesa,
TaKk ¥ 0 €ro TPaHCHOPTHBIX U ONTHYECKHX CcBOiicTBaX. TeM He MeHee Ha CErOAHALIHUN IeHb CYLIECTBYET
MHO)KECTBO MPOTHBOPEUYMBBIX JaHHBIX O MapameTpax TEIUIOBOTO PaCIIUpEHHs >Kelie3a M BEJIHMYHHE €ro
YAEIBHOTO COMPOTUBIIECHUS, B 0COOEHHOCTH B )KUAKOH (hase.

B manHol1 paboTe npencTaBieHbl pe3yibTaThl HCCIeJOBAaHUS TEIUIO(PHU3NIECKUX CBOMCTB jKelle3a IBYMs
HE3aBHCUMBIMH MOAXOJAMHU: TEOPETUIECKUM — HAa OCHOBE PacyeTOB METOJOM KBAHTOBOW MOJIEKYJISIPHON JH-
HAMUKH, ¥ SKCIIEPUMEHTAIBHBIM — B ONBITAX 110 3JIEKTPOB3PHIBY JKEJIE3HBIX MPOBOJIOYEK IIyTEM MHKpOCe-
KyHIHOTO HMIYJIbCHOTO HarpeBa. OTAenbHOEe BHUMaHHUE YIEJIEHO HEOOXOIUMOCTH ydeTa CIIMHOBOW MOJA-
pu3auuu 1iis 0ojee KOPPEKTHOTO OMUCAHUS CBOWCTB Keje3a IpH MPOBEACHUH MEPBOINPUHIMUITHBIX PaCYETOB.
BoccraHoBneHb! KpHBasi TEIJIOBOTO PacUIMpEHUs jKelle3a W TeMIIepaTypHasi 3aBUCUMOCTb DHTANBINH Kak
C y4eToM, TaK u 0e3 y4yeTa CIMHOBOH mossipu3aunu. [[puBeneHo cpaBHEHHE ¢ AKCIIEPUMEHTATBHBIMU JaHHbI-
MH, B TOM YHCJIE€ MTOJTy4YEHHBIMU aBTOPaMH 3Toi paboThl. Takxke U3 ab initio pacueToB HaliIeHBI YAEIbHOE CO-
NPOTUBIICHNE ¥ HOPMaJbHAs CIIEKTpallbHast U3TydaTeIbHas ClIOCOOHOCTh TBEPAOTO U XKUIKOTO JKenesa. DTH
JaHHBIE MTOJTYYEHBI ¢ UcTIob30BanueM (hopmyisl Kyoo—IpuaByna u npeodpasoBanus Kpamepca—Kponwura.

Pa6ota BemmonHena npu noaxaepxkke Poccutickoro Hayunoro ¢onga (rpant Ne 20-79-10398).

THERMOPHYSICAL PROPERTIES
OF IRON FROM AB INITIO CALCULATIONS
AND PULSE HEATING EXPERIMENT

1. S. Galtsov, M. A. Paramonov, V. B. Fokin, D. V. Minakov,
A. V. Dorovatovskiy, M. A. Sheindlin

Joint Institute for High Temperatures of the Russian Academy of Sciences
Moscow Institute of Physics and Technology

Iron is a widespread component in various types of structural materials, which are exposed to intensive
thermal and mechanical loads. So, it is of great importance to obtain reliable data both on equation of state
of iron and its transport and optical properties. Nevertheless, thermal expansion and electrical resistivity of
iron, especially in liquid state, are still a matter of debate.

In this work, the properties of iron near the melting are found independently from quantum molecular
dynamics calculations and from experiments on pulse heating. We pay special attention to the need to take
into account the spin polarization in the part devoted to ab initio calculations. The thermal expansion curve
of iron and the temperature dependence of enthalpy are reconstructed both with and without taking into ac-
count spin polarization. The comparison with experiments is presented, including data on enthalpy obtained
in our team. Also electrical resistivity and normal spectral emissivity of solid and liquid iron are restored
from first-principles calculations using the Kubo—Greenwood formula and the Kramers—Kronig transform.

This work has been supported by the Russian Science Foundation (grant No. 20-79-10398).
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IF'EHEPALIUA JE®EKTOB 1P YIAPHOM CXKXATHUUN METAJIJIA
C. /A T'unes
Wucturyt rugponuaamMuku M. M. A. JlaBpeateeBa CO PAH, HoBocuOupck, Poccus

VYnapHasi BojiHa SIBJISETCSI MOIIHBIM TeHEPAaTOpOM Ae(eKTOB KPHCTAIIIMYECKOH CTPYKTyphl. KoHueHTpa-
1y 1epeKToB, BO3HUKAIOUINX MIPU YAAPHOM C’KaTUU MeIH, HalIeHHasi HeTTIOCPEICTBEHHO 32 yIapHBIM (GpoH-
TOM, OKa3bIBAaeTCA Ha [IBa MOPSAKA BEJIMYMHBI BBILIE, YEM B COXPAaHEHHBIX 00pa3lax, U Ha AECATh MOPSIKOB
OoJibllIe CBOETO paBHOBECHOTO 3HaueHHs. JledekTsl BIUSAIOT Ha pasHOOOpa3Hble PU3MUYECKHE XapaKTepHc-
THUKH BELIECTBA, TAaKWE€ KaK AJIEKTPOIPOBOJHOCTD, TEIJIONPOBOIHOCTD, IPOUYHOCTH, ONTHYECKHE CBOWCTBA.
C 1nenbio onpeaeneHus] OCHOBHBIX MIapaMETPOB, BIUSIOMINX HA KOHLEHTPALHIO A1e(EeKTOB B yIapHO-CKaTOM
MeTaJule, aHaJTM3UPYIOTCSl DKCTIEPUMEHTHI 10 W3MEPEHHIO 3JIEKTPOCONpPOTHBICHUST MenHoU (onbru. [Ipu
MOMOIIH YHCIEHHOTO MOAETMPOBAHMS HaliJeHa HCTOPHS HarpyKeHus GosbroBoro o0pasua, pa3MeieHHOro
B o0oiime. [1o amekTpoconpoTHBIEHHIO OlICHEHa KOHLEHTpauus Ae()EeKTOB KPUCTAIITMYECKON CTPYKTYPHI ISt
00pa3uoB, MOMEMICHHBIX B pa3lIn4Hble 000MMBI (OPTCTEKIIO, TETUHAKC, (PTOPOIIACT, HEP)KAaBEIOIIAsl CTAlIb).
OOHapy>XeHO BIHMSHME YIApPHOTO MMIIEAaHca 0OOMMBI Ha BeNMWYMHY KOHLEHTpauuu aedextoB. OOoiime
¢ OONBIIMM yIapHBIM UMIIEIaHCOM COOTBETCTBYET MEHbIIEe 3HaUE€HHE KOHIIEHTPauH Ae(eKTOB B 00pasLe
(Ipu OIMHAKOBOM JIaBJICHUH MAJarOLIeH yaapHOH BOJMHBI B 00oiiMe). [ oObsicHEHHS TOTyYeHHBIX JKCIIe-
PUMEHTAIBHBIX PE3yABTaToB (hopMyaupyeTcs hpuznveckas MOIeIb BOSHUKHOBEHUS Je(EKTOB MIPH yIapHOM
cokatnu. ChenaHo NpeArnojoKeHne, YTo reHepanus JeQeKTOB B MeTajlle MPOUCXOAMUT MPU KaXKIOM aKTe
YAApHOTO CXKaTHs U ompenensercs qedopMalreil BelecTBa B 3ToM npouecce. [Ipennonoxkeno, 4to omnpe-
JETSIOMINM NIapaMeTpOM KOJMUYECTBAa BOSHUKAIOMINMX Ae(EeKTOB B MPOLECCE CIIOXKHOTO AUHAMHYECKOTO Ha-
TpyXXeHUs SBIsIETCs anredpanyeckas cymMma Aedopmannii MeTamia Ipu KaXIoW CTaauy YIapHOTO CHKaTHS.
JlanHble, peacTaBICHHBIC B MEPEMEHHBIX (KOHLEHTpanus Ae(eKkToB — nqeopManus) AaloT 3aBHCUMOCTD,
KOTOpasi HUBEJIMPYET Pa3HUIy B Marepuasie 000WMBI U HCTOPUU HarpykeHus oopasua. [IpoBeneHHbIi aHa-
JIU3 TO3BOJISIET YTBEPKAATh, YTO CyMMY JeopMaluii MOKHO paccMaTpHBaTh Kak MapaMeTp, ONpeaesso-
UK BETUYMHY KOHIEHTpAMH Ae()EeKTOB, TeHEPUPYEMBIX IIPU YAAPHOM CXKATHH MEITH.

GENERATION OF DEFECTS IN SHOCK COMPRESSION OF METAL
S. D. Gilev

Lavrentyev Institute of Hydrodynamics, Siberian Division of RAS, Novosibirsk, Russia

The shock wave is a powerful generator of crystal structure defects. The concentration of defects that
appear during shock compression of copper, found immediately behind the shock front, turns out to be
two orders of magnitude higher than in the recovered samples, and ten orders of magnitude higher than
its equilibrium value. Defects affect various physical characteristics of a substance, such as electrical
conductivity, thermal conductivity, strength, and optical properties. In order to determine the main pa-
rameters that affect the concentration of defects in a shock-compressed metal, experiments on measuring
the electrical resistance of copper foil are analyzed. Using numerical simulation, the loading history of a
foil sample placed in a holder was found. The electrical resistance was used to estimate the concentration
of defects in the crystal structure for samples placed in various holders (plexiglass, micarta, fluoroplastic,
stainless steel). The influence of the shock impedance of the holder on the concentration of defects is
found. A holder with a higher shock impedance corresponds to a lower defect concentration in the sample
(at the same pressure of the incident shock wave in the holder). To explain the obtained experimental
results, a physical model of the appearance of defects under shock compression is formulated. An as-
sumption is made that the generation of defects in a metal occurs during each act of shock compression
and is determined by the deformation of the substance in this process. It is assumed that the determining
parameter of the number of emerging defects in the process of complex dynamic loading is the algebraic
sum of metal deformations at each stage of shock compression. The data presented in variables (defect
concentration — deformation) give a dependence that levels out the difference in the holder material and
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the loading history of the sample. The analysis performed allows us to state that the sum of deformations
can be considered as a parameter that determines the concentration of defects generated during shock
compression of copper.
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MOJIEJIb ®A30OBbBIX ITEPEXO/IOB B Al-Cu CIIJTIABAX
H. A. I'pauésa, E. B. ®omun, A. E. Matiep

YensOMHCKHIA TOCYNapCTBEHHBINH yHUBEpCUTET, YensOnHck, Poccus

B nanHoi#i pabote nccrnenyercs: qeopMaioHHOE MoBeAeHue TBepaoro pactsopa Al-Cu. MonenupoBsa-
HHUE OTHOOCHOTO C)KaTHsI MTPOBOJIUTCS B paMKax KJIaccudeckoil MonekyssipHoi auHaMuku (M/]) ¢ momornisio
nporpammuoro naketa LAMMPS [1], rae MexaToMHOE B3aMMOJICHCTBHE OMUCHIBAETCS] OTEHIAIOM C yI-
noBoii 3aBucumocTsio (ADP) [2]. [Ipu nedopmuposanun B oOpasnax Habmrogaercs: pasoBoe MpeBpalleHrne
KpUCTAJUTMUECKON pelIeTKH, COMPOBOXKIAIOIIEECs pelaKkcalrel KacaTeabHbIX HanpsbkeHnid. Ha ocHoBe pe-
3yneTaroB M/l MonenupoBanusi copMynupoBaHa MOAEb pellaKCallud HapsHKeHUH, YUYUTHIBAIOIIAs MPO-
LeCC MUIACTHYHOCTH U 3BONIIOLUIO (pa3oBOH CTPYKTYyphbl. B kauecTBe ypaBHEHUSI COCTOSHUS HCIOIB3YeTCs
HCKYCCTBEHHAsl HEMPOHHAs CETh NMPSIMOTO PAaCIpPOCTPAHEHUs, KOTOPas YUUTHIBAET J0JII0 MEAM B CILUIABE KaK
HETPEePBIBHYIO NlepeMeHHy0. Metox OaiiecoBckoil MaeHTH(UKALIMK TapaMeTpOB IPUMEHSIETCS 15l Onpee-
NeHns1 Ko3QPHULIUEHTOB MOZETIeH IBOMOLUH (Da30BOr0 COCTaBa M AMCIOKAIIMOHHOW TUIACTHYHOCTH METal-
noB [3].

Pabora nopnepxana Munobpuayku P® (toc. 3ananne HUP Yenl'V Ne 075-01391-22-03) B wactu pas-
pabotku ypaBaenus cocrosuus u PH® (mpoekt 20-11-20153) B yactu pa3zpaboTku Moaenu (a3oBoro nepe-
xofa.

Jlureparypa

1. Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics [Text] // J. Comput. Phys. —
1995. - Vol. 117. - P. 1-19.

2. Apostol, F. Interatomic potential for the Al-Cu system [Text] / F. Apostol, Y. Mishin // Phys. Rev. B. —
2011. - Vol. 83. — P. 054116.

3. Popova, T. V. Evolution of shock compression pulses in polymethacrylate and aluminum [Text] /
T. V. Popova, A. E. Mayer, K. V. Khishchenko // J. Appl. Phys. —2018. — Vol. 123. — P. 235902.

MODEL OF PHASE TRANSITIONS IN AlI-Cu ALLOYS
N. A. Grachyova, E. V. Fomin, A. E. Meyer

Chelyabinsk State University, Chelyabinsk, Russia

We investigate the deformation behaviour of Al-Cu solid solution. Uniaxial compression is simulated
within classical molecular dynamics using the LAMMPS software package [1], where the interatomic in-
teraction is described by an angular-dependent potential (ADP) [2]. During the deformation, a phase trans-
formation of the crystal lattice is observed in the samples accompanied by relaxation of the shear stresses.
Based on the MD simulation results, we formulate a stress relaxation model taking into account the plasticity
process and evolution of the phase structure. A feed-forward artificial neural network is used as the equation
of state, which takes into account the proportion of copper in the alloy as a continuous variable. The Bayes-
ian parameter identification method is used to determine the coefficients of models of phase composition
evolution and dislocation plasticity of metals [3].

The work is supported by the Ministry of Education and Science of Russian Federation (State assign-
ments for researches by CSU No. 075-01391-22-03) in terms of developing the equation of state and the
Russian Science Foundation (Project 20-11-20153) in terms of developing the model of phase transition.
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OCOBEHHOCTH YAAPHOTI'O CXKATUA
HAHOPAZMEPHOI'O HUKEJIA

A. FO. JJoneo6opooos" %, T. A. Pocmunog', C. FO. Ananves', B. C. 3ubopos’,
B. B. Axywes®, M. JI. Kyckog®

1 .
OO0bennHeHHbIN HHCTUTYT BBICOKKX Temmepatyp PAH, Mockga, Poccust
2 . . .
®denepanbHBIA UCCIENOBATEILCKUI EHTp xumudeckoii pusuku uM. H. CemenoBa PAH, Mocksa, Poccus

3(Dez[epaﬂLHLH71 HCCIIEMOBATEIbCKUH TIEHTP MPOOIIeM XUMUYIECKOW (PU3uKku 1 MeauITMHCKOW XumMuu PAH,
Yepnoroinoska, Poccus

OKCIIEPUMEHTAIBHO UCCIIEIOBAaHbl 0COOCHHOCTH YIAPHOTO CXKATHS MOPUCTOI0 HAHOPA3MEPHOTO HUKEIIS
B quamnasone aasienuit 1o 60 I'Tla. Cpenuuii pasmep yactun 80 HM, mopucToCTh 00pa3noB 50%. YaapHsie
BOJIHBI CO3/IaBAIACH YIAPOM METAJUTMYSCKUX TUTACTUH co ckopocTsimu ot 300 m/c 1o 5 kM/c. MeTtonom na-
3epHoii uHTepPepomerprn (VISAR) Obutu momyueHsl nmpoduiay ynapHBIX BOJH Ha KOHTAaKTHOW TPaHMIIC
C IPO3pavYHBIMHU MaTepuanamu (Boaa, Bo3ayx, LiF).

B nuanazone naBnenuit no 8 I'lla uccnenoBaHHbIM HAHOMAaTEpUa MPOJEMOHCTPUPOBAT CIOKHBINA OTKIUK
Ha yJIapHYIO Harpy3Ky, CBI3aHHbBIN ¢ ()OPMUPOBAHUEM JIBYXBOIHOBOW CTPYKTYPHI C BBIICIICHHEM BOJIHBI-IIPE/I-
BecTHHKA. [lomydeHHbIe Tpo(UIIM N3MEHEHUS! CKOPOCTU Ha KOHTAKTHOW MOBEPXHOCTH C OKOHHBIMH MaTepHa-
naMu OBbLIM MCIIONBh30BaHbI IS OLECHKH TOJIIIMHBI ()POHTA MPEABECTHUKOB U BOJIH KOMIAKTUPOBaHUs. BBLIO
PacCMOTPEHO BIMSHUE MEPEOTPAKEHUN MPEIBECTHHUKA, LUPKYIUPYIOUMX MEXAY UCCICAYEeMOU MOBEPXHOC-
THIO 00pa3ila U BOJHOW KOMIIAKTHPOBaHHMS, HA MPOQHiIN U usMepenus. Hanbosee oTmMIuTeNbHBIM Pe3yiibTa-
TOM SIBJISIETCS TO, UTO B JMamna3oHe AaeieHuit 1o 8 I'Tla BpeMeHa HapacTaHHs BOJNH KOMIIAKTUPOBAHUS ObUIH
CPaBHHUMBI C TEMHU, YTO TOIYYEHBI JUI1 MUKPOPAa3MEPHBIX MOPOIIKOB. [lodydeHHbIe JaHHbBIE TOKA3aJIH, YTO pa3-
Mep MOp B HAHOPA3MEPHOM MaTepHalie B OTIUYKE OT MUKPOHHBIX TOPOILIKOB OKAa3bIBAET MEHBIIIECE BIUSIHUE HA
XapakTep U3MEHEHUsI MapaMeTPOB YAAPHOTO CKATUS. DTO IPUBOJUT K TOMY, YTO TOJNIUHBI BOJTH KOMITAKTUPO-
BaHUS B CIyyae HAHOMOPHCTOTO HUKEJS MPOMOPIIMOHANBHEI HECKOIBKUM COTHSIM CPEAHUX Pa3MEpPOB YACTHIL,
a He OIHOMY CpEeTHEMY pa3Mepy YaCTHUIIbI, YTO BBHITIOIHAETCS IS PA3IMYHBIX TOPOIIKOB MUKPOHHOTO pa3Mepa.

VYnapnas aguabara HaHOpPa3MEpPHOTO HUKeNs B quana3one 1o 61 ['Tla B mpenenax omubOK 3KCIIEpUMEHTA
COBIMAJIACT C yAapHOU aguadaToll MUKPOHHOTO HUKENS MpH TOH ke mopuctoctu [1]. [lapameTpsl ynapHo-
IO CXKaTHsl YIAOBJICTBOPHUTEIBHO OMUCHIBAIOTCS MOJECBIO 3€IbIOBUYA JIJISl TIOPUCTOM CPEIbl M MOTYT OBITh
paccUuTaHbl C IOMOIIBIO YpaBHEHUs cocTosiHUS Mu-I'pronaiizena. Pe3ynbsraTel Mo COCTOSHUSM Ha HU309H-
TpOIax PACUIMPEHUS UMEIOT CYIIECTBEHHBIE 0COOCHHOCTH. [Ipu pasrpy3ke U3 COCTOSHUH C JTaBICHUEM JI0
20 I'Tla pacyeTHBIC U3PHTPOIBI OMKUCHIBAIOT JaHHBIC B MpeAesiaX MOrPEUIHOCTH SKCIIEPUMEHTA. DTU U3DH-
TPOIBI COBMANIAIOT C U3IHTPOMAMH TBEPAOTO HUKENS, MOIYYCHHBIMU B MPEANONIOKEHUN «3€PKAIBHON CUM-
MeTpun». OJHAKO B CPEAHEM JMANa3oHe NMPU pacIIMpeHuu u3 coctosuuit ¢ nasienueMm 20-35 I'Tla uzsH-
TPONBl HA JAMarpaMmax HaBICHHE—MAaCCOBAasi CKOPOCTh 3HAYUTEIBHO OTKIOHSIOTCA B CTOPOHY MAacCCOBBIX
ckopocteir Ha 300400 m/c Bbllle, 4YeM B ciIydae «3epKajJbHOM cuMMeTpun». OObSICHEHUE 3TOTO SBICHUS
MOXKET OBITh CBSI3aHO C MPOIIECCOM CXJIOMBIBAHUS MOP U IUIaBlieHHeM NNi Ha TOBEPXHOCTH HAHOYACTHI] B pe-
3yJBTaTe Pa30rpeBa Mpu TPSHUU U JiehopMalliK YaCTHIl Ha HAYaJIbHOM CTaiuu yaapHoro cxarust. [Ipu 6onee
BBICOKOM J1aBlieHHH NNi OKa3bIBAETCS MOJHOCTHIO PACILIABICHHBIM U PACIIUPSETCS MO CBOCH M303HTPOIIS
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0e3 Kakux-1100 JONONTHUTENBHBIX 00beMHBIX 3 QekToB. OmHaKo AaHHOE O0BsSCHEHHE TpeOyeT NOMOIHU-
TEJIEHON SKCIIEPUMEHTANBHON POBEPKH.
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FEATURES OF SHOCK COMPRESSION OF NANOSIZED NICKEL

A. Yu. Dolgoborodov"-?, T. A. Rostilov', S. Yu. Ananev', V. S. Ziborov',
V. V. Yakushev’, M. L. Kuskov?

Joint Institute for High Temperatures RAS, Moscow, Russia
2N. Semenov Federal Research Center for Chemical Physics RAS, Moscow, Russia

3Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS,
Chernogolovka, Russia

The features of shock compression of porous nanosized nickel in the pressure range up to 60 GPa are ex-
perimentally studied. The average particle size is 80 nm, the porosity of the samples is 50%. Shock waves were
created by the impact of metal plates with velocities from 300 m/s to 5 km/s. The profiles of shock waves at the
contact boundary with transparent materials (water, air, LiF) were obtained by laser interferometry (VISAR).

In the pressure range up to 8 GPa, the studied nanomaterial demonstrated a complex response to shock
loading associated with the formation of a two-wave structure with the release of a precursor wave. The
obtained velocity profiles on the contact surface with window materials were used to estimate the thickness
of the front of precursors and compaction waves. The effect of precursor re-reflections circulating between
the investigated sample surface and the compaction wave on the profiles and measurements was considered.
The most striking result is that, in the pressure range up to 8 GPa, the rise times of compaction waves were
comparable to those obtained for micronsized powders. The obtained data showed that the pore size in a
nanosized material, in contrast to micron powders, has a smaller effect on the nature of the change in the
shock compression parameters. This leads to the fact that the thicknesses of compaction waves in the case
of nanoporous nickel are proportional to several hundreds of average particle sizes, and not to one average
particle size, which is true for various micron-sized powders.

The shock Hugoniot of nanosized nickel in the range up to 61 GPa, within experimental errors, coincides
with the Hugoniot of micron nickel at the same porosity [1]. Shock compression parameters are satisfacto-
rily described by the Zel’dovich model for a porous medium and can be calculated using the Mie-Gruneisen
equation of state. The results on states on expansion isentropes have significant features. When unloading
from states with pressures up to 20 GPa, the calculated isentropes describe the data within the experimental
error. These isentropes coincide with the isentropes of solid nickel obtained under the assumption of “mirror
symmetry”. However, in the middle range, upon expansion from states with a pressure of 20-35 GPa, the
isentropes in the pressure—mass velocity diagrams deviate significantly towards mass velocities 300400 m/s
higher than in the case of “mirror symmetry.” The explanation of this phenomenon can be associated with
the process of pore collapse and melting of nNi on the surface of nanoparticles as a result of heating during
friction and deformation of particles at the initial stage of shock compression. At a higher pressure, nNi is
completely melted and expands along its isentrope without any additional volume effects. However, this
explanation requires additional experimental verification.
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BAKYYMIIVIOTHASA CJIABO IPOBOJAAILIASA KEPAMUKA
HA OCHOBE AJIIOMHUHATOB BAPUA

b. II. Tonouxo, JI. K. beponukosa, A. A. Koanox, 3. A. Kopomaesa, M. A. Muxatinenxo

HuctutyT Xumun tBepaoro tena u mexanoxumun CO PAH, HoBocubupck, Poccust

K xepamMnyeckum Marepuanam, KOTOpbIEe IPUMEHSAIOTCA B KaU€CTBE dJIEMEHTa BaKyyMHON CUCTEMBI JUIs
CHSTHSI CTAaTUYECKOTO 3apsiia ¢ BHYTPEHHUX MOBEPXHOCTEH KaMmep, IPeAbsIBISIOT AONOIHUTEIbHbBIE TPebo-
BaHUs, TaKHE KaK BaKyyMHas IUIOTHOCTb M MEXaHHYecKass MpoyHOCTh [1]. Belan momydeHsl MOpOIIKOBEIE
KOMIIO3UIIMH Ha OCHOBE JIIOMHUHATOB 0apusi ¢ TOKONPOBOAAIIMMH JoOaBKaMu. B kauecTBe 100aBOK UCTIONB-
3oBasu okcup kenesa (I11), mHorocrennsie yrneponusie HanoTpyoku (MYHT), runpokenna nutus. [lopom-
ku cMemnBany B aktuBarope AI'O-3 [2] npu 60g B Teuenue 60 cexyn. CocTaBbl MOPOIIKOBBIX KOMIIO3UIIMH
MpeACTaBIeHBI B Ta0M. 1.

Tabmnuna 1
Cocras MOPOMKOBBIX KOMHO3I/IL[I/II71
[TopomkoBbie KOM- Cocras, mac.% YnensHas HOBEPXHOCTb,
IO3ULIHH Al 04 MVYHT BaO Fe,0; LiOH M/
1 79,96 - 20,04 - 99,0
2 61,95 — 18,64 19,41 - 23,2
3 61,33 1,0 £ 0,001 18,45 19,22 - 42,5
4 61,60 — 15,50 19,30 0,6 9,8

Jlnst onpesiesieHns: cpeiHeil TUIOTHOCTH, 0OBEMHOM yCaaKu U Mpejiena MPOYHOCTH IPU CKATUU
MOJTyYaJiy 3ar0TOBKH LMJIMHApPUYEcKoi hopmbl auameTpom 10 1 BEICOTOM 1 MM, A71s onipeeneHus
YAETBHON DJIEKTPUUECKOM MPOBOJUMOCTH — B (pOopMe TAOJIETKH JUAMETPOM 8 M BBICOTOH ~3 MM,
JUISL UCCIIEIOBAaHMS TEPMETUYHOCTH — B (popMe TabJIeTKu JuamMeTpoM 25 u BeicoToi ~6 MMm. [lanee
00pas3ibl CYIININ Ha BO3yXe, 3aTeM B CyIIMIbHOM mkady mpu temmeparype 200°C. ITocne cymiku
00pas3ibl MOMEIAId B TUTeIb M 3aChINali TEPMOCTOMKNM MaTepUalioM Ul NPEAYIPExKICHUS KOH-
TaKkTa MEXIy oOpasiamu 1 ux aedopmanuu. 3aTeM npoBoawiIn ooxur npu temneparype 1600°C.
O6xwur mpu pexxume | TPOBOAWIM B AIEKTPONEYH B BO3AYIIHOW cpele, MPU pekume 2 — mpe-
BapHUTENbHBIM OOKUT B BO3IYIIHOM Cpele, 3aTeM ropsiuee m3ocratrudeckoe npeccoanue (I'UIT)
B arMocdepe aprona. CoiicTBa 00pa31ioB KepaMHUKH JTaHbI B Ta0II. 2.

Tabmuma 2
duznko-MmexaHnyYecKrUe CBOMCTBA 06pa3u013 KE€paMUKu
s BaKyyMHLIe HUCIIBITAHUSA
ME < © = o (=} (}l

S o g 55 Q = = g

1 = = o jas) [S 3=} Q

: 5 s 22| B | a3 g 25| £«
g, 2= ER 8= A S« = =R 2ES
g E & g% B 5 5 Z = g g3 AT
2 2o 52 g 5 & B g £ S8 £S5 e
2 5 S 8 = ) = = g 32 Z58
= S O~ = E = 5‘ < X5 55 °
') = 8 = g = =

o = =

1* 2 1 2 1

1 2,64 - 24,3 - 351,6 - - -

2 3,67 | 339 | 394 | 379 | 542,7 | 721 7.4 5 3-1077
3 3,78 | 3,39 | 422 | 37,0 | 6785 | 817 | 7,02 | (1,5+2,5) 1072 30 <5-1071°
4 3,75 | 3,31 | 39,1 | 36,1 | 597,1 | 915 6,4 30 <5-10710

1*, 2 — pesxxumMbl 0GKHUTa
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Bce oOpasupl kepamuiky, momydeHHble ¢ npumeneHweM [ MII, oOmamaioT MeHbIIEH IIOTHOCTHIO.
HaunOonpuieit mpouHOCTEIO ITpH cKaTHUH 001a1at0T oOpasusl 3 U 4, TBepaOCThIO — 0Opasen 4, Ipu 3TOM Be-
JMYMHA BA3KOCTH pa3pylIeHHs AJIsl HEr0O MUHUMAJBHAS 110 CPABHEHUIO C APYTHMH 00pa3amMu.

st 06pa3noB 2—4, monydeHHbIX P pexkuMe 1, Obl1a onpenesieHa FepMEeTHYHOCTh M0 CKOPOCTH YTEUKH
renus. BakyyMHoW mioTHOCTBIO 00magaroT obpasusl 3 u 4, oOpaboTaHHbIe B OKHCIUTENBHON cpene. Cko-
POCTb YTEUKH I'eJIus ISl HUX COCTaBIsIeT MeHee S - 1071 MOap-/c (KpuTepuii IpUeMKH — 1 - 107 Mbap-1/c).

[IpoBogumMocTs oOpa3ma 2 CHIBHO 3aBHCHUT OT TeMIIEpaTypbl M BapbUpyeTcs B JAHMAaNa3oHe
3,09 - 107%+2,14-10~> Cwm/cm. VienbHas 3NIEKTpUYecKas MPOBOAUMOCTD npu Temneparype 90+300°C, Cm/cwm,
obpasma 3 (3,09 - 10%:2,14 - 107 ) 1 obpasua 4 (1,50 - 1077+1,05 - 1074) JIOCTaTOYHA, YTOOBI MPETOTBPATHTH
OTIaCHBIE HAKOIUICHHS 3apsja.
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VACUUM TIGHT AND LOW-CONDUCTIVE CERAMICS BASED
ON BARIUM ALUMINATES

B. P. Tolochko, L. K. Berdnikova, A. A. Zhdanok, Z. A. Korotaeva, M. A. Mikhailenko
Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk, Russia

Ceramic materials, which are used as an element of a vacuum system to remove static charge from the
inner surfaces of chambers, are subject to additional requirements, such as vacuum tightness and mechani-
cal strength [1]. Powder compositions based on barium aluminates with conductive additives were obtained.
Iron (III) oxide, multi-walled carbon nanotubes (MWNTs) and lithium hydroxide were used as additives.
The powders were mixed in AGO-3 activator [2] at 60g for 60 seconds. The compositions of the powder are
presented in table 1.

Table 1
Composition of powder
Powder Composition, wt.% . Specific sgrface area,
ALO, MWCNT BaO Fe,0, LiOH m?/g
1 79,96 - 20,04 - - 99,0
2 61,95 - 18,64 19,41 - 232
3 61,33 1,0 £ 0,001 18,45 19,22 - 4.5
4 61,60 - 15,50 19,30 0,6 9,8

To determine the average density, volumetric shrinkage, and compressive strength, cylindrical work piec-
es 10 mm in diameter and 1 mm high were obtained; to determine the electrical conductivity — in the form of
a tablet with a diameter of 8 and a height of ~3 mm, for the study of tightness — in the form of a tablet with
a diameter of 25 and a height of ~6 mm. Next, the samples were dried in air, then at a temperature of 200°C.
After drying, the samples were placed in a crucible and covered with a refractory material to prevent contact
between the samples and their deformation. Then sintering was carried out at a temperature of 1600°C. Sin-
tering in mode 1 was carried out in an electric furnace in air; in mode 2, preliminary sintering was carried
out in air then by hot isostatic pressing (HIP) in an argon atmosphere. The properties of ceramic samples are
given in table 2.

All ceramic samples obtained using HIP have a lower density. Samples 3 and 4 have the highest compres-
sive strength, sample 4 has the highest hardness, while the fracture toughness for it is minimal compared to
other samples.
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Table 2
Physical and mechanical properties of ceramic samples
. Vacuum testing
. ] e s | ¢ .
s e g 5 < | & = B
L & £ i< > < o 5 = 5
=N [ == 7] o) 0SS _cg g ;
g 2 € @ .E o & ! =N = = 2w
5 =8 = z & e 2 E ! S g =
o D) ‘g 2> & o o = o
£ 2 85 s £ | 8% 5 g 82
: 5% E | 5 |2 S h
8 A >O 8 R~ =™ é =
T
1* 2 1 2 1
1 2,64 - 243 - 351,6 - - - —
2 367 | 339 | 394 | 379 | 5427 | 721 | 74 5 3.1077
3 378 | 3,39 | 422 | 37,0 | 6785 | 817 | 7,02 | (1,5+2,5) 1072 30 <5-1071°
4 3,75 3,31 39,1 36,1 597,1 915 6,4 30 <5-1071°

1*, 2 — sintering modes

For samples 2—4 obtained in mode 1, the tightness was determined by the helium leakage rate. Samples 3
and 4 treated in an oxidizing medium have vacuum density. The helium leakage rate for them is less than
5-107'" mbar-I/s (the acceptance criterion is 1 - 10~ mbar - 1/s).

The conductivity of sample 2 strongly depends on temperature and varies in the range
3.09 - 107+2.14 - 107> S/em. Specific electrical conductivity at a temperature of 90+300°C, S/cm, sample 3
(3.09-10%+2.14 - 10~) and sample 4 (1.50 - 10~'+1.05 - 10~*) sufficient to prevent dangerous charge buildup.
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MHUKPOCTPYKTYPBI JIE®@OPMAILIUN KPUCTAJIJIOB HUPKOHA
(ZrSiO,) PN YAAPHOM JJABJIEHHUMH 20,40 U 60 I'TIa

I A. 3amamun’?, E. U. Kosanesa®

II/IHCTI/ITYT reosnoruu U reoxumud uM. A. H. 3aBapunkoro YpO PAH, Exarepun0ypr, Poccus
2Ypam>c1<m71 Oenepanpabiii YauBepcuteT uM. b. H. Enprina, Exarepunoypr, Poccus
3University of the Western Cape, Bellville, FOAP

MeTteopuTHBIE UMIIAKTHBIE COOBITHS SIBJISIOTCSI €CTECTBEHHBIM MPUPOAHBIM MEXaHM3MOM pean3aliu
sKcTpeMalbHbIX PT-ycnoBuii B MHHEpaIbHOM BELIECTBE IMPH BBICOKOCKOPOCTHBIX (YAAapHBIX) CTOJIKHOBEHH-
ax. PazpaboTka METOIOB AMArHOCTUKU JOCTUTHYTHIX PT-ycnoBuii B rOpHBIX MOpoAax akTyadbHa IS IUia-
HETOJIOTHH M MaTepHaJOBENEHH, a TaKkKe IS UCCIeNOBaHUs paHHEH MCTOPUH (POPMUPOBAHUS 3EMHOTO
Y BHE3EMHOTO BEIIECTBA.

Lupxon (ZrSiO,) siBnseTcs OJHUM U3 Haubosee U3y4eHHbIX TYTOIUIABKMX MUHEPAJIOB, HCHIOIb3YEMbIX s
onpezaeneHus PT-ycnoBuii B UMIAKTHBIX TOPOAAX 10 €0 BHYTPEHHEH MUKPOCTPYKTYpe. YapHble BO3AECHCTBUS
BBI3BIBAIOT JiepopMaliyl IUPKOHA, €T0 TUIaBJIeHHE, Pa3IoXKeHHEe Ha OKCUIIBI U (pa30BBIN Mepexof B BEICOKOOApH-
YeCKU MoaMMOp(¢ LUPKOHA CO CTPYKTYpOH IieenuTa — perauT. [IpoBeneHne 1abopaTopHBIX yAApHBIX JKCIie-
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PUMEHTOB siBJIsIeTCs P PEKTUBHBIM CIIOCOOOM KOppesiuy AeopMaluii ¢ 3aJaHHbIMU yCIIoBUsIMU. HacTostmias
paboTa mocBsILeHa NCCIIEA0BAHNI0 MUKPOCTPYKTYp AeopMannii 1 MeXaHn3MOB (POPMHUPOBAHHS peHANTA.

Uccnenosansl kpuctamisl nupkona u3 Lpu-Jlanku 1 ABcTpaiuu, HOABEPTIIMECS YIAPHBIM J1a00paTop-
HbeIM faBieHusaM 20, 40 u 60 I'Tla ¢ pacnipocTpaneHrneM ynapHOH BOIHBI BAosb ocH ¢ [1]. IIpomykTsl skcme-
pUMeHTa OBbUIH OTIIOIMPOBAHBI MEPIIEHINKYISIPHO OCH C. M300paskeHns B 00paTHO pacCesTHHBIX AIEKTPOHAX
(BSE) u xarogomromuHecuenuu (CL), a Takke KapThl OpUEHTALUI PErHCTPUPOBAIUCH Ha CKAHUPYIOLIEM
ANEKTPOHHOM MHUKpockorie Tescan Mira, OCHAIIEeHHOM IETEKTOPOM IU(PPAKIHH OTPa)KEHHBIX 3JIEKTPO-
HoB (EBSD) Oxford NordlysNano; KP-cnekrpsl u runepkaptsl nonydensl Ha KP-cnekrpomerpe Horiba
LabRAM HRS800 Evolution.

[To mMepe yBenmueHHs JaBieHHS IUIOCKOTO yaapHoro skcnepumenta ot 20 no 60 ['Tla, crenens amopdu-
3aun (Pa3ynopsaodeHHOCTH) KPHCTAIIIMYECKOH CTPYKTYphl LIMPKOHA YBEIMYHUBAETCS OT CIa0OH A0 MOJI-
HocThIo amopdHoi. [lon nasnenuem 20 I'Tla popmupyercs pasopueHTanus] KPUCTAITHUECKON CTPYKTYpHBI
10 30°, 00pa3yroTcs TpelMHbI caiiHOCTH BIOAb <100>, mon0oCh mI0oCcKuX NehopManuii U KpyueHHs BAOIb
<100>, a Takke 00IacTH MOBBIIEHHOTO HapyiieHus KpuctamminuHocTy. [lox naBnennem 40 u 60 I'Tla B mup-
KOHE 00pa3yeTcsl pelauT B BUE JaMenel 1 NeHIpuToBEIX cTpykTyp. [lpu 40 I'Tla nons pefiauta menee 10%
obbema, a pu 60 I'Tla — Gonee 50% obbema sxcniepumenTanbHOTO 00pasua. SApkocts BSE u CL peiinura
HaXOAUTCS MEXIY IUPKOHOM CO C1a00H M C BBICOKOH CTENEHBIO0 aMOp(hU3aIiH.

B 3epue nupkona 40 I'Tla peiiaut mposBisieTcs NPeUMYIIECTBEHHO B BHUJE JIaMeNel, pacpOCTPaHsIIo-
muxcst 6nuzko HanpasnenusaMm {100} wnu {110} nupkona. EBSD kapThl MOKa3bIBaIOT, YTO B 000HX CIy4asx
pEeHOUT MMeeT onpeAeIeHHbIe KprcTaiorpaduuecKue OTHOMICHHUS C 3¢PHOM LIMPKOHA: MPUMEPHOE COBIIa-
nenue <1 10>peﬁﬂm c<l 10>meKOH n<l 10>pel7m14'r C <001>uupmﬂ. [Ipu ynapusix gasnenusx B 60 I'Tla Beigeneno
YeThIpe TEKCTYPHBIX JoMeHa: (1) KpucTtasuimueckuil LIMPKOH, (2) aMmopQHbIi upKoH, (3) 1amenu peidanrta
u (4) neHnpuTOBLIN peiauT. BeposTHO, peanu3yioTcs aBa THma (Ha3oBbIX EPEXOA0B — PEKOHCTPYKTHBHBIN
(nnddy3noHHBIN) U cMEMIAIOMNK (MAPTEHCUTHBIH).

Pa6ota Bemonnena B LIKIT YpO PAH «l'eoananutux» B pamkax TeMbl Ne AAAA-A18-118053190008-2
rocynapctsernoro 3ananus UI'T YpO PAH. loocuamenue u passutue LIKII «l'eoananutuk» ocymiecTis-
eTCsl pH nojiiepkke rpanTa MunoopHayku PO, Cornamenue Ne 075-15-2021-680. O0pas1ib peocTaBuil
Leroux H., ornonuposan — YeObikun H.
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DEFORMATION MICROSTRUCTURES IN ZIRCON (ZrSiO,)
CRYSTALS RESULTING FROM SHOCK PRESSURES
OF 20, 40, AND 60 GPa

D. A. Zamyatin"?, E. I. Kovaleva®

1Zavaritsky Institute of Geology and Geochemistry Ural Branch, Russian Academy of Sciences,
Ekaterinburg, Russia

2Ural Federal University, Ekaterinburg, Russia
3University of the Western Cape, Bellville, South Africa

Meteorite impact events are a natural mechanism for realisation of extreme PT conditions in mineral
phases during hypervelocity collisions. Developing tools for indication of the achieved PT conditions in
impactites is relevant for planetology and materials science, as well as for studying early history of the
formation of terrestrial and extraterrestrial material.

Zircon (ZrSiO,) is one of the best-studied refractory minerals used for estimation of the PT conditions
of impact events based on its internal microstructure. Shock metamorphism causes deformation of zircon,
its melting, decomposition into oxides, and phase transition to the high-pressure polymorph with scheelite
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structure (reidite). Laboratory shock experiment is an effective method to directly correlate deformation
microstructures with the peak PT conditions. Current work documents deformation microstructures in zircon,
occurrence of reidite and mechanisms of its formation.

Zircon crystals from Sri Lanka and Australia were subjected to experimental shock pressures of 20,
40, and 60 GPa with the shock wave propagation along the ¢ axis [1]. The experimental products were
polished normal to the c¢ axis. Backscattered electron (BSE) and cathodoluminescent (CL) images, and
crystallographic orientation maps were produced using a Tescan Mira scanning electron microscope (SEM)
equipped with an Oxford NordlysNano electron backscattered diffraction (EBSD) detector. Raman spectra
and hypermaps were obtained with a Horiba LabRAM HR800 Evolution Raman spectrometer.

As experimental shock pressure increases from 20 to 60 GPa, the degree of amorphization (disorder)
of the zircon crystal structure increases from well-ordered to completely amorphous. Under pressure of
20 GPa, misorientation of the crystal structure achieves 30°, cleavage forms parallel to {100}, as well as
planar deformation bands and twist bands along {100}. In addition, areas of increased crystallinity disorder are
documented. In the samples affected by 40 and 60 GPa, reidite is observed in the form of lamellae and dendritic
structures. At 40 GPa, reidite constitutes less than 10% of the volume, and at 60 GPa — more than 50%. The
BSE and CL brightness of reidite varies between that of well-ordered and completely amorphous zircon.

In zircon grain subjected to 40 GPa, reidite occurs as lamellae parallel to {100} and {110} zircon planes.
The EBSD maps show that in both cases, reidite has defined crystallographic relationships with the host
zircon grain: <110> ;4 || <110>,. . and <110> .4 || <001>, . At shock pressures of 60 GPa, four
textural domains were identified: (1) crystalline zircon, (2) amorphous zircon, (3) lamellar reidite, and
(4) dendritic reidite. Probably, two types of phase transition are realized — reconstructive (diffusive) and
displacive (martensitic).

The work was carried out as a part of the IGG UB RAS State assignment (registration No. AAAA-
A18-118053190008-2) using the «Geoanalitik» shared research facilities of the IGG UB RAS. The
development of the «Geoanalitik» is financially supported by the grant of the Ministry of Science and Higher
Education of the Russian Federation, Agreement No. 075-15-2021-680. Samples were provided by Leroux
H., and polished by Chebykin N.
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METOAUKA TEPMOI'PABUOMETPUYECKOI'O AHAJIU3A
KOMHIO3UIINOHHbBIX MATEPHUAJIOB

A. 3. 3anonos

Boennas akanemust PakeTHBIX BOMCK CTpaTernueckoro HazHaueHusa uMmenu Ilerpa Benukoro, banammuxa,
Poccus

[ co3maHusi BaIMAAMOHHOTO 0a3nca pas3sioKeHUs KOMIO3MIMOHHBIX MatepuaiioB (KM) mox aefic-
TBUEM MHTEHCHUBHBIX TEIUIOBBIX MOTOKOB pa3padoTaHa METOIMKa TePMOTpaBHOMETpUUeckoro aHanuza KM.
B kadecTBe HCTOUHMKA HHTEHCUBHOTO TEILIOBOTO ITOTOKA UCTIONB3yeTcs JazepHoe usnydenue (JIM). Cxema
SKCIIEPUMEHTAIILHON YCTaHOBKH ISl IPOBEICHUS TePMOrpaBroMeTpruieckoro anannza KM mo paspabotan-
HOW MeTOAMKe MoKa3aHa Ha puc. 1.

B pesynbrare TepMOrpaBHOMETPUYECKOTO aHAIN3a MOJIyYaloT 3KCIEPUMEHTaIbHbIE AaHHBIE MO: SpPKO-
CTHOU TeMIlepaType JHUIEBON U ThUIHbHON NMOBEPXHOCTEH; MICTUHHON TeMIlepaType ThUIbHOW IOBEPXHOCTH;
ko3¢ ¢unmenty ocnadnenus JIM npoagykramMu TepMopa3pyLIeHUs; YHOCY Macchl Marepuana; KoappuuueHT
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nponyckanus JIM KM. [lpu ananuse skcriepuMEHTANBHBIX JAHHBIX MOY4YalOT CIEIyIOIINe 3aBUCUMOCTH!
ctenieHb 4epHOoThl KM 0T Temneparypsl; nokaszareneit nornoenus JIM npogykramu tepmopasnoxenns KM
u nponyckanus JIM KM ot BpemeHu n nHTeHCHUBHOCTH 00my4eHus JIM; Temneparyp Hayana XUMHYECKUX
peaknmii ¥ mpouecca CyOnMManuu OT CKOPOCTH HarpeBa; CKOPOCTH YHOCA, TIIyOHMHBI TEPMOACCTPYKIHH
W YHOCa MaTepHuaia OT BpeMEHH U HHTEHCUBHOCTH oOimyueHust JIN.

Puc. 1. Cxema 3kcTiepuMEHTaIBHON YCTaHOBKHU:

1 — ynpaBnsitonuii KoMIbiotep; 2 — iasep; 3 — kojmumarop; 4 — JIW; 5 — nun3a; 6 — 3epkaio; 7 — nuadparma; 8§ — obpaser;
9 — oromuon co cBeTopubTpoM; /() — H3MepHUTENbHAS TOJIOBKA TUpoMeTpa; /] — OJIOK aHannu3aTtopa MUPOMeTpa;
12 — Buneokamepa; /3 — temoBu3op; /4 — Tepmonapa; /5 — BeChl; /6 — CHCTeMa PEerucTpalyy 1 coopa JaHHBIX

HOHy‘leHHLIC AaHHBIC MOTYT OBITh MCIOIL30BAHEI Ipu Bajinaalluy MaTCMaTUICCKUX Mojenein pa310oxKe-
Hust KM MOJ1 IeHCTBUEM MHTCHCUBHBIX TEIJIOBBIX IIOTOKOB.

METHOD OF COMPOSITE MATERIAL’S
THERMOGRAVIOMETRIC ANALYS

A. E. Zaponov
The Military Academy of Strategic Rocket Troops after Peter the Great, Balashiha, Russia

Method of composite material’s (CM) thermograviometric analys was developed for creation a valida-
tion basis of CM’s decomposition under the influence of intense heat flows. Laser radiation (LR) is used as
a source of intense heat flow. The scheme of the experimental facility for conducting thermograviometric
analysis of CM according to the developed method is shown in fig. 1.

Experimental data, as a result of thermograviometric analysis, are obtained: brightness temperature of
the front and back surfaces; temperature of the back surface; attenuation coefficient by thermodestruction
products; material mass entrainment; KM’s transmission coefficient of LR.
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Fig. 1. The scheme of the experimental facility:

1 — control computer; 2 — laser; 3 — collimator; 4 — LR; 5 — lens; 6 — mirror; 7 — aperture; 8 — sample; 9 — photodiode with a light
filter; 10 — pyrometer measuring head; 1/ — pyrometer analyzer unit; /2 — video camera; /3 — thermal imager; /4 — thermocouple;
15 — scales; 16 — registration and data collection system

The following dependencies are obtained after the analyz of experimental data: KM’s blackness degree
on temperature; indicators of absorption by thermodecomposition products of KM and transmission of KM
from the time and intensity of irradiation; initialization temperature of chemical reactions and the sublima-
tion process on the heating rate; rate of entrainment, depth of thermal destruction and entrainment of material
on the time and intensity of irradiation.

The obtained data can be used for mathematical models of KM’s decomposition under the influence of
intense heat flows validation.
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CTPYKTYPA U CBOUCTBA AYCTEHUTHOMU
HEPKABEIOIIEHN CTAJIU, NOJYYEHHOMW METOJ10OM
CEJIEKTUBHOTO JJASEPHOTO IIIABJEHUSI
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HccnenoBana MUKPOCTPYKTYypa U MEXaHMUECKUE CBOWCTBA 00pa3LOB ayCTEHUTHOW HEprKaBeIOIEH cTa-
mn 12X18H10T, moiay4eHHBIX METOAOM CEJEKTHBHOIO Jia3epHoro miasneHus Ha 3D-npuHtepe Realizer
SLM100 [1]. ITokazano, 4to hopMHpOBaHHE CTPYKTYPHI HCCIIEIOBAHHBIX OOPa3LOB MPOUCXOTUT IMyTEM
TIOJTHOTO PACIUIABICHUS HCXOAHOTO MOPOIIKA U OXJIaXKACHUS paciiasa ¢ 00JbIIoi ckopocThio. [Ipn oxmax-
JICHUU pacIUlaBa BHauayie oOpasyercs O-QeppuT, 3aTeM B pe3yibTare MOJUMOp(HOro d—>y mpeBpaleHus
(dopMupyeTcsi OKOHYATeNbHAasl CTPYKTypa ayCTeHUTa. YCTaHOBJICHO, YTO CTPYKTypa d-peppuTa, KoTopas 00-
pasoBajiach IIpY KpUCTAJUIM3ALMs paciilaBa, XapaKTepu3yeTcsl CTPOrol epuoJUYHOCTbIO. [leproanyHoCTh
ofpeensieTcs mapaMeTpaMy Ipouecca MoIy4eHUs] 00pa3LoB: PACCTOSHUEM MEKAY COCETHUMH MOJI0CAMH
NepeMEIeHNs J1a3epHOTo Jyda (MEKTPEKOBBIM PacCTOSHIEM) M ILIaroM MoAauy miar(opMbl (paccToSHIEM
Mexay cinosaMu). [omumopdHoe d—y mpeBpalieHrne TPOUCXOANUT HEYTIOPSAOUSHHBIM MEXaHU3MOM, TEKCTY-
pa aycTeHUTa OTCYTCTBYET.

[TokazaHo, 4TO CTasb, MONy4YE€HHas METOAOM JIa3€PHOTO CIUIABIEHMS, UMEET BBICOKHE MEXaHHYECKHE
CBOICTBA: IpeeN TEKYy4eCTH, IIPeesl IPOYHOCTH U OTHOCHUTEIbHOE YIJIMHEHNE MPU UCTBITAaHUIX Ha pac-
TSKEHHUE CO CKOPOCTHIO JedhopMaiuu 1072 ¢! cocrasmsor 320, 765 MIla u 50%, COOTBETCTBEHHO. [Ipu
JUHAMHYECKOM CkaTruu 00pa3uoB no metoay Komnbckoro-lI'onkuHcoHa, co cpeHeil CKopoCThIO e opMariu
10° ¢! Ipeaen TeKy4ecTH U Ipeed NpouHOCTH cocTaBisitoT 550 u 945 u MIla, coOTBETCTBEHHO.

HccnenoBanbl cTpyKTypHBIE U3MEHEHHS IMPHU HArpeBe JAaHHOW CTalM, MOJIYYEHHOH CENeKTUBHBIM Ja-
3epHBIM IuTaBneHueM [2]. Iloka3aHo, 4TO CTanb HCHBITHIBAET MPU MOBBILIEHUH TEMIIEpaTypbl HarpeBa IMo-
CIJIEIOBATENIFHO BO3BPAT, MOJMTOHU3AIMIO  PEKPUCTAIUIM3ALIUIO, KaK U AeopMUpoBaHHAas cTanb. Bo3spar
npoucxoaut npu temmneparypax 200-300°C, nonuronusanus — npu Harpese 10 550°C, pekpucraniusaius
HauuHaetcs npu 650°C. TemnepaTypsl CTPYKTYPHBIX U3MEHEHUH Npu Harpese B cTanu, noxyderHoi CJIII,
CYIIECTBEHHO HIDKE, Y€M B XOJNOJHOKATAHOW CTajiH. DTO YKa3bIBaeT HA HU3KYI0 TEPMHUYECKYIO CTAOMIIb-
HOCTBb CTPYKTYpbI ctanu, nonydennoir CJIII. OGHapyxeHO 0Opa3oBaHUe HEOOBIYHOW CTPYKTYPHI IIaXMart-
Horo tuma npu Harpese o0 650—700°C, B uHTepBaje TeMmepaTyp HEMOJHOM pexkpucTtamnu3anuu. Takas
CTPYKTypa OpMHUpPYETCs 3a CUET IepeceyeHrsl B3aUMHO MEPIEHINKYISPHBIX MOJI0C MEIKHX PEKPHCTAIIIH-
30BaHHBIX 3epeH. [ eoMeTpus «I1axMaTHOW» CTPYKTYpbI HacIeoyeT T€OMETPHIO CTPYKTYPbl KpUCTAIIIN3ALNH
O-¢eppura.

Pabota BrImonHeHa B paMKax rocylapCTBEHHOTO 3aaHusi MuHoOpHayku Poccun o Teme «CTpyKTypay
Ne 122021000033-2.
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STRUCTURE AND PROPERTIES OF AUSTENITIC STAINLESS
STEEL PREPARED BY SELECTIVE LASER MELTING

V. I. Zel’dovich', I. V. Khomskaya', N. Yu. Frolova', A. E. Kheifets', D. N. Abdullina’,
E. A. PetukhoV?, E. B. Smirnov?, E. V. Shorokhov?, A. I. Klenov?, and A. A. Pil shchikov’
"Mikheev Institute of Metal Physics, Ural Branch, Russian Academy of Sciences, Ekaterinburg, Russia

2FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

The microstructure and mechanical properties of chromium—nickel austenitic stainless steel fabricated
by selective laser melting using a Realizer SLM100 3D printer have been investigated in this work [1]. The
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structure of the studied specimens has been formed by the complete melting of the initial powder and high-
speed cooling of the melt. Cooling of the melt initially leads to the formation of d-ferrite, and then, polymor-
phic d—v transformation results in the formation of the final austenitic structure. The structure of d-ferrite
which formed during melt crystallization has been found to exhibit a clear pattern of periodicity. The peri-
odicity depends on the parameters of the melting process, such as the distance between neighboring bands
formed during laser-beam traveling (intertrack distance) and the step of platform feeding (distance between
layers). The polymorphic d—y transformation takes place by a disordered mechanism and no austenite tex-
ture forms.

The steel fabricated by laser melting is shown to have high mechanical properties such as the yield
strength, the ultimate tensile strength, and the tensile elongation at a strain rate of 107 57!, which are 320,
765 MPa, and 50%, respectively. The yield strength and ultimate tensile strength of the specimens under
dynamic compression by the Hopkinson—Kolskii technique at an average strain rate of 10° s are 550 and
945 MPa, respectively.

It has been found that austenitic stainless steel produced by selective laser melting undergoes successive
recovery, polygonization, and recrystallization as the heating temperature increases, similarly to deformed
steel [2]. Recovery occurs at temperatures of 200-300°C, polygonization occurs during heating to 550°C,
and recrystallization begins at 650°C. The temperatures of structural transformations are lower than those
after deformation. An unusual chessboard-type structure was discovered during heating to 650—700°C (in
the temperature range of incomplete recrystallization). Such structure develops as the intersection of mutu-
ally perpendicular bands of small recrystallized grains.

The work was accomplished according to the State Assignment of the Ministry of Education and Science
of Russia on the theme “Structure” No. 122021000033-2.
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UCCJEIOBAHUE JEG®EKTHOMW CTPYKTYPBI
B OBPAZLHHAX HUKEJIEBOI'O ’KAPOITPOYHOTI'O CIIJTABA,
IHOJIYYEHHOI'O C TIOMOIBIO JIASEPHOTI'O 3D IPUHTEPA

JI. 1. Jlagwioos', A. A. Munvwuros®, H. U. Bunozpadosa', H. B. Kazanyesa', E. B. Excog'

1I/IHCTI/ITyT ¢uzuku metammos YpO PAH M. M. H. Muxeesa, ExarepunOypr, Poccust

2CHeXMHCKH (hM3UKO-TEXHUUECKUN HHCTUTYT — hrmuan (emeparbHOTo TOCyIapCTBEHHOTO aBTOHOMHOTO
00pa30BaTeNFHOTO YUPEKACHUS BhICIIETO MpodeccrnonansHoro odpasoBanus « HarmonaapHbIH
HCCIenoBaTeNbCKUi sSaepHbil yauBepcuteT « MUDN», CaexuHck, Poccust

Pa3paboTka HOBBIX >KapONPOYHBIX HUKEJEBBIX CIIABOB IS CO3AaHUs M3ACINN aBUALIMOHHON TEXHHUKH
HOBOT'O ITOKOJICHUS! BKJIIOYEHA B CIHMCOK NMPUOPUTETHBIX CTpaTrernyeckux HampasieHuil Poccun. Crnasel
cuctembl Ni-Cr-Mo-Nb-Al oTHOcATCS K pa3psiy CIJIaBOB C BEICOKOH KapOCTOWKOCTBIO M CTPYKTYPHOI! cTa-
OmwrbHOCTEI0. OCHOBHBIMU yrpouHstoniumu ¢aszamu B cimaBe XHS8MBIO (BXK 159) atoit cuctemsr siB-
astotes: y'-dasza (NizAl), HHOOUEBbIe 1 XpOMOBbIe KapOu/Ibl, coaepxkaiue monndaeH (MC, M,;Cy). Macco-
BOE COZIEp’KaHWE MHTEPMETATHMIHON ¥'-(ha3bl B 3TOM cIjiaBe MOXeT aocturars 12%. CrutaB obnanaer xo-



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CNELYIOLLYIO CTPAHULY MEYATb

polIel CBapUBaeMOCTBIO H YCTOWYMBOCTBIO K 00pazoBanutio oxpynuuBaromux TIIY ¢a3. Onnako, HepaBHO-
MEpHBIH HarpeB 1 HaNpsDKEHHS B 30HE CBAPHOTO I1IBA CIIOCOOCTBYIOT CHIKEHHUIO CITYKEOHBIX XapaKTEpPUCTUK
NoJTy4aeMoi AeTanu. AIAUTUBHAS TEXHOIOTHUS, HCofb3ytomas tazepHyto 3D neuars (CJIC, cenextuBHOE
Jla3epHOE CIUIABICHUE), TIO3BOJISIET MONYYaTh TOTOBBIE M3ENHUS CII0KHOM (POPMBI, HCKITIOUast HEOOXOAUMOCTb
cBapku. [Ipu 3TOM, 3a c4eT BHICOKOW CKOPOCTHU OXJIAXKIEHUS U TEPMOLMKINYHOCTH B IpOIleCcce Me4aTH B Jia-
3eproM 3D mpunTepe, B cTpykType nomydeHHoro CJIC oOpasna Bo3MOKHO 00pa3oBaHUE HEPaBHOBECHBIX
(a3, a TakKe MPUCYTCTBYET BHICOKHI YPOBEHb OCTATOYHBIX BHYTPEHHUX HANpPsDKEHHH, YTO MPOSIBIISETCS
B (hopMHpOBaHMHM HEPAaBHOBECHBIX CTPYKTyp. B mpencraBieHHOM AOKJIage pacCMOTPEHBI OCOOCHHOCTH
(hopMHpOBaHHs PAaBHOBECHBIX U HEPABHOBECHBIX CTPYKTYp B Xoje JlazepHoi 3D meuaru u mocienyrouien
TepMOoOoOpaboTKH KaponpouHoro HukeneBoro ciuaBa XHS58MBIO (BXK 159), npumensiemoro ans u3sro-
TOBJICHUS JieTajel ra3oTypOuHHOro nBurareis. OOpasisl ciiaBa ObUIH MOMYYEHBI C TOMOIIBIO JIA3€PHOTO
3D npunrepa Realizer SLM100.

SAueuncro-genaputnas crpykrypa CJIC craBa XHS58MBIO ¢ BeICOKOH MIOTHOCTBIO Je()EKTOB MPEACTaB-
neHa Ha puc. 1.

-

- 4 4 L

Puc. 1. Sluencro-nenapurnas ctpykrypa CJIC cimaa XH58MBIO

Pa6ota Bemmonnena no nporpamme UM YpO PAH «AxgmutuHocTh» 121102900049-1.

INVESTIGATION OF THE DEFECTIVE STRUCTURE
IN SAMPLES OF A NICKEL HEAT-RESISTANT ALLOY
MANUFACTURED WITH A LASER 3D PRINTER

D. I Davydov', A. A. Pilshchikov®, N. I. Vinogradova', N. V. Kazantseva', E. V. Ezhov'

'nstitute of Metal Physics, Ural Branch of the Russian Academy of Sciences, Ekaterinburg, Russia

2Snezhinsky Institute of Physics and Technology — branch of the Federal State Autonomous Educational
Institution of Higher Professional Education “National Research Nuclear University “MEPHI”, Snezhinsk,
Russia

The development of new heat-resistant nickel alloys for the creation of new generation of aircraft prod-
ucts is included in the list of priority strategic directions in Russia. Alloys of the Ni-Cr-Mo-Nb-Al system
belong to the category of alloys with high heat resistance and structural stability. The main hardening phas-
es in the (VZh 159) alloy of this system are y’-phase (Ni;Al), niobium and chromium carbides containing
molybdenum (MC, M,;Cy). The volume content of the intermetallic y'-phase in this alloy can reach up to
12%. The VZh 159 alloy has good weldability and resistance to the formation of embrittling topologically
close packed (TCP) phases. However, ungomegenius heating and stresses in the weld zone contribute to
a decrease in the service characteristics of the resulting part. Additive technology using laser 3D printing
(L-PBF, laser powder bed fusion) allows you to obtain finished products of complex shape, eliminating
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the need for welding. At the same time, due to the high cooling rate and thermal cycling during printing
in a 3D laser printer, the formation of nonequilibrium phases is possible in the structure of the obtained
L-PBF sample. There is also a high level of residual internal stresses in L-PBF materials, which manifests
itself in the formation of nonequilibrium structures. In the presented report, the features of the formation
of equilibrium and non-equilibrium structures during of 3D laser printing and subsequent heat treatment
of the heat-resistant nickel alloy of the Ni-Cr-Mo-Nb-Al system (VZh 159), used for the manufacture
of gas turbine engine parts, are considered. Alloy samples were obtained using a Realizer SLM100 laser
3D printer.

The cellular-dendritic structure of the obtained L-PBF alloy (VZh 159) with a high density of defects is
shown in fig.1.

r, !

- st 4 ~ = -

Fig.1. Cellular-dendritic structure of the L-PBF alloy (VZh 159)

The work was carried out according to the Institute of Metal Physics, program “Additivity” 121102900049-1.
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CIIOCOBBI YBEJIMYEHUA MAKCUMAJBHOM BA3bI
PETUCTPALHUU METOJAOM JIASEPHOTI'O JAJTBHOMEPA

C. A. Qunrowun, A. B. ®édopos, E. A. Yyoaxos, U. B. [lImenes, /. A. Karawnuxos,
E. A. Pazymkos, A. M. Tapacos, T. O. Cxknsonesa

OI'VIT «Poccuiickuii @enepanbublid Anepusiil Lentp — Beepoccuiickuit HUM skenepuMenTanbHON
(uzukm», Capos, Poccus

OKCHEePUMEHTANbHBIN METO/ KBa3UHENIPEPHIBHOMN JIA3€pHON PETUCTPAINH MEPEMEUICHUST OTPAKAIOITIX
noBepxHocrteii [ 1, 2] pazeuBaercs B POAL] - BHUND® ¢ 2015 1. PazpaboTaHHbBIi Ha €r0 OCHOBE KOMILIEKC
Ja3epHOro JajlbHOMEpa MO3BOJISET OCYLIECTBIATh HCCIEAOBaHNS OBICTPONPOTEKAIOIINX HPOLIECCOB C IIOMO-
IO MTPELIU3UOHHON PETUCTPALMU KOOPIUHAT UCCIIeyeMbIX 00beKTOB. [loka3zaHa BO3MOXKHOCTh OTYYCHHUS
C €ro NOMOIILI0 SKCIIEPUMEHTAIBHON HHPOPMALIUU O TIEPEMEICHUN TTOBEPXHOCTEH Pa3IMYHOTO CTPYKTYP-
HOTO XapakTepa: CIUIOIIHOW U (hparMEeHTHPOBAHHBIN MaTepuai, CTPYHHbIC TCUCHHS, TBUICBBIC TOTOKH Yac-
tur [3, 4]. OnHAKO COMIACHO MOATBEPKICHHBIM TEXHHUSCKUM XapaKTePUCTHKAM IpeJielibHas 0a3a peruc-
Tpalyu KoMmIuiekca coctariser 20 MM, 4TO HE YIAOBJICTBOPSET TPEOOBAHUSAMHU IIEJIOTO PSJia MOCTAHOBOK
SKCIIEPUMEHTOB M CYIIECTBEHHO OIPAaHUYUBACT BO3MOXKHOCTH COOTBETCTBYIOIIEH METOIUKH H3MEPEHUM.
B Hacrosiei pabote paccMaTpUBarOTCS CIIOCOOBI YBEIHMUEHHUS YKa3aHHOTO 3HAYCHUS C TIOMOIIBI0 MOAU(H-
KallMM UCTIONb3yeMON ONTHUYECKON CXEMBI JIA3€pPHOT0 JalbHOMEDPA, a TAKXKE MPUBOAITCS PE3YJIBTaThl CEPUU
AKCIEPUMEHTOB TI0 MOJATBEPKACHUIO d3PPEKTUBHOCTH MPEATIOKCHHBIX TEXHUIESCKUX PEIICHHI.
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Ha IEPpBOM I3Tarne HCCIIeIOBaHUMI MO,I[I/I(I)PIKEILIH)I KOMIIJICKCA JIa3€pHOIro AJaJibHOMEpaA OCYHLICCTBIIAIACH
B 4aCTHU COBCPHICHCTBOBAHUA NUCICPCUOHHBIX 3JIEMCHTOB — OJIOKOB OIITUYECKOH CXEMbI, OTBCHAIOIIHUX 3a
YIIUPCHUC q)eMTOCCKyHI[HI:IX JIa3CPHBIX HMMITYJIbCOB. B 6a3zoBoM cocTaBe KOMILIEKCA q)YHKLII/IIO Aucnep-
CHOHHBIX 3JICMCHTOB BBIIIOJIHAIOT 6yXTLI ¢ IMHUSIMH OIITOBOJIOKHA ThIa smf28. OI[HOﬁ U3 LIeJIeH HaCTOosILEeH
pa6OTLI SABJIAJIOCH HMCCJICAOBAHUC BO3MOXKXHOCTH HMCIHOJB30BaHHA IO YKAa3aHHOMY HA3HAYCHUIO CIICHHAJIN-
SUPOBAHHBIX OINITUYCCKUX OJIOKOB — Mozxynef/i KOMIICHCAllUU JUCTICPCUH. OHU U3roTaBIMBAIOTCS HA OCHOBE
BOJIOKHA C KOMIICHCALIMEH AUCTICpCUU CTaHAapTa dCBg, YTO MO3BOJACT COKPATHUTHL MOTCPU B MOIIHOCTHU
MMPOXOAAIIETO CUrHaja. XapaKTCpHBIe OKCIICPUMCHTAJIBHBIC JAHHBIC, IMOJTYUCHHBIC C UCIIOJIB30BAHUCM TUC-
TMEPCHUOHHLIX 3JIEMCHTOB YKAa3aHHOI'O THIIA, IPEACTAaBJICHBI HA PUC. 1.

Puc. 1. XapakrepHble 3KCIIepUMEHTaIbHbIE TaHHbIE!

a — CIICKTporpaMma nepeMeuICHus 60— CpaBHUTECJIbHAs AUarpaMmma

AJ'II:TCpHaTI/IBHI:IM CII0COOOM YBCJINYCHUA MAaKCUMAJILHOW 0as3bl perucTpanuu ABJIACTCA )_'[O6aBJ'IeHI/IC
B Y4aCTOK OIIOPHOTrO IIc4Ya HHTGp(prOMeTpa JOIOJIHUTEIbHOM BCTBU, yBeHI/I‘{eHHOﬁ 10 AJTMHC OTHOCHUTCIIb-
HO OCHOBHOT'O YUaCTKa Ha 3HAYCHHUC OombIIee UIN paBHOC MaKCHUMAJILHOH 0a3e perucrpanuun OIITHYECKOM
CXEMbI B ITATHOM BapUaHTC. B stom ciy4dae HUTOTOBBLIM CUTHAI 06pa3yeTc;1 BHa4aJIc¢ Ha OCHOBC OIMOPHOTO
CUrHaJia MpOXOJsICTO Y€pEe3 NapalyiCJIbHYIO BETBb, a 3aTEM IIPpU I/IHTep(bepeHL[I/II/I OTPAXXCHHOI'O U3JTyYCHUA
C OIMOPHBIM, MPOXOAAIINM IO OCHOBHOMY TPAKTY ILJICYaA. B pe3yabTaTe o0ecrieunBaeTcs peructpanusa nepe-
MCIICHUSA UCCICAYEMOIO 00BeKTa Ha 63.36, yﬂBOCHHOﬁ OTHOCHUTCIBHO I/ICXOI[HOI‘/'I. Onucanuas MO)_II/I(bI/IKaLII/IH
OINTHYECKOM CXEMBI JIa3€PHOTO0 AaJIbHOMEpPA TCCTHUPOBAJIACh B CCPUUN OIILITOB. XapaKTeprIe SKCIICPUMCH-
TAJIbHBIC PE3YJIbTATLI, IOJYYCHHBIC B OJTHOM U3 HUX, TPCACTABJICHBI Ha PUC. 2.

Puc. 2. XapakrepHble 3KCIIepUMEHTaIbHbIE TaHHbIE!

a — CIICKTporpaMma nepeMEeuICHus 60— CpaBHUTECJIbHAs AUarpaMmma

B paMKax MpPOBCACHHBIX I/ICCJ'IGI[OBaHI/II\/'I NpEAJIONKCHBI U 3KCIICPUMCHTAJILHO OTpa6OTaHI:I CII0COOKI yBE-
JIMYEHHS] MAaKCUMAJIbHOM 0a3b1 perucTpanuu METOAOM JIa3€PHOr0 AaJIbHOMEPA.
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METHODS FOR INCREASING THE MAXIMUM
REGISTRATION BASE BY THE LASER RANGEFINDER METHOD

S. A. Finyushin, A. V. Fedorov, E. A. Chudakov, I. V. Shmelev, D. A. Kalashnikov, E. A. Razumkov,
A. M. Tarasov, T. O. Sklyadneva

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

The experimental method of quasi-continuous laser recording of the movement of reflecting surfaces [1,
2] has been developed at the RFNC — VNIIEF since 2015. The laser rangefinder complex developed on its
basis makes it possible to study fast processes using precise registration of the coordinates of the objects un-
der study. The possibility of obtaining with its help experimental information on the movement of surfaces of
various structural nature is shown: solid and fragmented material, jet streams, dust particle flows [3, 4]. How-
ever, according to the confirmed technical characteristics, the maximum registration base of the complex is
20 mm, which does not meet the requirements of a number of experimental setups and significantly limits the
possibilities of the corresponding measurement technique. In this paper, we consider ways to increase this
value by modifying the used optical scheme of the laser range finder, and also present the results of a series
of experiments to confirm the effectiveness of the proposed technical solutions.

At the first stage of research, the modification of the laser rangefinder complex was carried out in terms
of improving the dispersion elements — optical circuit blocks responsible for the broadening of femtosecond
laser pulses. In the basic composition of the complex, the function of dispersive elements is performed by
coils with optical fiber lines of the smf28 type. One of the goals of this work was to study the possibility of
using specialized optical units for the indicated purpose - dispersion compensation modules. They are made
on the basis of dcf38 dispersion-compensated fiber, which reduces the power loss of the transmitted signal.
Typical experimental data obtained using dispersive elements of this type are shown in fig. 1.

An alternative way to increase the maximum registration base is to add an additional branch to the
section of the reference arm of the interferometer, increased in length relative to the main section by a
value greater than or equal to the maximum registration base of the optical scheme in the standard ver-
sion. In this case, the final signal is formed first on the basis of the reference signal passing through the
parallel branch, and then due to the interference of the reflected radiation with the reference signal passing
through the main path of the arm. As a result, the movement of the object under study is registered on a
base doubled relative to the original one. The described modification of the optical scheme of the laser
rangefinder was tested in a series of experiments. Typical experimental results obtained in one of them are
presented in fig. 2.
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Fig. 1. Characteristic experimental data:
a — displacement spectrogram; b — comparison chart

Fig. 2. Characteristic experimental data:
a — displacement spectrogram; b — comparison chart

As part of the research, methods were proposed and experimentally developed to increase the maximum
registration base by the laser rangefinder method.
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YPABHEHUSA COCTOSAHHUA MUHEPAJIOB U I'OPHBIX ITOPO/]
A. A. Kaaxun, B. I’ Kyoenvkun, U. H. Apanos, /I. I I'opoees, JI. @. [yoapenko, B. A. Kapenos

OI'VIT «Poccuiickuit @enepanbubiil SAnepusiit Lentp — Beepoceuiickuit HUU skenieprmeHTanbHOM
¢dhm3ukn», Capos, Poccust

PaccmoTpen noaxoa nocTpoeHus MUPOKOAUANAa30HHBIX ypaBHeHUH cocTosHus (Y PC) MuHepanoB u rop-
HBIX TIOPOJI, OCHOBAHHBIA HA MOJIENIN T€TEPOr€HHON CMECH OKHCIIOB METAJUIOB. MoJieNnb TOMOJIHEHA cllarae-
MBIM JJISl y4eTa B3auMOAEUCTBHS KOMIOHEHT. Bepudukanus Mogeny BBHINOIHEHA HA MPUMEpPE OMUCAHUS
yAAapHBIX aanadaT v NU30TEPM CXKaThsl OPOI000pa3yIOMIMX MUHEPAIOB: SHCTATUTA, OPUIKMaHUTA, TPYIIIIBI
onuBHHA (OT Qastmuta 10 GopcTepuTa), MarHETUTA U Ap. AJIs1 KOTOPBIX UMEIOTCS SKCIIEPUMEHTAJIbHbIE 1aH-
Hele 10 #1500 I'TTa. YPC xomnoneHt cmecu (Si0,, Al,O;, Fe,05, FeO, MgO u zap.) pazpaboTaHsl B paMKax
nonyamnupudeckoit Monenu POCA-MMU [1, 2] ¢ ucnonb30BaHUEM SKCIIEPUMEHTATBHBIX JAHHBIX U PACUETOB
U3 TIEPBBIX TPUHITUIIOBY.
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2. Kaskun, A. A. YpaBHCHUE COCTOSHUS COSIMHEHUI U30TOMOB JIUTUS ¢ U30TomaMu Bopopona [Tekcr] /
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EQUATIONS OF STATE OF MINERALS AND EARTH MATERIALS
A. A. Kayakin, V. G. Kudelkin, I. N. Arapov, D. G. Gordeev, L. F. Gudarenko, V. A. Karepov

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

An approach to constructing wide-range equations of state (EOS) of minerals and earth materials basing
on the model of heterogeneous mixture of metal oxides is considered. The model is supplemented with an
addend to account for interactions of the components. The model was verified using examples of Hugoniots
and compression isotherms description for rock-forming minerals: enstatite, bridgemanite, peridot group
(from fayalite to boltonite), magnetite etc., for which there are experimental data up to ~1500 GPa. EOS of
the components of the mixture (Si0,, Al,O5, Fe,05, FeO, MgO etc.) are developed within a semi-empirical
model called ROSA-MI [1, 2] using experimental data and “first-principle” computations.
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CTPYKTYPA U JUHAMUWYECKUE CBOHUCTBA
AJIOMHUHHUEBOTI'O CIIJIABA AK6, CHHTE3UPOBAHHOI'O
CEJIMKTUBHBIM JIASEPHBIM IIJTABJIEHUEM

A. Y. Knénos', A. H. Hempoeaz, ur Bpodoeaz, E. b. CMupHO61,
A. FO. Tapmawes', JT. IT. Kyuko'

'OIYII «Poccuiickuii Oenepansubiii Anepusiii Learp — Beepoccniickuit HUU Texandeckoit pusnkm
nmenH akagemuka E. . 3a0a0axuna, CHexxuHck, Poccus

’OI'BYH Wuctutyt puszuxum meramioB umenn M. H. Muxeesa YpO PAH, ExarepunOypr, Poccust

HccnenoBanbl CTpyKTypa U TUHAMHYECKHE CBOMCTBa ceTdaThix oOpasioB Al-Mg-Cu-Si crutaBa AK6,
CHHTE3WPOBAHHBIX METOAOM celleKTHBHOro nazepHoro ruiasneHus (CJIII) ma 3D mpuHTepe mo MeTaty
Realizer SLM100. 3amaua mogdopa ONTHMAIBHOTO pEXUMa CHHTE3a JJISl YMEHBIICHUs! Je(eKTHOCTH CTPYK-
TypHl pelanach METOIOM OJMHOYHBIX TPeKoB. BappupoBanu MourHoCTh na3epHoro usiaydeHusd ot 100 go
200 Bt u cxkopocts ckanupoBanus ot 100 1o 900 mm/c. KoHTponupys pexuMbl CHHTE3a, TTIOJTyYeHBI 00pa3-
bl pa3HOM MJIOTHOCTH B Auamnazo”e 700—-1900 Kr/M>, ¢ Pa3In4YHON 00BEMHO-TIEPUOANYECKON CTPYKTYPOii,
a IMEHHO, ¢ KyOU4ecKol sUeiiKoii, a TaKk)Ke TOIOJIOTHUH THIIa TUPOH C PAa3IMYHBIM COOTHOLLICHHEM pa3Mepa
STUEHKHU U TOJIIMHBI cTeHKH. OnpeneneHo, 4To npu MoiHocTH J1azepa P =200 BT 1 ckopocT ckaHMpOBaHUS
400 mm/c B crutaBe GOpMUpPYETCSl ONTHMANbHAs CTPYKTypa. g ceTuarbix 0Opa3noB BaXKHBIM apamMeTpoM
TaKKe SIBIISETCS TONLIMHA cios. VccnenoBaHo BIMsSHUE apaMeTPOB CHHTE3a, HAlpaBIECHUs CHUHTE3a, Teo-
METpPUHU TIOCTPOEHUS, IJIOTHOCTH CETYATOro MaTepuaiaHa Ha JUHAMUYECKHE MEXaHUYECKHE CBOMCTBA CILIa-
Ba B JiMana3oHe CKOPOCTH JAeopMaiiu 10%-10° ¢!, JlunamMuueckne MexaHmuecKue CBOCTBA HA CKATHE
OTIpeNessIN Ha YCTaHOBKE COCTABHBIX CTep KHEN [ ONKMHCOHAa.

[IpoBenena cepust IKCIEPUMEHTOB 10 HATrPY>KEHHYIO CETYAaTOro Marepuaia ¢ 00beMHO-IIEPHOIUYECKOM
CTPYKTYpOH THIa THPOUA yAApHBIMH BolHaMHU. lIpencTaBieHsl 3aperuCTpHpPOBAHHBIE B KCIIEPUMEHTE CHT-
HaJlbl OT MAHTAHMHOBOTO JIaTYMKa B KOOPJMHATaX G, (f). B pe3ynbrare npousseneHa oleHKa JeMnpupoBaHus
yAapHO BOJIHBI B 3aBUCHMOCTH OT TUIOTHOCTH M IIEPHOJA STYEHKH CeTYaThIX 00pasloB, a TAKKE TOJIIINHBI Je-
MIQUPYIOIIETO 3KpaHa. YCTaHOBJIEHO, YTO aMILIMTY[a YAapHOHW BOJHBI cHIKaercs ¢ 33,3 mo 23,9-27,6 I'lla
NP POXOXKACHUH yAAPHOW BOJNHBI Uepe3 ceTyarslii Marepuan. Cpean ucciefoBaHHbIX 00pa3oB, ceTIaThii
Marepuan ¢ IepHoIOM peleTkd 3 MM M TonmmHoi cteHkd 0,2 MM oOecrieunBaeT HauOoJbIIee 3aTyXaHue
yAApHOM BOJIHBL. YBEIMUYEHHE TOJILIMHBI 9KpaHa ¢ 9 10 15 MM yMeHbIIaeT AaBlIeHHUE YIapHOU BOJIHBI Ha 24%.

Pabota BeimonHeHa B pamkax rocypapctBeHnoro 3aganusi MUHOBPHAYKU Poccun (tema «CTpykTy-
pa», Ne 122021000033-2).

CTpyKTypHBIE MCCIIeIOBaHUs BBHIIIOJHEHHI ¢ Mcnoib3oBaHueM obopynoBanusi LIKII «McnbiratenbHblii
LEHTP HaHOTEXHOJIOTHI 1 MepcrneKTUBHBIX MaTepuanos» MOM YpO PAH.

STRUCTURE AND DYNAMIC PROPERTIES
OF SELECTIVE LASER MELTING ALUMINUM AK6 ALLOY

A. I Klenov', A. N. Petrovd®, I. G. Brodova®, E. B. Smirnov', A. Yu. Garmashev', D. P. Kuchko'

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

’Mikheev Institute of Metal Physics, Ural Branch of Russian Academy of Sciences, Ekaterinburg, Russia

The structure and dynamic properties of Al-Mg-Cu-Si AK6 alloy mesh samples synthesized by selective
laser melting (SLM) using Realizer SLM100 3D metal printer were investigated. The problem of choosing
the optimal synthesis parameters for reducing structural defects was solved by the method of single tracks.
Laser power ranged from 100 to 200 W and scanning speed from 100 to 900 mm/s. Controlling the synthesis
parameters, samples of different density (700—1900 kg/m?), with different volume-periodic structure, namely,
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with cubic cell, hyroide type topology, with different ratio of cell size and wall thickness were obtained.
It was determined that the laser power P = 200 W and the scanning speed 400 mm/s allowed to form the
optimal structure in the alloy. Layer thickness is also an important parameter for mesh samples. Influence
of parameters of synthesis, direction of synthesis, geometry of synthesis, and density of mesh material on
dynamic mechanical properties of alloy were investigated in the range of deformation rate of 10%-10° s
Dynamic mechanical properties were determined on the split Hopkinson bar.

A series of shock waves experiments were carried out on the mesh material with a volume-periodic hy-
roide type structure. Experimental signals recorded by manganin gauge are presented in ¢, (f) coordinates.
As a result, the shock wave damping was estimated according to the density and cell period and thickness of
the mesh samples. It was established that the shock wave amplitude decreases from 33.3 to 23.9-27.6 GPa
when passed through the mesh material. Among the samples examined, a mesh material with a cell period
of 3 mm and a wall thickness of 0.2 mm provides the greatest shock wave attenuation. Increasing the screen
thickness from 9 to 15 mm reduces the impact pressure by 24%.

The work was performed within the framework of the state task of the Ministry of Science and Higher
Education of the Russian Federation (topic «Structure», Ne122021000033-2).

Structural studies were carried out using the equipment of center for collective use «Test Center of Nano-
technology and Advanced Materials» of IMP UB RAS.
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METOAbI HOBBIIMEHUA TUHAMHNYECKOI'O TIUAITA3OHA
XPOHOT'PAOUYECKHUX JIEKTPOHHO-OIITUYECKHUX
PETUCTPATOPOB

1. U. Konosanos, A. IO. Coxonos, P. U. Hypmounos, A. C. [{Jonomos, /. B. Hukuwu,
I U. Cmemanxun, M. I1. Buxynun, A. B. Illlepbakos, B. B. Myxanos, U. A. E¢pumos

OI'VII «Beepoccuiicknuii HaydHO-HUCCIIEN0BaTENbCKUN MHCTUTYT aBToMaTuku uM. H. JI. JIyxoBay», Mocksa,
Poccus

Junamuueckuii auanaszon (/1J]) xpoHorpaduueckux 3IeKTPOHHO-ONTHYECKUX peructparopoB (DOP)
OTpaHMYMBACTCSA KaK IMapamMeTpaMH JEKTPOHHO-onTHUecKux mnpeobpaszosareneii (DOII), Bxoasmmx B ero
COCTaB, TaK M CIIOCO0aMU UX COTIACOBAHUS JPYT C JPYTOM U C PETUCTPUPYIOLICH KaMepoii (CUCTeMO cuu-
THIBAHUA).

Xpouorpaduueckuii JOI1, sBastommiics ocHoBol Jitodoro DOP, orpanudeH no HuwxHeMy ypoBHIO ]I,
KOTOPBIN JIOJPKEH COOTBETCTBOBATH KPUTEPUIO PA3IMYMMOCTU CHUTHaNa (0OBIYHO, MUHUMYM 3 3HAYCHHSIM
cpenHekBaaparnyeckoro orkiioneHus (CKO) ypoBHS SIpKOCTH SKpaHa MMPH OTCYTCTBUU CUTHANA Ha (POTOKaA-
TOJIE), YYBCTBUTEILHOCTHIO (POTOKATO/NA U KOAPPUIIMEHTOM ITPpeoOpa3oBaHus, a 1o BepxHemy yposHio J1J] —
SHEPrUCH PErHCTPUPYEMOro HM3JIyYCHUs, PU KOTOPOM JUIS 3aJaHHOHM JUTUTEILHOCTH HMMITYJIbhca HaOJro-
JIaeTCsl YBEIMUCHUE JUTUTEIHLHOCTH €r0 OTKJIMKA (Ha moiayBbeicoTe) Ha 20% OT MCXOMHOTO 3HAYCHHUS, T. €. IPH
KOTOPOM TIPOUCXOAUT YXYIIICHHUE BPEMEHHOTO pa3pelieHus npudopa.

IlpuunHamu yxXyAmieHUs BPEMEHHOTO pa3pelICHUs SBISIOTCS, KaK HM3BECTHO, MPOIECCHI, CBA3aHHBIC
C HapylICHUEM SKBHIIOTCHIIMAIBHOCTH DIIEKTPHUYECKOrO IMOJIs BOMM3HM (POTOKATOAA M3-3a €r0 HEIOCTaTou-
HO BBICOKOH MPOBOJAMMOCTH, UCKAXKECHUS TMOJISI TTOBEPXHOCTHBIMHU COCTOSIHUSIMU, 00pa30BaHusi 00OLEMHOIO
OTPUIIATEIBHOTO 3apsiia B KPOCCOBEPE U Y MOBEPXHOCTHU paszziena (OoTOKATOA-BaKyyM BCIIEICTBUE IMUCCUN
OOJIBIIIOTO KOJTMYECTBA 3JICKTPOHOB, KOTOPOE MPUBOAMT K PACTATUBAHUIO JICKTPOHHOTO MOTOKA KakK 10 Bpe-
MEHHOM, TaK ¥ M0 MPOCTPAHCTBEHHBIM OCsM. [Ipu paboTe ¢ KOPOTKUMHU UMITYJILCAMU TAK)KE HEMAJIOBAYKHBI-
MU (haKTopamH, BIUSIONIMMU Ha BPEMEHHOE pa3pellieHue, SIBIISTIOTCS XpoMaTHaeckas abeppanus GoTosek-
TPOHHOTO MOTOKA ¥ UHEPIIUOHHOCTH TMporecca (POTOIMUCCHH.

OO0II — ycunurens sproctu (DOI-YH), npumensiemsiii B8 DOP mist ycuieHus ¢1aboro CUrHaia ¢ SkpaHa
xpoHorpagpuyeckoro JOI1, orpaHMurMBaeT MaKCUMalILHO BO3MOXKHOE 3HaueHue [|J] perucrparopa mo HuUx-
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HEMY YPOBHIO U3-32 HEIOCTaTOYHO BHICOKOTO OTHOLIEHHUS CUTHAJ/IIIYM, KOTOPOE K TOMY K€ HeM30€KHO CHU-
’KaeTcsl P MOBBIILIECHUN HANpsDKeHNsT Ha MUKpokaHanbHo mactuae (MKII) anst oGecrieueHust BBICOKOTO
3HadyeHus ycunenus. [lo Bepxaemy nopory DOII-VY orpaHnunBaeT MakCUMaJbHO BO3MOXXHOE 3HAYE€HHE
JJI cBouM cOOCTBEHHBIM MpEENIOM JIMHEHHOCTU NPeoOpa3oBaHusl, IPU MPEBBIIICHUH KOTOPOTO MPOHCXO-
JUT Cpe3 BEPUIMHBI OTKIMKA HAa BXOJHON UMITYJIBC.

[Ipu cornacoBannu D011 apyr ¢ OpyromMm u ¢ CUCTEMOW CUMTHIBAHHS HEOOXOOUMO, C OIHOW CTOPOHBI,
obecrieunth nocratouHoe ycunenue DOI-YS nns obecrieueHust perucTpanui MUHAMAIBHOTO YPOBHSI CUT-
Hasa ¢ xpoHorpaduueckoro JOII Ha HHKHEM TOpore (IPU KOTOPOM SIPKOCTh H300paskeHHS MOJIE3HOTO CHUT-
HaJa, cCuuThIBaeMoro ¢ skpana JOII-YS, Oyner npeBrimiate MUHUMYM B 3 pa3a 3HaueHre CKO ¢ona sToro
n3o0paxenus). C apyroii cToponsl, BeiOpanHoe ycunenne OV He 0MKHO NPUBOIUTH K HACHIILIEHHUIO
CUCTEMBI CUUTBIBAHUS B CIydae Iepeadyl Ha Hee CUTHala, COOTBETCTBYIOIIETO SHEPTUH PETHCTPUPYEMOTO
u3JIy4eHus Ha BepxHeM yposHe JIJ1 xponorpaduueckoro JOII.

Hcxons u3 BbIIECKa3aHHOTO, CTAHOBSITCS OUYEBHUIHBIMU OCHOBHBIE NTyTH JTOCTHKEHMS BBICOKHX 3HAYe-
it I/l peructpanun: yBenudenue /] xponorpaduueckoro DOII, yBennueHre OTHOILEHHUS CUTHAJ/IIYM
O0I1-Y4, ocobeHHo npu OONBLUIMX 3HAUYCHHUAX YCUIICHUS, MPUMEHEHHE CUCTEM CUHUTBHIBAHHSA C BBICOKOU
qyBCTBUTENBHOCTHIO U HU3KUM YPOBHEM IIyMa.

B pabote npeacTaBieH psi KOHCTPYKTOPCKUX, TEXHOJOTHYECKUX M METOJONOTHYECKUX PEUICHUH, pa3-
paborannbix Bo PI'VII « BHUMA», M03BONAIOMIMX CHU3UTH BIUSHHUE YKa3aHHBIX BBILIE MPUYUH OTpaHnye-
HUSI MAaKCUMAaJIbHO BO3MOXXHBIX 3HaueHui [[J] DOP.

[lokazano, 4To BIUsHHE 0OBEMHOTO OTPUIIATENHHOTO 3apsaa B IPUKATONHON 00IaCTH MOXKET ObITh CHH-
KEHO 3a CUeT Mepexojia Ha MeTaJulIoKepaMuieckuid kopnyc xpororpadudeckux DOI1 u npumMeHeHus 415 UX
W3TOTOBJICHUSI TEXHOJIOTUH (PMHUIIHON COOPKH METOIOM IepeHoca [1]; mokazaHa BO3MOXKHOCTb CHIDKEHHUS
00BbEMHOT0 OTPHLATEIHLHOTO 3apsiia B KPOCCOBEPE 3a CUET MPUMEHEHHs BHOBb Pa3pabOTaHHOM SJIEKTPOH-
HO-ONITHYECKOH cucTembl XpoHorpapuueckux DOII, mocTpoeHHO# Ha 6aze onTuku «mywku [lupcay, dop-
MUPYIOIIEH JTEHTOYHBIN My40K JIEKTPOHOB [2].

[IponeMOHCTPHPOBAaHO, YTO BIUSHHE HU3KOH MPOBOIMMOCTH (OTOAMHUCCHOHHOTO CJIOSI MOXKET OBITH
CHIDKEHO ITyTeM IMPHUMEHEHHs CIIEUaJbHON MPOBOAIIEH MOUIOKKH KOHJEHCATOPHOroO THMa [3], a Takxke
3aMEHOH KJIACCHYECKHX (POTOKATOOB, CO3AaHHBIX Ha 0a3e aHTUMOHHUJOB IIENOYHBIX METaJJIOB, Ha IMOJY-
npoBogHUKOBbIE A3B5-dhorokaroapl [4]. OnucaHbl MOTEHIMATBHBIE BO3MOXKHOCTH CHIDKCHHSI XpOMaTH4e-
CKOH abeppaly 1 HHEPLUUOHHOCTH (HOTOIMHUCCHH 3a CUET pa3paboTKH crnenuanbHoro au3aiina A3B5-doro-
KaTO/I0B.

UznoskeHbl TEXHOJIOTHYECKHE METOBI MMOBBIIIEHUs oTHOMeHUs curHain/mym D011 VA [5,6] 3a cuer npu-
MEHEHHS crocoba IBYCTOPOHHETO 3EKTpoHHO-IyueBoro obesraxkuBanusi MKII u nepexona na A3B5-do-
TOKaTOJIbI.

B pabore moka3zaHbl yXe IOCTUTHYTHIE B pe3yJbTare BHEAPEHHs MPEIJIOKEHHBIX PEIICHUH XapakKTe-
puctuku xpoHorpaduueckux J0I1 u 0P ([J] xpoHorpaduueckoro DOII aist IUTENEHOCTH UMITYJIbCA
500 nc cocraBuia ot 8000 mist kiaccuyeckux gorokaronos o 24 000 xns A3BS-dorokaromos, /11 S0P —
2000 s xpororpaduueckux JOII ¢ knaccuueckumu GoTOKATOAAMHU), & TAKIKE BO3MOXKHOCTH UX JalbHEH-
IIET0 yBETUYEHHUS.
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RANGE

P I. Konovalov, A. Yu. Sokolov, R. I. Nurtdinov, A. S. Dolotov, D. V. Nikishin, D. 1. Smetankin,
M. P. Vikulin, A. V. Shcherbakov, V. V. Mukhanov, 1. A. Efimov

Dukhov Automatics Research Institute (VNIIA), Federal State Unitary Enterprise, Moscow, Russia

The streak camera dynamic range (DR) is restricted both by the parameters of streak tube and image

intensifier tube constituting the streak camera, and by the ways they interact with each other and with the
readout camera (reading system).
The dynamic range lower limit of the streak tube, which is the main part of any streak camera, must meet
the signal discrimination criterion (usually, at least 3 standard deviations (SD) of the screen brightness level
when there is no signal on the photocathode) and is limited by the photocathode sensitivity and the gain fac-
tor. The upper limit of the dynamic range is restrained by the detected radiation energy, at which there is an
increase in the response duration (at half-height) by 20% of the initial value for a given pulse duration, i. e.
at which the temporal resolution degrades.

As known, the reasons for the temporal resolution degradation are the processes associated with the elec-
tric field equipotentiality disturbance near the photocathode due to the lack of conductivity, the field distor-
tion by surface states, and the space charge generation in the crossover and near the photocathode-vacuum
interface due to emitting the large number of electrons that causes the electron flow expansion both along the
temporal and spatial axes. When using the short pulses, the photoelectron flow chromatic aberration and the
lag of photoemission process are also significant factors affecting the temporal resolution.

The image intensifier tube (IIT) used in the streak camera for intesifying a weak signal from the streak
tube screen restrains the lower limit of the maximum possible value of the DR due to the low signal-to-
noise ratio, which, moreover, inevitably decreases when the micro-channel plate (MCP) voltage increases
to ensure a high amplification. The IIT restrains the upper limit of the maximum possible value of the DR to
its own limit of the conversion linearity, when exceeded, the vertex of the response to the input pulse is cut.

When coordinating the streak tube and the image intensifier tube with each other and with the reading
system, on the one hand, it is necessary to provide sufficient amplification by IIT to ensure the detection of
the minimum signal from the streak tube at the lower limit level (where the image brightness of the useful
signal read from the IIT screen exceeds the value of this image background SD for at least 3 times). On the
other hand, the selected gain of IIT should not lead to the reading system saturation when it reads a signal
corresponding to the radiation energy detected at the upper limit of the streak tube dynamic range.

Proceeding from the above, the main ways to achieve the high values of the dynamic detection range are:
increasing the streak tube DR, increasing the signal-to-noise ratio of IIT, especially at high gain values, using
the reading systems with high sensitivity and low noise.

The paper presents a number of design, technological and methodological solutions developed at FSUE
“VNIIA” that allow for reducing the impact of the above effects limiting the maximum possible values of the
streak camera DR.

It is shown that the effect of the space charge near the cathode can be reduced by using the streak tubes
with a metal-ceramic housing manufactured using the final assembly with transfer method [1]. The possible
of the space charge decreasing in the crossover due to the use of a newly developed electron-optical system
of the streak tubes built on the basis of the “Pierce gun” optic generating the line-focus electron beam is also
shown [2].
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It is demonstrated that the effect of low conductivity of the photoemission layer can be reduced by using
a special conductive capacitor-type substrate [3], as well as by replacing the conventional photocathodes
based on alkali metal antimonides with the semiconductor A3B5-photocathodes [4]. The potential reduction
of the chromatic aberration and photoemission lag as a result of a special design of the A3B5 photocathodes
is described.

The technological methods for increasing the IIT signal-to-noise ratio [5, 6] by using the two-sided elec-
tron scrubbing of MCP and the A3B5 photocathodes are described.

The paper presents the streak tube and streak camera characteristics achieved as a result of the proposed
solutions implementation (streak tube dynamic range for 500 ps pulse varies from 8000 for conventional
photocathodes to 24000 for A3BS5 photocathodes, the streak camera dynamic range is 2000 for the sreak
tubes with conventional photocathodes), as well as the potential for their further increase.
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PEAKIIMOHHASI CHOCOBHOCTb MMOPOLIKA AC/I-6,
MOJU®ULUPOBAHHOI'O THJIPOTEJIEM V,05

B. I llleguenxo, B. H. Kpacunvnuxos, A. B. Konioxosa, /I. A. Ecenesuu

WuctutyT xumun tBepaoro tena Y PO PAH, ExarepunOypr, Poccust

E-mail: shevchenko@ihim.uran.ru

PazpaboTka HOBBIX 00pa3LOB CIENUATBLHON TEXHUKH TpedyeT co3nanus Oonee 3pPeKTUBHBIX MaTepha-
JIOB JJIS1 pealn3alliy OBBILICHUS €€ TAKTUKO-TEXHUYECKUX XapaKTePUCTUK. B cBSA3M ¢ 3TUM, IpeacTaBisieT
MHTEpEeC MOUCKa HOBBIX METAJUIMYECKUX TOPIOUYMX Ha OCHOBE JUCIIEPCHOTO aTFOMUHMUS C TIOBBIIICHHOM peak-
MOHHOHN aKTMBHOCTHIO. Panee Hamu pazpaboran croco0d moaudukanuu nopomka ACJ/(-4 rensiMu meHTOK-
CHJIa BaHAWs, C LEIbIO MOBBIICHUS MOJTHOTHI U CKOPOCTH cropanus [1].

Ha 6a3e Texnonoruu pacmsiienus xxuaxoro amoMuaus (ACH-6), pa3padbaTsiBaroTCs HOBBIE MOPOLIKO00-
pasHble MaTepuabl, NOBBIIIAIOIINE CKOPOCTh TOPEHUS M CHIDKAIOIIUE AByX(a3Hble MOTEPH 3a CUET MOAHU-
(uKanMu MOBEPXHOCTH YaCTHI JIIOMUHHUS, CO3AaHHBIMH THIIPO- U COJILBOTEIISIMH, COIEPKAILIUMH BaHaTHH.
UzBecTHO, 4TO Tenu 001aatoT BEICOKOH CIIOCOOHOCTBIO MPOMUTKU JUCIEPCHBIX MAaTepHalOB M OKCHUIHBIX
MOBepXHOCTeH, 00pa3ys ycroiuussle mieHkd. Metonamu TI" u JICK B ycnoBusix HarpeBa Ha BO3AyXe JI0
1200°C co ckopoctbio 10°C/MUH TONYYEHBI AaHHBIE O XOIe Mpolecca okuciieHus nopomka AC/I-6, mo-
ANGUIIMPOBAHHOTO MPOMUTKOH reneM V,0s5. Monudukanus pealbHONH NOBEPXHOCTH MOPOIIKA ITPUBOIUT
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K CMEIICHHUIO Hadyaja akTHBHOTO B3aHMMOJEHCTBUS B 00macTh Ooniee HU3KUX Temmeparyp. [Ipu aToMm, pes3ko
BO3pAaCTaET YAEIbHOE TEIUIOBBLICICHUE.
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a o
Puc. 1. Mopdomnorus gactui nopornika ACI-6 (a) u MoguduinpoBaHHOTO rHporeieM (6)

Metonam 3MEKTPOHHONW MUKpOCKOTHHU (pHUC. 1) MomydeHsl cBeeHnsl 00 aKTUBHOCTH MOTU(HULINPOBAH-
HBIX ITOPOLIKOB B YCIOBHSX IIPOrPaMMHUPYEMOTO HarpeBa B OKUCIUTEIBHON cpeae A MOHUMaHus (PU3HKO-
XMMHYECKHX MPOLIECCOB Ha FPaHUIIAX pasjena ¢as.

PaGoTa BbINONHEHa B COOTBETCTBUM C roc. 3agaHueM WHctuTyta xumum TBeproro tena YpO PAH
Ne AAAA-A19-119031890028-0
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THE REACTIVITY OF ASD-6 POWDER MODIFIED
BY V,05 HYDROGEL

V. G. Shevchenko, V. N. Krasilnikov, A. V. Konyukova, D. A. Eselevich

Institute of Solid State Chemistry UB RAS, Ekaterinburg, Russia
E-mail: shevchenko@ihim.uran.ru

The development of new types of special equipment requires the creation of more efficient materials to
improve its performance characteristics. In this regard, it is of interest to search for new metal fuels based
on dispersed aluminum with increased reactivity. Previously, we have developed a method for modifying
ASD-4 powder by vanadium pentoxide gels in order to increase the completeness and rate of combustion [1].

On the basis of liquid aluminum sputtering technology (ASD-6), new powder materials are being
developed that increase the burning rate and reduce two-phase losses due to the modification of the surface
of aluminum particles created by hydro- and solvogels containing vanadium. It is known that gels have a
high ability to impregnate dispersed materials and oxide surfaces, forming stable films. By TG and DSC
methods under conditions of heating in air up to 1200°C at a rate of 10°C/min. data were obtained on the
course of the process of oxidation of ASD-6 powder modified by impregnation with V,05 gel. Modification
of the real surface of the powder leads to a shift in the onset of active interaction to lower temperatures. At
the same time, the specific heat release sharply increases.
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a b
Fig. 1. Morphology of particles of ASD-6 powder (a) and modified by hydrogel (b)

Using electron microscopy (fig. 1) methods, information was obtained on the activity of modified powders
under conditions of programmed heating in an oxidizing environment to understand the physicochemical
processes at the phase boundaries.

The present work was performed in accordance with a state order to the Institute of Solid State Chemistry,
Ural Branch, Russian Academy of Sciences, No AAAA-A19-119031890028-0
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O TOYHOCTH ONIPEJAEJIEHUSA
BEJIMYMUHBI OTKOJBbHOM MPOYHOCTHU
MO JAHHBIM U3MEPEHU HA KOHTAKTHOM NOBEPXHOCTHU

A. B. Kpacunvnukos, B. H. Hoeun, A. A. J[{leemsapes, /. T. Ocynos

OI'YII «Poccuiickuii Denepansubiii Anepusiit Lientp — Beepoccuiickuit HUM texnuueckoit Gpusnku
nMeHu akagemuka E. 1. 3a0a0axunay, CHexxuHCK, Poccus

E-mail: krasilnikovav@vniitf.ru

[lony4yeno aHanmuTHYeCcKOe pelIeHHE 3agadd O (OpPME OTKOJBHOTO CHUTHAJIa B paMKax MOIEIH
MTHOBEHHOTO pa3pylIeHUs A1 NPOCTEHIIEro ypaBHEHMUSI COCTOSHUS KOHICHCHUPOBAHHOTO BEIIECTBA
P= (y - l)pE + Cgk ( P—Poxk ) [Tokazano, 4TO TpaAULIMOHHO MCHIOIB3yeMasl AJisl OIIEHOK OTKOJIBHOM Mpod-
HOCTH (hopMyna
-U

min )9

1
Sorx == P0Co (U

max
2

rae U, —MakcuMaibHas CKOpoCTh CBOOOAHOI noBepxHOCTH, U ;1 — CKOPOCTh IOBEPXHOCTH MEPE] BBIXO-
JIOM OTKOJIbHOTO UMITYJIbCa, /ISl YIAPHBIX BOJIH C Tpanelen1aabHbIM IPO(MHIEM MOKET IPUBOIUTH K OIINO-
ke 110 30% B BeNMUMHE OTKOILHOM IIPOYHOCTH. Pe3ynbTaThl Y4MCIEHHOTO MOJEIUPOBAHUS SKCIIEPUMEHTOB 110
CTOJIKHOBEHUIO IJIACTHH M3 HEP)KABEIOILEH CTalM PEanbHBIM YPABHEHUEM COCTOSHHSA C YYETOM COBPEMEH-

HBIX YHOPYTOIUIACTUYCCKUX MO}_ICJ'Ief/i IMoKa3ajin, 4YTO BBIBO/bI, IMOJYYCHHLIC IMPU aHAJIN3€ aHAJIUTUYCCKOIO
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pelleHus, ClipaBeAauBEI U A yTouHeHHor Gpopmyinsl [ Y. Kanens [1] mist pacueTa OTKONbHOW MPOYHOCTH.
C 1enbro NPOBEPKH MOTyUYEHHBIX COOTHOLLIEHUM NMPOBEEHBI YIapHO-BOJIHOBbIE KCIIEPUMEHTHI C TUTaCTUHA-
Mu u3 Hepxkaseromei cranu 12X18H10T na nerkorazoBoii mymike.
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ACCURACY OF SPALL STRENGTH DETERMINATION
FROM MEASUREMENTS ON THE CONTACT SURFACE

A. V. Krasilnikov, V. N. Nogin, A. A. Degtayroyv, D. T. Yusupov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

E-mail: krasilnikovav@vniitf.ru

An analytical solution is obtained for the spall signal waveform within the scope of an instantaneous
failure model for the simple equation of condensed matter state, P = (y - l)pE + Cg A ( P—Pok ) It is shown
that the formula

1
Cork = E P()C() (Umax - Umin )

with U, standing for the maximal free surface velocity and U, for the velocity before the spall pulse,
which is traditionally used for spall strength estimation, may give errors to 30% in case of shocks with the
trapezoidal profile. Results obtained in the simulation of experiments on the collision of stainless steel plates
by a real equation of state with account for state-of-the-art elastoplastic models show that the inferences
from the analysis of the analytical solution are also valid for the improved formula by G. I. Kanel [1] for
spall strength. The resulted relationships were verified in light-gas gun shock experiments with 12X18H10T
stainless steel plates.
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MOANPUIINPOBAHUE TEXHUYECKUX MAPOK AJIIOMUHUA

b. I1. Tonouko, B. A. Ky3neyos, A. A. ’Koanox, 3. A. Kopomaesa,
M. A. Muxatinenxo, JI. K. beponuxosa

WucTutyT Xumun tBepaoro tena u mexanoxumun CO PAH, HoBocubupck, Poccust

K TexHnyeckoMy Mo 4KMCTOTE aTIOMUHUIO OTHOCST BCE ChIpbE ¢ coneprkanueM npumeceit ot 0,15 no 1%.
I'pymnma TexHUYECKOrO aqlOMUHUA MNpeAcTaBieHa poccuiickumu mapkamu A0, AS, A6, A7, A8, A85. Ux
MPUMEHSIOT AJIS1 U3TOTOBJICHUS IPOBOAOB, MPOKIAJ0K U MIPUTOTOBIEHUIO CILIABOB.

beina mpoBexeHa miaBKa amOMHHUS Mapku A6. Moaudukaropsl BBoawin B ¢Gopmy. DopMoBouHas
cMech — MecuaHHo-uHKCTas. Bec oOpasua B nureitnoit gopme 1o 1,5 kr. KonmnuectBo 00pa3noB B Bujae
muHAPoB 20x150 MM 11 MCTIBITAaHWH B ONHOM JMTeHHOW (opMme — TpH (TpHU CTOWKH M LEHTPaJbHBINA
CTOSIK, KOTOPBIH HE HCIIONB3YeTCs Uil MEXaHMYECKHUX UCTIBITaHui). B kauecTBe MOAM(HUKATOPOB TPUMEHSIIN
MHOrocTeHHbIe yriuepoansie HaHoTpyOku MYHT ¢ Cu, Mg u Na;AlF, nocine o6paboTku cmeceil B MexaHo-
xumuueckoM aktuBarope AI'O-2 [1] mpu 60g B Teuenne 1 munyTsl. Konnentpamus MYHT B o6pasue cocta-
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Buia 0,015 mac.%. Mexannueckue CBOMCTBA CTaHAAPTHOTO 00pasia ¢ coaepkanue agroMuaus 99,6%, momy-
YEeHHOTO MMPOKaToM AaHsl B [2]. Belo oTMeyeHo, uTo y 00pa3uoB ¢ HaHOTpyOKaMu HaOmonaeTcs: n3MensIeHIe
MaKpOCTPYKTYpBl H PABHOMEPHAsl KpUCTAJUTH3aLus 110 Beeid AnnHe o0pasua (o0pas3ipl U3 HIKHEH U BepXHeH
YacTH IIJIMHIPOB MIPUMEPHO OiMHaKoBbIe). OOpa3ibl 0e3 HAaHOTPYOOK UMEIOT pa3IniHbIE MAKPOCTPYKTYPHI
1o ajuHe 00pasiua, YTo TOBOPUT O HEPAaBHOMEPHOW KPUCTaJUIM3alMU 110 00beMy (IuinHe) oOpasua.

[Ipenen Texyuectu oOpa3uoB HaxomuTcs B mpeaenax 27,3-28,9 MIla. MakcumanbHOe 3HAYEHUE Bpe-
MEHHOM MPOYHOCTH NpH paspeiBe 64,2 Mlla nmokaszan obpazen 1 ¢ moaugukaropamu MYHT-Cu-Mg, o6pa-
3en 2 ¢ mopudukaropom MYHT-Na;AlF, — 58,7 MIla, xouTponbeHblii o6pasen; 3—53,5 MIla. Ilpu ucnsl-
TaHUM 00pa3loB Ha LMKIMYECKYIO TOJITOBEYHOCTh HAWOONblIee KOJMYECTBO LHMKIIOB NPH HArpyKEHUH
¢ ycuueM, paBHbIM 34 MIla, mokaszan oopazer 1 (59 669), uro noutu B qBa pa3a O0JbIIE, YeM 3HAYCHHUE JITIS
KOHTponbHOTO 00pasua 3 (34 238). Obpazen 2 npu Harpyxenuu B 22,7 MIla seraepskan 150 000 uukios.

Tabmuua 1
Pesynberarhl ucneiTaHu 00pa3moB HAa OCHOBE criaaBa A6

Iuknuaeckas g0ro-
BCIHOCTR Kommaecrso|  [PEACH BpemeHnHas npo- Tomias xeqopmars
Oobpaszern Monudukarop R=0,f=2Tn LHKTOB TEKY4eCTH, atocts, MITa B MOMEHT ,

5. Mla MPa paspyuienus, %
1 MVYHT-Cu-Mg 34 59 669 27,3 64,2 16,0
2 MVYHT-Na;AlF, 22,7 150 000 28,0 58,7 19,6
3 - 34 34 238 28.9 53,5 11,2
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MODIFICATION OF TECHNICAL ALUMINUM GRADES

B. P. Tolochko, V. A. Kuznetsov, A. A. Zhdanok, Z. A. Korotaeva,
M. A. Mikhailenko, L. K. Berdnikova

Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk, Russia

All raw materials with an impurity content of 0.15 to 1% are classified as technically pure aluminum. The
technical aluminum group is represented by Russian grades A0, A5, A6, A7, A8, A85. They are used for the
manufacture of wires, gaskets and the preparation of alloys.

A6 aluminum melting was carried out. Modifiers were introduced into the mold, the molding mix was
sandy-clay. The weight of the sample in the mold is up to 1.5 kg. The number of cylindrical samples sized
20x150 mm for testing in one mold is three (three racks and a central riser, which is not used for mechanical
testing). As modifiers, multiwalled carbon nanotubes MWCNTs were used in various combinations with Cu,
Mg and Na;AlF,. Mixtures were treated using mechanochemical activator AGO-2 [1] at 60g for 1 min. The
concentration of MWCNTs in the sample was 0.015 wt.%. The mechanical properties of a standard sample
with an aluminum content of 99.6% obtained by rolling are given in [2].

It was noted that the samples with nanotubes exhibited macrostructure refinement and uniform crystal-
lization along the entire length of the sample (samples from the lower and upper parts of the cylinders are
approximately the same). Samples without nanotubes have different macrostructures along the length of the
sample, which indicates uneven crystallization throughout the volume (length) of the sample.

The yield strength of the samples is in the range of 27.3-28.9 MPa. The maximum value of tensile
strength at break of 64.2 MPa was shown by sample 1 with MWCNT-Cu-Mg modifiers, sample 2 with
MWCNT-Na;AlF, modifier — 58.7 MPa, control sample 3-53.5 MPa. When testing samples for cyclic
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durability, the largest number of cycles under loading with a force of 34 MPa was shown by sample 1
(59 669), which is almost two times more than the value for the control sample 3 (34 238). Sample 2, when
loaded at 22.7 MPa, showed 150 000 cycles.

Table 1
Test results of sample based on A6 alloy
Cycle life Yield .
Sample Modifier R=0,f=2Hz Number strength, Temporary strength, | Total deformat{on at (Ehe
of cycles MPa moment of failure, %
O max» MPa MPa
1 MWCNT-Cu-Mg 34 59 669 27.3 64.2 16.0
2 MWCNT-Na,AlF, 22.7 150 000 28.0 58.7 19.6
3 - 34 34 238 28.9 53.5 11.2
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ONPEJIEJSIIOUME COOTHOIIEHUS 151 OMUCAHUS
MOBEJEHWS METAJLJIOB U CIIABOB B IMUPOKOM JIUATIA3OHE
CKOPOCTM JE®OPMAIIUN: OT KBA3SUCTATUYECKOTO
10 YIAPHO-BOJIHOBOT'O HATPYKEHUS

. P. Jleoon, O. b. Hatimapx

MNucturyT mexanuku cruiomHsix cpen YpO PAH, Ilepms, Poccus

IIpouHOCTHBIE XapaKTEepUCTUKH MAaTepUajoB, HapuUMep — MpeAen TeKy4deCTH, HalpsiKeHHE TeueHHs,
npeaen MPOYHOCTH U AeopMalus pa3pyLICHUs] MOTYT CYLIECTBEHHO MEHSTHCS C M3MEHEHHEM CKOPOCTU
neopmanmu. B HacTosimeit pabote paccMOTpeH KOHCTPYKLUMOHHBIN criiaB AMr6. AHaiu3 JTUTepaTypHBIX
JAHHBIX UCIBITAHUN HTOrO Marepuaia Mpu KBazuctarudeckoM [1], nuHamuyeckoMm [2, 3] U ynapHO-BOIHO-
BOM [4] Harpy>keHHH MOKa3bIBaET, YTO B MHTEPBAJIe CKOPOCTH AePopMaluu OT 104 10 10°¢™ penes TeKy-
4eCcTH MOXKET U3MeHAThes 0T 160 1o 500 MIla. B cBs3u ¢ 3TUM akTyanbHOH sBIsAETCS 3a7a4a MOCTPOEHUS
MaTeMaTHYeCcKOl MOJENH, KOTopasi CIIoCOOHa aJIeKBaTHO OMMCHIBAaTh Ae(QOpPMAIlMOHHOE MOBEACHUE MeTall-
JIOB U CIUIABOB MPH PA3IUYHBIX YCIOBUSAX HArPy>KEHUS.

PaccmoTpeHs! Tpu pa3nuyHble MOAETN MaTepHaoB JJIs alllIPOKCUMAIMK SKCIIEPUMEHTANbHbBIX TaHHBIX
B IIMPOKOM Juana3oHe ckopoctu nepopmanun: Jxoncona—Kyka [5], Kokca—Mekkunra [6] 1 Mmozaensb, mpen-
noJjararomas KyCo4HO-JIHHEeHHy0 anmpokcuManuio. [Tokazano, uro monens JxoHcona—Kyka He cmocoOHa
eIMHBIM Ha0OPOM KOHCTAaHT ONKMCAaTh OJHOBPEMEHHO CTAaTHKY M AMHAMUKY. OCTaBILHECS pacCMOTPEHHBIE
MO/JIEJIN AAI0T YAOBIETBOPUTEIBHOE COOTBETCTBUE SKCIIEPUMEHTAIBHBIM JaHHBIM.

Pabora BeimonHeHa pu nojepikke Poccuiickoro HaydHoro (onna (mpoekt Ne 21-79-30041).
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CONSTITUTIVE RELATIONS FOR DESCRIBING THE BEHAVIOR
OF METALS AND ALLOYS IN A WIDE RANGE OF STRAIN RATE:
FROM QUASI-STATIC TO SHOCK-WAVE LOADING

D. R. Ledon, O. B. Naimark
Institute of Continuous Media Mechanics UB RAS, Perm, Russia

The strength characteristics of materials change significantly with a change in the strain rate. Yield
strength, flow stress, ultimate strength and fracture strain are such characteristics. Structural alloy AMg6
is considered in this paper. An analysis of the literature data on tests of this material under quasi-static [1],
dynamic [2, 3] and shock-wave [4] loading shows that in the strain rate range from 10*t0 10%s7, the yield
stress varies from 160 to 500 MPa. The task of constructing a mathematical model that is able to adequately
describe the deformation behavior of metals and alloys under various loading conditions is relevant.

Three different material models for approximation of experimental data in a wide range of strain rates are
considered: Johnson—Cook [5], Kocks—Mecking [6] and piecewise linear approximation. The inability of the
Johnson—Cook model to describe simultaneously statics and dynamics by a single set of constants is shown.
The remaining considered models give satisfactory agreement with the experimental data.

This work has been supported by the Russian Science Foundation (Project No. 21-79-30041).
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BJIUAHUE OBJIYUEHUSA DJEKTPOHAMU C DHEPTUEM 10 M>B
HA OIITUYECKHUE CBOMCTBA MOHOKPUCTAJLJIOB a-In,Se;

A Jlobanos" ", M. A. CyﬂuMoel, I U Paosusonuux', M. H. Capblll€82,
B. IO. Hsanoé®, T. B. Kysneyosa'*

1I/IHCTI/ITyT ¢uzuku metamioB uMeHu M. H. Muxeesa YpO PAH, ExarepunOypr, Poccus
2Yp(DY umenn nepsoro lIpesunenta Poccun b. H. Exsinnaa, Exarepun6ypr, Poccus
“E-mail: lobaleks1999@mail.ru

brnarogaps cBOMM ONTHYECKHUM U 3JIEKTPOHHBIM CBOMCTBaM In,Se; Hales MPUMEHEHHE B DIICKTPOHHUKE,
¢oroBonsrauke [1,2]. In,Se; o6HapykeH B pa3IMYHBIX KPUCTAJUIMYECKUX CTPYKTypax u azax o, f3,y, d u k
[3]. a-In,Se; aBIsAETCSA TOMTYITPOBOIHUKOM C LIMPOKOM 3anpeleHHon 30u0i 1,3-1,4 5B [4], cunbHbIMH 110-
[JIOIIAFOIIMMU CBOHCTBAMH B IIUPOKOM JTUAIIa30He IUTHH BOJH, oxBarhkiBaromeM 800, 1064 u 1550 am [5]. Pabo-
Ta MOCBALICHA UCCIIEOBAHUIO BIUSHUS 00Ty4YeHUs BBICOKOIHEPreTHUeCKUMHE 3j1ekTpoHaMu (£ = 10 M»aB)
Ha CIeKTphl poTomomuHecteHnuu (PL) a-In,Se;.

B GonpmMHCTBE MaTepualioB Mociie OOMydeHHs dIEKTPOHAMH OONBLIMX SHEPrHi HAOMIOHAeTCs YMEHb-
LIEHWEe WHTEHCUBHOCTH PL, yacTo 00pa3yroTcsi HOBBIE MUKU B cHekTpax PL, cBi3aHHBIE ¢ TOYECUHBIMHU Jie-
thexTamu.

B pabote nccne0BaHbl MOHOKPUCTAILIBI O-In,Se;, BrIpallieHHbIe BEPTHKAILHBIM METOZ0M bpumxmena.
HeoOnyuennsle MOHOKpUCTabl o-In,Se; nccnenoBanicy MeToaoM (POTONOMUHECIIEHTHOM CHEKTPOCKO-
nuu npu Temneparypax ot 7 no 340 K. OGHapykeHsb! ABa nuka npu Temmneparype 7 K: ocHOBHOM MUK mpu
sHepruu 1,33 3B (932 um), Bropo#i nuk — 6onee mmpokuit npu suepruu 1,03 3B (1204 um). [Ipn nossimre-
HUM TeMIIEpaTypbl HAOMIOAAICS CABHUT MUKOB K MEHBIINM DHEPTHSIM M 3HAYUTENbHOE YMEHBLICHUE WHTEH-
CHUBHOCTH NMHUKOB. [Ipn 3TOM CKOpPOCTh TyIIEHUs] OCHOBHOTO NMHKAa rOpas3/io BhIIIE CKOPOCTH TYLIEHHUE IIUPO-
Koro muka u npu temmeparype 110 K MHTEeHCHBHOCTD HIMPOKUI MUK 3HAUUTENBHO BHIIIE MHTEHCUBHOCTH
Y3KOTO THKa.

Monoxkpucraiuisl o-In,Se; 66111 00TydYeHBI JIEKTPOHHBIMU (MIIIOEHCAMH 10" em™2, 1017 em 2, JHEprus
anekTpoHoB 10 MaB. OcHOBHbIE M3MEHEHHS B CIIEKTPax HaOMIOOAUCh MOcie OOIydeHHs 3JIEKTPOHHBIM
¢uroeHCOM 10" em2: YMEHBLIEHHE CKOPOCTHU TYIIEHHE OCHOBHOTO MMKa U YBEITMYEHUE CKOPOCTH TYLLIECHHS
HIMPOKOTO MHKA, a TAKXKE CABUT OCHOBHOTO THKA K OonbM 3HeprusaM. [Ipu nanpHeimem o0mydeHnn sex-
TPOHHBIM (pIFOEHCOM 10" cmM ™2 3HAUMTENBHBIX H3MEHEHUI He HaGIIONAeTCS. B 11e10M, HaGIIONAeTCS 3HAYH-
TEJIHHOTO YMEHBIIIEHUS! HHTEHCUBHOCTH ITHUKOB, a TAKXKE MOSIBIIEHUE HOBBIX TUKOB. YTO TOBOPUT O BHICOKOM
PaMalMOHHON CTOMKOCTH ONTUYECKMX CBOMCTB MOHOKPUCTAIIOB O-In,Se;.

ABTopsl paboThl BeIpakatoT 6narogapHocts WM. B. bonnapio 3a npesocrasneHnsie 06pasisl o-In,Se;.
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EFFECT OF 10-MeV ELECTRON IRRADIATION
ON THE OPTICAL PROPERTIES OF BULK o0-In,Se; CRYSTALS

A. D. Lobanov"", M. A. Sulimov', M. N. Sarychev*, D. I. Radzivonchik’,
V. Yu. Ivanov’, T. V. Kuznetsova'*

M. N. Mikheev Institute of Metal Physics UB RAS, Ekaterinburg, Russia
2Ural Federal University, Ekaterinburg, Russia
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Due to its optical and electronic properties, In,Se; has found application in electronics and photovoltaics
[1, 2]. In,Se; has different crystal structures and phases a, B, v, 8, and k [3]. a-In,Se; is a semiconductor
with a wide band gap of 1.3-1.4 eV [4], strong absorbing properties in a wide wavelength range covering
800, 1064 and 1550 nm [5]. The work is devoted to the study of the effect of irradiation with high-energy
electrons (£ = 10 MeV) on the photoluminescence (PL) spectra of a-In,Se;. In this work, we investigate the
effects of high-energy electron irradiation (£ = 10 MeV) on the photoluminescence (PL) spectra of a.-In,Se;.

In most materials, after irradiation with high-energy electrons, a decrease in the PL intensity is observed,
and new peaks are often formed in the PL spectra associated with defects.

Bulk o-In,Se; crystals grown by the vertical Bridgman method are studied. Unirradiated bulk a-In,Se,
crystals were studied by photoluminescence spectroscopy at temperatures from 7 to 340 K. Two peaks were
found at a temperature of 7 K: the main peak at an energy of 1.33 eV (932 nm), the second peak is wider at
an energy of 1.03 eV (1204 nm). With an increase in temperature, a shift of the peaks to lower energies and
a significant decrease in the intensity of the peaks were observed. In this case, the rate of quenching of the
main peak is much higher than the rate of quenching of the broad peak, and at a temperature of 110 K, the
intensity of the broad peak is much higher than the intensity of the narrow peak.

Bulk a-IIn,Se; crystals were irradiated with electron fluences of 10" cmfz, 10" cmfz, electron energy
10 MeV. The main changes in the spectra were observed after irradiation with an electron fluence of 10"
cm % a decrease in the quenching rate of the main peak and an increase in the quenching rate of the broad
peak, as well as a shift of the main peak to higher energies. With further irradiation with an electron fluence
of 10" cm™, no significant changes are observed. In general, there is a significant decrease in the intensity
of the peaks, as well as the appearance of new peaks. This indicates a high radiation resistance of the optical
properties of bulk a.-In,Se; crystals.

The authors are grateful to I. V. Bondar for providing o.-In,Se; samples.
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YUCJIEHHOE MOAEJIUPOBAHHUE
TEPMOANHAMUNYECKUX IAPAMETPOB 'EPMAHUSA
MPU BLICOKOSHEPITETUYECKOM BO3JEMCTBUU

K. K. Maesckuii

Wucturyt ruaponuaamMuku uM. M. A. JlaBpeateeBa CO PAH, HoBocubupck, Poccus

HoBocubupckuii rocynapcTBeHHbli yHUBepcuTeT, HoBocubupcek, Poccust

IIpencrasieHsl pe3yabTaTbl YUCIEHHBIX 3KCIIEPUMEHTOB 10 MOAEIMPOBAHUIO YIaPHO-BOJIHOBOIO HArpy-
JKEHUS repMaHusl. PacueTs! BEIIOIHEHBI 0 MOTU(BHUIMPOBAHHON TEPMOJMHAMUYECKH PABHOBECHOM MOJICIIH.
JaHHpIll MaTepual NpeAcTaBiIsieT WHTEPEC KaK ¢ MPUKIaTHON, TaKk U ¢ (yHIaMEHTaIbHOH TOYEK 3PEHHS.
Uzyuennto Temnopu3nuecKux CBOMCTB TepMaHHs MOCBsIIEeHa O0MIMpHAs Hay4Has JTUTEpaTypa, B KOTOPOM
HEMaJIYIO YacTh 3aHUMAIOT UCCIIeIOBaHUS (a30BbIX IEPEXOIO0B MIPHU BEICOKUX YIAPHBIX M CTATHYECKHX J1aB-
nenusix [1, 2]. B Oonbieit yactu Takux padoT uccieayercs Gpa3oBeiid iepexon repmanus [-11.

C momMorpio MOAU(UIIMPOBAHHOTO YPaBHEHHS COCTOSIHUS BBIMOJHEHO YHCIEHHOE MOAETUPOBAHHUE TEp-
MOJMHAMHYECKUX [IaPAMETPOB YAAPHO-BOJIHOBOIO HATPYKEHUS T€PMaHUs B UUCTOM BUJIE, A TAKIKE CIUIABOB
C TepMaHHEM B KadeCTBE KOMIIOHEHTa B AMana3zoHe 3HadyeHWH namineHus ot 1 go 400 I'Tla. Onpenenenst
napameTpsl ypaBHEHHUI cocTosiHUs it ABYyX (a3 repmanus. [loctpoensl ynapabie aguabarsl obenx ¢as,
paccunTaHbl 3HaUCHHUS TEIUIOEMKOCTH BIIOJb HOPMAIBHBIX W300apbl U M30XOPHL, a TaKKe 3HAYEHHs DHTPO-
MUY AJI TEPMaHUS B 3aBUCUMOCTH OT Temneparypbl. CpaBHEHHE paciyeToB 110 aBTOPCKOM MOAETH C TaHHBI-
MU DKCIIEPUMEHTOB MOATBEPKAAET 000CHOBAHHOCTh M MIPUEMIIEMYIO TOYHOCTD UCIIONb3yEMBIX MOJIEIBbHBIX
cootHoueHul. [lapameTpsl ypaBHEHHsI COCTOSIHUSI MOTYT OBITh MCIIOJIB30BaHBI B pacdeTax Kak AJIsl YUCTOTO
repMaHus, TaK U AJsl CMECei U CIUIaBOB, BKIIIOYAIOIIUX I€pMaHusl B CBOM COCTaB, B 00JACTU KaK CPaBHU-
TEJNBbHO HEBBICOKHX JABICHUH U TEMIIEPaTyp, TaK U B 0ONAaCTH BHICOKMX JaBJICHUH, TEMIEPATyp U IUIOTHOC-
Tel, COCTOSIHUS B KOTOPOH MOKa MOTYT OBITh OLIEHEHBI TOJIBKO M0 TEOpeTHUYecKuM MozessiM [3]. Pacuetst amnst
Tpex cru1aBoB Au ¢ Ge 1 JaHHbIE 3KCIIEPUMEHTOB IMOKa3aHbl Ha pHc. | cO CABUIOM MO 3HaYE€HUIO BOJIHOBOM
ckopoctu 1,0 km/c.

" 1 L . . L
0 0.5 1 1.5 2 U, xm/c 3

Puc. 1. Ynapusie annabaTsl CIIJIaBOB 30J10Ta M TEPMAHUs B IEPEMEHHBIX BOJTHOBAs — MacCOBast CKOPOCTH
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NUMERICAL SIMULATION OF THERMODYNAMIC PARAMETERS
OF GERMANIUM UNDER HIGH-ENERGY LOADING

K. K. Maevskii

Lavrentyev Institute of Hydrodynamics SB RAS, Novosibirsk, Russia
Novosibirsk State University, Novosibirsk, Russia

The results of numerical experiments on modeling shock-wave loading of germanium are presented. The
calculations were performed using a modified thermodynamically equilibrium model. This material is of
interest both from an applied and fundamental point of view. Extensive scientific literature is devoted to the
investigation of the thermophysical properties of germanium, in which a considerable part is occupied by
researches of phase transitions at high shock and static pressures [1, 2]. In most of these works, the phase
transition of germanium I-II is investigated.

Numerical simulation of thermodynamic parameters of shock-wave loading of germanium in pure form,
as well as alloys with germanium as a component in the pressure range from 1 to 400 GPa is performed us-
ing the modified equation of state. The parameters of the equations of state for two germanium phases are
determined. Shock adiabats of both phases are constructed, heat capacity values along normal isobars and
isochores are calculated, as well as entropy values for germanium depending on temperature. Comparison
of calculations based on the author’s model with experimental data confirms the validity and acceptable ac-
curacy of the model relations used. The parameters of the equation of state can be used in calculations both
for pure germanium and for mixtures and alloys including germanium in their composition, in the region of
both relatively low pressures and temperatures, and in the region of high pressures, temperatures and densi-
ties, the states in which so far can be estimated only by theoretical models [3]. Calculations for three Au-Ge
alloys and experimental data are shown in fig. 1 with a shift in the value of the wave velocity of 1.0 km/s.

0 0.5 1 1.5 2 U, xm/c 3

Fig. 1. Shock adiabates of gold and germanium alloys in wave—mass velocity variables
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KPUBBIE IVIABJIEHUA HUPKOHUA U TA®HUSA
HA OCHOBE NIEPBOIIPUHIUITHOI'O MOAEJINPOBAHUA
N 3KCHEPUMEHTA 11O UMITYJIBCHOMY HAT'PEBY

/. B. Munaxos, M. A. [lapamonos, A. B. /lopoeamosckuii, B. b. @oxumn,
II. P. Jlesawos, M. A. Illetinonun

OO0bennHeHHBINH MHCTUTYT BeICOKUX Temneparyp PAH, Mocksa, Poccus

B nmannoii pabore mpeacTaBieHbl KPUBBIE IUIaBIEHUA TaQHUS U UUPKOHUS, MOTYUYEHHBIE C MOMOIIBIO
pacueToB METOJOM KBAaHTOBOM MOJNEKYISIpHOW AMHAMUKU M MpUMeHeHueM Kputepus Jlunaemana. Cpen-
HEKBAIPAaTUYHBIC CMEILECHUS, BBIYUCICHHBIE HA OCHOBE PE3YJIBTaTOB IIEPBONPHUHIMIIHOIO MOJECIUPOBAHUS
KPHCTAJUTNUECKOH (ha3bl, HCHONB3YIOTCS Il PEKOHCTPYKIMH KPUBOM MJIaBJICHUSI B COOTBETCTBUH C KpPHUTeE-
pueM mnaBnenus Jluaaemana. [lonmyyennas kpuBas IiaBieHus] Zr JeMOHCTPHPYET OoJiee KpyTOH HaKIOH
B 00JaCTH HM3KHX [ABJICHHH, YeM HAONIOZAeTCs B HKCIIEPUMEHTaX C aJMa3HbBIMH HakoBadbHsIMH [1-3].
OpHako JaHHBIN pe3yabTaT COMIAacyeTcsl C Hallel MpenblIylieil OleHKON HakJIoOHa KpUBOH MiaBieHus Zr,
MOJTyYeHHOH ¢ MoMoIbio cooTHomeHus: Knanelipona—Knay3uyca [4]. HaknoH kpuBoii niaBieHus Mpu BbI-
COKHUX JIaBIIEHUSAX COITIACYETCS C DKCIIEPUMEHTAIBHBIM. MexXay TeM U3MEHEHUE TeMIIEPaTyphl IIIaBICHUS
C POCTOM JIaBJICHHSI, OOHAPYKEHHOE B IKCIIEPUMEHTAX MO UMITYJIbCHOMY HarpeBy HUPKOHHEBOH MTPOBOJIOKH,
MPOBEICHHBIX HAIlleH SKCIIEPUMEHTANBHON TPYMION, MOATBEPKAAET Halll BBIBOJ O OoJiee KPyTOM HAKJIOHE
KpUBOU ILIABIACHUS ZT IPU HU3KUX JABICHUSIX, YEM IPEACKA3bIBAIOT 3KCIIEPUMEHTHI C AJIMA3HBIMHM HAKO-
BaJIbHAMM.

KpuBas nnaBnenus radHus, moaydeHHas HA OCHOBE TIEPBONPUHIMITHOTO MOJCITHPOBAHUS, TOXKE UMEET
KpYTOM HadyanbHBIN HaKJIOH, KOTOPBIM coriacyeTcs ¢ Hallel oreHKoil u3 cooTHomeHus Knaneiipona—Knay-
3uyca. B HacTosmiee BpemMs HeT AaHHBIX O miasieHny Hf mpu naBneHUsx BbIme aTMOC(HEPHOTO, TOITOMY
MBI IIPE/ICTaBIISIEM MIEPBYIO OLIEHKY KPHBOH MnaBienus raguus o 225 ['Tla, BEIMONIHEHHYIO ¢ TOMOIIBIO ab
initio pacyeToB.

Pabora BeimonHena npu nognepxke Poccuiickoro Hayunoro ¢onaa (rpant Ne 20-79-10398).
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MELTING CURVES OF Hf AND Zr
FROM FIRST-PRINCIPLES SIMULATION
AND PULSE HEATING EXPERIMENT

D. V. Minakov, M. A. Paramonov, A. V. Dorovatovskiy, V. B. Fokin, P. R. Levashov, M. A. Sheindlin

Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow, Russia

In this work we present the melting curves of hafnium and zirconium obtained using quantum molecular
dynamics calculations. The mean-square displacements computed during ab initio simulations of a crystal
phase are used to reconstruct the melting curve according to the Lindemann criterion. The resulting Zr melt-
ing curve shows a steeper slope in the low-pressure region compared to some recent diamond-anvil cell
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experiments [1-3] but agrees with our previous estimate via the Clausius—Clapeyron relation [4]. The slope
for higher pressures is consistent with the experimental one.

Meanwhile, the change in melting temperature with increasing pressure found in pulse-heating experi-
ments conducted by our experimental group also confirms the steep slope of the Zr melting curve at low
pressures.

As for Zr, the Hf melting curve also has a similar steep initial slope in agreement with our estimate from
the Clausius—Clapeyron relation. Currently there are no data on the melting of Hf above atmospheric pres-
sure, so we demonstrate the first ab initio estimate of the melting curve of Hf up to 225 GPa.

This work has been supported by the Russian Science Foundation (grant No. 20-79-10398).
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UCCJEIOBAHUE ABTOMOJEJBbHBIX 3AKOHOMEPHOCTEM
HOBEJIEHUA KOHAEHCHUPOBAHHBIX CPE/l C IE®PEKTAMHA
INPU UHTEHCUBHBIX BO3JIEMCTBUAX

O. 5. Hatimapk
Nuctutyt Mmexanuku cruiomHsix cpen YpO PAH, Iepmb, Poccust

[IposiBnieHnsT aBTOMOAETHLHOCTH UIPAIOT BaXKHYIO POJb B MOBEJCHWH KOHICHCHUPOBAHHBIX Cpex (TBep-
JBIX TeJ W KHUIKOCTeH) B AMana30He MHTEHCHUBHOCTEH Harpy)KeHHsl, KOTIa MeXaHU3Mbl pejaKkcaliu, ooyc-
JIOBJICHHBIE Jle()eKTaMHU, UTPAIOT BEAYIIYIO POJb B Mpoleccax MepeHoca UMITynbca U paspyiuenus. [Ipun-
IUMHATBHOE 3HAYEHUE MPH 3TOM MMEET MOCTPOCHHE HEPaBOBECHOW TEPMOAMHAMHKH cpel ¢ nedeKTamu
U MOJEJNEH, OTpakaloUUX CBS3b HEIMHEHHOM AMHAMHUKH Ae(EKTOB C PETaKCAMOHHBIMH MEXaHHU3MaMH,
OTIPEIENSIOMNMHI 3aKOHOMEPHOCTH (POPMHUPOBAHUS YAAPHO-BOIHOBBIX ()POHTOB M pa3pylieHus. Pazsutas
B [1, 2] craructuyeckas TepMOIMHAMUKA KOHIECHCHPOBAHHBIX cpell C Je()eKTaMH MO3BOJIMIA YCTaHOBHTh
HOBBIH TUI KPUTUYECKUX SIBICHUH — CTPYKTYPHO-CKEHJIMHIOBBIE NIEPEXOAbl M COOTBETCTBYIOIINE UM THITBI
METacTaOWIBHBIX COCTOSHUM, C peann3alueil KOTOPBIX CBS3BIBAIOTCS KAauyeCTBEHHBIC W3MEHEHUS IHCIep-
CHOHHBIX CBOWCTB, aBTOMOJEJIbHBIE MEXaHW3MBl MEpEeHOCa MMITYIbCa M AWCCHNANMU. JMHAMHKa CTpPYK-
TYPHO-CKEIJIMHIOBBIX MEPEX0A0B, 00ycIOBIeHHAs (JOPMUPOBAaHNEM KOJUIEKTUBHBIX MOJ Ie()EKTOB CABHTa
(aBTOCONMUTOHHBIE U TUCCUTIATUBHBIE CTPYKTYPbI 000CTPEHHMS), yCTaHOBUJIA KaueCTBEHHBIE N3MEHEHHS JHC-
MEPCUOHHBIX CBOMCTB, COOTBETCTBYIOIIUX MOABICHUIO «ILENEBHIX cocTosHMi» (GMS-Gapped Momentum
States). [loka3ano, 4To JaHHBIE COCTOSHMS (POPMUPYIOT MPOCTPAHCTBEHHbIE MAacIITa0Obl, HA KOTOPBIX pea-
JU3YIOTCSI KBAa3UIUIACTUYECKHE MEXaHU3MBI [IEPEHOCa UMITYNIbCa U TUCCUTIAINHU, MPEALIECTBYIONINE pa3py-
menuto. IlokazaHo, YTO CTENEHHAas YHHBEPCATbHOCTh TUIACTHYECKMX BOJHOBBIX (PPOHTOB (3aBUCHMOCTH
Swegle-Grady) B auanasoHe ckopocTedl aedopmaruii 10°-107 ¢, (hopMHpOBaHHE «BOJH Pa3pyLICHUS,
ACHMIITOTHKA BA3KOCTH OOYCIIOBJICHBI pealn3aliel «IIeJIeBbIX COCTOSHUID NPH MOAYMHEHHNH MEXaHU3MOB
penakcanuy aBTOMOJEIBHBIM KOJJIEKTUBHBIM MoJaM JIe()eKTOB cABUTa. Pa3BHUTHIE MPEACTaBICHHS O CBS3U
«IIENEBBIX COCTOSHUI» C aBOMOJICIbHBIMU PEAKIUSIMHU KOHACHCUPOBAHHBIX CPe/l IPH YAaPHO-BOJIHOBBIX Ha-
IPYKEHUSX WIUTIOCTPUPYIOTCS JaHHBIMH OPUTMHATIBHBIX 9KCIIEPUMEHTOB 0 PETUCTPALIMN K MOAETUPOBAHHIO
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CTETIEHHOH YHUBEPCAIBHOCTH TUIACTHYECKMX BOJHOBBIX (PPOHTOB B METaJUIAX M KUAKOCTAX [1, 2], popmu-
pOBaHUEM M PaCHpPOCTPAaHEHUEM «BOJH pa3pyLIEHHs» B IUIaBJICHHOM KBapLe [3], aBTOMOJENbHBIMH CTaTHC-
TUYECKUMH PACIIPENIENICHUSIMU BPEMEH CJIEZIOBAHUS CUTHAJIOB THIPOJIOMUHECHEHIIMHA NP MHTEHCHBHBIX
TEUSHUSIX KUJKOCTEH [4].

Wccnenosanus BeinonHeHs! npy noaaepxke npoekra PH® Ne 21-79-30041
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STUDY OF SELF-SIMILAR BEHAVIOR OF CONDENSED MATTER
WITH DEFECTS UNDER INTENSE LOADING

O. B. Naimark
Institute of Continuos Media Mechanics UB RAS, Perm, Russia

Manifestations of self-similarity plays an important role in the behavior of condensed matter (solids
and liquids) in the range of loading intensities, when the mechanisms of relaxation caused by defects play
a leading role in the processes of momentum transfer and destruction. Of fundamental importance in this
case is the nonequilibrium thermodynamics of matter with defects and models that reflect the relationship
between the nonlinear dynamics of defects and relaxation mechanisms that determine the formation of shock
wave fronts and failure. The statistical thermodynamics of condensed matter with defects developed in [1, 2]
made it possible to establish a new type of critical phenomena — structural scaling transitions and the cor-
responding types of metastable states, revealing the qualitative changes in dispersion properties, self-similar
mechanisms of momentum transfer and dissipation. The dynamics of structural-scaling transitions due to the
formation of collective modes of shear defects (autosoliton and dissipative blow-up structures) established
qualitative changes in the dispersion properties corresponding to the appearance of GMS-Gapped Momen-
tum States. It is shown that these states form spatial scales on which quasi-plastic mechanisms of momen-
tum transfer and dissipation are realized and precedes failure. It is shown that the power-law universality of
plastic wave fronts (Swegle-Grady dependences) in the range of strain rates of 10°-107 s7!, the formation of
“failure waves”, and the viscosity asymptotics are due to the implementation of “gap states” when relaxation
mechanisms are subordinated to self-similar collective modes of shear defects. The relationship between
“gap states” and self-similar responses of condensed matter under shock-wave loading are illustrated by the
data of original experiments on recording and modeling the power-law universality of plastic wave fronts in
metals and liquids [1, 2], the formation and propagation of “failure waves” in fuzed quartz [3], self-similar
statistical distributions of hydroluminescence signals under intense liquid flows [4].

The research was supported by the Russian Science Foundation project No. 21-79-30041
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PACYET NOKA3ATEJISI IPEJTOMJIEHUSI MOHOKPUCTAJLJIOB LiF
U Gd;GasOy; B JUATIA3OHE JABJEHHWI 10 200 I'Mla

E. 1. Hecmusnos', A. B. Kpacunvnuxog®, A. E. Cmapukos', E. C. Illecmaxosckas', A. A. Jleiieu'

1 . . . .
HOHO-YpanbCckuii rocy1apCTBEHHBIN YHUBEPCUTET (HAIIMOHANBHBINA UCCIIE0BATEIbCKUN YHUBEPCUTET),
Yensaounck, Poccust
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nMmenu akagemuka E. M. 3a0a0axunay, CHexuHck, Poccust

E-mail: nesmiianovei@susu.ru

MoOHOKpHUCTAITNYECKUI PTOPUA JUTUS M TAIITHNA-TaZ0IMHUEBbIN IPaHaT SBISIOTCS IHUPOKO UCIONb3Yye-
MBIMH OKOHHBIMH MaTepualaMH B OKCIIEPUMEHTaX C YIapHBIMHU BOTHAMH TP BHICOKMX AABJICHUSX, TaK KaK
npo3padnbl BILIOTH 10 ~200 ['Tla. OgHako MeToab! JazepHol HHTEpPEPOMETPHH TPEOYIOT 3HAHUS TOYHOTO
MOKa3aTessl MPEeJIOMIICHHSI, YTOOBI ONMPEAETUTh HCTUHHYIO MAacCCOBYIO CKOPOCTh M JaBiieHHE. XOTA MOKa3a-
TeJb MPENOMIICHUS JAaHHBIX MaTepUaJIOB MPH YIApPHOM CXKaTUM HM3ydaeTcsl JaBHO, KOJIMUYECTBO MPOBEICH-
HBIX 3KCIIEPUMEHTOB HEAOCTATOYHO JUISL BBISBICHUS OOIIMX 3aKOHOMEPHOCTEH 3aBUCHMOCTH TOKa3aTelis
MPETOMJICHHS OT MPHIIOKEHHOTO JABIEHHsI, 0COOCHHO B 00JacTH BBICOKHMX AaBieHui. Takum oOpasoM, pe-
IIEHHE 33/1a4 110 MaTeMaTU4eCKOMY MOJIEIMPOBAHUIO MPOLIECCOB, COOTBETCTBYIOIINUX SKCIIEPUMEHTAM IIpU
9KCTpEeMaJbHBIX Harpy3kax (ropuia JUTHS U TaJUIMi-raJoIMHUEBOTO IpaHaTa, O3BOJIUT YTOYHUTH ONTHU-
YEeCKUE CBOMCTBA JaHHBIX MaTepHaJIOB.

B nmanHoit pabote npoBeneHO MaTeMaTHYeCKOe MOACIUPOBAHUE YAAPHO-BOIHOBBIX SKCIIEPUMEHTOB [ 1, 2]
10 M3YYEHUIO ONTHYECKUX CBOMCTB (PTOpUAA JIUTUS U TaJUTMH-Tal0MHIEBOTO IpaHaTa IpH JaBJICHUSX BbILIE
100 I'TTa. [l yncieHHOro pacyera TEpMOAMHAMUYECKUX BETMUUH KPUCTANJIOB HCIIOIb30BANICS OIUH U3 METO-
JIOB pacueTa yaapHbIX BoiH — MeTon Kyponatenko [3]. s uccneayeMpIx MaTepHaioB MOTy4EHb! ypaBHEHUS
coctosiHus B hopme Mu-I'pronaiizena. [Ipoanann3upoBaHbl pa3aHyHbIe BBIPaKEHUS AJISI CBSI3H IUIOTHOCTH Be-
IIECTBa C MOKa3aTeleM MpeJaoMieHust [4, 5], olleHeHbl TOTPEIHOCTH, a TaKXKe BHIOpaHbl ONTHMAIIbHbBIE BHIPA-
KeHus. Pe3ynpraTsl MaTeMaTn4ecKkoro MOJIEIMPOBAHUS COIIACYIOTCS C SKCIIEPUMEHTAIBHBIMU JAHHBIMHU.
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CALCULATION OF REFRACTIVE INDICES FOR LiF
AND Gd3Gas0q; SINGLE CRYSTALS UNDER PRESSURES UP TO 200 GPa

E. I Nesmiyanov', A. V. Krasilnikov*, Y. E. Starikov', E. S. Shestakovskaya', A. Y. Leyve'

'South-Ural State University (National Research University), Chelyabinsk, Russia

’FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

E-mail: nesmiianovei@susu.ru

Lithium fluoride and gadolinium gallium garnet single crystals are widely used as window materials in
shock experiments because they remain transparent to pressures up to ~200 GPa. But for laser interferometry
it is necessary to know refractive indices in order to determine true mass velocity and pressure. Though the
refractive indices of these materials under shock pressure have long been under study, the number of per-
formed experiments is still insufficient to understand the general law of their dependence on applied pressure,
especially if the pressure is high. So, the mathematical modeling of processes which occur in experiments
where lithium fluoride and gadolinium gallium garnet undergo extreme loading may help elaborate their
optical properties.

This work focuses on simulation of shock experiments [1, 2] aimed to study the optical properties of
lithium fluoride and gadolinium gallium garnet under pressures above 100 GPa. Kuropatenko’s method [3]
was used to calculate thermodynamic quantities for these crystals. Equations of state for these materials were
obtained in the Mie-Gruneisen form. Different expressions for the relationship between material density
and refractive index were analyzed [4, 5] to estimate the errors they give and the optimal ones were chosen.
Calculated results are shown to agree with experimental data.
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N3BecTHO, 4TO B Marepuanax, OpOSIBISIONIUX YHOPYTro-IUIaCTUYECKHE CBOMCTBA MPH yAAPHO-BOIHOBOM
Harpy>KeHHH, HaOII0AAaeTCs SKCIEPUMEHTAILHO BBISIBJICHHOE 3aTyXaHHE aMIUIUTY/bI YIIPYTOro NpeIBeCTHHU-
Ka C MMPOWICHHBIM BOJHOM PacCTOSHUEM ITPU HEM3MEHHBIX YCIOBHUAX Harpyxenus [1].

B nanHoi1 paboTe n3yyanach peiakcanys yupyroro npeIBecTHUKA BEICOKOMOIYIbHON KEPaMUKH (OKCH-
Jia OeprIUIHs) TIPH yAAPHO-BOJTHOBOM HArpy»XEHUH B AMana3oHe TOJIIIUH 00pa3uoB oT 2 10 18 Mm.

Harpy:xenne o0pa3noB okcuaa OepUiLTUs OCYILECTBISUIOCH OTPa0OTaHHBIM paHee B3PBIBHBIM Harpyxa-
IOLIMM YCTPOWCTBOM CO CKOPOCTBIO MOJIETa ylapHuKa u3 Hepskaseromeit cranu 12X18H10T 2,64 kv/c Ha
panuyce 15 MM oT ocu obpasua.

CurHanbl perucTpupoBaIuCh Ja3epHO-TeTepOANHHON MeToauKoi. O6pabotka JII'M-pe3ynbTaTtoB KCIe-
pumeHnTa ocymectsisiiack npu nomouu [1K «/lomnep» mo metony OvicTporo npeodpazoBanust Oypoe.

XapakTepHbli BUI NPOGUISL CKOPOCTH CBOOOAHON MOBEPXHOCTH OKCHIA OCpHILINS, TONYyYSHHBIN B OIBI-
T€ C TOJIIMHOM 00pa3na 18 MM, npuBeicH Ha puc. 1.

4
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Puc. 1. 3anucey W(t), momydyeHHas JIa3epHO-TETEPOAUHHON METOIMKON

AMHJ’H/ITYI[EI yHnpyroro np€aBeCTHUKA OKCHUa 6ep1/1mm$[ BBIYUCJIATIACh U3 COOTHOIICHU A

1€ P — HavasbHas ILIOTHOCTH Marepuana, Wy, — 3Ha4eHne CKOPOCTH CBOOOAHON OBEPXHOCTH HA YIIPY-
roM npensecTHuke, C;, — CKOPOCTb YIbTPa3ByKOBBIX BOJIH. CKOPOCTb YIBTPa3BYKOBBIX BOJIH ONPENEIIANACh
B OTZENBHBIX UCCIIEAOBAHUAX U cocTaBisa 11,85 km/c.

TakuMm 00pazom, 1o pe3ynbTaTaM IKCIIEPUMEHTOB OBIJIO MOTYYEHO, YTO aMILTUTYAHOE 3HAYEHUE YIPYTOro
NpeABeCTHUKA OKCHIa Oepuiuius yMmeHbmmaercs ot 12,3 no 8,2 I'Tla mpu n3MeHeHnH TONMIMHBL OT 2 10 18 MM.
I'padmuecku 3aBECUMOCTE aMIUTUTY/BI YIPYTOTo MPEIBECTHUKA OT TONIIMHBI 00pa3ia npuBeneHa Ha puc. 2.

Puc. 2. 3aBucumocts peilakCaly ynpyroro np€aABECTHUKAa B KOOpANHATAX HAIIPSAKCHUC-TOJIIINHA



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CJIELYIOLLYIO CTPAHULY MEYATH

Jlureparypa
1. Barbkos, 0. B. ConpoTuBienue MaTepruaioB MIacTHIECKON AedopMaluy MPHU BEICOKOCKOPOCTHOM Jie-

(opmupoBanuu B ynapHsix BonHax (0030p) [Tekcr] / 0. B. barbkos, b. JI. Ilmymaxk, C. A. HoBukoB. — M. :
HHWHWatomuurdopm, 1990.

ELASTIC PRECURSOR RELEASE IN HIGH-MODULUS CERAMICS
UNDER SHOCK-WAVE LOADING

A. Yu. Nikolaev, A. A. Degtyarev, D. Yu. Kadochnikov, A. K. Muzyrya, N. P. Oglezneva,
F I Tarasov, D. T. Yusupov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Attenuation of elastic precursor amplitude with the distance traveled by the wave under constant loading
conditions is reported for the materials exhibiting elastic-plastic properties under shock-wave loading [1].

The present work addresses the elastic precursor release in the shock-loaded high-modulus ceramics (be-
ryllium oxide) with the thicknesses ranging from 2 to 18 mm.

The beryllium oxide samples were loaded by previously tested explosive loading device with stainless
steel 12Cr18Ni10Ti impactor velocity of 2.64 km/s as recorded at the radius of 15 mm from the sample axis.

PDV method was used to record signals. The PDV experimental results were processed using the Doppler
suite based on the fast Fourier transform method.

Fig. 1 shows representative free-surface velocity profile obtained in the experiment with beryllium oxide
sample 18 mm thick.
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Fig. 1. W(¢) recorded by PDV
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The elastic precursor amplitude in the beryllium oxide was calculated from the relation
1
OHE = EpOWHECLO )

where p,, is the initial material density, Wy is the free surface velocity on the elastic precursor, and C; is
the ultrasonic wave velocity. The ultrasonic wave velocity determined in the individual tests was 11.85 km/s.

Thus, the experimental results show that elastic precursor amplitude in the beryllium oxide decreases
from 12.3 GPa down to 8.2 GPa with the change in thickness from 2 mm down to 18 mm. Fig. 2 shows the
elastic precursor amplitude plotted vs. sample thickness.
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Fig. 2. Dependency of elastic precursor release in “stress-thickness” coordinates
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CPABHEHMUME KPUBBIX XOJIOJIHOI'O CKATHUA,
HOJYYEHHBIX ITO MOAEJIAM CPEAHEI'O ATOMA
N U3 NEPBOIIPUHIIMITHBIX PACYHETOB

H. A. Cmupnos, A. A. Oseuxun, 11. A. Jlo6o0a

OI'VII «Poccuticknii ®enepanbubiii Anepusiii Lleatp — Beepoccniickuit HUU texanueckort huznku
nmenHn akagemuka E. M. 3a0a0axunay, CHexuHck, Poccust

IIpoBeneHo cpaBHEHHE KPUBBIX XOJIOJHOTO CXKATHUS PsAa BEIIECTB, PACCUUTAHHBIX MEPBOMPUHIUITHBIM
MOJTHOMIOTCHITUABHBIM TTOJHOIEKTPOHHBEIM METOJOM JIMHEHHBIX MapQuH-TUH opOuTaned [1] u mo pas-
JUYHBIM MOJENSIM cpennero aroma: moneisim Tomaca—®epmu [2], Tomaca—Depmu ¢ mompaskamu [3, 4]
u JIubGepmana [5]. OueHeHa o61acTb MPUMEHUMOCTH MOJICNICH CPEHET0 aToMa Py HYJIEBOU TeMIepaType.
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COLD COMPRESSION CURVES FROM AB INITIO CALCULATIONS
AND AVERAGE-ATOM MODELS

N. A. Smirnov, A. A. Ovechkin, P. A. Loboda

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Cold compression curves of various materials calculated using the ab initio all-electron full-potential lin-
ear muffin-tin orbital method [1] are compared with those obtained from different average-atom models: the
Thomas—Fermi model [2], the Thomas—Fermi model with quantum and exchange corrections [3, 4], and the
Liberman model [5]. The applicability domains of average-atom models at zero temperature are estimated.
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PABPABOTKA TIAPAMETPUUYECKUX
MEKATOMHBIX IOTEHIIUAJIOB
HA OCHOBE HEMPOHHBIX CETEM JJISI AL CTPYKYP

b. A. Ilanuenko, A. E. Matiep
Uensounackwuii [ ocynapcTBennslil YauBepcuret, Uensounck, Poccus

[Ipu uccnenoBaHny pa3nUUHBIX AehopMaLuii METaIIOB (PacTsSHKEHHS, CIBUTH, CXKAaTUs, KpyUeHHs) [IH-
POKO€ pacIpoCTpaHEeHUE MOMYyUMIl METOA MoJeKysipHoi nuHamuku (MJI). MexaTomMHOe B3auMopaencTBIe
B JIAaHHOM METOZI€ ONpEeNseTcs] IpH MOMOIIM MEKaTOMHBIX NOTEHIMaNnoB. B HacTosiiee BpeMsi B3aMeH
aHAJUTUYECKUM MOTEHLIMANIaM, SHEPTUS B3aUMOJCHCTBHUS B KOTOPBIX MOACIHPYETCSl aHATUTUIECKUMU (PyH-
kuusimu (moteHuuan Jlenapna—J/l>xoHca, nmoteHnuan Mop3se u apyrue Oojee CIOXKHBIE) IIUPOKO BEXyTCS
paboThI MO CO3IAaHMIO TTapaMeTPUUYECKUX MMOTEHIIMAIOB B3auMoaeHcTBUs. [lapaMeTpruieckre MOTeHHAIbI
WM TIOTEHIUABl MAIIMHHOTO O0yUeHHS SIBIAIOTCS alllIPOKCUMALUSIMH PE3YNIbTaTOB, MOJYUYCHHBIX IIPH Nep-
BONIPUHLUITHOM MOJEIUPOBAHUH, YTO AaeT OOJBIIYI0 TOYHOCTb, [0 CPABHEHHUIO C aHAJTUTUYECKUMH ITOTEH-
nuasamMy ¥ OOJIBIIYI0 CKOPOCTh BRIYMCIICHUH, IO CPABHEHMIO C IEPBONPUHHUITHBIMU METONAMH.

OnHoll U3 pa3HOBUAHOCTEN MapaMEeTPUUYECKUX MOTEHIIMAIOB ABJISIETCA NMOTEHLMAl Ha OCHOBE HEHpOH-
HbIX ceTedl. [llnpoko ncnoabp3yeMsblil MOIX0] MOCTPOEHUS TAKKUX MOTEHIIMAJIOB Npeokuian bemnep u [ap-
puneno [1]. B nanHoit pabore Obu1 pa3paboTaH MeXaTOMHBIH MOTEHLIMAN AJs pacyeToB Al cTpyKTyp, Ha
OCHOBE JaHHOTO MOJX0AA.

OOy4eHne MOTeHLMANA MPOMCXOJUIO Ha OCHOBE AAaHHBIX, MOMYYCHHBIX B PE3yJbTaTe pacdeToB METO-
oM teopun pyHkuuoHana miotHoct (TOII). Pacyersr mpon3BoAnINCE IpOrpaMMHBIM NakeToM Quantum
ESPRESSO [2, 3], npu ucnonszoanuu [1BE (Ilepasro—bepk—OpHuepxod) GpyHKIHOHaNa [4] HAa MIIOCKHX
BOJIHAX, UCTIONIb30BaH MCeBOANIOTEeHIMAN U3 pslibrary [5]. OctanbHble HapamMeTpsl Ui OTASIBHBIX CTPYKTYP
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BBIOMPANKCh MHAMBUAYANbHO. J{J1s1 aBTOMaTH3alMy MpoLecca pacueToB U moadopa mapaMeTpoB ObLIO HC-
MOJIB30BaHO MporpaMmHoe obecriedeHne AiiDa [6]. CTpyKTypsl B3ATBI U3 OTKPBITBIX UCTOYHHKOB OQMD
[7], The Materials Project [8], The Bilbao Crystallographic Server [9]. OTo paznuunsie Al cTpyKTypHhI
u Al-Cu criaBsl.

OOydeHue U cama CTPYyKTypa MOTeHIMana Obljla peann3oBaHa MOCPEICTBOM IPOTPAMMHOTO IMaKeTa
n2p2 [10], 9yTo MO3BOMNSIET UCHIONB30BATh NaHHBIA MoTeHIMan npu M/ pacyeTax mporpaMMHBIM MTaKeTOM
LAMMPS [11]. Ontumuzanusi BXOAHBIX JaHHBIX mpousBeaeHa meronqom CURSEL [12].

[loreHuuan ObLT ycmemHoO MPUMEHEH NpW pacueTe HampsbkeHud B Al-cTpykrypax u Al cTpykTypax
¢ 1-5% pactBopom Cu.

Pabora nognepxana MunoOpHayku PO (roc. 3aganue HUP Yenl'V Ne 075-01391-22-03).
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DEVELOPMENT OF PARAMETRIC INTERATOMIC POTENTIALS
BASED ON NEURAL NETWORKS FOR AL STRUCTURES

B. A. Panchenko, A. E. Mayer
Chelyabinsk State University, Chelyabinsk, Russia

The method of molecular dynamics (MD) has recently become widespread in the study of various
deformations of metals (tension, shear, compression, torsion). Interatomic interaction in this method is
determined by means of interatomic potentials. Currently, instead of analytical potentials, where interaction
energy is modeled by analytical functions (Lenard—Jones potential, Morse potential and other more complex
potentials), parametric interaction potentials are being widely developed. Parametric potentials or machine
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learning potentials are approximations of results obtained by first-principle modeling that gives more
accuracy, in comparison with analytical potentials and more speed of calculations, in comparison with first-
principle methods.

One of the varieties of parametric potentials is a potential based on neural networks. A widely used ap-
proach for constructing such potentials has been proposed by Behler and Parrinelo [1]. In this paper an inter-
atomic potential for calculations of Al structures has been developed based on this approach.

The potential was trained on the basis of the data obtained by density functional theory (DFT) calcula-
tions. The calculations were performed with the Quantum ESPRESSO software package [2, 3], using the
PBE (Perdew—Burke—Ernzerhof) functional [4] on plane waves, the pseudopotential from pslibrary [5] was
used. Other parameters for individual structures were chosen individually. The AiiDa software [6] was used
to automate the process of calculations and parameter selection. The structures were taken from open sources
OQMD [7], The Materials Project [8], and The Bilbao Crystallographic Server [9]. These are various Al
structures and Al-Cu alloys.

The training and the potential structure itself has been implemented by means of the n2p2 software pack-
age [10], which allows this potential to be used in MD calculations by the LAMMPS software package [11].
The input data have been optimized using the CURSEL method [12].

The potential was successfully applied to calculate stresses in Al structures and Al structures with 1-5%
Cu solution.
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CUCTEMBbI IUATHOCTHUKHU CUJIBHOTOYHOI'O
IQJIEKTPOHHOTI'O ITYUYKA

A. P. Axmemos', U. A. }Kypaeﬂeel, I1. A. Konecnukos', O. Y. Mewrxod®, U. B. Ienszun',
A. B. Ilempenko®, P. B. ITpomac', C. JI. Xpeuxog', /. H. Illenenes’

'OIYII «Poccuiickuii Oenepanpubiii Anepusiii Learp — Beepoccniickuit HUU Texandeckoit pusnkm
nmenu akagemuka E. M. 3a0a0axunay, CHexuHck, Poccust

2I/IHCTI/ITYT sneproit pusuku uMm. I. Y. Byakepa CO PAH, HoBocubupck, Poccus

Heo0xoauMocTh Moay4YeHus] Ka4yeCTBEHHBIX M300pakeHUH ONTHYECKH HEMpPO3padyHbIX 0OBEKTOB M3 Ma-
TEPUAJIOB C BHICOKOH INIOTHOCTBIO MPEIBSBISET BEICOKHE TPEOOBaHUS K KaUeCTBY 3JIEKTPOHHOTO MyYKa MC-
TOYHHKA TOPMO3HOTO U3JIy4EHUSI.

OnbITHas SKCIUTyaTalusl JUHEHMHOro MHAYKUMOHHOro yckopurens JIMY-20 mokasana, 4To HacTpoika
PEXUMOB pabOTHl YCTaHOBKH TpeOyeT HaJu4Msl pa3HOOOPa3HBIX CPEACTB JUATHOCTHKH IEKTPOHHOTO Myd-
ka. [IpuMeHsIoTCs pa3pylaoye 1 Hepa3pyllaloye croco0bl TUarHOCTHKH. JIMarHOCTHPYIOTCS Takue
napamMeTpsl ydKa, Kak MoJOKEHHEe MTyYyKa OTHOCUTEIBHO IIEHTPaIbHOW OpOUTHI, HHTEHCUBHOCTD, SHEPTUS,
MPOJOJIBHBIN U MOTEPEYHBIH TPO(UIH B Pa3IHYHBIX TOUKAX YCKOPHUTENA, pazMep GOKYyCHOTO ISITHA.

DIAGNOSTICS SYSTEMS FOR HIGH-CURRENT ELECTRON BEAM

A. R. Akhmetov', I A. Zhuraviev', P. A. Kolesnikov', O. I. Meshkov?, I V. Penzin', A. V. Petrenko?,
R. V. Protas', S. D. Khrenkov', D. N. Shepelev'

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia

The high-quality images of optically nontransparent objects made of high-density materials require high-
quality electron beam from bremsstrahlung radiation source.

The experimental operation of the LIA-20 linear induction accelerator facility has shown that various
means for electron beam diagnostics are required to adjust the facility operation modes. Destructive and
nondestructive diagnostics are applied to diagnose such beam parameters as beam position relative to the
central orbit, beam intensity, beam energy, longitudinal and transverse profiles in different accelerator points,
and focal spot size.
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BJIUSAHUE 'PAOEHA HA JTUHAMUWYECKHUE CBOMCTBA
AJTIOMOMATPUYHBIX KOMIIO3UTOB

U. I Bpooosa', C. B. Pasopenos®, A. H. [lemposa', U. I IlTupunxuna', E. B. Illopoxoe®

1I/IHCTI/ITyT (msukn MeranoB umeHn M. H. MuxeeBa YpO PAH, ExarepunOypr, Poccus

2(DellepaJ'II>HBII71 HCCIIEIOBATEIbCKUH TICHTP MPOoOIeM XUMUIECKOW (PU3UKH 1 MeTUITMHCKOW XuMuu PAH,
Yepnoronoska, Poccus

3OI'YII «Poccuiickuii Oenepanbubiit Anepnsiii Lieatp — Beepoccuiickuit HUU Texanveckoit Gu3nku
nMenn akagemuka E. 1. 3a6abaxunay, Cuexunck, Poccus

M3yuyeHsl nUHaMUYECKUE MEXaHUYECKHE CBOMCTBA METANIOMATPUYHBIX KOMIIO3UTOB Ha OCHOBE QJIFOMHU-
HUEBBIX CIUTaBOB pa3Horo cocrasa (AA-3003, AA-5154 u Al) ¢ rpadenom (0,1 Bec. %), TOTYYCHHBIX MO
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CJIOEM COJIEBOTO pacIijiaBa Mo opuruHaibHON TexHonoruu B UBOX YpO PAH. Panee, npu uccienoBanun
3aKOHOMEPHOCTEH (HOPMUPOBAHUS CTPYKTYphl KOMITO3UTOB ObUIA JOKa3aHa apMUpYIOIIas poib rpadeHa
npu ero copepxanuu B marpute 0,1-0,4 [1-4]. beuto ycTaHOBIEHO, YTO CYIIECTBYET 3aKOHOMEPHAS CBS3b
MEXaHUYECKUX XapaKTEPUCTUK CO CTPYKTYPHBIM COCTOSSHUEM M COCTABOM CILIABOB. Pa3zHbBIE CTPYKTYpHBIE
cocrosaus — KpynHokpuctamuaeckoe (KK), menkokpucrammueckoe (MK) u cyOMUKpOKpUCTAIITHYEKOES
(CMK), ObuIH MONTyYeHBI IPU CPABHEHUU JIUTHIX U Je(OPMUPOBAHHBIX KOMITIO3UTOB, IMOJIYYCHHBIX MIPH JIH-
HaMHUYeCKOM cxaTuu MetonoM [onkmHcoHa—KonbCKOro M AMHAMHYECKUM KaHAIHHO-YTJIIOBBEIM MPECcCOBa-
HueM. [ToMuMo u3MepeHu MPOYHOCTHBIX XAPAKTEPUCTUK HCCIEAYEMbIX KOMIIO3UTOB MPHU KBa3UCTaTHue-
CKHX Harpy3kax aeopmanuu € = 103 ¢, MIPOBENICHBI U3MEPEHUS CBOMCTB KOMIIO3UTOB C Pa3HBIM Pa3MepoOM
3epHa (JIMHAMUYECKOIo Ipejiena YIPYTroCTH Gypp M AMHAMHUYECKOTO IMpejiesia TeKydecTH Y) IpH yAapHoO-
BOJIHOBOM HArpyXeHuu ¢ £ > 10° ¢!, Usmensuenne CTPYKTYPBl KOMITO3UTOB MPU AUHAMHUYECKOM C3KAaTUU
OTHOCHUTENBHO JIUTOTO cocTosHUS (10 100—50 MKM) MPUBOAUT K HE3HAYUTEILHBIM U3MEHEHUAM TBEPIOCTH
¥ MHKPOTBepA0oCTH Marpullsl. TBepaocts MK kommno3ura AIGn Bo3pacraet Ha 25%, a MUKPOTBEPIOCTh Mat-
putsl MK kommosura AIMgGn — He 6onee, uem Ha 15-20%. ITepexon ot KK k CMK cocTosiHUIO BBI3BIBACT
PE3KOE MOBBIIICHUE TBEPIOCTH KOMITO3UTOB: B 1,6 pa3a B koMIio3uTax Ha ocHOBe Al-Mn crutaBa u B 2,6 paza
B komnio3ute AlGn. YcTaHOBIIEHA CBA3b YIIPYTO-INIACTHYECKUX CBOMCTBA ATFOMOMATPUYHBIX KOMIIO3UTOB OT
pasMepa 3epHa U XUMHUYECKOI'0 COCTaBa MaTPHIlBI U oka3aHo, 4yTo nepexoa oT KK k CMK crpykType noBbI-
maeT ux B cpeaneM B 1,5 paza. CpaBHeHue ynpyromiactuyeckux cBorictB CMK koMIio3uToB co cBoiicTBaMuU
CMK HeapMHUpOBaHHBIX MaTEPUAJIOB MOKA3aJIo0, 4To A00aBka rpadena B konuuectse 0,1% ynpouHsieT mate-
pHAaIl U BBI3BIBAET POCT Gy M Y — Ha 30-50 % B 3aBMCUMOCTH OT XMMHUYECKOTO COCTaBa MaTpuibl. Kpome
TOTO, MO0 U3MEPESHHBIM MPO(UIAM CKOPOCTH CBOOOIHOW MOBEPXHOCTU OMPEACISIACh BEITUYMHA KPUTHYE-
CKUX Pa3pylIAONINX HanpsokeHuid. [[oBbIIeHE YITPYTOMIACTHYECKUX XapaKTEePUCTHK MPH JISTHpoBaHuU Al
MAaTPHIIbI COMPOBOXKIACTCSI CHUKECHUEM OTKOJIBHOM mpouHocTy Ha 10—20%. Takum o6pa3om, MpoBeIcHHBIC
WCCIIEZIOBaHUs TIOKA3alld, YTO JUIsl YCUJICHUSI apMUPYIOIIEH poiu rpadena 1enecooOpa3Ho MPUMEHSTh B Ka-
4ecTBe 00pabOTKU BBICOKOCKOPOCTHYIO ie(hopMaIiuto.

Jlannast paboTa BBINIOJIHEHA B PAMKaX TOCYIaPCTBEHHOTO 3aJjaHuisl MHHUCTEPCTBA HAYKH U BBICIIETO 00-
pazoBanus PO B o remam «Crpykrypa» Nel122021000033-2 u Ne AAAA-A19-119071190040-5.
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INFLUENCE OF GRAPHEN ON DYNAMIC PROPERTIES
OF ALUMINUM MATRIX COMPOSITES

1. G. Brodova', S. V. Razorenov?, A. N. Petrova', I. G. Shirinkina', E. V. Shorokhov’®

'Mikheev Institute of Metal Physics, Ural Branch of the Russian Academy of Sciences, Ekaterinburg,
Russia

2Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry, Chernogolovka,
Russian

SFSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

The dynamic mechanical properties of metal-matrix composites based on aluminum alloys of various
compositions (AA-3003, AA-5154, and Al) with graphene (0.1 wt %), obtained under a layer of molten salt
using an original technology at the IVEC, Ural Branch of the Russian Academy of Sciences, were studied
[1-4]. Earlier, when studying the regularities of the formation of the structure of composites, the reinforcing
role of graphene was proved at its content in the matrix of 0.1-0.4. It was found that there is a regular rela-
tionship between mechanical characteristics and the structural state and composition of the alloys. Different
structural states — coarse-grained (CC), fine-crystalline (MC), and submicrocrystalline (SMC) were obtained
by comparing cast and deformed composites obtained under dynamic compression by the Hopkinson—Kol-
sky method and dynamic channel-angular pressing. In addition to measuring the strength characteristics of
the studied composites under quasi-static loads, deformations &€ = 10° s, the properties of composites with
different grain sizes (dynamic elastic limit oy and dynamic yield point ¥) were measured under shock-
wave loading with £ > 10° s'. Refining the structure of composites under dynamic compression relative to
the cast state (up to 100—50 um) leads to minor changes in the hardness and microhardness of the matrix. The
hardness of the MC composite AlGn increases by 25%, and the microhardness of the matrix of the MC com-
posite AIMgGn — no more than 15-20%. The transition from the CC to the SMC state causes a sharp increase
in the hardness of the composites: by 1,6 times in composites based on Al-Mn alloy and by 2,6 times in the
AlGn composite. The relationship between the elastic-plastic properties of aluminum-matrix composites and
the grain size and chemical composition of the matrix has been established, and it has been shown that the
transition from the CC to the SMC structure increases them by an average of 1.5 times. A comparison of the
elastoplastic properties of SMC composites with the properties of SMC non-reinforced materials showed
that the addition of graphene in an amount of 0.1% strengthens the material and causes an increase in Gy
and Y by 30-50%, depending on the chemical composition of the matrix. In addition, the value of critical
failure stresses was determined from the measured velocity profiles of the free surface. An increase in the
elastoplastic characteristics upon alloying the Al matrix is accompanied by a decrease in the spall strength
by 10-20%. Its value for graphene-doped samples is ~1.5 GPa and tends to slightly decrease with increasing
graphene concentration, since the graphene solid particles are stress concentrators during dynamic tension
under spall conditions. Thus, the conducted studies have shown that in order to enhance the reinforcing role
of graphene, it is advisable to use high-speed deformation as a treatment.

This work was carried out within the framework of the state task of the Ministry of Science and High-
er Education of the Russian Federation in the topic “Structure” No. 122021000033-2 and No. AAAA-
A19-119071190040-5.
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OB YJIBOEHUU CKOPOCTH IIPU BBIXOJE YIAPHOM BOJIHBI
HA CBOBOJHYIO MNOBEPXHOCTD

A. B. Ilemposyes

OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Leatp — Beepoccniickuit HUU texamueckot hpu3nku
nmenHu akagemuka E. M. 3a0a0axunay», CHexxnHCK, Poccus

[Ipu BEIOOpE MOCTAaHOBKH SKCIIEPUMEHTOB M aHAJIHM3€ PE3yNbTaTOB M3MEPEHUH 4acTO MCIIONB3YETCs BhI-
NOJHAOLIeeCs MPUOIMKEHHO SMIIIPUYECKoe cooTHOoIIeHue W ~ 2U, cCOOTBETCTBYIOILEE TOMY, YTO 3HAUEHHUE
CKOPOCTH CBOOOIHOW MOBEPXHOCTH MOCJE BBIXOA HAa HEe yIAapHOW BOJHBI PABHO YABOCHHOMY 3HAYCHHUIO
MaccOBOH CKOPOCTH 3a ()pOHTOM yaapHO# BoiHbl. OHO oTBeuaeT Oau3ocTH Ha P-U nuarpaMme agnadatsl
pasrpy3Ku U3 COCTOSIHMSI YAApHOTO CXKaTvs M OTPaKEHHOW OTHOCHUTENBHO BEPTHKAJIBHOW JIMHUH, MPOXO-
JSIIel yepe3 3TO COCTOsiHME, yAapHOH anuabarel. MeTox «OoTpakeHHs» TPaAULIUOHHO MPUMEHSETCS MpH
M3MEpPEHHUH YIapHON CKMMAeMOCTH BEIIECTB. TOYHOCTH BBIMOJHEHMSI «IIPAaBUIa» YIBOCHUS IS MPOCTHIX
BEIIECTB, HAIIpUMEP, MeTaJUIOB Oe3 (a30BbIX MpeBpalleHuid B orpaHnyeHHOM auana3oHe (P < 50 I'Tla) nas-
neHu# oueHuBaercs B npeaenax (1-2)% [1]. DkcnepuMeHTanbHBIE U TEOPETUYECKHUE HCCIIEAOBAHUS TO0-
Ka3bIBaIOT, YTO C POCTOM aMIUIMTYAbI YAApHOM HArpy3Kd M yBEJIMYEHHEM yAapHOTO HarpeBa HapylleHUE
«TIpaBUIIa» YIBOCHUS CKOPOCTH HApacTaeT.

[IpuMeHeHnEe aHAOTOBBIX METOJOB PETUCTPALMKA CKOPOCTH IBIKEHHS CBOOOJHON MOBEPXHOCTH MO3-
BOJIMJIO YCTAaHOBUTH U JIpYTHe MPUYMHBI OTKJIOHEHNH. OAHOM 13 HUX SIBIISETCS NMPOSBICHUE MaTepraIaMH
CABUToBOM MpovyHOCTH [2]. C MOsBIEHNEM B TOCIEAHNE ACCITUIETHS TPELN3HOHHBIX aHAJIOTOBBIX METOA0OB
perucTpanry CKOpOCTH Ha OCHOBE JIa3ePHOM HHTEPPEPOMETPHH MO3BOJIMIN O0Jiee TOYHO OLIEHUTH JaHHBIN
s¢dext. Okazanaock, 4To Ik MaTepPHAaJIOB C BRICOKOH CABUTOBOW MMPOYHOCTHIO OH MOKET OBITH BeChbMa 3HA4YH-
TenabHBIM. Tak B [3] 11st BEICOKOIIpo4HOi yriepoaucToit cranu 42CrMo4 B nuana3one Harpysku ¢ < 20 I'Tla
noiyueno W= 0,946 (2U), To ecTh OTIMYNE aMILTUTYIHOTO 3HaYE€HHSI CKOPOCTH CBOOOAHOM MIOBEPXHOCTHU OT
YABOEHHOTO 3HaY€HMs MacCOBON ckopocTH mnpeBsiaeT 5%. B [4] npennokeHa MeToANKa OnpeiesieHus Be-
JMYUHBI MacCOBOM CKOPOCTH IO U3MEPEHHOMY Ha Mpo(uiie 3HaU€HHIO CKOPOCTH CBOOOIHON MOBEPXHOCTH
C YY€TOM CABHUIOBOI MPOYHOCTH, OLIEHEHHOW 10 aMILTUTYE CKOPOCTH Ha YIpYyroM npeasecTHuke. OnHako
B pEAIbHOCTH BCIIEACTBHE 00Jiee CIOKHOTO XapaKTepa yHpyroliacTu4eckoi nedopManiy, YeM HCIOoIb30-
BaHHOE B [4] uaeanpHO-IIACTUYECKOE TPUOIIKEHUE, TAKHUE OLIEHKH MOTYT OBITh HEIOCTaTOYHO TOYHBI.

Jpyroii npuunHON OTKIOHEHHUS OT «IPaBHJIa» YIBOCHUS CKOPOCTH MOTYT OBITH MPOUCXOIAIINE B Ma-
Tepuasne Npy NPOXOKIESHUH yIapHOW BOJTHBI (a3oBble MpEeBpalIicHUsl. XOTA B OONBLIMHCTBE CIy4aeB OHU
ABJISIFOTCSL 0OpPAaTUMBIMH, THCTEPE3UC MPEBPAIICHUS M3-3a €T0 HEPaBHOBECHOTO NPOTEKaHHMs, OTIMYUS Ma-
paMeTpoB MPSIMOTO B 00OPaTHOTO MpEBpaIleHHd BCIEACTBUE YAapHO-BOIHOBOTO HATPEBa MOXKET PUBOANUTH
K U3MEHEHUIO CKOPOCTH.

B noknane obcyxnaercs nadpopmanus Al BYX MaTepralioB CO CIOKHBIMH U3MEHEHUSIMH (Ha30BOTO CO-
CTOSIHUSI IPU YIAPHOM C)KaTHU — METAJUIMYECKOM LIEPHH U TOPHO mopoze kBapuute. OHU 001agaroT CIoXK-
HBIMU ()a30BBIMU JUArpaMMaMH U OOJBIIUMH W3MEHEHUSMH 00beMa MpH NOIUMOPQHBIX NPEBPALICHUSX.
B cnyuae kBapuuTa Takke HaOJIIOAAeTCs MHOTOCTAaANKHHASI HEPAaBHOBECHAs! KWHETHKA NpeBpartueHuid. [Ipex-
CTaBJIeHa HKCIIEPUMEHTaJbHAS U pacyeTHast HHGOpPMaLHs [0 MPOPHUIISM yIapHBIX BOJIH B 3THX MarepHaiax,
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M3MEHEHUIO COCTOSIHUSI MaTepHaa B Ipoliecce Harpy>KeHus 1 pa3rpy3Ku, TaHHbBIE IO CKOPOCTH CBOOOAHON
MOBEPXHOCTH B CPAaBHEHUU C MAaCCOBOM CKOPOCTHIO 32 (PPOHTOM yAapHOI BOMHEI [5, 6].

Jluteparypa

1. KepuoxiieroB, M. B. Onpenenenue ynapHeix aanadar U u3dHTpon pacmmpenus [Text] // Dxcnepu-
MEHTaJIbHbIE METONBI U CPEACTBA B (PU3HKE SKCTPEMabHBIX COCTOSHHUN BemecTBa: MoHorpadus / [loxg pen.
P. 1. Unbkaesa, A. JI. Muxaiinosa, M. B. XKepnoknerosa. — M. : PAH, 2021. — 484 c.

2. Fowles, G. R. Shock wave compression of hardened and annealed 2024 aluminum [Text] // J. Appl.
Phys. — 1961. — Vol. 32, No. 8. — P. 1475-1487.

3. Arnold, W. Dynamisches Werkstoffverhalten von Armco-Eisen bei StoBwellen-belastung [Text] //
Fortschr.-Ber. VDI Reihe 5 Nr. 247. — Dusseldorf : VDI-Verlag, 1992.

4. Grady, D. E. Steady-wave risetime and spall measurements on uranium (3—-15 GPa) [Text] //
Metallurgical Applications of Shock-Wave and High-Strain-Rate Phenomena (EXPLOMET-85)/ L. E. Murr,
K. P. Staudhammer, M. A. Meyers (eds.). — Marcel Dekker Inc., New York and Basel. — 1986 — P. 765-780.
5. Enbkun, B. M. YpaBHeHUE COCTOSIHMS U OCOOCHHOCTH JWHAMH4YECKoro cxarus nepus [Texct] /
B. M. Enbkun, B. H. Muxaiinos, A. B. IlerpoBues // Llepuif 1 TUTaH B yAapHBIX BOJHAaX: MOHOTpadus. —
Capos : POAL] - BHUND® (B meuarn).

6. Adakmmun, E. B. [loBenenne MOHONMMTHOTO KBapla B YyAapHO-BOJHOBBIX Hpoueccax. IIpoyHocTHEIE
CBOHCTBa U MONMUMOpPQHBIE MPEBpAILEHUS — aHAIH3 SKCIEPUMEHTAIBHBIX PE3YJIbTaTOB U MOIEIHUPOBAHNE
[Texct] / E. B. AbakmmH, B. A. Beruenkos, 0. H. Xyrun, A. B. IlerpoBues u ap. // Ilpenpunt POALL —
BHUUT®. — Cuexunck: Uzn-so POAL] - BHUUT®, 2010. — 68 c.

PARTICLE VELOCITY DOUBLING AFTER SHOCK ARRIVAL
TO THE FREE SURFACE

A. V. Petrovtsev

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The choice of the experimental setup and analysis of measurement results are often done with the use of
the approximate empirical relationship W = 2U, meaning that the velocity of the free surface after a shock
wave has reached it is equal to the doubled particle velocity behind the shock front. It fits the fact that the
release adiabat from the shock compression state and the shock adiabat reflected relative to a vertical line
crossing this state run closely on the P-U diagram. The method of “reflection” is traditionally used when
shock compressibility of materials is measured. For simple materials such as metals with no phase trans-
formations in a limited range of pressures (P < 50 GPa), the “rule” of doubling is estimated to be accurate
within (1-2)% [1]. Experimental and theoretical studies show the “rule” to be violated more and more as the
shock amplitude and heating grow.

The analog methods of free surface velocity registration helped find some other reasons for violating the
doubling “rule”. One of them is the manifestation of shear strength by materials [2]. The effect was evalu-
ated more accurately with the laser-interferometry-based precision analog velocity registration methods that
appeared in recent decades. It may be quite considerable for high shear strength materials. So, in [3], for the
42CrMo4 high-strength carbon steel under loading at ¢ < 20 GPa, the author obtained W = 0.946 (2U), i. e.,
the velocity amplitude of the free surface differed by more than 5% from the twofold value of particle veloc-
ity. Grady [4] offered a technique to determine the particle velocity from the free surface velocity measured
on the profile with account for the shear strength estimated from the velocity amplitude on the elastic precur-
sor. But in reality these estimates may appear not as accurate as desired because of the more sophisticated
behavior of plastic deformation compared to the perfectly-plastic approximation used in [4].

Shock induced phase transformations may become another reason for not complying with the velocity dou-
bling “rule”. Though they are reversible in most cases, the velocity may change due to non-equilibrium nature
of transformations or differences in the parameters of direct and reverse transformations due to shock heating.
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The paper discusses data for two materials characterized by sophisticated changes in their phase state
in response to a shock. These are cerium metal and quartzite. They have complicated phase diagrams and
exhibit large changes in volume during polymorphic transformations. Multistage non-equilibrium transfor-
mation kinetics is also observed in quartzite. The paper presents experimental and calculated data on shock
profiles in these materials, changes in their states under loading and unloading, and free surface velocities in
comparison with the particle velocities behind the shock front [6, 7].
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HOA BBICOKUM AABJEHUEM U PA3JIMUHBIX TEMIIEPATYPAX
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O06pasipl YUCTOro BoJb(ppama pa3IunaHoi (opMBI U pa3MepOB MOABEPrain TepMoOapruIecKuM 00padboT-
kaMm B uHTepBaje temmeparyp 80—700 K B pa3snuuHBIX cXeMmax HaNpsDKEHHOTO COCTOSHHMS: OCaIKOM, Tpex-
TOYEYHBIM H3TUOOM, Ha cpe3, caBurom moj BeicokuM aasierueM (HPT, high-pressure torsion) 10-12 I'Tla.
O06paboTKy BBIMOIHSIMN OT HAYalbHBIX 1e(OopMaLUil 10 METAINIACTUYECKHX C 3alTUCSIMU TUarpaMMBbl COCTOS-
HUS «G—€» BO BCEX cxeMax 00paboTok. MUKPOCTPYKTYpHBIE MCCIEAOBAHUS MPOBOAWIN C TIPUMEHEHHEM
KOMIIJIEKCa METOJHMK: METOJOM PEHTI€HOBCKOH IH(PAKTOMETPUU HA OTpPa’KeHHWE W B TOM YHCIE Ha IPO-
CBET, B HHTEHCUBHOM PEHTTEHOBCKOM CHHXPOTPOHHOM H3iydeHud A = 0,03685 HM, MeTonamMu pacTpoBoit
U MPOCBEYMBAIOLICH 3MEKTPOHHON MHKPOCKONHH, METOJOM MeTayuiorpaduu Ais U3MepeHHs MHUKpPOTBEp-
JOCTH U HAHOWHAEGHTHPOBAHMS. BOJBIIMHCTBO 00pa3LoB Al H3MEPEHUS] MEXaHMYECKHX CBOMCTB MeToAa-
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MU MUKPOTBEPAOCTH, HAHOMHACHTHUPOBAHUS U U3YUCHUS MUKPOCTPYKTYpPbI OblIM 00pabOoTaHbl 1MOJ BBICO-
kuM gasnenueM B 10 I'Tla mpu HarpeBax B 300-320°C, ¢ mpeBbIllIEHMEM TEMIEPaTyphl XJIaJHOJIOMKOCTH
BoJb(pama. s Bodb(pama roMoIOTHUEcKass TeMIieparypa o0pabOTKH SIBISIETCS OTHOCHTEILHO HU3KOH,
0293 k = Trey/ L. = 0,08, a mpu 320°C romonornyeckas Temneparypa pasHa 63 ¢ = 0,17. Ilpu fanHbIx
TeMIIepaTypax B BoJb()paMe MPaKTHUECKU 3a00KUPpOBaHbl 1] Qy3HOHHBIE TPOLECCHl, HEOOXOAUMBIE IS
HEKOHCEPBATHUBHOTO ABMKCHUS TUCIOKALUI, HEOOXOAMMBIX IS pelakcaluy HanpspkeHui. OIHaKo JOCTHr-
HyTbIe TepMoOapuieckue ycioBus oOpaboTku oOpasuoB merogom HPT mo temmeparype OnM3KH K TeM-
nepaType XJIaJHOJIOMKOCTH U MO JaBleHUIo cocTaBisAoT 10% oT Moxmyns ciBura, 4To W MPHUBOAUT K €r0
acTuuKanuyu. ITo MO3BOMISAET NPoAePOPMUPOBATH XPYIKHHA METAIUI, U IOIYYUTh PparMEeHTHPOBAHHYIO
HaHOKPUCTAIIIMYECKYIO CTPYKTYPY € pasMepamu KpucTtauinToB 50-250 HM ¥ ynmpouHEHHEM 110 TBEPAOCTHU
ot 3,8 no 7,6 I'Tla. Cronb HecoBeplIeHHAass HAHOCTPYKTypa O pa3MepaM KpPHCTAILUIUTOB U UX (Qopme 1o
CPaBHEHHIO C APYTHMH MeTalJlaMH, B Bolb(paMe 00pazyeTcsl B CUIIy €ro BEICOKOM XPYIKOCTH. A TOCTHIKE-
HHUe OoJiee MATKOH cXeMbl Je()OPMUPOBAHUS NPU OoJiee BBICOKHX AABJICHUSIX U TEMIIEPATypax OrpaHUYCHO
TEXHUYECKUMH BO3MOXKHOCTSIMH MarepuanoB oOpaboTKu.

st moBbIIEHHsI TeMIIepaTypbl 00paboTku 00pa3oB MOTpeOoBaIOCh CO3aTh HHEPTHYIO XUMHUYECKYIO
cpeay, AJisl 4eTo BBIIIONHEHB! BapHaHTHl BaKyyMHPOBAaHHs KaMepbl 00pabOTKK H/WiM 3all0IHEHHE €€ MHEep-
THBIM ra3oM aproHoM. IlprMeHeHHe kamepbl ¢ MHEPTHOM Cpefoi MO3BOJSET MOBBICUTH TEMIIEPATYpy Je-
¢dbopMay ¥ MPUMEHNUTH AJIs1 HATPeBa He TOJNBKO CTALIMOHAPHBIN HAarpeB, HO M JOMIOJHUTEILHO MPUMEHHTh
BBICOKOAMIIEPHBIE TOKH Ul HarpeBa oOpa3uoB B mponecce aedhopmannu HPT. DTo mo3Bonmio moay4uts
Oonee COBEpIICHHYI0 HAHOKPUCTAJUIMYECKYIO CTPYKTYpY BOjib(pama ¢ MEHBIIMM DPa3dpoCOM pa3MepoB
kpuctamutos B 30-150 HM.

[IpoBeneno cpaBHeHME AeHOPMALMOHHON HAHOCTPYKTYPHI M €€ MEXaHUYECKHX CBOMCTB B BoJb(pame co
CTPYKTYpaMHt ¥ CBOWCTBAMH JIPyTUX, aHATOTUYHO 00paboTaHHbIX TyromiaBkux metamios ¢ OLIK (Mo, Nb),
'K (Ir) u T'TTY(Re) kpucTammnuecKUMU pelieTKaMHu.

Pabota BrinonHeHa B pamkax rocyaapctBeHHoro 3aaannst MUHOBPHAYKMU Poccuu (Tema «/laBnenue»,
Ne 122021000032-5).

STRUCTURAL TRANSFORMATIONS AND MECHANICAL
PROPERTIES OF TUNGSTEN UNDER INTENSE DEFORMATIONS
UNDER HIGH PRESSURE AND DIFFERENT TEMPERATURES
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Samples of pure tungsten of various shapes and sizes were subjected to thermal and pressure treatments
in the temperature range of 80-700 K in various stress state schemes: upsetting, three-point bending, shear,
high-pressure torsion (HPT) of 10—12 GPa. Processing was performed from initial deformations to severe
ones with state diagram records “c—¢” in all processing schemes. Microstructural studies were carried out
using a set of techniques: X-ray diffractometry for reflection and transmission, in intense X-ray synchrotron
radiation A = 0.03685 nm, scanning and transmission electron microscopy, metallography for measuring
microhardness and nanoindentation. Most of the samples for measuring mechanical properties by micro-
hardness, nanoindentation and microstructure studies were processed under high pressure of 10 GPa with
heating at 300-320°C, exceeding the cold brittleness temperature of tungsten. For tungsten, the homologous
treatment temperature is relatively low, 8,593 ¢ = 7;,/T,, = 0.08, and at 320°C the homologous temperature is
0495 x = 0.17. At these temperatures in tungsten, the diffusion processes necessary for the non-conservative
movement of dislocations necessary for stress relaxation are practically blocked. However, the achieved
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thermal and pressure conditions for processing samples by the HPT method are close in temperature to the
cold brittleness temperature and in pressure are 10% of the shear modulus, which leads to its plasticization.
This makes it possible to deform a brittle metal and obtain a nanocrystalline structure with crystallite sizes of
50-250 nm and hardening from #,, = 3.8 to 7.6 GPa. Such an imperfect nanostructure in terms of the size of
crystallites and their shape compared to other metals is formed in tungsten due to its high brittleness. And the
achievement of a softer deformation scheme at higher pressures and temperatures is limited by the technical
capabilities of the processing materials.

To increase the processing temperature of the samples, it was necessary to create an inert chemical en-
vironment, for which options were made for evacuating the processing chamber and/or filling it with argon.
The use of a chamber with an inert medium makes it possible to increase the deformation temperature and
apply not only stationary heating, but also additionally apply high-ampere electrical currents to heat samples
during HPT deformation. This made it possible to obtain a more perfect nanocrystalline structure of tungsten
with a smaller spread of crystallite sizes of 30—150 nm.

The deformation nanostructure and its mechanical properties in tungsten are compared with the structures
and properties of other similarly treated refractory metals with bcc (Mo, Nb), fce (Ir), and hep (Re) crystal
lattices.

The research was carried out within the state assignment of Ministry of Science and Higher Education of
the Russian Federation (theme “Pressure” No. 122021000032-5).
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TENJIOHOCHUTEJb IJ1 MUKPOKAHAJIBHBIX YCTPOUCTB
C JIOKAJIBHBIM UMITYJIBCHBIM TEIIJIOBBIAEJEHHUEM

U. U. Iosonoyxuii, /1. B. Bonocnukos, A. A. Heonvnuxos, I1. B. Ckpunog
WuctutyT Temoduzuku YpO PAH, ExarepunOypr, Poccus

3agada OTBEJEHHUS TETIOBBIX TOTOKOB OOJBIION MIIOTHOCTH aKTyalbHA IJIsl YCTPOHCTB ¢ MajbIM Xapak-
TEPHBIM Pa3MeEPOM U, KaK CIEICTBHUE, C KOPOTKUM BPEMEHEM OTKJIMKA. B TakMX yCTpOMCTBaxX HE UCKIIOYE-
Ha BEPOATHOCTH MOLIHOTO TEIUIOBBIAENIEHUS, BIIOThH 0 10 MBt/M?, ¢ VIMITYJIbCHBIM UJIU NEPUOJUYECKUAM
pexuMOM. B ciyyae MUHMATIOPHBIX IEKTPOHHBIX YCTPOUCTB U MUKPOCXEM, FEOMETPUUECKU CTECHEHHAs
IUIOIIA/Ab TeII000MeHa W MPUMEHEHHE TPAaJULIUOHHBIX TEIUIOHOCUTEIEH C KUILIIIUM CJIOEM CO3AaloT ycC-
JIOBUS JUIsl JIOKAJIIBHOTO NEPETPEBa U HAPYIIECHUE TEMIIEPATYypPHOro pexuma. Takke OTCyTCTBYET BO3MOXK-
HOCTb CO3/IaHHS HCKYCCTBEHHBIX HEPOBHOCTEW B MUKpOKaHaJIE TEMI0O0OMEHHUKA JIs TypOyIHu3aliy MOTOKa
KHUIKOCTH. AJNBTEPHATHBOM MOTYT BBICTYNAaTh JBYXKOMIIOHEHTHBIE PACTBOPHI C OTPaHUYEHHON 00JacThIO
COBMECTUMOCTU KOMIIOHEHTOB B KOOpJAMHATaX TeMIleparypa-KoHueHTpauus. lIpu mepecedeHun rpanu-
LBl COCYIIECTBOBaHMs (ha3 TaKue CMECH pa3fendioTcs Ha ABe kuakue Qasel. [Ipouecc pasgeneHus MoxeT
MPOUCXOIUTH JINOO MyTeM 3apobIIe00pa3oBaHus, MO0 CIMHOAABHOTO pacnana. CiMHOAAIbHBIA pacnan,
WHHULUUPOBAHHBIA B MaJOBS3KUX CHUCTEMaX, SIBISIETCS €CTECTBEHHBIM TypOyJIN3aTOpoM B 3aJaHHBIX yCJO-
BUSIX TIOTOKA TeruioHocutens [1].

Lenb paboThl cocTossia B M3yUYEHUH XapaKTEPHBIX YEPT TEIUIOOTAAYH K MMITYJIBCHO MEPerpeThiM (OT-
HOCHTENIFHO JIMHUHM PaBHOBECHS KHUIKOCTh-KHIKOCTh M JU((Py3HOHHOIN CIMHONANN) BOAHBIM PacTBOpPaM
C HIDKHEW KpuTuueckol Temmneparypoi pactBopenus (HKTP) B comocraBienuu ¢ Temootaadyeid, HaOmro-
JaeMOM B YMCTBHIX KOMIIOHEHTaX IPU OAWHAKOBBIX YCIOBHSAX OMBITa, B TOM 4HcIe, Ha GoHe (azoBoro mepe-
XOZa KUIKOCTb-KUIAKOCTb U CIIMHOJAIBHOIO paclaja.

s ee gocTrxeHUs: OBUT MPUMEHEH METO]l YIPABIEMOro UMITYJILCHOTO HarpeBa MPOBOJIOYHOTO 30H/A,
MOTPYXEHHOTO B MCCIEAYEMYIO KHIKOCTb, @ UMEHHO, PEXKUM TEPMOCTAOMIM3aLUU PU JOCTH)KEHUH TEM-
neparypoi 3081a 3a1anHoro 3Hadenus I, [2]. CyTb M3MEpHUTENBLHOM NPOLELYPhl COCTOMT B 3alIUCH MOIL-
Hoctu P(t; T,,), TpebyeMoii 71 noafepKaHus NOCTOSHCTBA TeMIneparypel T, 1 OTCIEKUBAHHs €€ U3MEHe-
HUS [IPU U3MEHEHUM IapaMeTpa OIbITa, TO €CTh, AABJICHUS WU KOHLCHTpauuu. [IepBUYHBIMY NaHHBIMU
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OTIBITA CITYKAaT MajicHue HanpsbkeHus Ha 30H1e U(f) u Tok B 1ienu 30112 1(7). [1o mepBUYHBIM JaHHBIM OMBITA
PacCcYMTHIBAIOTCS 3HAUEHUs conpoTupaeHus 30H1a R(T), ero Temneparypsl 7,(f) 1 2IEKTPUYECKON MOIIIHOC-
™ P(t; T,,), renepupyemoii 114 ee nojiep:kanus. Jlanee paccuuteiBaeTcs cpeiHss (110 HOBEPXHOCTH 30H/1a)
IUIOTHOCTH TENJI0BOIO NOTOKA U MTHOBEHHBIN K03 QUIMEHT Termnootaa4n K (), Kak OCHOBHAs IepeMEHHast
B OMBITAX C MOIIHBIM TEIUIOBBIICICHUEM, NPU 3aJJaHHOM TEMIIEPaTypPHOM Harope.

[To pe3ynbraram OMBITOB BhISICHEHA 0OOCHOBAaHHOCTh BBIOOpA B Ka4€CTBE TCILIOHOCUTEIS BOIHBIX pac-
TBOpoB ¢ HKTP B uHTEepBaNne KOHLEHTpAIUil OT JIEBOM BETBU CIIMHOAANHU 10 KPUTUUYECKON KOHIEHTPALIMU
pacTtBopa.

ABTOp BBIpaXKaeT omarogapHocTh Ceetinane FOpbeBHe EnnHOM 32 OMOIIL B HCCIIEIOBATEIBCKOM padoTe.

HUccnenosanue BeIMOIHEHO 3a cueT rpanTa Poccuiickoro Hayunoro dgonga Ne 19-19-00115-I1, https://rscf.
ru/project/19-19-00115
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HEAT CARRIER FOR MICROCHANNEL DEVICES
WITH LOCAL PULSED HEAT GENERATION

L 1. Povolotskiy, D. V. Volosnikov, A. A. Igolnikov, P. V. Skripov
ITP UB RAS, Ekaterinburg, Russia

The problem of high heat fluxes removal is relevant for processes characterized by the small temporal and
spatial scales. In such processes the possibility of local powerful heat release, up to 10 MW/m? in pulsed or
periodic mode is not ruled out. In the case of using miniature electronic devices and microcircuits, the geo-
metrically constrained heat exchange area and the use of traditional fluidized-bed coolants create conditions
for local superheating and temperature disturbance. There is also no possibility to create artificial irregulari-
ties in the microchannel of the heat exchanger to turbulize the fluid flow. An alternative to the traditional
coolants can be two-component mixtures whose component compatibility is limited in a certain region of
the temperature-concentration phase diagram. When crossing the phase coexistence boundary, such mixtures
are separated into two liquid phases, which separation process occurs by either nucleation or spinodal de-
composition. Spinodal decomposition initiated in low-viscosity systems is a natural turbulizer under given
conditions of the coolant flow [1].

The purpose of this work was to study the characteristic features of heat transfer by short-term super-
heated (with respect to the liquid-liquid equilibrium line and diffusion spinodal) aqueous solutions having a
lower critical solution temperature (LCST) in comparison with the heat transfer by pure components under
the same experimental conditions, including against the background of liquid-liquid phase transition and
spinodal decomposition.

To achieve it, the method of controlled pulsed heating of a wire probe immersed in the liquid under study
was applied, namely, the thermal stabilization mode when the temperature of the probe reaches a predeter-
mined value 7, [2]. The essence of the measurement procedure is to record the power value P(t; T,) required
to maintain a constant temperature Tst and track its change with a change in the experimental parameter,
that is, pressure or concentration. The primary data of the experiment are the voltage drop across the probe
U(?) and the current in the probe circuit /(f). According to the primary data of the experiment, the values of
the probe resistance R(?), its temperature 7(f) and the electrical power P(¢; T,,) generated to maintain it are
calculated. Next, the average (over the probe surface) heat flux density and the instantaneous heat transfer
coefficient K(¢) are calculated as the main variable in experiments with powerful heat release at a given
temperature difference.
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Based on the results of the experiments, the validity of choosing aqueous solutions with LCST as a heat
carrier in the concentration range from the left branch of the spinodal to the critical concentration of the
solution was clarified.

The author is grateful to Svetlana Yurievna Elina for her help in the research work.

The study was supported by the Russian Science Foundation grant No. 19-19-00115-P, https://rscf.ru/
project/19-19-00115
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3BOJIOINSA CTPYKTYPbl XPOMOTA®HUEBOM BPOH3BI
IMPU BBICOKOCKOPOCTHOM ITMHAMMWYECKOMN TE®OPMAIIUH
U KPYUEHHMHU 11OJ] BBICOKUM JIABJEHUEM

B. B. Ilonos', E. H. Ilonosa', P. M. ®anaxymounos', I B. Taaw?, E. B. Illopoxos®

1I/IHCTI/ITyT ¢uzuku metamos uM. M. H. Muxeesa YpO PAH, ExarepunOypr, Poccust

2PI'VII «Poccniickuii Oenepanpabiii Anepusiii Leatp — Beepocceniickuit HUU Texandeckoi Gpu3ukn
nmenu akagemuka E. . 3a0a0axunay», CHexxnHCK, Poccus

WccnenoBanbl cTpykTypa u cBoiictBa xpomoradpuueBor Oponszsl Cu-0.45%Cr-0.54%Hf, moneepruy-
TOW BBICOKOCKOPOCTHOM IWHAMHUYECKOH NedOopMaliiil METOIOM KaHalbHO-yrIoBoro npeccoBanus (JAKVYII)
W WHTEHCUBHOH IIaCTUYECKOW nedopMalui METOIOM KpydeHus nox BeicokuM aasienueM (KB/I). Mccre-
JOBAaHHS BBITIONHEHBI METOJAMH ONTUYECKOW M DJIEKTPOHHOM MHUKPOCKOIIMU M AIOPOMETPHH (M3MEpEHHS
MuKporBepaocty). [locne ommBku OpoH3a moxBepranach ropstueit koBke npu 600°C, a 3arem 3akanuBa-
nack B Bofie oT 950°C. Ilocne ropsiueil KOBKH B CTPYKType MPHUCYTCTBYET OOJBIIOE KOJINYECTBO KPYIMHBIX
BbIJINIEHUH, uaeHTHGHIpoBaHHbIX Kak nHTepMeTamnuna CusHf u Cr. Tlocne 3akanku B CTpyKType yxke
He oOHapy»kuBatoTcs BeiaeneHus uutepmeramumaa CusHf, Ho coxpanseTcs He6omblIOE KOTMYECTBO KPyII-
HBIX BbiAeneHui Cr. B ucXomHOM 3akaleHHOM COCTOSHMHM MHUKPOTBepAOocTh cocramisieT 770 MIla, 6omnb-
LIMHCTBO 3€peH uMeroT pazmepsl 100-200 mMxm.

[ocne 1 mpoxona JAKYII moBepxHOCTH 00pa3LOB AOCTATOYHO POBHAA M TMajKast, 0€3 3aAUPOB U TPEILHUH.
[ocne 2 npoxoJ0B Ha BHYTPEHHEH MOBEPXHOCTH MOABIAIOTCS HEOONbLINE 3aAUPHl, HO TpeluH HeT. [locne
3 npoxon0B B 00pa3uax MosBIAIOTCS TpemuHbl. B o6pasnax mocne AKYII oOHapykuBaroTcs, Kak ¥ B HC-
XOJHOM 3aKaJeHHOM COCTOSHUH, KpynHble yacTulbl Cr. [locne 1 mpoxona B OpoH3e MPUCYTCTBYIOT YUaCTKH
IBYX THIIOB, C STYEUCTOH CTPYKTYypOH U ¢ mpeoliagaHueM JBOWHHKOB, YTO CBUAETEIHCTBYET O ACHCTBUH
JBYX MEXaHU3MOB Je(OpPMALH: CKOJILKEHUS U JBOMHUKOBaHU. Slueiiku pa3MepaMu 10 1 MKM HMEIOT LIH-
POKHE TUCIOKAMOHHBIE TPaHUIBL, 10 (hopMe ONM3KH K PAaBHOOCHBIM HMJIM CJIeTKa BBITSHYTHI. [locie nByx
npoxonos JAKVII B cTpykType npeobnaialoT ABOMHUKH, XOTS YACTHYHO COXPAHSIETCS U TYEUCTast CTPYKTYpa.
MoskHO 3aKJIIOUUTh, 4TO (parMeHTanus cTpykrypsl npu JAKVYII, ocobenno npu aedopmannu B 2 npoxoaa,
MIPOUCXOANT MPEUMYIECTBEHHO TI0 MEXaHU3MY JABOMHUKOBaHUSA. MUKPOTBEPAOCTb IIPH 3TOM CYLIECTBEHHO
Bo3pacTtaet (1o 1750 MITa).

IIpn KBJ] nponcxonuT 3HaYUTETBbHOE U3MENBUEHUE CTPYKTYPBl U POCT MUKPOTBEPJIOCTH. YK€ MpH ca-
Mol HM3KOW cTenenu nedopmanuu (Ha 0,5 obopora) B oOpasmax (GopMupyeTcs YIbTpaMmeaKo3epHUCTas
cTpykrypa. [Ipu aToM HabmrogaeTcst HEOOHOPOJHOCTH CTPYKTYPHI IO panuycy oOpasua: camble MEJIKHE 3ep-
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Ha (GOpMHUPYIOTCA Ha Kpalo JUcKa, a Haubomnee kpymnHele B Hentpe. [locne nepopmannu KB/ Ha 0,5 o6opora
CpeAHui pa3Mep KPUCTAIIUTOB Ha cepeanHe paauyca odpasua cocrasinsier 300400 HM, a MUKPOTBEPIOCTD
nocruraet 2100 MIla, pe3ko Bo3pacTtasi o CpaBHEHHIO ¢ 3aKalieHHbIM coctosiHueM (770 MIla). C yBenu-
YeHHeM yKcia 000poTOB HAOIIOAAETCS U3MEIbUEHHE CTPYKTYPHl U YBEIUYCHUE €€ OJHOPOTHOCTH, a TaKkKe
poct MukporBepaoctd. CHavaga 5TH U3MEHEHHs BeJIHKH (mocie nedopManuu Ha 1 000poT pa3mMeps! KpHc-
TaJUTUTOB YyMeHbLIaroTcs 10 ~200 HM, a MEKpOTBEpA0CTh Bo3pactaeT a0 2400 MIla), a 3atem u n3MensueHne
CTPYKTYPBI, U MTOBBIILIEHHE MUKPOTBEPAOCTH C pocToM aedopmanun 3ameanstores. [locie negopmarnmu Ha
3 u 5 000pOTOB pa3Mephl KPUCTAILTUTOB (Ha cepefnHe paauyca) cocTaBisitoT ~110 u ~100 M, a 3HaYCHHS
mukpoteepaoctu 2450 u 2500 MIIa, coorBeTcTBeHHO. MOXKHO TOJIaraTh, YTO MPH KPyYeHUH Ha 5 000po-
TOB JOCTHTaeTCsl CTaAWsl HACBIIIEHU, IPH KOTOPOH yBEeIHUYCHHE CTENEHU NePOpMalH YKe HE PUBOIUT
HU K TIOBBIIIEHUIO TBEPAOCTH, HU K U3MENBUEHUIO 3€PEHHOM CTPYKTYPBHI.

MukpoTBepaocTs XpoMorahHIEeBOH OpOH3HI B 3akaneHHOM coctosHuy, nocie AKYIT u KB/l Heckonbko
BhIIIIE, 4YeM rayHHEeBOW OPOH3bI, HO Pa3IMUYUsl B MUKPOTBEPIOCTH U CTPYKTYpe HEBEIUKU. MOXKHO 0XKHIATH,
YTO TAaKUE Pa3INnuus MPOSABATCS B OOJNBIICH CTENICHHU ITOCIE CTAPEHUSI.

Pabota BeimonHeHa B pamkax rocynapcrsennoro 3aaanust MUUHOBPHAYKU o teme «DyHKIus».

EVOLUTION OF THE STRUCTURE OF CHROMIUM-HAFNIUM
BRONZE UNDER HIGH-SPEED DYNAMIC DEFORMATION
AND HIGH-PRESSURE TORSION

V. V. Popov', E. N. Popova', R. M. Falahutdinov', G. V. Gaan®, E. V. Shorokhov*

'M. N. Miheev Institute of Metal Physics, UB RAS, Ekaterinburg, Russia

2FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

The structure and properties of Cu-0.45%Cr-0.54%Hf chromium-hafnium bronze processed by high-speed
dynamic deformation by dynamic channel-angle pressing (DCAP) and severe plastic deformation by high-
pressure torsion (HPT) have been studied. The studies were carried out by optical and electron microscopy
and measurement of microhardness. After casting, the bronze was subjected to hot forging at 600°C and then
quenched in water from 950°C. After hot forging, the structure contains a large amount of coarse precipitates
identified as CuSHf intermetallic compound and Cr. After quenching, the CuSHf precipitates are no longer
detected in the structure, but a small amount of coarse precipitates of Cr is retained. In the initial hardened
state, the microhardness is 770 MPa, and most of the grains are 100-200 pm in size.

After 1 pass of DCAP, the surface of the samples is sufficiently even and smooth, without burrs and
cracks. After 2 passes, small scratches appear on the inner surface, but there are no cracks. After 3 passes,
cracks appear in the samples. In samples after DCAP, large Cr particles are found, as in the initial quenched
state. After 1 pass, there are two types of areas in bronze, with a cellular structure and with a predominance
of twins, which indicates the action of two deformation mechanisms: slipping and twinning. Cells up to
1 um in size have wide dislocation boundaries and are close to equiaxed or slightly elongated in shape.
After two DCAP passes, the structure is dominated by twins, although the cellular structure is also partially
preserved. It can be concluded that fragmentation of the structure uder DCAP, especially upon deformation
in two passes, occurs predominantly by the twinning mechanism. In this case, the microhardness increases
significantly (up to 1750 MPa).

Under the HPT, there is a significant refinement of the structure and an increase in microhardness. Already
at the lowest degree of deformation (by 0.5 revolutions), an ultrafine-grained structure is formed in the
samples. In this case, the heterogeneity of the structure along the radius of the sample is observed: the finest
grains are formed at the edge of the disk, and the largest in the center. After the HPT by 0.5 revolutions, the
average crystallite size at the middle of the sample radius is 300400 nm, and the microhardness reaches
2100 MPa, sharply increasing compared to the quenched state (770 MPa). With an increase in the number
of revolutions, the refinement of the structure and increase in its uniformity, as well as the increase in
microhardness, are observed. Initially, these changes are pronounced (after deformation per 1 revolution,
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the average crystallite size decreases to ~200 nm, and the microhardness increases to 2400 MPa), and then
both the structure refinement and the microhardness increasing slow down with increasing strain. After
deformation by 3 and 5 revolutions, the crystallite sizes (in the middle of the radius) are ~110 and ~100 nm,
and the microhardness values are 2450 and 2500 MPa, respectively. It can be assumed that under the HPT
by 5 revolutions, a saturation stage is reached, at which an increase in the strain no longer leads to either an
increase in hardness or a refinement of the grain structure.

The microhardness of chromium-hafnium bronze in the quenched state, after DCAP and HPT, is slightly
higher than that of hafnium bronze, but the differences in microhardness and structure are small. It can be
expected that such differences will manifest themselves to a greater extent under aging.

The work was carried out in the framework of the State Task of Ministry of Education and Science on the
topic “Function”.
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NCCIEJOBAHUE BJINAHUA OBPABOTKHN YCKOPEHHBIMU
JEKTPOHAMM HA UBSMEHEHUE ®U3UYECKUX CBOVICTB
HNOJUDITUJTEHTEPE®TAJIATA, IPUMEHSEMOTI'O JIJIs1 U3JIEJIUHA
MEANLINHCKOI'O HASBHAYEHUA

U. C. Kamanyes, E. A. [Iymunosa, B. I1. lllsetikun, U. I Mapeamos
OI'bYH UuctuTyT MamuHoBeaenns umenu OD. C. TopkyHoBa YpO PAH, ExarepunOypr, Poccus

[I9T®, (monusTHACHTEpEdTANIAT) — STO TEPMOIIACTUYHBIN MTOTUMED, SBIAIOLIUICS CaMbIM PacpocTpa-
HEHHBIM cpeau noanm3$upoB. Marepuan obnagaeT Npo3payHOCThI0, BHICOKOH MPOYHOCTHIO, XOPOIIeH Iiac-
TUYHOCTBIO (IIPUYEM B HArpeTOM COCTOSHHHU, U B XOJIOJHOM), XUMHUYECKOH CTOMKOCTHIO. DTOT MaTrepHuai
HIMPOKO MPUMEHSETCS BO MHOTUX OOJIACTSAX MPOMBILIUIEHHOCTH, B TOM uHcie U B Menuuune. [19Td-tapa
B HAcTOsIIEeE BpeMs aKTUBHO BBITECHACT TaKHWe TPaJAWLHMOHHBIC BUABI alTEYHON, MEOUIMHCKOHN U nadopa-
TOPHOM Tapkl, Kak CTEKNO U KapToH. [IDT® mmpoko ncnonas3yercs Mpu NPOU3BOJCTBE OAHOPA30BbIX H3JIe-
Ui MEIWIMHCKOTO Ha3HAauYeHHs (CHMHTETHYECKHH IIOBHBIA Marepual, 3JIeMEeHTHl HaOopoB Ui omepauunit
u mp.). OAHAKO BCIEACTBHE CBOSH TEPMOUYBCTBUTEILHOCTH MeAULMHCKHE u3nenus u3 [I3TD tpebytot Tak
Ha3bIBAEMBIX «XOJOIHBIX)» METOAOB CTEPHIIN3ALINH, OTHUM U3 KOTOPBIX SBJIAETCS paguallMOHHbBIN, KOTOPBIH,
B CBOIO OYe€pelb, MOXKET MPHUBOIUTH K ACCTPYKIHMH MOJMMEPHOro Marepuaia. OO0paboTka yCKOPEHHBIMU
SNIEKTPOHAMH C SHEPTUSMH HUKE TIOPOTa BOSHUKHOBEHUS SIEPHBIX peakiuii (00b1aHo0 10 10 MaB) ncnons-
3yeTcs A MPOMBIIUIEHHOW CTepUIM3alUi U3AEeIuil MEAULIMHCKOro HazHaueHus. CormacHO cTaHaapTam,
npumensieMsiM B PO (I'OCT ISO 11137-1-2011) anama3oH npuMeHSEMbIX A7 CTEPUIM3AlK 03 PaBeH
15-25 xI['p. Be160p 10361 00YCIIOBIICH yCIIOBHEM 00€CIICUCHUST YCTAHOBICHHBIX TPEOOBAHUN K CTEPUIIEHOCTH.
Ho nmpu 3TOM npouenypa paauaioHHON CTEpUIM3alud HEe JODKHA CYIIECTBEHHO yXYAIaTh MOTPeOUTENb-
CKHE€ CBOWCTBA M3JeNHi. B cBsI3M ¢ 3TUM, akTyaJIbHBIM MPEACTABIAETCS MOUCK YyBCTBUTEIBHBIX METOAOB
OLIEHKH MOCTPAANALMOHHOTO U3MEHEHHsI (PU3NKO-XUMHUYECKUX CBOMCTB MEIUIMHCKUX u3aenui u3 [12T.

UccnenoBanus npoBonwinchk Ha mpodupkax u3 [IDTO obdvemom 9 u 5, KOTOpble OBUIM MOABEPTHYTHI
CTEPUIN3ALIMOHHOMY HOHH3HUPYIOIIEMY [3-M3JIy4eHHIO ¢ J03aMH B Auarna3one ot 5 1o 25 kI'p. s ananusza
HU3MEHEHUs (PU3NYEeCKUX CBOWCTB HCCIeNyeMbIX 00pa3uoB npuMeHsuin metox MK-crnekTpockonuu, a Takxke
OLICHUBAJIM U3MEHEHNE ONTUYECKUX CBOMCTB 00pa3IoB.

Anamu3 nonyuenHsix UK-cnekrpoB Ha uccnenyembix obpasuax [I9T® mo3BomnseT roBOpUTh O TOM, YTO
BO3JCHUCTBUE pagUalliOHHOTO [-00TyueHUs! BEIMYMHON 5 KIp OKa3bIBaeT OJHO3HAYHOE BIMSHHE Ha MH(pa-
kpacHble crieKTpbl [I19T®, To ecTh panuauuoHHbIN 3P QEKT, 3aKITI0YaronIMiACs B yMeHbIIEHHH KonndecTtBa C-H
CBsI3el MPUCYTCTBYET H, 110 BCEW BUAMMOCTH, CBA3aH C MPOLIECCOM ACTHAPUPOBAHUS MaTepraia MpoOUpPOK.

s oleHKH BAMAHUS -M3Ty4YeHHs] HA U3MEHEHUS ONTHYECKUX CBOMCTB MPOOUPOK, U3TOTOBJICHHBIX U3
[ITO® 6bL10 POBEACHO 1BE CEPUM MCIIBITAHUN: aHATU3 U3MEHEHHsI K03 (QUIeHTa npeoMIeHus 1 Kod(d-
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(urmenTa orpaxenus. B mepBoM citydae B X0/1¢ SKCIIEPUMEHTOB ObLIO CIICIaHO HECKOIBKO CEPUN ChEMOK.
[To momyueHHBIM CHUMKaM OBUIO MPOAHATU3UPOBAHO M3MCHEHNE HMHTEHCUBHOCTU CBETOBOTO TIOTOKA, IMPO-
XOJIAIIETO Yepe3 00pa3ilbl, U COCTaBICHA Ta0IMIIa CPAaBHEHUS MEXKIY 00pa3liaMu, KOTOPHIE MTOJ[BEPTaIHCh
o0y4eHuto u 00pasiamu 0e3 00myueHus. M3amepeHus ypoBHel CUTHalIa, XapaKTePU3YOIIUX SPKOCTh 00bEK-
Ta, MPOBOIWINCH IMyTeM YCPETHCHHS 3HAUCHHUI BOKPYr BBHIOPAHHOW TOYKH JUIS O0JacTel pasmepoMm 2x2,
3x3, 4x4 u 5x5 nukceneit A1 TOro, 4ToObI MOA00PATh ONTUMATBHBIN pa3Mep obnacTu. M3 npencTaBieHHbIX
JAHHBIX BUHO, YTO B CPEIHEM HAOIIONATOCh OTHOCHTEIBHOE M3MEHECHUE NHTEHCUBHOCTH Ha 3—4% OTHO-
CUTEIILHO HEOOIYUYCHHBIX 00pa3ioB. VI3MeHeHNEe NHTEHCUBHOCTH yKa3bIBa€T Ha TO, YTO OOBEKT Hadaj Ipo-
MyCKaTh MEHBIIIE CBETA MTOCJIE OOIYYCHHUS, YTO BEPOSATHO TOBOPUT 00 YXYAIICHUH €r0 ONTUYECKUX CBOWCTB,
T. €. O IIPOMOPIIMOHATLHOM YBEIMYCHUHU KoddduiuerTa npeaomicHus. COriacHO KIACCHUECKUM MPEICTaB-
JISHUSIM O CTEKJIaX U JIPYTHX ONTHYCCKH MPO3PaYyHBIX 00BEKTaX, B HUX C POCTOM KOA(D(QUIIMCHTA TIPEIOM-
JICHUS BO3pacTaeT U KOA(PUIIMECHT oTpakeHUs. Pe3ynbraThl cepuy UCTIBITAHUH MOJHOCTBIO MOITBEPIUIN
BBIIBUHYTYIO TUIIOTE€3y M IOKAa3ajd yBEJIMYEHUWE MHTEHCHBHOCTU OTPaKEHHOTo motoka Ha 7-10% mis
Pa3IMYHBIX TOYEK B 00JACTH pacHoOjOKEHHUs o0pasia st 00nydeHHOro oopasina. Takum oOpa3oM, mpoBe-
JICHHBIC MCCIICIOBAHUS MTO3BOJISIOT MPEAOIOKUTH BO3MOXKHOCTh OIEHKH U3MEHEHHS (PU3UUECKUX CBOWCTB
[NIOT® nocne 00my4eHUs TPY TOMOIIU ONTHYESCKOTO KOHTPOJISI U3/IEIUN Ha IIOTOKOBOM ITPOU3BOJICTBE.

[IpoBeneHb!I HccaeMOBaHUS IO BIMSHUIO [3-U3Ty4YeHHUS HA (PU3UYECKHE CBOMCTBA MEIUIIUHCKUX MPOOH-
pox, usroroBieHHbIX U3 [I13T®, metogamu MK-CeKTpOCKONUK M MPOLIEANIETO ONTHYECKOTO U3Ty4YEHHUSI.
YCTaHOBIIEHO, YTO BO3ACHCTBUE PAIUAIMOHHOTO [3-00IydeHus BeIMYMHON 5 KIp OKa3bIBaeT OHO3HAYHOE
BIMsiHME Ha uH(pakpacHbie criekTpel [IDTD. CornacHo pesynsraram MK-CHEeKTpOCKONIMU yKa3aHHOE BIIH-
sIHUE CBSI3aHO ¢ yMmeHblneHneM konmuuectBa C-H cBszeil. YMmenbmenue C-H cBsizelt, mo Bcelt BUIUMOCTH,
CBSI3aHO C MPOIECCOM JCTUAPUPOBAHUS MaTepralia MPOOUPOK, YTO B CBOKO OYEpPEab U3MEHSICT ONTHYECKHE
CBOICTBa MCCIIEYEMOro 00ObEKTa — MPUBOAMT K YBEIMYCHHUIO KOA(D(UITMEHTA TPEIOMIICHUS U TIPOTIOPIIAO-
HAJIBHOMY YBEIUYCHUIO KOA((QUIIMEHTa OTPaKECHUSI.

STUDY OF THE EFFECT OF TREATMENT
WITH ACCELERATED ELECTRONS ON THE CHANGES
IN PHYSICAL PROPERTIES OF POLYETHYLENE
TEREPHTHALATE USED FOR MEDICAL PRODUCTS

LS. Kamantsev, E. A. Putilova, V. P. Shveikin, I. G. Margamov
Institute of Engineering Science, Ural Branch of the Russian Academy of Sciences, Ekaterinburg, Russia

PET, (polyethylene terephthalate) is a thermoplastic polymer, which is the most common among polyes-
ters. The material has transparency, high strength, good ductility (both in a heated state and in a cold one), and
chemical resistance. This material is widely used in many industries, including medicine. PET containers are
currently actively replacing such traditional types of pharmaceutical, medical and laboratory containers as
glass and cardboard. PET is widely used in the production of disposable medical products (synthetic suture ma-
terial, elements of surgical kits, etc.). However, due to their thermal sensitivity, PET medical products require
the so-called “cold” sterilization methods, one of which is radiation, which, in turn, can lead to the destruc-
tion of the polymer material. Processing with accelerated electrons with energies below the threshold for the
occurrence of nuclear reactions (usually up to 10 MeV) is used for industrial sterilization of medical devices.
According to the standards used in the Russian Federation (GOST ISO 11137-1-2011), the range of doses used
for sterilization is 15-25 kGy. The choice of dose is determined by the condition of ensuring the established
requirements for sterility. But at the same time, the radiation sterilization procedure should not significantly
impair the consumer properties of products. In this regard, it seems relevant to search for sensitive methods for
assessing post-radiation changes in the physicochemical properties of medical products made from PET.

The studies were carried out on PET test tubes of 9 and 5 volumes, which were subjected to sterilization
ionizing B-radiation with doses ranging from 5 to 25 kGy. To analyze the change in the physical properties
of the samples under study, the method of IR spectroscopy was used, and the change in the optical properties
of the samples was also evaluated.
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An analysis of the obtained IR spectra on the studied PET samples suggests that the effect of radiation ex-
posure of 5 kGy has an unambiguous effect on the infrared spectra of PET, that is, the radiation effect, which
consists in a decrease in the number of C-H bonds, is present and, apparently, is associated with the process
dehydrogenation of the tube material.

To assess the effect of radiation on changes in the optical properties of test tubes made of PTEF, two series
of tests were carried out: analysis of changes in the refractive index and reflection coefficient. In the first case,
several series of surveys were made during the experiments. Based on the images obtained, the change in
the intensity of the light flux passing through the samples was analyzed, and a comparison table was com-
piled between the samples that were irradiated and the samples without irradiation. Measurements of the
signal levels characterizing the brightness of the object were carried out by averaging the values around the
selected point for areas of 2x2, 3x3, 4x4 and 5x5 pixels in order to select the optimal size of the area. From
the presented data, it can be seen that, on average, there was a relative change in intensity of 3—4% relative to
non-irradiated samples. The change in intensity indicates that the object began to transmit less light after ir-
radiation, which probably indicates a deterioration in its optical properties, i. e. about a proportional increase
in the refractive index. According to classical ideas about glasses and other optically transparent objects, in
them, with an increase in the refractive index, the reflection coefficient also increases. The results of a series
of tests fully confirmed the hypothesis put forward and showed an increase in the intensity of the reflected
flux by 7-10% for various points in the sample location area for the irradiated sample. Thus, the conducted
studies suggest the possibility of evaluating the change in the physical properties of PET after irradiation
using optical control of products in mass production.

Studies have been carried out on the effect of treatment with accelerated electrons on the physical prop-
erties of medical test tubes made of PET using IR spectroscopy and transmitted optical radiation. It has
been established that the effect of radiation B-irradiation with a value of 5 kGy has an unambiguous effect
on the infrared spectra of PET. According to the results of IR spectroscopy, this effect is associated with a
decrease in the number of C-H bonds. The decrease in C-H bonds, apparently, is associated with the process
of dehydrogenation of the test tube material, which in turn changes the optical properties of the object under
study — leads to an increase in the refractive index and a proportional increase in the reflection coefficient.
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JUHAMMNYECKHUE CBOVCTBA
AJTIOMHUHHUEBOTI'O CIIJIABA AJITOK

JI. IO. Pacnocuenxo', A. H. Ilemposa', I B. Fapxywun®, A. C. Casunvix®, C. B. Pazopenog*

1I/IH(:TI/ITyT ¢uzuku meramoB YpO PAH, Exkarepun0ypr, Poccus

2<DenepanLHLIp“1 HCCIIeNOBATECIIbCKHUI TICHTP TTPOOJIeM XUMUYeCKOW (DU3UKHA U MEeAUITMHCKON Xumun PAH,
YepnHoroinoska, Poccus

B pabote nccienoBaHbl ynpyrue U MPOYHOCTHBIE CBOMCTBA JIMTOTO KPYMHO3EPHUCTOTO U AedopMupo-
BaHHOTO Menko3epHucToro craBa AJITOK cucrembr Al-Mn-Cu-Zr-Cr (Al-1.53Cu-1.66Mn-0.38Zr-0.15Cr-
0.15Fe (macc. %)) npu Harpy>XeHUU yoapHBIMH BOJTHAMHU.

Cautku 1eOopMUpPOBaIN Ha ONBITHO-IIPOMBIIIIEHHOM CTaHE METOAOM PagualibHO-CABUIOBOM MPOKAT-
ku (PCII) B gBa mpoxona mo cxeme D40—->J31—->324 mm npu temneparype 350°C 6e3 mpoMexyTOUHBIX
orxuroB. KospouureHt BeITSDKKHM cocTaBua |1 = 3,4. MeTonamu CBETOBOHM, MPOCBEUMBAIOIICH U CKaHU-
pYIOIIEH 3IeKTPOHHON MUKPOCKOINH, PEHTTEHOCTPYKTYPHOTO aHalu3a ObLIM U3YUYEHBI CTPYKTYypHO-(a3o-
Bble nipeBpauieHus B ciutase AJITOK B mponecce PCII u mocnenyromero oTxura, onpenaeaeHo BIusHIE Je-
¢dopmanun 1 moctTaeOPMAIOHHON TepMUIECcKOil 00pabOTKN Ha CTaTHUECKUE M IUHAMHUYECKHE CBOMCTBA
criaBa. [lokaszano, yto PCII, xak MeToJ MHTEHCHBHOM ITaCTHUYECKOH Aedopmanum, mpuBel K GopMUpOBa-
HUIO MEJTKO3EPHUCTOH CTPYKTYPBI CO CPEHUM Pa3MepoM 3epeH 1,5 MKM, B TO BpeMsi KaK B JINTOM COCTOSIHUN
pasmep 3epHa coctasisul 3000 MxMm. CyliecTBEHHOE H3MENBUSHNE 3ePEHHON CTPYKTYpPHI ciiaBa IpH aedop-
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Malliu CHOCOOCTBOBAJIO MOBBIIIEHUIO YCIOBHOTO Tpesiena TeKydecTu ciuasa ot 57 go 76 MIla u npenena
npodHocTH ot 166 no 251 MIla, oTHOCcHTenbHOTO yasIuHEHUS OT 22 10 29%.

OKCIIEpUMEHTHI 10 HAarpyk€HUIO YJapHbIMM BOJHAMHU IPOBOJWINCH NPH KOMHATHOM TeMIlepaTrype
u noBbllIeHHON Temneparype 400°C. YioapHble BOTHBI CKaTUsl TEHEPUPOBAINUCH B 00pa3liaX TOJIIMHON
0,14 MM npu coynapeHuu ¢ alfOMUHUEBBIMU yaapHukamu TonuuHoi 0,05-0,95 MM, pa3orHaHHBIMHU C TO-
Mouipto mHeBMaTnueckoil mymku 11150 kamubpom 50 mm no ckopoctu 335 £ 10 m/c. Bo Bcex akcnepu-
MEHTaxX B IpoLecce Harpy>KeHus: MPOBOAMIACH PETUCTPaLUs MPOPHIIS CKOPOCTH CBOOOIHOM MOBEPXHOCTH
00pasLoB — tx(f) C MOMOILBIO JTA3EPHOTO }_'[OHHJ'IepOBCKOFO HHTEPPEPOMETPHUECKOTO U3MEPUTENSI CKOPOCTH
VISAR ¢ BLICOKI/IM npoctpancTBeHHBIM (~0,1 MM ) U BpeMEHHBIM pa3pemieHneM (~1 Hc). Bennunny nu-
HaMHMYECKOTO Tpenena YIpyrocTH U OTKOJBHON MPOYHOCTH ONpENeNsIf U3 aHajdn3a NpoQuied CKOpOCTH
CBOOO/IHOI MOBEpXHOCTH 00pa3LoB. BenencTBrie BRICOKOH TUIACTHYHOCTH CIIJIaBa HA BOJHOBBIX MPOQUIIIX
HaOMI01aJ10Ch 3aTSIHYTOE pa3pyLIeHHE, KOTOPOE BHIPaKaIOCh B YMEHBLICHUH CPEAHEH CKOPOCTH CBOOOAHON
MOBEPXHOCTH Mociie oTKoja. OOHApyKEHO, YTO BMECTO OXKUAAEMOI0O YBEJIMYEHHUS MPOYHOCTHBIX XapakTe-
PHUCTHK, Y 1e(OPMUPOBAHHOTO MEIKO3EPHHUCTOTO CIUIABA ISl BCEX YCIOBUI HArpyKeHHs1, HAPOTHUB, IPOHC-
XOJIMJIO YMEHBIIEHHE TUHAMHUYECKOTO Mpe/esia yIpyrocTy, a OTKOJIbHAs IPOYHOCTDH NMPAKTHUECKH HE U3Me-
HUJIACh TI0 CPaBHEHUIO C KPYITHO3EPHUCTHIM cIuiaBoM. [loBbimenne temmeparypsl aedopmanmu 1o 400°C
MIPUBEJIO K CHUYKEHUIO IPOUYHOCTHBIX CBOMCTB CIUIaBa B HE3aBUCUMOCTH OT €T0 UCXOAHOM CTPYKTYpHI.

OKCIIepUMEHTHI IO HarpyKEHUIO YIapHBIMU BOJIHAMU BBIITOJHEHBI B paMKaX rOCYIapCTBEHHOTO 3aJJaHUs
MunucTepcTBa HayKH U BhIciiero oopazoBanust PO (tema Ne AAAA-A19-119071190040-5), cTpykTypHBIE
WCCIIeIOBaHMs U aHaJHM3 BOJHOBBIX mpoduiieii B pamkax nmpoekra PHONe22-23-00904.

DYNAMIC PROPERTIES OF THE ALTEK ALUMINUM ALLOY
D. Y. Rassiyenko', A. N. Petrova', G. V. Garkushin®, A. S. Saviny?, S. V. Razenov*

'M. N. Mikheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences, Ekaterinburg,
Russia

?Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS,
Chernogolovka, Russia

The work is devoted to the research of elastic and strength properties of cast coarse-grained and deformed
fine-grained AlI-Mn-Cu-Zr-Cr (Al-1.53Cu-1.66Mn-0.38Zr-0.15Cr-0.15Fe (masses)) ALTEK alloy system.

The ingots were deformed on a pilot-industrial mill by radial shear rolling (RSR) according to the
scheme J40—J31->24 mm at a temperature of 350°C without intermediate annealing. The extension
coefficient was p = 3.4. Structural and phase transformations in the ALTEK alloy in the process of RSP and
subsequent annealing were studied by the methods of light, transmittion and scanning electron microscopy,
X-ray analysis. The influence of deformation and post-deformation heat treatment on the static and dynamic
properties of the alloy was determined. It was shown that the RSR, as a method of severe plastic deformation,
resulted in the formation of a fine-grained structure with an average grain size of 1.5 pm, while in the cast
state the grain size was 3000 um. The substantial grain refinement by the deformation contributed to an
increase in the yield limit of the alloy from 57 to 76 MPa and the ultimate tensile strength from 166 to 251
MPa, the elongation to failure from 22 to 29%.

The shock wave loading experiments were carried out at room temperature and at elevated temperature of
400°C. Compression shock waves were generated in 0.1-4 mm thickness samples with aluminium strikers
0.05-0.95 mm thick accelerated using 50 mm caliber pneumatic gun to the velocity of 335 = 10 m/s. In all
experiments the free surface velocity profile of the samples — u,(f) was recorded using the laser Doppler
interferometric velocitymeter VISAR with high spatial (~0.1 mm®) and time resolution (~1 ns). The Hugoniot
elastic limit and spall strength were determined from the analysis of the free surface velocity profiles of the
samples. Due to the high plasticity of the alloy on the wave profiles there was a prolonged spallation, which
was a decrease in the average free surface velocity after the spallation. Instead of the expected increase in
strength, a deformed fine-grained alloy was found to have reduced Hugoniot elastic limit for all loading
conditions, and the spall strength was almost unchanged compared to coarse-grained alloy. Heating the
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samples to a temperature of 400°C led to a noticeable reduction of strength properties of ALTEK alloy
regardless of its structure.

Experiments on shock loading were carried out within the framework of the state task of the Ministry of
Science and Higher Education of the Russian Federation (AAAAA-A19-119071190040-5), structural char-
acterisation and analysis of wave profiles were carried out within the framework of Russian Foundation for
Basic Research (the project Ne 22-23-00904).
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MOJN®UIIUPOBAHHBIN TECT TEMJIOPA
C IPO®PNJINPOBAHHBIMHA MEJJHBIMHU TUJIUH/IPAMU:
SKCHNEPUMEHT, MUKPOCTPYKTYPHBIN AHAJIN3
M 3D SPH MOJIEJITUPOBAHUE C OITUMHU3AIIUEN MOJEJIN
JTUCJIOKAIIMOHHOM NJIACTUYHOCTH

E. C. Poouonos, B. B. Ilocopenko, B. I Jlynanos, I1. H. Matiep, A. E. Matiep

UenssOMHCKUIA TOCYIapCTBEHHBIN yHUBepcuTeT, Yensionnck, Poccus

CoBpeMeHHBII Tporpecc B YUCICHHOM MOAEIMPOBAHUN U MAIIMHHOM OOYYeHHUH MO3BOJISIET MPUMEHSTh
CIIOKHBIE YCJIOBHSI HArpyKEHUsI UIsI MICHTU(PHUKALMHN TapaMeTPOB MOJENEH IIIACTUYHOCTH. JTa BO3MOXK-
HOCTb PAaCHIMPSIET CHEKTP PaccMaTpUBAEMbIX Je(OPMUPOBAHHBIX COCTOSIHUN U AelaeT WACHTH(GUINpOBaH-
HYIO MOJIENb JIy4llle COOTBETCTBYIOIIEH MHKXEHEpHOH mpakTuke. PazpaboTan KoMOMHUPOBAHHBIH 3KCIIEPU-
MEHTaJIbHO-YUCIICHHBIN MOAXO IS ONpeAeTeHUs MapaMeTpOB MOJAEIM U HCCIEJOBAaHUSA TUHAMHUYECKOH
IJTACTUYHOCTH MeTasuIoB. [lonxon MpoaeMOHCTPUPOBAH Ha IPUMEPE XOIOAHOKAaTaHOH MeH.

B skcneprMeHTanbHON YacTH MpeasioKeHbl MPOQUINpOBaHHbIE 00pa3ibl, GOpMa KOTOPHIX MO3BOJSET
JOCTUraTh OONBIINX MIACTHYECKUX AedopMannii co CKOPOCTAMHU AedOpMALHH 10 10° ¢! MIPU CKOPOCTAX
yaapa meHee 130 m/c. Hunuuap nuamerpom 8 MM U 1mHOM B 40 MM OB BBIpE3aH U3 MEAHOTO XOJIOXHOTS-
HYTOTO NpyTKa OeckuciIoponHoi mend M1 u 00ToueH B TOJIOBHOM YacTH AJIsl IOIYUEHUs TPEX PasluIHBIX
¢opm: 1) yMeHBIIEHHBIH IUIMHAP IMaMEeTPOM 3 MM U AIuHOHM 10 MM; 2) yMEHBIIEHHBIH IMIUHAD AUAMET-
poM 4 MM; 3) yCEeU4eHHBIH KOHYyC TUaMeTpOM B BEpIIMHE 2 MM U ATUHON 20 MM.

B uncnenHoi yacTu MOzENb AUCIOKAMOHHON MIIACTUYHOCTH peaii30BaHa B TPEXMEPHOM CIydae ¢ hc-
MOJIb30BaHUEM YHCICHHOM CXeMbI THAPOAMHAMUKH criakeHHbIX yacTull (SPH) [1]. Panee ata Monens Oblia
MPOBEPEHHA AJIS 33/1a4U O CTPYKTYpE YAapHOU BOTHBI IIPU COyAapeHuu TacTul [2]. Mbl npuMeHsieM Oaiie-
COBCKHH CTaTUCTUYECKHUH METOJ B COUETAaHHU ¢ 00y4eHHON MCKYCCTBEHHOH HEMPOHHOH CEThIO B Ka4eCTBE
amynaropa SPH s onTuMH3anuy napaMeTpoB MOJETN AUCIOKAMOHHON MIaCTUYHOCTH.

CpaBHeHHE KOHEUHBIX (popMm 00pas3noB, MOKAa3aHHBIX Ha pHUC. |, MOATBEpKAaeT MPUMEHHUMOCTH YHC-
JICHHOW Mozaend. MHUKpPOCTPYKTYPHBIH aHalN3 YKa3blBaeT Ha MOPOOOpa3HbIE CTPYKTYPHI pa3MepOM OKOJIO
1040 MKM M 3HAYUTENHHOE M3MENBICHUE 3EPEHHOM CTPYKTYpHl B Ie(OPMHPOBAHHBIX 4YacTAX obOpasia.
B nenedopMupoBanHOi yacTu oOpasiia 3epHa UMEIOT XapaKTepHbIH OJ1eck MeTalInueckol Mean 0e3 mpu-
Mecel M OKHUCIIOB. 3epHa BBITSHYTHI B HaIllPaBJICHUM NMPOKaTKU. MeTon miomanei 1aeT cpeHuil nuamerp
3epHa oxonio 18,4 mxm. Kak B nedopmupoBaHHO#, Tak U B HeAePOPMUPOBaHHON YacTH 00pa3La OTIYETINBO
BUHBI TTOJIOCHI JIOKAJTU3AIMY TUIACTHYECKOTo TeueHus mupuaoil 10-20 mxm. Mukpodotorpadus obpasua
MoKa3aHa Ha puc. 2.

Pabora nopnep:xana Poccuiickum Hayunsim @ongom (mpoext Ne 20-79-10229).
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Puc. 1. CpaBHenue koHeuHOW (opMBI 0Opa3ua rnocie geGopManuy A pa3InuHbIX GOPM YIapHUKOB!

d — YMCHBIICHHBIC 3-MMm HAJTAHAPBI; 0— YMEHBIICHHBIC 4-mm HUIMHAPBI; 6 — YCEUCHHBIC KOHYCBI; ¢ — OJHOPOJAHbIC 8-MMm TUITAHAPBI

a o 6
Puc. 2. ®ororpaduu MUKPOCTPYKTYPBI 1e(hOPMHPOBAHHOIO 3-MM YMEHBIIIEHHOTO 00pasiia, OABEPTrHYTOr0 yaapy co
cKopocThio 122 m/c:

a — B 1e(hopMHUPOBAHHOI TOJIOBHON YacTH 00pa3iia BU3yaIn3UPyIOTCs Mopbl auameTpoM 1040 MkM; 6, 6 — OPbI HAOIIOAAIOTCS
B 00J1aCTH [IEPEXOIHOTO JUaMeTpa 00pasiia clieBa OT TPEILUHBIL, a IOJIOCHI JIOKAIH3ALIY — B 00JIACTH CIIPaBa OT TPEILHHbI
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MODIFIED TAYLOR TEST WITH PROFILED COPPER CYLINDERS:
EXPERIMENT, MICROSTRUCTURAL ANALYSIS
AND 3D SPH MODELING WITH OPTIMIZATION
OF THE DISLOCATION PLASTICITY MODEL

E. S. Rodionov, V. V. Pogorelko, V. G. Lupanov, P. N. Mayer, A. E. Mayer
Chelyabinsk state university, Chelyabinsk, Russia

Modern advances in numerical modeling and machine learning make it possible to apply complex loading
conditions to identify the parameters of plasticity models. This possibility expands the spectrum of deformed
states under consideration and makes the identified model more appropriate for engineering practice. A com-
bined experimental-numerical approach has been developed to determine the parameters of the model and to
study the dynamic plasticity of metals. The approach is demonstrated by the example of cold-rolled copper.

In the experimental part, profiled samples are proposed, the shape of which allows the impactors to
achieve large plastic deformations with strain rates up to 10° s™' at impact velocities of less than 130 m/s.
A cylinder with a diameter of 8 mm and a length of 40 mm was cut from a copper cold-drawn rod of M1
oxygen-free copper and machined at the head part to obtain three different shapes: 1) a reduced cylinder with
a diameter of 3 mm and a length of 10 mm; 2) a reduced cylinder with a diameter of 4 mm; 3) a truncated
cone with a diameter at the top of 2 mm and a length of 20 mm.

In the numerical part, the model of dislocation plasticity was implemented in 3D case using the numerical
scheme of smoothed particle hydrodynamics (SPH) [1]. Previously, this model was tested for the problem
of the structure of a shock wave in the collision of plates [2]. We apply the Bayesian statistical method in
combination with a trained artificial neural network as an SPH emulator to optimize the parameters of the
dislocation plasticity model.

A comparison of the final shapes of the samples shown in Fig. 1 confirms the applicability of the numeri-
cal model. Microstructural analysis indicates porous structures with a size of about 10—40 microns and a sig-

c d
Fig. 1. Comparison of the final shape of the sample after deformation for different shapes of impactors:

a —reduced 3-mm cylinders; b — reduced 4-mm cylinders; ¢ — truncated cones; d — uniform 8-mm cylinders
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nificant refinement of the grain structure in the deformed parts of the sample. In the undeformed part of the
sample, the grains have the characteristic luster of metallic copper without impurities and oxides. The grains
are elongated in the rolling direction. The area method gives an average grain diameter of about 18.4 pm.
Both in the deformed and in the undeformed part of the sample, bands of localization of plastic flow with a
width of 10-20 um are clearly visible. A micrograph of the sample is shown in fig. 2.

The work was supported by the Russian Science Foundation (project no. 20-79-10229).

a b c
Fig. 2. Photos of the microstructure of deformed 3-mm reduced sample impacted with the velocity of 122 m/s:

a — pores with a diameter of 10—40 micrometers are visualized in the deformed head part of the sample; b, ¢ — pores are observed
in the region of the transition diameter of the sample to the left of the crack, and localization bands are observed in the region to
the right of the crack
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®U3NYECKUE CBOMCTBA TYTOIIABKMX KAPEH/IOB
(QHTAJILIUS, TENJIOEMKOCTb C,, TEILTOTA ILIABJIEHHS
U JIEKTPOCONMPOTUBJEHUE) — J10 5000 K; U YIVIEPOJA, —
J10 8000 K (BKJIFOUASI TEILIOEMKOCTb C))

A. M. Caseamumckuii?, C. B. Onygpues*
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206beMHEHHBIH WHCTUTYT BBICOKUX Temreparyp PAH, Mocksa, Poccus

[ToTpeGHOCTH aTOMHOM YHEPTETHKH COCTOSAT, B YACTHOCTH, B HCIOJIb30BAHUH TYTOIUIABKUX COCTUHEHUH
(B OCHOBHOM, Ha OCHOBE KapOHMIIOB M yIliepoAa) AJsl CO3JaHMs TEIUIOBOM 3alUThl MPU BBICOKHUX TeMIIepa-
Typax. B mpencraBieHHOM A0KIaje MPUBEACHBI MOTY4YeHHBIE SKCIIEPUMEHTAIBHBIE JaHHBIE 110 TETUIO(QH3H-
YECKUM CBOMCTBaM yKa3aHHBIX BEILECTB JI0 MPeENbHO BEICOKUX TeMreparyp, nopsaka 6000 K. Mcnonb3o-
BaJsicsi ObICTpBI HarpeB (5—10 MKC) UMITyTbCOM JEKTPUUECKOTO TOKa [1], uTo obecneynBano momydeHne
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B €IMHOM aKTe HarpeBa cpa3y HeCKOJBbKHX TEIUIOPU3NUECKUX CBOUCTB (IHTANBINYU H, TEIUIOTHI MJIaBIeHUS
AH, tennoemkocTH C,, IEKTPOCONPOTHBICHHUS €). IMILy/IbCHBII HArpeB TOKOM 3 (EKTUBEH TAKXKE B OTHO-
LIEHUH SKOHOMHH 3aTpart MpH AOCTHKCHUH BBICOKUX TeMneparyp. He TpeOyroTcs ¢puHaHCOBBIE CpelicTBa Ha
CO3J]aHNe CTAIIMOHAPHOTO 00OPYIOBaHMS AJIsl MOCTOSHHOTO MOAJEP KaHUS BBICOKOH TeMIlepaTyphl, HarpeB
obecnieunBaeTcs [[>k0yneBbIM TETIOBBIIENIEHHEM [TPU KPATKOBPEMEHHOM NMPOXOXKIECHUH UMITYJIbCa TOKA Ye-
pe3 mpoBoIsLIMiA 0OpaseL.

Temneparypa u3mepsiach [2] OBICTPOACHCTBYIOIINM (OTOAECTEKTOPOM IO H3IIyYEHHIO MOBEPXHOCTU
TUIOCKOTO 00pa3ua, U paccunThIBasIach fanee 1mo Gpopmyne [lnanka (mpu M3BECTHOM 3HAYEHUH HOPMaJIbHON
U3JIy4aTeNIbHOH criocoOHOCTH MaTepHana €). B ciydae oTcyTcTBUS mocienHel B IuTepaType, HCHOIb30Bal-
cs1 o0pasell B BUJE YTOJIKOBOM MOJIENIM YEPHOTO Teja: IBE€ TOHKME TIOCKOCTH, PACHIONIOKEHHBIE 10 YIIIOM
~15-20 rpamycoB (B hopMe IPHOTKPBITOH KHUTH). ITO 00ECIeYNBAJIO MOTYYCHUE JOCTOBEPHOTO pe3yabTara
0 TeMIeparype, ¢ HaaexkHoCThio 0,95.

CaoiicTBa yriepoaa mony4yensl ans obnactu miasnenus (~4800-5000 K) u B sxuaxoii dase, BIIIOTH 10
8000 K [3]. [Tnockue obpasipl rpaduTa pasMeIaiuch MeX1y AByX TOHKHX CTEKISHHBIX TUIACTHH It 00ec-
MEYeHNsT HEKOTOPOTO MOBBIIIEHHOTO AaBJieHus, bonee 120 Oap (TpoliHasi TOUKa yIiepoaa).

B srom ciyuae usmepsitack Temoemkocts C,. Temmoemkocts Cj, XKUIKOTO yIIepoaa Mojiy4eHa B I0-
NOOHOH AYelike TpH TOMIIUHE TuIacTHH cTekia Td-5 (Tsoxensiit GmuaT) ~10 MM Kakgast, 9YTo MPU KOPOT-
KOM HarpeBe 00eCIeuniIo CO3aHne UMITYIbCHOTO aBIeHUs Ha YPOBHE JBYX JECITKOB KOap. Peructpauus
MOCTOSIHCTBA 3JMEKTPOCOIPOTHUBIICHHUS KHUIKOTO YIIEpOAa B 3TOT MOMEHT HOATBEPKAACT YCIOBUS OIHM3KHE
K TIOCTOSIHCTBY 00beMa.

HUccnenopamucs Tyromnaskue kapouasl ZrC, ZrC+C, TaC, HfC (no 5000 K), 0630p nan B [4]. BriepBbie
B MUPOBOH NMpaKTUKe, ObUIM BBHIMOIHEHBI dKcniepuMeHTHI (10 5500 K) ¢ BEICOKORHTPONMHHBIM KapOHIOM
(HfTaTiNbZr)C, npeacraBnsitoniuM coO0il TBepAblid pacTBOp mATH KapOuaoB [5]. Beicokast TepmonuHaMu-
YyecKas CTa0MIBHOCTh TaKMX MHOTOKOMIIOHEHTHBIX KapOWZOB, BBICOKas TYTOIUIABKOCTh M KOPPO3MOHHAs
CTOMKOCTh (OTME4YaeMble B JUTEPATYPHBIX 0030pax) — MpUBIEKaTeIbHbI Ui co3aanus 3¢ dexkTuBHON Ten-
JIOBOM 3aIIMTHI B aTOMHOW 3HEpreTuke. YacTb MOMyUYEHHBIX Pe3ylbTaToB B 00JaCTH IUIaBIeHUS KapOumoB
MpeACTaBIEHBI B TA0IHLIE.

Tabmumna
CpaBHUTENBbHBIE PE3YAbTATHI IS HEKOTOPHIX UCCIECJOBAHHBIX KapOUIOB NPU MIABICHUU
(cn0c06l<1/1a31?"?):§1’3ne1{1/151) HHI?/TC:SCTB Outanbis Hsal? KJlw/r 3HTa1J<])]il>TKP;: th’ A KZ%/F Hoor TSOII/(Thq’

ZrC+C 4,3 2,35 5,55 3,2 3150/3640
HaIlbUICHHBIN mpu 3150 K npu 3640 K

Z:C 6,57 2,2 33 1,1 3450/3850
CIICYCHHBIN mpu 3450 K mpu 3850 K

HfC 12,45 2,6 34 0,8 4000/4200
CIICUEHHBIN pu 4000 K npu 4200 K

Tayz Hf, C 13,5 1,88 2,42 0,54 4300/4300
HaNbUICHHBIN mpu 4300 K ipu ~4300 K

TaC 13,35 1,55 2,1 0,55 4100/4300
CIICYCHHBIN mpu 4100 K mpu 4300 K

(HfTaTiNbZr)C 7,903 2,8 4,2 1,4 3900/4300
CTI€UCHHBIH pu 3900 K npu 4300 K

ABtopsl 6naropapusl rpanty PH® Ne 19-79-30086 (pykxoBonuTens, akanemuk [. A. Mecsi) 3a ¢punaHCcO-
BYIO MOJIEPKKY IKCIIEPUMEHTAIBHBIX HCCIIETOBAHUM.
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PHYSICAL PROPERTIES OF REFRACTORY CARBIDES (ENTHALPY,
SPECIFIC HEAT Cp, MELTING HEAT, AND RESISTIVITY) -
UPTO 5000 K; AND OF CARBON,-UPTO 8000 K
(INCLUDING SPECIFIC HEAT Cy)

A. I Savvatimckiy"?, S. V. Onufriev*

P N.Lebedev Physical Institute of RAS, Moscow, Russia
?Joint Institute for High Temperature of RAS, Moscow, Russia

The needs of nuclear power consist, in particular, in the use of refractory compounds (mainly based on
carbides and carbon) to create thermal protection at high temperatures. The report presents the experimen-
tal data obtained on the thermophysical properties of these substances up to extremely high temperatures,
about 6000 K. Rapid heating (5—10 microseconds) by an electric current pulse was used [1], which ensured
obtaining several thermophysical properties at once in a single act of heating (enthalpy H, heat of melting
AH, specific heat C,,, electrical resistance ). Pulsed current heating is also effective in terms of cost savings
when high temperatures are reached. No financial resources are required to create stationary equipment for
constant maintenance of high temperature, — heating is provided by Joule heat release during the short-term
passage of a current pulse through a conductive specimen.

The temperature was measured [2] by a high-speed photodetector from the radiation of the surface of a
flat specimen, and was calculated further according to the Planck formula (with a known value of the normal
spectral emissivity of the material €). In the absence of the latter in the literature, a specimen was used in the
form of a wedge black body model: two thin planes located at an angle of 15-20 degrees (in the form of an
open book). This provided a reliable result on temperature, with a reliability of 0.95.

The properties of carbon were obtained for the melting region (~4800—5000 K) and in the liquid phase, up
to 8000 K [3]. Flat graphite specimens were placed between two thin glass plates to provide some increased
pressure, more than 120 bar (triple carbon point).

In this case, the specific heat C, was measured. The specific heat C), of liquid carbon was obtained in a
similar cell with a thickness of TF-5 glass plates (heavy flint) ~10 mm each, which ensured the creation of
a pulsed pressure at the level of the two tens of kbar during short heating. Recording of the constancy of the
electrical resistance of liquid carbon at this moment confirms the conditions close to the constancy of the
volume.

Refractory carbides ZrC, ZrC+C, TaC, HfC (up to 5000 K) were studied; a review is given in [4]. For
the first time in world practice, experiments were performed (up to 5500 K) with high-entropy carbide
(HfTaTiNbZr)C, which is a solid solution of five carbides [5]. The high thermodynamic stability of such
multicomponent carbides, high refractoriness and corrosion resistance (noted in the literature reviews) are
attractive for creating effective thermal protection in the nuclear power industry. Some of the results obtained
in the field of carbide melting are presented in the Table.
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Table
Comparative results for some investigated carbides during melting
Carbide, Density, Enthalpy H_ Enthalpy H; ” AH=H, —H, T..,/T; -
(preparation method) g/em? kl/g kl/g kJ? g K

ZrC+C 4,3 2,35 5,55 3,2 3150/3640
sputtered at 3150 K at 3640 K

ZrC 6,57 2,2 3,3 1,1 3450/3850
sintered at 3450 K at 3850 K

HfC 12,45 2,6 34 0,8 4000/4200
sintered at 4000 K at 4200 K

Ta,s Hf,, C 13,5 1,88 2,42 0,54 4300/4300
sputtered at 4300 K at ~4300 K

TaC 13,35 1,55 2,1 0,55 4100/4300
sintered at4100 K at 4300 K

(HfTaTiNbZr)C 7,903 2,8 42 1,4 3900/4300
sintered at 3900 K at 4300 K

The authors are grateful to the RNF grant No. 19-79-30086 (head, Academician G. A.Mesyats) for finan-
cial support of the experimental research.
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U3MEHEHUE JUHAMHUYECKHX CBOMCTB
AJTIOMUHUEBOM BPOH3bI IOCJE PABHOKAHAJIBHOTO
YIJIOBOI'O TIPECCOBAHUA

I’ I Casenkos', M. C. Cuakosckuii', B. B. Cmonspog*
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2I/IHCTI/ITYT MairHoBeneHust uM. A. A. bnaronpasoBa PAH, Mocksa, Poccust

Jns ¢popMupoBaHus YIETPAMEIKO3EPHUCTONM MUKPOCTPYKTYPHI C LEIBIO MOBBIIECHUS MEXaHHYECKHX
CBOWCTB (B OCHOBHOM IPOYHOCTHBIX) B Pa3IMYHBIX METaJIaX U CIUIaBaX 4acTO MCIONb3YeTCs HHTEHCUBHAS
acTayeckast 1eopManus METOAOM paBHOKaHaIbHOro yrnoBoro npeccoBanus (PKVII) [1]. B pabote me-
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togom PKYII MmomuduumpoBanu npyTku U3 aaroMuHIeBoi 6pon3sl Mapku bpAJXKHMi 9-4-4-1 nuamerpom
20 MM 1 BbicoTOl 100 MM, MOy4YeHHBIE U3 UCXOIHBIX MOMy(haOpHKaTOB JE3BUIHON 00pabOTKOM U monBep-
rHyThIe oTXUry npu Temneparype 800°C 3 yaca. MUKpOCTpYKTypa 3aroTOBOK B IIONEPEYHOM HaIpaBIeHUU
1o u nocne PKYII mpencrasnena Ha puc. 1.

Puc. 1. MukpocTpyKTypa 3aroTOBOK:

a — ucxonHas; 6 — nocite PKYII

CrannaptHele Mexanndeckue xapakTepucTuku (mo OCT 1497) mocne oTxkura ObUIM CIEXYyFOIIHE:
Gy, =300+10 MIlla, 65 =685+5 Mlla, 85 =(27%1)%, y=(35+2)%. /lunamu4eckue UCIbITAHUSA
00pas3IoB, N3rOTOBJICHHBIX W3 3ar0TOBOK, MPOBOAMIN MeTonoM /i Konbckoro Ha paspe3HoMm crpekse [on-
KHHCOHA [2]. VcnibITanus 1OKa3aiu, 9YTO M0 CPAaBHEHUIO CO CTAHAAPTHBIMU XapaKTEPUCTHKAMHU JTUHAMUYC-
CKHE Mpefesl TeKY4eCTH U OTHOCUTEIBHOE CYKEHHE HCXOAHOM COCTOSHUU BbIpocid B 1,6-3,3 paza coot-
BETCTBEHHO.

CpaBHeHHE X€ AMHAMHUYECKUX XapaKTEePUCTUK B ucxogHoM coctosuuu u nocie PKYII mokasano, uto
nocyie PKVYII no cpaBHEHUIO ¢ UCXOMHBIM COCTOSTHUEM MOBBICHIICS TUHAMHYCCKUHN MPenen TeKydecTH (Ha
15-25%) n nonusunace aedopManuoHHas ciocoOHocTs (O, ) (Ha 35-80%), mpu 3TOM mpeaen NPOuYHOCTH
Y OTHOCHTEJBHOE CY)KCHUE MPAKTUICCKH HE U3MCHILTUCH.

MoxHO oTMeTuTh, uTo nocie PKYII ommuuns B 3HaYeHHSIX mpenena TeKyYeCTH U mpejiea MPOYHOCTH
BEChMa HE3HAYMTENIbHBI, Yero He HallltogaeTcs uis 00paslioB B MCXOJHOM coctossHuu. Kpome Toro, s
uccuenyeMol OpoH3BI CyIIeCTByeT aHanorusi Mexay omkuroM U PKYII — u B ToM u B ApyromM ciyyae u3-
MEHWINCH TOJBKO MPENEbl TEKyYEeCTH U OTHOCUTEIILHBIC YIUTMHEHHUS, B TO BPeMsl Kak 3HAUCHUS TPEICIIOB
MPOYHOCTH Y 3HAUYEHUS OTHOCUTENBHBIX CYXKCHUH OCTATUCh HA IPEKHUX YPOBHSX.
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CHANGING THE DYNAMIC PROPERTIES OF ALUMINUM BRONZE
AFTER EQUAL-CHANNEL ANGULAR PRESSING

G. G. Savenkov', M. S. Smakovsky', V. V. Stolyarov*

"Machine Building Plant «Armalit», Saint Petersburg, Russia
*Mechanical Engineering Research Institute of the RAS, Moscow, Russia

For the formation of an ultrafine-grained microstructure in order to increase mechanical properties
(mainly strength) in various metals and alloys, intensive plastic deformation by the method of equal-channel
angular pressing (ECAP) is often used [1]. In the work, using the RCUP method, bars made of aluminum
bronze of the brand BrAZhNMc 9-4-4-1 with a diameter of 20 mm and a height of 100 mm were modified,
obtained from the initial semi-finished products by blade processing and annealed at a temperature of 800°C
for 3 hours. The microstructure of the workpieces in the transverse direction before and after the ECAP is
shown in Fig. 1.

Fig. 1. Microstructure of workpieces:
a — initial; b — after ECAP

The standard mechanical characteristics (according to GOST 1497) after annealing were as follows:
Gy, =300+£10 MPa, c;=685+t5MPa, 8;=(27£1)%, y=(35+£2)%. Dynamic tests of samples made
from blanks were carried out by the Kolsky method on a split Hopkinson bar [2]. The tests showed that in
comparison with the standard characteristics, the dynamic yield strength and the relative constriction of the
initial state increased by 1.6-3.3 times, respectively.

A comparison of the dynamic characteristics in the initial state and after RCUP showed that after RCUP,
the dynamic yield strength increased (by 15-25%) and the deformation ability decreased (by 35-80%)
compared to the initial state, while the tensile strength and relative constriction practically did not change.

It can be noted that after RCUP, the differences in the values of yield strength and tensile strength are very
insignificant, which is not observed for samples in the initial state. In addition, for the bronze under study,
there is an analogy between annealing and RCUP — in both cases, only the yield strength and elongation
values have changed, while the values of the strength limits and the values of relative constrictions have
remained at the same levels

References

1. Valiev, R. Z. Bulk nanostructured materials from severe plastic deformation [Text] / R. Z. Valiev,
R. K. Slamgaliev, I. V. Alexandrov // Progress Mater. Sci. — 2000. — Vol. 45. — P. 103—189.

2. Bragov, A. M. Features of dynamic deformation and failure of aluminum bronze processed by
laser surface treatment [Text] / A. M. Bragov, A. Yu. Konstantinov, A. K. Lomunov, V. V. Stolyarov,



COOEPXAHUE HA MPEALIAYLYIO CTPAHULY HA CNEAYIOLWYIO CTPAHULY MEYATb

A. V. Kuznetsov et al. / Journal of Dynamic Behavior of Materials. — 2021. — Vol. 7, No. 4. — P. 7-21.
https://doi.org/10.1007/s40870-021-00326-1.

4-45

MOJEPHU3UPOBAHHBIA TEHEPATOP TAMMA U3JIYUEHUS
HA BA3E BETATPOHA TUITIA BUM

0. A. Ulampo, FO. I1. Kyponamkun, B. U. Husxcecopooyes, K. B. Casuenko, B. /I. Cenemup,
B. A. ®omuués, A. A. Hunun

OI'VII «Poccuiickuii @enepansubiil Anepuslii Lientp — Beepoccniicknit HUU sxcniepuMeHTanbHON
¢uzukm», Capos, Poccust

OmnucaH MOIEPHU3UPOBAHHBIN TEHEPATOP Y-U3TyUYeHHUs, IPECTABISIOMNI cO00M HUKINIECKHN yCKOPH-
TeJb B BUJE OC3KEIIE3HOTO UMITYJILCHOTO OeTaTpoHa ¢ CHCTEMOI cOpoca YCKOPEHHBIX JIEKTPOHOB Ha TaH-
TaJOBYI0 MUILEHb. [ eHepaTop mpenHa3HaueH AJsl paauorpadupoBaHusl JUHAMHYECKUX OOBEKTOB C 0OJIb-
IIMMH ONTUYECKUMH TOJIIMHAMH U TO3BOJISIET MOIYyYaTh 0 TPEX Y-UMITYJILCOB 32 OJUH LIUKJ YCKOPEHHUS.
[IpuBeneHo onucanue yCKOPUTENS U pe3yabTaTsl €ro TeCTOBBIX BKItodeHHH B 2021-2022 roay. OueHeHHast
TpaHU4Hasl SHEPIHsl NEKTPOHHOTO Mydka cocTaBmia 70 MaB. Dkcno3uinimonHas 103a U3My4YeHHs Ha pac-
CTOSSHMM 1 M OT MHIIEHH B OMHOUMITYIbCHOM pexume — 30 P. TonumHa npocBeUeHHOT0 CBUHIIOBOTO TECT-
00beKTa Ha PACCTOSIHUU 4 M OT TaHTAJOBOW MUILIEHH — 160 MM, JUTHTEILHOCTD Y-MMITYJIbCa Ha MOTYBHICOTE
B OJHOMMITYyIbCHOM pexkuMe — 100 He, B TpexummyascHoM pexume — 200, 150, 120 ue. Pasmeps! ncrtou-
HUKa n3nydeHus 2x4 M. [IpuMeHeHne Takux reHepaTopoB B COCTABE PEHTIEHOrPadUUECKOro KOMILIeKca
MO3BOJIUT MOBBICUTH dP(PEKTUBHOCTD THAPOAUHAMHYECKUX MCCIECAOBAHMHN 3a CUET YNy4IIEHHUS BBIXOIHBIX
XapaKTEePUCTHK KOMIUIEKCA U ONTUMHU3ALUK T€OMETPUH ONbITOB. PaspaboranHblil renepaTop siBisieTcs 6a3o-
BO yCTaHOBKOW MHOTOJIYYE€BOTO PEHTI€HOrpaueCcKOTo KOMIUIEKCa I MaJlopakypcHoi Tomorpaduu [1]
JUHAMHYECKUX OOBEKTOB C OONBIIMMHU ONTHYECKUMHU TOJIIHHAMH.

Jlureparypa

1. Shamro, O. A. Concept of radiographic complex based on ironless pulsed betatrons for small-angle
tomography [Text] / O. A. Shamro, A. A. Chinin, V. A. Fomichev, Yu. P. Kuropatkin, V. I. Nizhegorodtsev
et al. / Proceedings of the 10th Int. Particle Accelerator Conf. (IPAC-2019), Melbourne, Australia. —2019. —
P. 3503-3505. https://doi.org/10.18429/JACoW-IPAC2019-THPMP027.

UPGRADED GAMMA-RAY GENERATOR BASED
ON IRONLESS PULSED BETATRON

O. A. Shamro, Yu. P. Kuropatkin, V. I. Nizhegorodtsev, K. V. Savchenko, V. D. Selemir,
V. A. Fomichev, A. A. Chinin

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

The paper concerns an upgraded gamma-ray generator which is a cyclic electron accelerator based on the
ironless pulsed betatron with a dump of the accelerated electrons onto the tantalum gamma-ray converter
target. The generator is designed for the radiography of dynamic objects with the large optical thickness and
allows generation of up to three gamma-ray pulses per acceleration cycle. The description of the accelera-
tor and results of its test runs in 2021-2022 are provided. The estimated cutoff energy of the electron beam
is equal to 70 MeV. The beam quality allows the beam to be focused on a thin tantalum converter target to
an elliptic spot with the dimensions of 2x4 mm. Bremsstrahlung scattering in the target produces a forward
gamma-ray pulse with an exposure dose of 30 R determined in air 1 m downstream. The thickness of the
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lead test object transilluminated by gamma-rays is 160 mm at the distance of 4 m from the converter target.
The full-width at half maximum of the gamma-ray output pulse in a single-pulse mode is equal to 100 ns,
the full-width at half maximum in a three-pulse mode is equal to 200, 150 and 120 ns for sequential pulses.
The application of such generators within radiographic complexes will improve the hydrodynamic investiga-
tions efficiency by increasing the complex output parameters and optimizing the experiments geometry. The
developed generator is the basic unit of the multi-beam radiographic complex for a small-angle tomography
[1] of dynamic objects with the large optical thickness.
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K BOITPOCY O ITOABJIEHUHN HUTEBUJIHBIX CTPYKTYP
B CUHTAKTHBIX IEHAX ITOCJIE BO3JIEMCTBUSA IOTOKA
PEJATUBUCTCKUX JIEKTPOHOB

JI. H. Cadosnuuuii', FO. M. Munexun', K. FO. Illepememves', E. ]I. Kazaxos™>, M. FO. Opnoé’,
[l P-
M. 5. Mapxoé®, E. B. Cagenrog®

1 o o o o
OI'VII «DenepanbHblil HEHTP ABOMHBIX TexHOMOrUH «Coro3», [I3epxunckuii, Poccus
2 . . .
HaumonanbHblii uccnenosarenbckuid HeHTp «KypuaroBckuit uHCTHTYT», MOCKBa, Poccust

3 . o N
®denepanbHbIN UCCIenoBaTeNbCKUi 1eHTp «MHCTUTYT NpuKIIaHoi MateMaTuku uM. M. B. Kenjpiina
PAH», Mocxksa, Poccus

[Tonck HOBBIX METOIOB CHHTE3a HAHOCTPYKTYP MPENCTABIseT OONBIION HayYHbIH HHTEepec. HexaBHO BBI-
MOJTHEHHBIE SKCIIEPUMEHTAIbHBIE Pa0OTHl MOKA3aJdl BO3MOXKHOCTD MTOJYYESHUS! HUTEBUAHBIX HAHOCTPYKTYP
NpU KoJUTarice MUKpOCQep, BEI3BAHHOM OJHOKPATHBIM BO3JCHCTBHEM ITyYKa PENSTUBHCTCKUX HJIEKTPOHOB
Ha CHHTaKkTHYI0 nieny [1]. B HacTosmei pabore nmpeacTaBieHbl pe3yabTaTbl SKCIIEPUMEHTANBHBIX HCCIe0-
BaHMI CHHTAKTHBIX TIEH Ha OCHOBE CHJIOKCaHOBOTO OJI0K-comnonuMmepa (Tum A) wim OyTaaneH-HUTPUIBHOTO
Kayuyka (tun B) u crexnocdep ¢ MakcuManbHbIM AuameTpoM 130 MKM MpH BO3AEHCTBUM Iy4YKa PEJsITH-
BUCTCKHX 211eKTpoHOB (PIII) yckopurens «Kansmapy.

[TokazaHo, yTo mpu noromeHnu 3Heprun POIl B cuHTakTHOM NeHe HaOmoaaeTcs YHOC 00IydaeMoi
MOBEPXHOCTH C¢ 00pa3oBaHUEM KpaTrepa U (OPMHPOBAHHE YIAPHO-BOJIHOBBIX HAINPSDKEHUH C aMILTUTY-
noii go 10 I'Tla. ITokasaHa BO3MOXHOCTh Kak cyOnumanuy (MpU BpeMeHH BozaeicTBus ~50 HC), Tak
U OTKOJIBHOTO Pa3pyIlleHUs] CHHTaKTHOW meHbl [2]. JlocTuraeMble mpH KoJlarice MUKpocdep BBICOKHE
temnepatypsl (Oonee 1600 K) BBI3BIBaIOT M3MEHEHHE XMMHYECKOTO M ()a30BOTO COCTaBa CHHTAKTHOM
nensl. [Tocne ogHokparHoro BosaeiicTBust POII B cuHTakTe TMHa A OOHapyKUBAIOTCSI HAHOCTPYKTYPHI
¢ quametpoM oT 30 HM u AnuHHOHK Oojee 1 Mxm. [Ipu u3ydeHnn paznoMoB cHHTaKTa THNa b momoOHbBIX
CTPYKTYp HE 0OHapy>KEHO.

YCTaHOBIEHO, YTO HCIIOIB30BaHUE MOJUMEPHOTO CBS3YIOLIETO HAa OCHOBE OyTaAHEeH-HUTPHIBHO-
ro Kaydyka, HeclmocoOHOro K 00pa30BaHHIO KOHIASCHCHUPOBAHHBIX MPOAYKTOB MUPOJHN3a, MPEMSITCTBYET
(hopMHPOBaHNIO HUTEBUAHBIX 00pa30BaHUi (BUCKEPOB) MPH KOJUIATICE CTEKIOoCc(ep B CHHTAKTHOM TEHE.
OO0cyxnaercs U3MeHeHHe (Pa30oBOro cocTaBa CHHTAKTOB, BBI3BaHHBIX BozneicTBueM POII yckopurens
«KaneMmapy.

OkcriepuMeHThl Ha ycraHoBke «Kampmap» BbimonHeHsl npu nogaepxke HUILL «KypuaroBckuit nHCTH-
TyT».
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TO THE QUESTION OF FORMATION
OF FILAMENTOUS STRUCTURES IN SYNTACTIC FOAM UNDER
THE ACTION OF A RELATIVISTIC ELECTRON BEAM

D. N. Sadovnichii', Yu. M. Milekhin', K. Yu. Sheremet’ev', E. D. Kazakov* >, M. Yu. Orlov?,
M. B. MarkoV’, E. B. Savenkov’

'FSUE «The Federal center for dual-use technologies «Soyuz», Dzerzhinskii, Russia
National Research Center «Kurchatov Institute», Moscow, Russia
3Keldysh Institute of Applied Mathematics, Russian Academy of Science, Moscow, Russia

The search for new methods for producing nanostructures is of great scientific interest. Recent
experimental studies have shown the possibility of formation of filamentous nanostructures during the glass
spheres collapse caused by the action of a single relativistic electron beam on a syntactic foam [1]. This work
presents the results of experimental studies of a syntactic foam based on siloxane copolymer (type A) and
based on nitrile butadiene rubber (type B) and glass spheres with the maximum diameter of 130 um under
the action of a relativistic electrons (RE) beam of the «Kalmar» accelerator.

It is shown that absorption of the energy of a RE beam in a syntactic foam causes the carry-over from
the surface being irradiated with formation of a crater and generation of a shock-wave stress with amplitude
up to 10 GPa. The possibility of both sublimation (at exposure time ~50 ns) and splitting degradation of
syntactic foam is shown [2]. The temperature reached in collapse of microspheres (more when 1600 K) is
the cause of changes in the chemical and phase composition of syntactic foam. After a single action of a RE
beam there are observed a nanostructures of more than 30 nm in diameter and more than 1 pm in length in
syntact of type A. No such structures were found in the syntact of type 2 faults.

It was found that using the polymer binder based on nitrile butadiene rubber not capable of producing
condensed pyrolysis products prevents the formation of filamentous structures (whiskers) during the glass
spheres collapse in syntactic foam. Changes in the phase composition of syntacts caused by action of RE
beam of the “Kalmar” accelerator are discussed.

The experiments on the Kalmar installation were carried out with the support of the National Research
Center “Kurchatov Institute”.
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MOAEJUPOBAHUE YIAPHOI'O C’KATUA
CIIJIABOB BOJb®PAM-ME/Ib
IIPU BBICOKUX JABJIEHUAX U TEMIIEPATYPAX

H. H. Cepeoxun"*>, K. B. Xuwenxo">*>

06beannenHbIi MHCTUTYT BbIcOKUX TemmnepaTtyp PAH, Mocksa, Poccus
2HauH0HanLHLH71 uccneaoBaTeNbCkuil siaepubiid yaupepceuteT « MUDN», Mocksa, Poccust

3CDe)Z[epaJII)HI>II71 HCCIICIOBATENILCKUN IICHTP MPO0IeM XUMUYSCKON (DU3UKU U METUITMHCKOM xumun PAH,
Yepnoronoska, Poccus

*MockoBckuii ($U3UKO-TeXHUUECKUH HHCTUTYT, Jonronpynnsiii, Poccus

SIOH(HO—YpaHLCKI/Iﬁ TOCYapCTBEHHBI YHUBEpCHUTET, UensiOnHCK

H€06XO,Z[I/IMOCTI> OIMUCaHUA TECPMOAUHAMUNYCCKUX XAPAKTCPUCTUK PA3JTIUYHBIX MATCPUATIOB BO3HUKACT
npu pCUICHUN q)YH}_'[aMGHTaHLHBIX " ODPUKJIAJHBIX 3a1a4 (1)I/I3I/IKI/I BBICOKHUX IIJIOTHOCTEM OHEPTHUH. B nacros-
H.[eﬁ pa6OTC npeacTaBjICHa MOACIb YPABHCHUSA COCTOSAHHA CIIJIaBOB BOJ'H:(l)paM—MCI[L IpUu BBICOKUX OaBJIC-
HUAX U TEMIICPATypaxX Ha OCHOBC ypaBHeHI/Iﬁ COCTOAHHUA U MAaCCOBBIX ):[OJ'ICI\/'I KOMIIOHCHTOB CIlJiaBa.

VYnapHble anuabatsl A7l cMecel Boib(paM—MeIb MoTy4eHbl IByMs pa3HbIMH criocobamu. CormacHo mep-
BOMY CHOCO6y, OCHOBAHHOMY Ha NPUHIOUIC aJAUTUBHOCTH YAAPHBIX a,I[I/Ia6aT KOMIIOHCHTOB [1], y,[[CHLHBIfI
O6’BCM y,I[apHO—C)KaTOI\/'I cCMECHUu (VIN) CKJIaAbIBACTCA U3 YACJIBbHBIX 06’beMOB YAAPHO-CKAThIX KOMIIOHCHTOB
(Vl ), YMHOKCHHBIX Ha MaCCOBBIC JOJIN KOMIIOHCHTOB ((Xl- ) .

N
Min (P) = zaiVi (P)’

i=1

rac P — naBieHue 3a (prHTOM yz[apHOﬁ BOJIHBI, N — KOIM4eCTBO KOMIIOHEHTOB CMECH, i— HOpﬂI[KOBI:Iﬁ HO-
MEpP KOMIIOHCHTA. BTOpOfI CII0co0 OCHOBAH Ha YpaBHCHUAX COCTOSIHHA KOMIIOHCHTOB CMECH:

N N
Viv (P.T)=Y oV (P.,T), Ey(P,T)=> o,E(P.T),
i=1 i=1
rae EIN — YACJ/IbHAasA BHYTPCHHAA SHECPIUA CMECU; Ei — YACJIbHAsA BHYTPCHHAA SHCPIUA i—TOFO KOMIIOHCHTA.
PC3YJ'H:TEITLI pacuye€ToB CONOCTABIAIOTCA C UMCHOIMUMUCA NAaHHBIMH YAAdPHO-BOJHOBBLIX 3KCIICPUMCEHTOB
JJIs1 CILJIaBOB BOJ'H:(i)paM—MC)IB C pa3sHbIMU MACCOBBIMU OOJIAMU KOMIIOHCHTOB [2] PacueTHBIE PE3YIbTAThI
HaxXoaATCs B XOpOIIEM COmIaCuu € 3TUMU JaHHBIMU.
HUccnenoanue BeImoiHeHO npu (GuHaHCOBOH moanepxke Poccuiickoro Haygnoro ¢onzaa, rpant Ne 19-
19-00713, https://rscf.ru/project/19-19-00713/.
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MODELING OF SHOCK COMPRESSION
OF TUNGSTEN-COPPER ALLOYS
AT HIGH PRESSURES AND TEMPERATURES

N. N. Seredkin-*>, K. V. Khishchenko"*>*?

'Joint Institute for High Temperatures RAS, Moscow, Russia
National Research Nuclear University MEPhI, Moscow, Russia

3Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS,
Chernogolovka, Russia

*Moscow Institute of Physics and Technology, Dolgoprudny, Russia
>South Ural State University, Chelyabinsk, Russia

The need to describe the thermodynamic characteristics of materials arises when solving fundamental and
applied problems in the physics of high energy densities. In this paper, a model of the equation of state for
tungsten—copper alloys at high pressures and temperatures based on the equations of state and mass fractions
of alloy components is presented.

The shock adiabats for tungsten—copper mixtures were obtained by two different methods. According to
the first method, based on the principle of additivity of the shock adiabatic components [1], the specific vol-
ume of the shock-compressed mixture (¥} ) is the sum of the specific volumes of the shock-compressed
components (V) multiplied by the mass fractions of the components (oc,- ):

VIN(P):ﬁlaiVi(P)

where P is the pressure behind the shock-wave front; N is the number of components of the mixture; i is the
component number. The second method is based on the equations of state of the mixture components:

Viy (P.T) ZaV (P,T), E\y(P.T) Zoc

where E, is the specific internal energy of the mixture; E; is the specific internal energy of the i-th
component.

The calculation results are compared with the available data of shock-wave experiments for tungsten—
copper alloys with different mass fractions of components [2]. The calculated results are in good agreement
with these data.

The present study is financially supported by the Russian Science Foundation, grant No. 19-19-00713,
https://rsctf.ru/project/19-19-00713/.
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NEPBOINPUHIIUIIHBIE PACUETHI CKOPOCTEM 3BYKA
B METAJIJIAX IPU BBICOKUX JABJIEHUAX

H. A. Cmupnos

OI'VII «Poccuiickuit Denepanpubiii Anepusiii Lleatp — Beepoccniickuit HUU Texandeckoi Gpu3uku
nmenu akagemuka E. M. 3a0abaxunay», CHexxuHCK, Poccus

B pabote mpezncraBieHbl pe3ylbTaThl NEPBONPUHLMITHBIX PACYETOB CKOPOCTEH 3ByKa 14 MeTansioB mpu
BBICOKHMX JAaBieHusX. CKOPOCTH 3ByKa MOJNMKPHUCTAIIOB OBUIM HONY4YEHBI C MOMOIIBIO PACCUMTAHHBIX YII-
PYTMX KOHCTaHT MOHOKPHCTAJIIOB MCCIIEIOBAHHBIX METaIOB U ycpenHeHus Poiirra—Poiica—Xwumna (Proc.
Phys. Soc. Lond. A 65 349, 1952). BeruncieHHble CKOPOCTH CPAaBHUBAIOTCS C MMEIOIIMMHUCS 3KCIIEPUMEH-
TaJbHBIMU JIaHHBIMHU TIOTYYEHHBIMH, KaK B CTaTHYECKHX, TaK U B TMHAMHUYECKHUX 3KclepuMeHTax. IIpone-
MOHCTPHUPOBAHO XOPOILEE COMIACUE PE3YJIETATOB PACUECTOB U IKCIIEPUMEHTOB.

SOUND VELOCITIES IN METALS UNDER HIGH PRESSURES
FROM FIRST-PRINCIPLES CALCULATIONS

N. A. Smirnov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

The paper presents results of first-principles calculations on sound velocities in 14 metals under high pres-
sures. Sound velocities for polycrystals were obtained using elastic constants calculated for monocrystals
of the metals under study, and Voigt—Reuss—Hill averaging (Proc. Phys. Soc. Lond. A 65 349, 1952). The
resulted velocities are compared with available data from static and dynamic experiments. Calculated results
are demonstrated to agree well with experiment.

4-49

JOKAJMN3ALUS IJACTUUYECKON JTE®OPMAIIUU
KAK PE3VYJBTAT 3BOJIOIUU JE®EKTHONU CTPYKTYPHI
MATEPHAJIOB

M. A. Coxosuxos', M. FO. Cumonos®, B. B. Yyounos', B. A. Obopun’,
C. B. Vsapos', O. B. Haiimapx'

II/IHCTI/ITyT MexaHuKH cromHeIx cpen YpO PAH, Ilepms, Poccus

2 o o o o
HepMCKI/II/I HallUOHAJIbHBIN UCCIICAOBATCIILCKUU IMOJIUTCXHUUCCKUU YHUBEPCUTCT, HepMB, Poccus

OKCHEpUMEHTHl M0 TUHAMHUYECKOMY Harpy>kKeHHIO O00pasloB MPOBOAMJINCH Ha CTepikHe [OmKMHCO-
Ha—Konbckoro u npu npoduBanuu nperpan. TemmepaTypHblie Nojist B Ipouecce aAehopMUPOBAaHHUS HCCIIe-
JOBAUCH «in-situ» ¢ UCIOJIb30BaHUEM BBICOKOCKOPOCTHOH mH(ppakpacHoii kamepsl CEDIP Silver 450M.
Ocy1ecTBieHs JUHAMUYECKUE HCTBITaHUS 00pas3loB Ha pa3pe3HoM crepxkHe [omkuHcoHa—Koibckoro
¢ npumeHerneM DIC TexHonornu. MUKpOCTPYKTYpHBIM aHanu3, MPOBEACHHBIM C MOMOLIBI0 ONTHYECKOTO
uHTEpPepoMeTpa-npoPuIoMeTpa U CKAHUPYIOLIETO AIEKTPOHHOTO MUKPOCKOIA, MOKa3al KOppeaTupoBaH-
HOE TIOBe/leHHe aHcaMoOIs 1e(heKTOB, KOTOPOE MOXKET OBITh KJIacCCU()UIIMPOBAHO, KaK CTPYKTYPHBIH Iepexof,
o0ecreunBaroIni JToKaIu3anuo Aehopmannu. JJaHHbIE SKCIEpUMEHTAIBHBIX UCCIEI0BaHUN U YUCICHHOTO
MOZETTMPOBAHMSI, IPOBEICHHOTO C YYETOM OCOOEHHOCTEH KMHETHKH HAKOIUICHHS MHUKPOAE(PEKTOB B Mare-
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puane, No3BOJISIOT MPEAIoIaraTb, YT0 OJMH U3 MEXaHHU3MOB JIOKaJTU3alMU TIacTUYecKor AedopManuu 1uist
UCCIIeIOBaHHBIX MaTepUallOB MPU PEAM30BAHHBIX YCIOBUSIX HArpy>KeHUs: 00yCIOBIEH CKauKoOOpa3HbIMU
npoueccamu B AeeKTHOH cTpyKType MaTepuaios [1-6].

HccnenoBanue BBIMOTHEHO 3a cueT rpanTa Poccuiickoro HayuHoro ¢onpaa (mpoekt Ne21-79-30041).
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PLASTIC STRAIN LOCALIZATION CAUSED BY EVOLUTION
OF THE DEFECT STRUCTURE OF MATERIALS

M. A. Sokovikov', M. A. Simonov?, V. V. Chudinov', V. A. Oborin', S. V. Uvarov', O. B. Naimark'

"nstitute of Continuous Media Mechanics of the Ural Branch of the Russian Academy of Sciences, Perm,
Russia

?Perm National Research Polytechnic University, Perm, Russia

Experiments on dynamic loading of specimens were performed on the split Hopkinson pressure bar and
during target penetration tests. Temperature fields were investigated “in-situ” during deformation using a
CEDIP Silver 450M high-speed infrared camera. Dynamic tests of the specimens on the split Hopkinson-
pressure bar were conducted by applying the DIC technology. Microstructural analysis performed with
an optical interferometer-profile meter and a scanning electron microscope helped establish that the en-
semble of defects shows correlated behavior, which can be classified as a structural transition that provides
strain localization. The data of experimental studies and numerical simulation carried out with account
of the specific features of kinetics of microdefect accumulation in the material suggest that one of the
mechanisms of plastic strain localization in the materials studied is caused by the jump-wise processes
in their defect structure [1-6]. The study was supported by a grant from the Russian Science Foundation
(project No. 21-79-30041).
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XPOHOTPA®OUYECKHUU DJIEKTPOHHO-OIITUYECKHUH
IMPEOBPA3OBATEJIb C ABY ®OTOKATOJA0OM HA BA3E GaAs

1. U. Konosanos, A. B. Caxaposcxuii, A. IO. Coxonos, P. U. Hypmounos, /. B. Huxuwun,
M. I1. Buxynun, U. I Ilpsanuwnuxos, A. C. [Jonomos, A. b. [lonyeaes, A. B. lllesuux

OI'VII «Beepoccuiicknii HaydHO-UCCIIEN0BAaTENbCKUN MHCTUTYT aBToMaTuku uM. H. JI. JIyxoBay», Mocksa,
Poccus

XpoHorpauUyecKuil 3NeKTPOHHO-ONTHYEeCKUi npeodpazosatens (DOII) sBiseTCs KIIOYEBBIM KOMIIO-
HEHTOM ILEJIEBBIX IIEKTPOHHO-ONTHUECKUX peructparopos (JOP) — mpubopoB, KOTOphIE MO3BOJISIOT PEruc-
TPHUPOBATh ONTHUYECKOE M3YUCHUE C BPEMEHHBIM Pa3pelleHrneM BILIOTh A0 1 mc. lanHbpie mpruOOphI HCIIONb-
3YIOTCS B SIA€PHBIX LIEHTpax JJIsl UCCIIEAOBAaHMS TapaMeTPOB UMITYIbCOB JIA3EPHOTO U3ITyUEHUS U U3ITyYSHHS
mias3Mel [ 1], a Taxoke A7 ONpeAeeHus] CKOPOCTH ABHKEHUS TIOBEPXHOCTH MPY OMOIIN MHTEP(EPEHLINOH-
HBIX MeTonoB peructpauuu [2]. I[Tapamerpsl xpoHorpadguueckux DOII onpenensitor xapakrepuctuku 0P
1, COOTBETCTBEHHO, 3(()EeKTHUBHOCTH METOIUK, X UCTIOJIB3YIOIIHX.

Hcnonb3oBanne TpagulMOHHBIX Wi XpoHorpaduyecknx DOII «knaccnuecknx» QpoTokaromgoB Ha Oaze
AHTUMOHHUJIOB LIEIOYHBIX METAJUIOB, HAKJaJbIBA€T OTPaHUUYEHHUS Ha CIEKTPaJbHBIN AMANa3oH YyBCTBH-
TeNbHOCTH U AuHamMuueckuit quanazon DOIL. Ipu sToM cymiecTByoT O0Jee NepcneKTUBHBIE POTOKATOABI —
coequnenus AIIIBV, aktuBupoBaHHBIE 0 OTpHUIATENBHOTO 3nekTpoHHOro cpoactsa (ODC). Ouu obna-
JIaI0T BBICOKOW UyBCTBUTEIBHOCTBIO, MaJIbIM IMOBEPXHOCTHBIM COIPOTHBIEHUEM U LIIMPOKOH BapHaTUBHOC-
THIO JMANA30HA CHEKTPaIbHON uyBcTBHTENbHOCTH. ATBY (DOTOKATONBI 1ABHO TPHMEHSIOTCS B COCTABE
IpyTHX (OTOAIEKTPOHHBIX MPHOOPOB, HO XpoHorpaduueckrue JOII Ha UX OCHOBE, 1O HENABHETO BPEMEHH,
W3rOTaBIMBaINCh TONBKO pupmoit HAMAMATSU (SAmonus) [3].

dotokaroansiii yzen (PKY) D0II ¢ A"BY (OTOKAaTOOOM MpPEACTABISAET COOOH CTEKIISIHHOE BXOIHOE
OKHO, CBapE€HHOE C TreTepodNUTaKcHaNbHON CTpyKTypoit (I'2C) MHOTOCIOINHON KOHCTPYKLIMH C aKTUBHBIM
croem Ha Gase coegunerns ATBY. 09C (oTokaTona BO3MOXKHO TOJBKO MOCIE CHSTHUS 3arps3HEHHH C TO-
BEPXHOCTH aKTMBHOT'O CJIOS 10 €70 aTOMAapHOW YUCTOTHI M HAHECEHUSI Ha €r0 ITOBEPXHOCTh MOHOCIIOS OKCHa
ne3ud. CTeXuoMeTpUYeCKUi cOCTaB U TONIIMHA JAHHOTO CJIO0Sl UMEET ONTUMYM, OIIPEENSIOMNNA MAaKCUMYM
YyBCTBHTEJILHOCTH (POTOKATOAA, IIOATOMY UX cTabmibHOCTh B cocTaBe JOII kpaiine BakHa.
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B cnyuae xponorpaduueckux DOII, s mepexoaa oT «KIACCUYECKUX» K AllBY ¢doTokarogam HE0OXO-
JTUMO:

* paszpaboratsb (paccuntarh) KoHCTpyKuuio ['OC;

* cO3/1aTh TEXHOJOTHYECKYIO 11enouKy uirotoBieHus OKY, Bkimouaromyro B ceds Takue onepanun Kak:
IuQQy3noHHas cBapKa CTEKISIHHOTO okHa M I'DC, ceneKTUBHOE XMMUYECKOe TPaBICHHE, XUMUKO-MEXaHH-
YeCcKO€ NMOJIMPOBaHKUE, KOHTPOJIb aKTUBHOTO CJI0S, (PUHUILIHASL OYMCTKA;

* y4ecTh HEBO3MO)KHOCTh IPUMEHEHHE OTINYHOM OT TuI0cKoi popmbl I'DC mpu KOHCTPYHPOBAHUH IJIEK-
TpoHHO-onTHUECKOH cuctemsl DOII;

* npuUMeHUTh i GUHUIIHOK cOopku DOII TeXHOTOrHI0O METOOM MEepeHoca Ha YCTaHOBKE, oOecreyn-
BAIOLIEN SKCTPEMaIbHO BBICOKHI BaKyyM C MMUHHUMAaJbHBIM NMaplHUaIbHBIM JaBICHUEM PEAKTUBHBIX I'a30B,
a TaKKe BO3MOXXHOCTH HpOBeIeHUS mporeccoB repmeruzannu DOII u 31eKTpOHHO-ITyueBOro 00e3raxmnBa-
HUSI €r0 9KPaHHO-KOPITyCHOTO y37a 0e3 mepeMeleHus NOCIeJHEro;

* C yYETOM 3HAYUTEIBHOrO 00beMa BakyyMHOro kopiyca DOII oTpaboTaTs TEXHOIOTHYECKUE MTPOLIECCHI
aktuBupoBkH DKV, ero mepeHoca u cTeikoBkH ¢ kopmycoMm DOII, obecnieunBaromme 0AHOBPEMEHHO BBICO-
KYIO YyBCTBUTEIBHOCTD (POTOKATONA U €€ COXpaHsIeMOCTb Bo BpeMs akciutyaranuu JOI1 3a cuet ontumans-
HOT'O MapUuaNbHOTO JaBieHus 1e3us B 00beme DOI1.

C yuetom onucaHHbIX Bbilie ocoderHocTelt Bo DI'YIT « BHUUA» Ha ocHoBe xpoHorpaduueckoro DOI1
TIIO30-01 ¢ «kmaccuueckum» orokatonoM [4] paspaboransl HOBBIN XpoHOorpaduueckuit DOII ¢ ABY
¢dortokaronom Ha 6aze apcennaa ramuus (TI1O41) u TexHOMOrMUECKas LEMnovKa ero U3roToBJIeHus [5].

Cosnannbiii xponorpaduueckuit DOII ¢ poTokaronmom Ha Oaze apceHHIa rajivs UMEEeT 3HAYUTEIBHO
yJIy4lLIeHHBIE XapakTepucTuku no cpaBHeHuto ¢ TII030-01 (cm. Ttabm. 1). [Ipumenenne Takux 011 mo3Bo-
JIUT NOBBICUTH 3 (EKTUBHOCTD METOJMK PETUCTPALIMH 32 CUET CHUYKEHHSI HUXKHETO OPOra AUHAMHYECKOTO
Jiana3oHa.

Omnertabeie 06pa3ubt DOIT TIIO41 ycnenHo npomuii HCIBITaHUS HA BO3ACHCTBUS MEXaHUUECKUX U KITH-
MaTU4ecKuX (pakTopoB, a pe3yabTaTbl M3MEPEHUs] YYBCTBUTEIBHOCTH MX ()OTOKATOda B XOIE€ XPaHEHMs
u skcrutyatanny D011 mo3BONAIOT CyAUTh O TOCTaTOYHON CTAOMIBHOCTH JaHHON XapaKTePUCTUKH.

OcBoenHas TexHonorus marorosnerns JOI1 ¢ A'BY (oTokaTonoM Ha 0aze apceHUAa rajuInsl SBIISETCS
($yHAaMEHTOM 7Sl CO3aHHS HOBBIX THIIOB XpPOHOTPaUUECKUX MPUOOPOB, CIOCOOHBIX PETUCTPUPOBATH U3-
JydeHHe C ATUHON BOJHBI BIUIOTH 110 1,7 MKM.
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STREAK TUBE WITH GaAs-BASED AMBY PHOTOCATHODE

P. I Konovalov, A. V. Sakharovsky, A. Yu. Sokolov, R. I. Nurtdinov, D. V. Nikishin, M. P. Vikulin,
L. G. Pryanishnikov, A. S. Dolotov, A. B. Popugaev, A. V. Shevchik

Dukhov Automatics Research Institute (VNIIA), Federal State Unitary Enterprise, Moscow, Russia

A streak tube is a key component of the streak cameras detecting optical radiation with a temporal reso-
lution up to 1 ps. These devices are used in the nuclear centers to study the laser and plasma light pulse
parameters [1], as well as to determine the surface movement speed using the interferometric methods [2].
The streak tube parameters determine the streak camera characteristics and, accordingly, the effectiveness of
the methods using them.

The use of the conventional photocathodes based on alkali metal antimonides, which are typical for the
streak tubes, limits the streak tube spectral sensitivity range and dynamic range. At the same time, there are
more promising photocathodes — A"BY semiconductors activated to negative electron affinity (NEA). They
demonstrate high sensitivity, low surface resistance and wide variability of the spectral sensitivity range. The
A™BY photocathodes are used as a part of other photoelectronic devices for a long time, but up to now the
streak tubes based on them were manufactured only by HAMAMATSU (Japan) [3].

The streak tube’s photocathode assembly with an AllBY photocathode is a multilayer heterostructure
with an A™BY absorption layer bonded to a glass input window. The photocathode NEA state can only
be achieved when the impurities are removed from the absorption layer to produce clean surface and the
cesium oxide monolayer is deposited. These monolayer stoichiometric and thickness have optimal values
determining the maximum photocathode sensitivity; therefore, the stability of these parameters is extremely
important.

In case of the streak tubes, to replace the conventional photocathodes with the A"BY ones it is necessary
to:

* develop (calculate) the heterostructure design;

* develop the photocathode assembly technological cycle which includes operations such as: thermal
bonding of a glass window and a heterostructure, selective chemical etching, chemical polishing, absorption
layer testing, finish cleaning;

* take into account the impossibility of using the heterostructure shape other than flat when designing an
electron-optical part of the streak tube;

* use the transfer method for the streak tube final assembling on the installation that provides an extremely
high vacuum with minimal residual pressure of reactive gases along with the streak tube sealing and electron-
beam degassing of streak tube housing without moving one;

* allowing for the significant volume of the streak tube vacuum housing, develop the technological
processes of photocathode activation, transfer and sealing to the streak tube housing, which simultaneously
ensure high photocathode sensitivity and its stability during the streak tube operation due to the optimal
cesium residual pressure in the streak tube.

Considering the above features, VNIIA has developed a new streak tube with A™BY photocathode
(TI1O41) on the basis of TIIO30-01 streak tube (with conventional photocathode [4]), as well as its techno-
logical cycle.

The newly developed streak tube with a photocathode based on gallium arsenide has significantly im-
proved characteristics compared to those of the TIIO30-01 streak tube (see table 1). The use of such streak
tubes will improve the detection efficiency due to extension of a dynamic range.
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The TIIOA41 streak tube prototypes have successfully passed the mechanical and climatic tests. The re-
sults of photocathode sensitivity measurements performed during the streak tube storage and operating prove
sufficient stability of this parameter.

The developed technology of manufacturing the streak tube with an GaAs-based A"BY photocathode
is fundamental for developing the new types of streak tubes capable to detect light emissions in the near-
infrared region (up to 1.7 um).

Table 1
Comparison of TIIO30-01 and TIIO41 main parameters
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YUCJEHHOE MOJEJINPOBAHUE ®OPMUPOBAHUS
MOJIEU HANIPSI)DKEHUM B TETEPOT'EHHBIX BB

A. E. Cmapuxos, A. I1. Anosey

HOxHO-Ypanbsckuii TocyapCcTBEHHBINH YHUBEPCUTET (HAIMOHAIBHBIN HCCIIEIOBATEbCKUI YHUBEPCHUTET),
Yenaounck, Poccust

HUccnenoBanue nmoBeaeHus B3pbIBUaThiX BemecTs (BB) mpu ynapHoM Harpy>xeHHH MOXKET MPEACTABIATH
UHTEpeC A YCTAaHOBJICHHSI MEXaHU3MOB JI€TOHALNH.

Cpenu ucnoib3yeMbIX MaTepHajioB JAOCTAaTOYHO LIMPOKO paclpocTpaHeHbl rereporeHHsle BB, cocrod-
e U3 KOMOMHAINMH SHEPreTHUECKOro BEeIECTBa U MHEPTHBIX BKItoueHHi. [Ipencrasnser natepec uccie-
JIOBaHHE POJIM BKJIFOYCHUH Ha HOpMHUPOBAaHHE TEPMOANHAMHYECKIX COCTOSHUN KOMIIOHEHT T'€TepPOTeHHOTO
BB npu pasnuusbIx Bo3aelcTBUAX. II0CKONBKY 3KCIIEpUMEHTAIbHBIE UCCIEN0BaHNS JaHHBIX MaTepHaioB
BBI3bIBAIOT U3BECTHBIE TPYJAHOCTH, BO3PACTAET POJIb TEOPETUUECKUX HCCIIETOBAHNM.
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Jannas paboTa MOCBAIICHA UCCIIEOBaHUIO (DOPMUPOBAHUS TTOJICH HANPSIKCHUY B KOMIIOHEHTAX TeTepo-
regHoro BB npu BozaeiicTBuu Ha Hero yaapHuKa. OnucaHue JUHAMHYECKUX MPOIECCOB B TETEPOrCHHOM
BB npounzBoautcs ¢ IOMOIIBIO MaTeMaTHUECKON MOJIETHN TeTeporeHHbIX cpen [1]. B nanHoit mogenu nuna-
MHKa T€TEPOr€HHOM Cpellbl ONMKCHIBAETCA CUCTEMON YPAaBHEHUN MEXAHUKH CIUIOLIHOM Cpelbl i KaXKIOu
KOMITOHEHTHI B paMKaxX yIpyromjlacTUueckol monenu. J[aHHas cucTeMa ypaBHEHUW 3aMBIKA€TCA ypaBHE-
HUSMHM peIaKcallii KOMIIOHEHT K paBHOBecHio. J{ns BB npuMeHssiocs ypaBHeHHE COCTOSHUS [2], IS TBEp-
JOTENBbHBIX BKJIIOYEHUW — ypaBHEeHHMs Mu—IproHaiizeHa. Peuienue naHHOM cCUCTEMBbl YpaBHEHHM BBIIOJI-
HAETCS C MOMOIIBIO MOIyaHAIUTUYECKOTO MeTona [3].

IIpuBoasATCs pe3ysbTaThl pacue€TOB MOJEH HANPsHKEHUS! B KOMIIOHEHTaxX rereporeHHoro BB ¢ paznuynbl-
MU pa3MepaMu cPepruiecKuX BKIFOUESHUN MeTallIa U UX 00bEMHO JI0JIH NIPU BO3JICHCTBHH METAJUTHYECKOTO
yaapHuka. B kauecTBe nmpuMepoB rereporeHHbIX BB ncnonb3oBaHbl naHHbIC paOoThI [4].
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NUMERICAL SIMULATION OF THE FORMATION
OF STRESS FIELDS IN HETEROGENEOUS EXPLOSIVES

Ya. E. Starikov, A. P. Yalovets

South Ural State University (national research university), Chelyabinsk, Russia

The study of the behavior of explosives under shock loading may be of interest for the investigation of
detonation mechanisms.

Heterogeneous explosives consisting of a combination of an energetic substance and inert inclusions are
quite widespread among the materials used. The role of inclusions in the formation of thermodynamic states
under various influences on heterogeneous explosives is of interest. Since experimental studies of these ma-
terials cause certain difficulties, the role of theoretical research increases.

This work is devoted to the study of the formation of stress fields in the components of heterogeneous
explosives when exposed to a striker. Dynamic processes in heterogeneous explosives are described using a
mathematical model of heterogeneous media [1]. In this model, the dynamics of a heterogeneous medium is
described by a system of continuum mechanics equations for each component within the framework of an
elastic-plastic model. This system of equations is closed by the equations of relaxation of the components
to equilibrium. The equation of state [2] was used for explosives, and the Mi—Gruneisen equations were
used for solid-state inclusions. The solution of this system of equations is performed using a semi-analytical
method [3].

The results of calculations of stress fields in components of heterogeneous explosives with different sizes
of spherical metal inclusions and their volume fraction under the influence of a metal impactor are presented.
The data of [4] were used as examples of heterogeneous explosives.
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B3AUMOJIEHCTBUE INJIACTUHYECKOH JTE®OPMAIIUH
U UMIYJIBCHOI'O TOKA BOJIBIION IJIOTHOCTH
B MATEPUAJIAX

B. B. Cmonapos
MNucturyt mammHoBeaenust uM. A. A. brnaronpaBoBa PAH, Mocksa, Poccus

W3BecTHO, UTO BIEKTPUUECKUI TOK B IPOBOISIINX MaTepHuaiax MpOsBISET TEIUIOBOH, CKHH- M MTUHY 3(-
¢dexTpl. KomOnHanus miactuueckoit eopMauu U 3JIeKTPHYECKOT0 TOKa NPUBOAMT K APYTOMY BaKHOMY
SIBIICHUIO — K dJIeKTporiacTuaeckomy s dexry (J113. Kak ycraHOBICHO MHOTMMH UCCIIENOBAHUSIMH, pa3yI-
pPOYHEHHE — CHIDKEHHE HANpPsHKCHUH TEUeHHs W YBEIMYEHHUE IUIACTHYHOCTH METAUIMYECKHX MaTepHalioB,
siBIIsieTcsl TIaBHBIM cienctBueM DI1D. Hecmotps Ha naBHee oTkpeiTHE sBieHus D113 ero puznyeckuii me-
XaHU3M NPOJOIKAET OCTaBaThCS HESICHBIM U BBI3BIBAECT MPOTHBOPEUMBBIC OLICHKHU HcciienoBateneii. OqHu u3
HUX MOJAEPKUBAIOT TEIUIOBYIO IPUPOAY SIBJICHHUS, a APYTHE MPEJIaraloT MEXaHU3M «AJIEKTPOHHOTO BETPay.
B aurepatype ectb ciyuan, koraa OI13 NpUBOAUT K MPOTHBOMOIOKHOMY TOBEIECHHUIO — Pa3ynpOYHEHUIO
npu BBeneHu! Toka [ 1, 2]. [Ipeamonaraercs, uro B 6omnbiueil crenenn pe3ynsrar 11D 3aBUCUT OT IPUPOIBI
marepuana. Hanpumep, D110 B coBpeMeHHBIX Marepuanax (HaHOCTPYKTYpUpPOBaHHBIE, aMOp(QHEIE, ¢ Ma-
MaTbi0 (opmbl, TRIP u nyruiekcHble cTanu) u3y4eH HEIOCTaTOuHO, a BIUSHHE pa3Mepa 3epeH U (Pa3oBbIX
NpEeBpalIeHui B HUX MpPEACTaBIAeT ocoOyro mpobnemy. Llenp paboTel — JeMOHCTpaLusl BhIIIETIePEUHCIICH-
HBIX ocobeHHOCTer DIID ans pasHbIX MaTepuainoB. MccienoBaHHEIMU MaTepuanaMu Obutnd yucteie Ti, Al,
craBbl ¢ maMaThio Gopmbl TiNi u cranmu: ymiepoaucTas ¢pepputo-nepautHas CT.3 U ayCTEHHUTHAs! XpOMO-
HukeneBas X6H4. PacTsokeHne BBIMOTHEHO TIPU OAHOBPEMEHHOM BBEACHUH OIWHOYHBIX UMITYTIbCOB DJIEKT-
PHUYECKOTO TOKA, pEeXKUMBI KOTOPOTO MOKa3aHbl B MOAPUCYHOUHBIX moAnucsx. [Ipumeps! aedopmannonHoro
MIOBEACHUS MaTepHajIoB MOKa3aHbl Ha puc.l.

Pesynbratom BBemeHHUs TOKa Ui BCEX HCIBITAHHBIX MaTepHaioB OBLIO OAHOBPEMEHHOE YNPOYHEHHUE
Y TIOBBILICHHUE TUIACTUYHOCTH A0 pa3pyuenus. [Ipu aTom Temmeparypa obpasia He MpeBblliana KOMHaTHOM.
Kaxnpiii »MIynec TOka BO BCEX Marepuanax CONPOBOXKAAJCS CKaYKOM HANPSKEHUs] BHU3 aCCUMETPUYHON
¢dopmsbl (B crmaBax TiNi ckauyky ObLIM HampaBieHBI BBEPX) M PA3HOM aMIUTUTYABI, IPU 3TOM Ha yNpPyroM
y4acTKe aMIUIMTYZa CKadKa Obljla 3aMETHO MEHBILE, YEM B YIPYTOIUIACTHYECKOM.

B pabote ob6cyxknatoTcs 0COOEHHOCTH KPUBBIX PACTSDKEHMS, OTAMYAIOIIUXCS I KaKIOro Marepuaa.
OTmeuaeTcst, YTO yKa3aHHbIE 0COOCHHOCTH HAOIIOAAIICH TOIBKO ISl pEKUMa TOKa, KOTa CKBaXKHOCTH Oblia
BbICOKOM. [Ipeamonaraercs, 4To ynpouHEeHHE MOTJIO OBITh BBI3BAHO TAKHMMHU CTPYKTYPHBIMH U3MEHEHHUSIMH,
Kak TMHaMu4eckoe nedopMaloHHOE cTapeHue, (Da30Bble MPEBPALICHUS, 3aMEHa MEXaHI3Ma CKOJIbKEHHUS
IUMCIOKAIMK Ha TIeperoyI3aHue U JIp.
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INTERACTION OF PLASTIC DEFORMATION
AND HIGH-DENSITY PULSE CURRENT IN MATERIALS

V. V. Stolyarov

Mechanical Engineering Research Institute of the RAS, Moscow, Russia

It is known that electric current in conducting materials exhibits thermal, skin and pinch effects. The
combination of plastic deformation and electric current leads to another important phenomenon — to the
electroplastic effect (EPE. As established by many studies, softening — a decrease in flow stresses and an
increase in the plasticity of metallic materials, is the main consequence of EPE. Despite the long-standing
discovery of the EPE phenomenon, its physical mechanism continues to be unclear and causes conflicting
assessments of researchers. Some of them support the thermal nature of the phenomenon, while others sug-
gest the mechanism of “electronic wind”. In the literature, there are cases when EPE leads to the opposite
behavior — softening upon the introduction of current [1, 2]. It is assumed that, to a greater extent, the result
of EPE depends on the nature of the material. For example, EPE in modern materials (nanostructured, amor-
phous, shape memory, TRIP and duplex steels) is not well understood, and the effect of grain size and phase
transformations in them is a particular problem. The purpose of the work is to demonstrate the above features
of EPE for different materials.

The studied materials were pure Ti, Al, shape memory alloys TiNi and steels: carbon ferrite-pearlitic St.3
and austenitic chromium-nickel X6H4. Stretching was performed with the simultaneous introduction of
single pulses of electric current, the modes of which are shown in the figure captions. Examples of deforma-
tion behavior of materials are shown in fig.1.

The result of the introduction of current for all tested materials was the simultaneous hardening and
increase in ductility before failure. The temperature of the sample did not exceed room temperature. Each
current pulse in all materials was accompanied by a downward stress jump of an asymmetric shape (in TiNi
alloys, the jumps were directed upwards) and different amplitudes, while the amplitude of the jump was
noticeably smaller in the elastic section than in the elastoplastic one.
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Fig. 1. Stress-strain curves for Ti (a) and Al (b):
1 — no current; 2: a —j = 250 A/mm?; b — j = 450 A/mm>

The paper discusses the features of tensile curves that differ for each material. It is noted that these fea-
tures were observed only for the current mode, when the duty cycle was high. It is assumed that hardening
could be caused by such structural changes as dynamic deformation aging, phase transformations, replace-
ment of the dislocation slip mechanism by climbing, etc.
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BJIUAHUE XUMHNYECKOI'O U ®PA30BOI'0O COCTABA
HA DJIEKTPOIIJIACTUYECKHUHN DDDEKT
B TUTAHOBBIX CIIJIABAX

M. C. Cmakosckuii', B. B. Cmonspog*

1 "
AO «MammHOCTpOUTENBHBIH 3aBoA « ApManuty, CaHkt-IleTepOypr, Poccus

ZHHCTI/ITyT mamurHoBeaeHus: uM. A. A. biiaronpaBosa PAH, Mockga, Poccus

OnmHUM H3 TOAXOOOB K YBEIMYEHUIO TEXHOJOTMYECKHX M DKCIUTyaTAllHOHHBIX CBOWCTB MaTepUalloB
sIBIISieTCsl Je(OPMAIIMOHHBIM METON, OCHOBAaHHBIA Ha 3nekTporuiactudeckoM s¢dexre (DI13). HenaBHo
ObLT0 MoKa3aHo, uto DIID He ToJBKO MOBBIAET AeOPMUPYEMOCTh, HO B 00ecreunBaeT (HOpMHUPOBaAHHE
ynbTpamenkosepaucToil (YM3) u (Mu) HaHOCTPYKTYpbI B THTAHOBBIX ciiaBax [1, 2]. BaxxHbIM acriekTom
ocTaeTcsl BbISICHEHHE ¢u3nueckodl npuponst JI1D. B pabore mccaenyercs poib HCXOOHOM CTPYKTYpBI,
XMMHUYECKOTo U ()a30BOTO COCTaBa, a Takke (pa3oBBIX MpeBpalleHuid B TeXHUYecKr yuctoM tutane BT1-0,
nByx¢azHoM (o + ) TutanoBoM crutaBe BT6 u crmae ¢ namsreto ¢popmbl TiNi B nposiBienun 113 npu
MIPOKATKE U PACTSHKEHUH.

[Tokazano cTuMyAHpYIOLIee BIMHIE KPUTHIECKON IIIOTHOCTH TOKa Ha Ie()OPMUPYEMOCTh, BO3MOXKHOCTD
(hopMHpOBaHHS HAHOCTPYKTYPHI U TIOBBILICHHUS POYHOCTHBIX XapakTepucThk. Metogom DSC obHapyxeHO
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BOCCT@HOBJICHHE MPSMOTO MapTEeHCUTHOTO TpeBparieHus B TiNi npu oxJakJIeHUH, KOTOPOE B OTCYTCTBHE
TOKa B 1e(hOpMHUPOBAHHOM 0€3 TOKa CIIJIaBe OOBIYHO MMOJABISETCS.

AHanm3upyercsl MpUpoAa pa3HOHANPABICHHBIX CKauKOB HallpsDKeHHs, HAONMIOZAeMBIX Ha JUarpaMmax
«HanpsbkeHue—aedopManusy» NpH PacTDKEHUH € OOUHOYHBIMH UMIyJbcaMu Toka (puc. 1, a). Ckauku
HanpsDKEHUH «BBEPX—BHHU3» CBA3aHHBI JTUOO C MapTeHCUTHBIM (a30BbIM mpeBpaiieHueM A—M, nubo
¢ OIID. Okazanock, yto DIID sBIAETCS CTPYKTYpHO-UyBCTBUTEILHBIM CBOWCTBOM, BeTMUMHA (aMILIUTYaAA
CKayKa) KOTOPOTO YMEHBLIAETCS TPU U3METBYEHUH CTPYKTYPHI M ke McUe3aeT B HAHOKPUCTAITUUYECKOM
cocrosinnH (puc. 1, 6).

25 3 s
Nepopmagna fuu)

a o

Puc. 1. KpuBast «HanpsbkeHue-aedopMarus Mpy pacTsHKEHUH ¢ TOKOM (@) U HaHocTpykTypa (6) criaa TiNi ¢ map-
TEHCUTHBIM TMIPEeBpaLIEHUEM
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INFLUENCE OF CHEMICAL AND PHASE COMPOSITION
ON ELECTROPLASTIC EFFECT IN Ti-BASED ALLOYS

M. S. Smakovsky', V. V. Stolyarov*

"Machine Building Plant «Armalit» Saint Petersburg, Russia
*Mechanical Engineering Research Institute of the RAS, Moscow, Russia

One of the approaches to increase the technological and operational properties of materials is the de-
formation method based on the electroplastic effect (EPE). It has recently been shown that EPE not only
increases the deformability, but also ensures the formation of an ultrafine-grained (UFG) and (or) nanostruc-
ture in titanium alloys [1, 2]. An important aspect is the elucidation of the physical nature of the EPE. The
paper investigates the role of the initial structure, chemical and phase composition, as well as phase trans-
formations in commercially pure titanium VT1-0, two-phase (o + B) titanium alloy VT6, and shape memory
alloy TiNi in the manifestation of EPE during rolling and tension.

The stimulating effect of the critical current density on the deformability, the possibility of forming a
nanostructure and increasing the strength characteristics is shown. The DSC method revealed the restoration
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of the direct martensitic transformation in TiNi upon cooling, which is usually suppressed in the absence of
current in an alloy deformed without current.

The nature of multidirectional stress jumps observed in the “stress-strain” diagrams during tension with
single current pulses (fig. 1, a) is analyzed. Stress jumps “up-down” are associated either with the martensitic
phase transformation A—M, or with EPE. It turned out that EPE is a structure-sensitive property, the value
(jump amplitude) of which decreases with structure refinement and even disappears in the nanocrystalline
state (fig. 1, D).

Hanpsose e [Ma)
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Dedopmangta uu)

a b
Fig. 1. Stress-strain curve at tension with current (¢) and nanostructure (b) of TiNi alloy with martensitic
transformation
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IEKTPOIIJIACTUYECKHUHN DDDEKT
B BE3OJIOBIHUCTOM BPOH3E
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[Inactuueckas aedopmanusi, CONpoBOXKAaEMas IEKTPUUECKAM TOKOM OOJBIIONH MIOTHOCTH, KaK Ipa-
BUJIO, CIIOCOOCTBYET YMEHBIICHUIO HANPSDKEHUI TEUEHUS U TMOBBILICHUIO MIACTUYHOCTH MPOBOISIINX Me-
TaJJIOB. JTO SIBJICHUE MOMYYHIIO HAa3BaHHE «3JIeKTporuiacTudeckuii apdexr» (I113). [Ipennonaraercs, yto
OI13 o0ycnoBieH AeCTBHEM KOMOMHAIIMHM HECKOJIIBKUX MEXaHU3MOB, BKIIOUasl TEIIOBOH U «AJIEKTPOHHBIN
BeTep». BaxkHbIM mpakTudyeckuM cienctsueM JI1D sBusercs ero noreHIMaIbHOE MPUMEHEHHE B TEXHOJIO-
THYECKHUX TMponeccax 00padoTku AapiaeHueM. 11D ObUT MIUPOKO MUCCIEN0BaH B YUCTHIX METaJIax U CIUIa-
BaxX M 3aMETHO MEHbLIE B CIUIaBaX. AHAIN3 HEMHOTOYMCIIEHHBIX HCTOYHUKOB MOKa3all MPOTHBOPEUUBOCTh
JaHHBIX uccnenoBanus DIID i pa3HBIX XMMUYECKHX COCTAaBOB JaryHeil. Hampumep, B Menu u criaBax
Cu-40%Zn-1%Sn u Cu-35.5%Zn-1%Pb aBrops! [1] moarBepxkaatoT 3peKTUBHOCTL AEHCTBUS TOKA IpU



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CNEAYIOLLYIO CTPAHULY MEYATb

cKaThy, a B ciutaBe Oim3koro cocraBa Cu-30%Zn mpu TpextoueunoM usrude D112 He nabmomaercs [2].
MenHble CIIaBbl ¢ AIIOMUHUEM MIPEACTABISIIOT cO00H BaKHBIN KJIACC KOHCTPYKIHMOHHBIX MatepuaioB. [Ipu
UX MPOU3BOACTBE B BHJE MONy(HaOpUKATOB MPUMEHSIOTCS HMPOLECCHl, BKIIOYAs MPECCOBaHME U MPOKATKY.
OTcyTcTBHE IUTEpATypHBIX AaHHBIX 10 D110 B MEAHBIX cIuIaBax THIa OPOH3HI, JIETMPOBAHHBIX aJTIOMUHUEM
U KEJIe30M, TOCITYKUIIO TOYKOM K HAaCTOALIMM HcciefoBaHusAM. Llens paboTel — uccienoBanue aepopma-
LUOHHOTO MOBEACHUS ¢ TOKOM JByXx(a3zHoi OpoH3sl bpAJKHMI 9-4-4-1 npu pacTsikeHUH.

B ucxomHoM cocTossHUM OpOH3a MMea MUKPO3EPHHUCTYIO CTPYKTYPY C PasMEpOM 3€peH MaTpHUIIbI 6 MKM.
Crarndeckoe pacTsKeHHE BHIIOTHEHO MPH CKOPOCTH Aedopmanuu 3 - 100*c". B oOpazel A0 pacTsKeHUs
BBOAWJIA UMITYJIbCHBIN TOK MIOTHOCTBRIO 1600 1 200 A/MM2, ckBaxHOCTEHIO OT 10 1m0 20 000 u miuTeabHOC-
Th10 uMNyibca oT100 1o 1000 Mkc. B nporiecce pacTsKeHUs BBITOIHSIIOCH H3MEPEHHUE TeMIIeparyphl 00pas-
1a. [Ipumepsl KpUBBIX pacTSHKEHUS P Pa3HbIX PeKUMax TOKa MOKa3aHbI Ha puc. 1.
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Puc. 1. Kpussle «HanpspkeHue-aedopmaiys» npu pactsbkeHun 0e3 Toka (kpusas 1)
¥ C TOKOM TLIOTHOCTBIO 1600 A/MM? (@) 1 200 A/MM? (6) IpH CKBAKHOCTH:

2—-q=20000;3-¢=12000;4—-g=4000;5-¢g=100; 6 —g=20;7—-q=10

O6cyxnaercs poib CKBaKHOCTH MMITYTbCHOTO TOKa U CBS3b A€(POPMAMOHHOTO MOBEACHHUS C HBOJIO-
LUell MUKPOCTPYKTYPBI M XapaKTepOM pa3pyIIeHUsI.
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ELECTROPLASTIC EFFECT IN TINLESS BRONZE
V. V. Stolyarov', G. G. Savenkov*, M. S. Smakovsky*

'Mechanical Engineering Research Institute of the RAS, Moscow, Russia
*Machine Building Plant «Armalit» Saint Petersburg, Russia

Plastic deformation, accompanied by a high-density electric current, as a rule, contributes to a decrease
in flow stresses and an increase in the plasticity of conductive metals. This phenomenon is called the “elec-
troplastic effect” (EPE). It is assumed that EPE is due to the action of a combination of several mechanisms,
including thermal and “electronic wind”. An important practical consequence of EPE is its potential applica-
tion in technological processes of pressure treatment. EPE has been extensively studied in pure metals and
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alloys, and noticeably less so in alloys. An analysis of a few sources showed the inconsistency of the EPE
study data for different chemical compositions of brasses. For example, in copper and Cu-40%Zn-1%Sn and
Cu-35.5%Z7Zn-1%Pb alloys, the authors of [1] confirm the effectiveness of the action of the current during
compression, and in an alloy of similar composition Cu-30%Zn with a three-point bending of the EPE not
observed [2]. Copper alloys with aluminum are an important class of structural materials. In their production
in the form of semi-finished products, processes are used, including pressing and rolling. The lack of litera-
ture data on EPE in copper alloys such as bronze alloyed with aluminum and iron was the impetus for the
present research. The aim of the work is to study the deformation behavior of two-phase bronze BrAZhNMts
9-4-4-1 with current under tension.

In the initial state, the bronze had a fine-grained structure with a matrix grain size of 6 pm. Static tension
tests were performed at a strain rate of 3 - 10~*s7!. Before test, a pulsed current with a density of 1600 and
200 A/mm?, a duty cycle of 10 to 20 000, and a pulse duration of 100 to 1000 ps was introduced into the
sample before stretching. During tension, the temperature of the sample was measured. Examples of stress-
strain curves for different current modes are shown in Fig. 1.
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Fig. 1. Stress-strain curves at tension without current (curve 1) and with current density of 1600 () and 200 A/mm?
(b) at a duty cycle:
2—-q=20000;3—-¢g=12000;4—-g=4000;5-¢g=100;6—-g=20;7—-g=10

The role of the duty cycle of the pulsed current and the relationship between the deformation behavior and
the evolution of the microstructure and fracture type are discussed.
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6IO>1<H0-YpanLCKHI71 TOCYIapCTBCHHBIN YHUBEPCHUTET, UemIOMHCK

I/ICCJ'IGZ[yIOTCSI YAApHO-BOJIHOBLIC IMPOLICCCHI B IUIOCKOW MHUIIICHH M3 Majljaaus npu 06nyqu1/H/1 Jla3ep-
HBIM UMITYJIBCOM HI/IKOCCKYHZ[HOI‘/'I JJIMTCIIBHOCTH. B OKCIICPUMCHTC OIPCACIAIOTCA IMapaMETPhl JIa3€PHOT'O
HUMIIYJIbCA, a TAKKC FJ'IY6I/IH3, OTKOJIBHOM BBICMKH, 06pa3y10meﬁc;1 B pE3YJbTATC CJIOXHOTO TCYCHHSA BOJIH
CIKaTHd U paCHIMPCHUS 110 BCUICCTBY. HI/IHaMI/IKa 06pa3y101u1/1xc;1 OpU 3TOM BOJIH CKATHA U pas3rpy3ku MoJec-
JIMPYETCA C UCIIOJIB30BAHUCM HOBOI'O YpAaBHCHUA COCTOAHUA NaUIaAus IMMPU BBICOKUX IJIOTHOCTAX DHEPTUH.
IIo pe3yjibTaTaM 3KCIICPUMEHTA U YHUCJIICHHOTO MOACIMPOBAHUA OLCHUBACTCA MNPOYHOCTL MATCpuaia Ipu
BBICOKOM PAaCTATUBAIOLICM HAIIPSAKCHUU.

DYNAMICS OF WAVE PROCESSES
OF COMPRESSION AND EXPANSION IN PALLADIUM
UNDER PICOSECOND LASER IRRADIATION

I A. Stuchebryukhov"? S. A. Abrosimov', A. Yu. Semenov'"->, K. V. Khishchenko® >

'Prokhorov General Physics Institute RAS, Moscow, Russia
2Lebedev Physical Institute RAS, Moscow, Russia
3Moscow Institute of Physics and Technology, Dolgoprudny, Russia
4Joint Institute for High Temperatures RAS, Moscow, Russia

>Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS,
Chernogolovka, Russia

%South Ural State University, Chelyabinsk, Russia

Shock-wave processes in a flat palladium target irradiated by a picosecond laser pulse are studied. In the
experiment, the parameters of the laser pulse, as well as the depth of the spall cavity formed as a result of a
complex flow of compression and expansion waves through the substance are determined. The dynamics of
the resulting compression and unloading waves is modeled using a new equation of state for palladium at
high energy densities. Based on the results of the experiment and numerical simulation, the strength of the
material at high tensile stress is estimated.
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OIITUYECKAA CXEMA METOJA TETEPOAUH-UHTEP®EPOMETPA
C MHOT'OKPATHBIM BPEMEHHbBIM YIIVIOTHEHUEM CUTI'HAJIOB

A. M. Tapacos, E. A. Yyoakos, /I. A. Kanawnukos, A. B. @éoopos, A. O. Heosxkun, E. A. Pazymkos,
A. E. Cagpponos, JI. B. Yepnos, T. O. Craaouesa

OI'VII «Poccuiickuii @enepanbubliilt Anepubiit [entp — Beepoccuiickuit HUM skcniepumeHTanbHOM
¢$bms3uxm», Capos, Poccus

B pabote paccMoTpeHa pa3pa0OTKa ONTHYECKOW CXEMBbI METONA reTepoIuH-UHTEpPepoMeTpa ¢ MHOTO-
KpaTHbIM BPEMEHHBIM YIIJIOTHEHHEM CUTHAJIOB, IPOAaHAJN3UPOBAHbl €€ BO3MOXKHOCTH U MOKa3aHO MpHUMeE-
HEHHE B ONBITaX.

OnmHUM 13 OCHOBHBIX HKCIIEPHUMEHTAJIBHBIX METOJOB, AJSl PETUCTPALMU CKOPOCTH OOBEKTa MCCIIEA0Ba-
HUSI, SIBJISIETCS Jla3epHbIld reTepoauH-uHTepdepometp [1]. [Ipu 3ToM B cimydae 3ameHCTBOBaHUS ATMHHBIX
BOJIOKOHHBIX JINHUI U T€pMONEPEXOJI0B pPeaIn3yloTCsl JOTOIHUTENbHBIE TIOTEPH B ONTUYECKUX TPaKTax Ha
ypoBHe ~6—7 nb. CHIXeHne 4yBCTBUTEILHOCTH Ha JAHHYIO BEIMYMHY MOXET CYIIECTBEHHO YXyAIaTh Ka-
94eCTBO PEruCTpalyy U IPUBOIUTH K YACTUUHON MOTEpE JaHHBIX.

J11st TOBBIIEHHUS] COOTHOLICHHUS! CUTHAJI/IIYM C LENBI0 YIyUYIIeHUs] KauecTBa TMOJy4yaeMOi IKCIIEpUMEH-
TanpHOM MH(popManuu Obla pa3paboTaHa ONTHYECKAsi cXeMa METoJla TeTepoauH-uHTepdepoMeTpa ¢ MHO-
TOKPaTHBIM BPEMEHHBIM YIUIOTHEHHEM KaHajioB. OOmMi npuHIHKI ee paboThl 3aKITI0YAETCS B CIECAYIOIIEM:
M3JIy4eHHUE C KaXKI0r0 30HAUPYIOIETO Jia3epa AeTUTCS Ha YeThIpe OAWHAKOBBIE YACTH U uepe3 OJIOK LHUPKY-
JSITOPOB TiepeaeTcs Ha 00beKT uccaenoBanus. [lanee coOpaHHOe TaTYMKAMU OTPAKEHHOE H3ITyUeHUE Yepe3
ONTHUYECKUE YCUIIUTENN NEePEAcTCs Ha CUCTEMY 3aTBOPOB, NIEpeKIItoYaTenel U TMHUHN 3a1epKKH Pa3InIHON
amusbl (ot 10 1o 30 kM), Kotopas Bkyne ¢ DWDM ¢unbrpamu oTBeuaet 3a GOpMUPOBAHNE MYJABTUILIEKCH-
POBAHHOTO CUTHAJIa C Pa3/ieJIeHHEM KaHaJIOB.

B pamkax sKcriepuMeHTaNbHOM OTPaOOTKH ObUT ITOKa3aH MPUPOCT COOTHOLICHHUS CUTHAJ/IIYM I pa3pa-
OoTaHHOH onTHYecKol cxeMbl Ha 6 1bM (B 4 pa3a) Mo CpaBHEHMIO C ONTHYECKOI CXEMOM C YeTBIPEXKPAaTHBIM
YaCTOTHBIM YIJIOTHEHUEM.

[Ipumenenne pa3pabOTaHHON ONTHYECKOW CXEMbI TO3BOJUT HHUBEIHPOBATH JOIOJHUTEIBHBIE TOTEPH
Y TIO3BOJIUT TOBBICUTH Kau€CTBO MOJIy4YaeMOi SKCIIEpUMEHTaIbHON HH(POPMAIIH.

Jlureparypa

1. Iat. RU 2657135 C1 Poccuiickas ®@enepanus, MIIK GO1P 3/36. YcTpoiicTBO 10MIEpOBCKOT0 U3MEPH-
TEJsl CKOPOCTH JIBUKYIICHCS TOBEPXHOCTH Ha OCHOBE MHTEP(EPOMETPa C BOJIOKOHHBIM BBOJIOM M3ITyUEHUS
[Tekcr] / @unrommn C. A., Dénopos A. B., [lImenes U. B., Yynakos E. A., Kanamuaukos /I. A., l'aytos U. C.,
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OPTICAL SCHEME OF THE HETERODYNE INTERFEROMETER
METHOD WITH MULTIPLE TIME COMPACTION OF SIGNALS

A. M. Tarasov, E. A. Chudakov, D. A. Kalashnikov, A. V. Fedorov, A. O. Yagovkin, E. A. Razumkov,
A. E. Safronov, L. V. Chernov, T. O. Sklyadneva

FSUE “Russian Federal Nuclear Center — All-Russian Research Institute of Experimental Physics”, Sarov,
Russia

The paper considers the development of an optical scheme of the heterodyne interferometer method with
multiple time densification of signals, analyzes its capabilities and shows its application in experiments.

One of the main experimental methods for registering the velocity of the object of study is a laser het-
erodyne interferometer [1]. At the same time, in the case of using long fiber lines and hermetic junctions,
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additional losses in the optical paths are realized at the level of ~6—7 dB. A decrease in sensitivity by this
amount can significantly impair the quality of registration and lead to partial data loss.

To increase the signal-to-noise ratio in order to improve the quality of the experimental information ob-
tained, an optical scheme of the method was developed heterodyne interferometer with multiple time sealing
of channels. The general principle of its operation is as follows: the radiation from each probing laser is
divided into four identical parts and transmitted through a block of circulators to the object of study. Further,
the reflected radiation collected by the sensors is transmitted through optical amplifiers to a system of gates,
switches and delay lines of various lengths (from 10 to 30 km), which, together with DWDM filters, is re-
sponsible for the formation of a multiplexed signal with channel separation.

As part of the experimental testing, an increase in the signal-to-noise ratio for the developed optical cir-
cuit was shown by 6 dBm (4 times) compared to an optical circuit with a four-fold frequency seal.

The application of the developed optical scheme will allow to level out additional losses and will improve
the quality of the experimental information obtained.
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HEPBONNPUHIOUIIHBIE PACYHETBHI TIPOBOANMOCTH
U ONITUYECKUX CBOMCTB IUPKOHUSA U CBUHIIA
B OKPECTHOCTHU KPUTUUYECKOMH TOYKHU

B. b. ®okun, /[. B. Munaxos, M. A. I[lapamonos, 11. P. Jlesauiog

OI'bYH OObenuHeHHbIN HHCTUTYT BRICOKHX Temrieparyp Poccuiickoit akagemun Hayk, MockBa, Poccust

MocKoBCKUH (YH3UKO-TEXHUUECKUN HHCTATYT (HAITMOHAIBHBIN UCCIICIOBATEIIECKIM YHUBEPCUTET),
Mocksa, Poccus

HupkoHuii ¥ CBHHEL — METaNJIbI, KOTOPBIE HAXOAAT IINPOKOE MPUMEHEHNE B aTOMHOM YHEPTeTHKE.

Mgl BriepBBIE PACCUUTAH TPAHCIIOPTHBIE M ONTUYECKUE CBOWCTBA 3TUX METAJJIOB B OKPECTHOCTH KpH-
THueckoii Touku. [loBegeHne MetasnoB B o6nactu ha30BOi AUarpaMMbl, COOTBETCTBYIOIIEH pacIInpEHHOMY
HarpeToMy BELIECTBY, MOAEIHPOBAIOCH HEPBOIMPHHIUITHBIM METOIOM KBAHTOBOM MOJIEKYJISIPHOM THHAMUKU
(c momoupto maketa VASP). JInsg pacuera AHHAMHYECKOM AIIEKTPONPOBOJHOCTH HCIONb30Basach Gpopmyrna
Ky6o-IpunByna [1]. Ilocne pacuera 37eKTpONPOBOAHOCTH ONTHYECKUE CBOMCTBA (HOpMalbHAasl CIIEKTPab-
Hasl U3IydaTedbHas CoCOOHOCTh, OTpaXKaTesibHas CIIOCOOHOCTb, MOKa3aTeNb MPEeJOMIICHHs) BOCCTaHABIIHU-
BAJIMCh C UCTIONIb30BaHUEM NpeoOpazoBanusi Kpamepca—Kponwura.

[IpencraBneHo cpaBHEHHE YIEIBHOTO BIEKTPUYECKOTO CONMPOTUBICHUS U HOPMAIBHOW CIIEKTPaIbHOM
U3Ty4aTeIbHON ClTOCOOHOCTH IMPKOHMS M CBUHIIA C SKCIEPUMEHTAILHBIMU JaHHBIMU [2].

Pabora Beimonnena npu nognepxke Poccuiickoro Hayunoro ¢ponaa (mpoekt PH® Ne 20-79-10398).
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AB INITIO CALCULATIONS OF CONDUCTIVITY
AND OPTICAL PROPERTIES OF Zr AND Pb
IN THE VICINITY OF THE CRITICAL POINT

V. B. Fokin, D. V. Minakov, M. A. Paramonov, P. R. Levashov

Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow, Russia

Moscow Institute of Physics and Technology (National Research University), Moscow, Russia

Zirconium and lead are the metals that are widely used in the nuclear power industry.

We calculated the transport and optical properties of these metals in the vicinity of the critical point for
the first time. The behavior of the metals in the region of the phase diagram corresponding to the expanded
heated matter was simulated by the first-principles method of the quantum molecular dynamics (using the
VASP package). The Kubo—Greenwood formula [1] was used to calculate the dynamic electrical conductiv-
ity. After the calculation of electrical conductivity, the optical properties (normal spectral emissivity, reflec-
tivity, refractive index) were reconstructed using the Kramers—Kronig transform.

A comparison of the electrical resistivity and the normal spectral emissivity of zirconium and lead with
experimental data is presented [2].

The work has been supported by the Russian Science Foundation (grant No. 20-79-10398).
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YIAPHASA CCKUMAEMOCTD IIEHOITIOJIUKAPBOHATA
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Yepnoronoska, Poccus

B Hacrosimeit pabote mpoBeACHBI UCCIIEI0BaHMsI 00Pa3IlOB MEHOMOIMKAPOOHAaTa IIPH YIAPHOM CKATHH JI0
nasnenuii 25 I'Tla u pa3paboTaHo ypaBHEHHE COCTOSHHUS 3TOTO MaTepuaia MPHU BHICOKUX MIOTHOCTSX SHEP-
run. MccnenoBansl 00pasifsl ¢ HaYaIbHOM m1oTHOCTHIO OT 0,85 10 0,65 /oM. YnapHbIe BOJHEI B 00pa3iax
MOJYYaJIUCh B PE3YyJIBTaTe BO3ICHCTBUS CTAIHHOTO YIApPHUKA Ha CTAILHOM 9KPaH, 32 KOTOPHIM OBLT PACIOJo-
JKEH 00pasell. YIapHHK Pa3TOHSJICS MPOAYKTaMH JETOHAIIMU B3PBIBUATOTO BEIIECTBA. YPAaBHEHUE COCTOSHHUS
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MMOCTPOCHO OTACIBHO IJIA UCXOAHOT'O HOJ'II/IKap6OHaTa 1 IPOAYKTOB €ro (1)I/I3I/IKO-XI/IMI/IQCCKOI‘O npeBpalicHus
B YCJIOBUAX UHTCHCUBHOI'O YAAPHOTO HArpy>XCHHA.

SHOCK COMPRESSIBILITY OF POLYCARBONATE FOAM
AND THE EQUATION OF STATE OF THIS MATERIAL
AT HIGH ENERGY DENSITIES

F. I Tarasov', A. Yu. Nikolaev', R. N. Kanunnikov', A. S. Lobachyov', V. E. Simonov',
Ya. M. Goropashnyil, E. B. Smirnov"?, D. V. Petrov', K. V. Khishchenko®> %>

'FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

?South Ural State University, Chelyabinsk, Russia
3Joint Institute for High Temperatures RAS, Moscow, Russia
*Moscow Institute of Physics and Technology, Dolgoprudny, Russia

SFederal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS,
Chernogolovka, Russia

In this work, polycarbonate foam samples have been studied under shock compression up to pressures
of 25 GPa and the equation of state for this material at high energy densities is developed. Samples with
initial density from 0.85 to 0.65 g/cm’ were studied. Shock waves in the samples were obtained as a result of
the impact of a steel impactor on a steel screen, behind which the sample was located. The impactors were
accelerated by the detonation products of a high explosive. The equation of state is constructed separately
for the original polycarbonate and the products of its physical-chemical transformation under conditions of
intense shock loading.
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YPABHEHHUE COCTOAHUA PYTEHUSA
IIPU BBICOKUX NABJIEHUAX U TEMIIEPATYPAX

K. B. Xuwenxo
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®denepaabHBIA HCCIEIOBATEIIBCKUH TICHTP TTPOOIeM XUMIUYeCKOW U3k 1 MeaUITMHCKON Xumun PAH,
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HOskHO-Ypanbckuii rocy1apCcTBEHHBIH YHUBEPCHTET, YeIIOMHCK

Pa3paboTaHo MONMyIMITUPHUIECKOE YPABHEHHUE COCTOSHHS PYTEHHS C YUETOM IUIABICHHS M WCTIAPCHHUS.
IpencraBieHsl pe3ysbTaThl PACU€TOB TEPMOTUHAMUUICCKUX XapPAKTEPUCTHK JKUAKOW U ra3oBoi (a3 3Toro
MeTa/ula B [IMPOKOM JMana3oHe AaBjicHU U Temreparyp. I[IpoBeeHO COMOCTaBICHHE PACUETHBIX PE3yIib-
TaTOB C UMEIOIIUMHCS 3KCIIEPUMEHTANBHBIMU JAHHBIMHU TS PYTEHHS TPH BBICOKHX MIOTHOCTSX DHEPTHH.
IMony4yennoe MHOTO(a3HOE ypaBHEHHE COCTOSHHUS MaTepHaia MOXKeT ObITh 3()(EKTHBHO HCIOIH30BAHO
B YHCJIEHHOM MOJICTHPOBAHUH PA3TUYHBIX BHICOKOMHTEHCHBHBIX MPOIECCOB.

HccnenoBanue BHIMONHEHO MpH (hUHAHCOBO#H mojmepxke Poccuiickoro Haydnoro ¢ouza, rpant Ne 19-
19-00713, https://rscf.ru/project/19-19-00713/.
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EQUATION OF STATE FOR RUTHENIUM AT HIGH PRESSURES
AND TEMPERATURES

K. V. Khishchenko

Joint Institute for High Temperatures RAS, Moscow, Russia

Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS, Chernogolovka,
Russia

Moscow Institute of Physics and Technology, Dolgoprudny, Russia
South Ural State University, Chelyabinsk, Russia

A semi-empirical equation of state for ruthenium is developed with taking into account melting and evap-
oration. The results of calculations of the thermodynamic characteristics of the liquid and gas phases of this
metal in a wide range of pressures and temperatures are presented. The calculated results are compared with
the available experimental data for ruthenium at high energy densities. The resulting multiphase equation of
state for the material can be effectively used in the numerical simulation of various high-intensity processes.

The present study is financially supported by the Russian Science Foundation, grant No. 19-19-00713,
https://rsctf.ru/project/19-19-00713/.
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JKCHEPUMEHTAJIBHOE U TEOPETHYECKOE NCCJIIEJOBAHUE
TEPMOJUHAMHUYECKHX CBOMCTB OKCUJIA BEPUJLIINS
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nMmenu akagemuka E. Y. 3a0abaxunay, Cuexunck, Poccus

Kepamuka n3 okcuna Oepuiius 4acTo HCIOIb3YyeTcs B MPOLEccax MPH BHICOKUX TeMIeparypax, B TeX
cilydasix, Korga TpeOyeTcsl BBICOKas MPOYHOCTh, H3HOCOCTOMKOCTh M XMMHYECKasi CTOMKOCTh MaTepHala.
B wacTHOCTH, ypaBHEHHE COCTOSIHUSL OKCHIAa Oepriuins TpeOyeTcs 3HaTh B MIMPOKOM JHAana3oHe TePMOAH-
HaMHUYECKHUX MapaMeTpOB ISl YNCIEHHOTO MOJIEITMPOBAHUS TEXHOJOTHYECKUX MIPOLIECCOB B AAEPHON dHEP-
retuke. B HacTosmelt pabore ucciuenoBaHbl kKepaMUuecKkue 00pasibl OKcHa OepyIlIns Pa3InyHON Hayallb-
HOW IUIOTHOCTH B YCIOBHAX HarpyxkeHus no nasieHui 130 I'Tla cranpHBIMU yoapHUKaMHU CO CKOPOCTAMHU
1o 6 xm/c. [y perucTpaliii CKOpOCTEH yIapHBIX BOJH B 00pa3nax ObUIM MCTIOJIB30BAHBI SNEKTPOKOHTAKT-
HBbIE 1 MAHTAHMHOBBIE NATYUKH. B psie onmpITOB OBUIO H3MEPEHO TaKXkKe AaBJeHUE B YIapHO-CKAThIX 00pa3-
nax. [lonmy4yeHHbIe HOBBIE M UIMEBLIMECS paHee JaHHbIE 0000LIEHBI B OpMe YpaBHEHHS COCTOSHHSA, ONpeae-
JISIIOILIETO 3aBUCHUMOCTD JaBJICHUS OT YACIbHOT0 00beMa U BHYTPEHHEH YHEPTUH BEIIECTRa.



COOEPXAHUE HA MPEALIAYLYIO CTPAHULY HA CIEAYIOLWYIO CTPAHULY MEYATb

EXPERIMENTAL AND THEORETICAL STUDY
OF THE THERMODYNAMIC PROPERTIES OF BERYLLIUM OXIDE
AT HIGH PRESSURES IN SHOCK COMPRESSION WAVES

K. V. Khishchenko"***, K. K. Krupnikov’, Yu. N. Zhugin®, A. Yu. Nikolaev’,
E. B. Smirnov>*, D. V. Petrov’

'Joint Institute for High Temperatures RAS, Moscow, Russia
*Moscow Institute of Physics and Technology, Dolgoprudny, Russia

3Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS,
Chernogolovka, Russia

4South Ural State University, Chelyabinsk, Russia

SFSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

Beryllium oxide ceramics are often used in processes at high temperatures where high strength, wear re-
sistance and chemical resistance are required. In particular, the equation of state of beryllium oxide needs to
be known in a wide range of thermodynamic parameters for numerical simulation of technological processes
in nuclear power engineering. In this work, ceramic samples of beryllium oxide of various initial densities
are studied under conditions of loading up to pressures of 130 GPa by steel impactors with velocities of up
to 6 km/s. Electrocontact and manganin sensors were used to record the shock wave velocities in the samples.
In a number of experiments, the pressure in shock-compressed samples was also measured. The obtained
new and previously available data are generalized in the form of an equation of state that determines the
dependence of pressure on the specific volume and internal energy of the substance.
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JUHAMUYECKUE CBOMCTBA MEJU U CIIJIABOB MEJIU
IHPU YAAPHO-BOJIHOBOM HATPY’KEHUH

. B. Xomckaa', JI. H. A60ynnuna’, C. B. Pasopenoé®, E. B. Illopoxos’
'®I'BYH WucturyT duzuku meramioB umenn M. H. Muxeesa YpO PAH, ExarepunOypr, Poccust

2<DenepanLHLIp“1 HCCIIeNOBATCIbCKHUI TICHTP TTPOOIIeM XUMUYeCKOU (DU3UKHA U MEAUITMHCKON Xumun PAH,
Yepnoroinoska, Poccus

3OV «Poccuiickuii Oenepansabiii Anepusiii Lieatp — Beepoceniicknit HUU texanueckoit pu3nku
nmenHu akagemuka E. M. 3a0abaxunay», CHexxuHck, Poccus

HccnenoBanbl MEXaHUYECKHE CBOMCTBA MEAU U TUCIIEPCUOHHO-TBepctomuX criaBoB Cu—0.03mac.%Zr
n Cu—0.10mac.%Cr ¢ cyomukpokpucramnyeckoit (CMK) ctpykrypoii, copMupoBaHHO Tpy JTUHAMUYE-
CKOM KaHanbHO-yrmoBoM npeccoBanuu (AKVYII). CpoiicTBa mMaTepuanoB HcCCIENOBaHBI B YCIOBHSIX yAAp-
Horo cxatus ¢ aasnenuem 4,7-7,3 I'Tla u ckopoctsio aedopmanuu (0,9-3,2) - 10° ¢ Perucrpauuro Bon-
HOBBIX MPOILIECCOB B 00pa3lax OCYIIECTBISUIN ¢ ToMoulpio JlormiepoBckoro m3mepurens ckopocta VIZAR.
B pesynbrare ObUTH TOMy4YeHBl TPOQHIN CKOPOCTH CBOOOAHON MOBEPXHOCTH MEIU U CIIAaBOB B HCXOAHOM
cocrosinu u nocne JAKYII. Kpome Toro, mis criaBoB TOMOMHUTENBHO OBLIH MONy4YeHbI ipoduim cBoOo-
HOW MOBEPXHOCTH Mocie kKoMOuHupoBaHHOH 00padotku: JIKVYII n ormxura mpu 400-450°C. 13 ananuza
BOJIHOBBIX Npoduiieii, 6bUTH pacCUUTaHbl AMHAMMYECKOTO IMpejiesa yupyrocTu I'toronno (Gygy ), AMHAMH-
4eCKHIl pejient TeKydecTH (Y) 1 OTKOIbHAs IPOYHOCTD (Gg,) MaTepuanos 1o 1 nocie JAKYII no pasmudabm
pesxkumaM. M3 cpaBHEHMsI BOTHOBBIX NpoduiIel 1 JUHAMUYECKUX XapaKTEPUCTHK cIeNlaH BBIBOJ O TOM, YTO
n3MensdeHne ucxoqHoi kpynaokpuctammdeckoi (KK) crpykryper no CMK coctosiHus mpUBOONT K Cy-
[IECTBEHHOMY M3MEHEHUIO INHAMHYECKIX CBOHCTB MaTepHalOB.
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Ompeneneno, uto umensaenue 3epHa meau ot KK (100 mxm) no CMK u CMK+HK (0.05-0.5 mxm)
COCTOsIHUI1 B 6 pa3 yBEIUUUBAET Gy U Y. DT0 00yCI0BIEHO crienu(pUIeCKMMI HEPABHOBECHBIMU COCTOS-
HUsIMH, chopmupoBaHHBIME B Menu mipu JIKVII B pe3ynsraTe BBICOKOCKOPOCTHBIX MPOLIECCOB (parMeHTa-
MU ¥ AUHAMU4eCcKol pekpuctamuzanuu. OnpeaeneHo, YTo JUCIEpTUPOBaHUE CTPYKTYPbI MEN yBEINYH-
BaeT B 1.4 pasa G, mo cpaBHeHuo ¢ KK—ananorom. 31o cBs3aHo ¢ ¢dopmupoBanrem B meau npu AKVYII,
n =4 CTPYKTYypBl, COCTOSAIIEH U3 CUIBHO Pa30pUEHTUPOBAHHBIX 3epeH pazmepaMu 50-350 HM, ¢ mpeumy-
[IECTBEHHO HEPAaBHOBECHBIMU OOJBILIEYIIIOBBIMH I'PAaHULIAMH, YTO CIOCOOCTBYET 3aMEIJICHHIO POCTa MHUK-
POTpEILHH, T. €. 3aTATMBAaHUIO MPOLECCa BBICOKOCKOPOCTHOTO Pa3pyLICHHUS.

YcranoBneHno, uro u3MmenwueHue 3epHa cmiaBa Cu—0.03%Zr or KK (200400 mxm) no CMK (0,3—
1,0 MKM) cocTOsHHS yBenM4HBaCT Gy M Y B 1,9 1 1,8 pasa, Ho ymenbmaeT o, B 1.4 pasa. Ilocnenyromuii
orxur (crapenue) npu 400 u 450°C no3BONISIOT YBEIMYHUTH XapaKTEPUCTHKH YIPYTO-TJIaCTHUECKOTO Tepe-
xona B 3,0 u 3,7 pa3a 1 HOBBICUTH OTKOJIBHYIO MPOYHOCTH NpakTryecku 10 ypoBHs KK ananora. [logo6pan
pexuM koMOuHMpoBaHHOH 00padoTku: JAKVII, n = 3 u omxur npu 450°C, 1 yac, MO3BOJIAIONIUI TOTYYHTh
CMK cmiaB Cu—0.03%Zr ¢ BEICOKOH MHUKPOTBEPAOCTHIO, TEPMUUYECKON CTAOMIBHOCTHIO U TOBBIIICHHBIMH
XapaKTepUCTUKaMH JUHAMUYECKON POYHOCTH.

[Tokazano, yto aucnepruposanue cTpykTypsl citaBa Cu—0.10%Cr no CMK cocTosHus 3HaYUTENHHO
YBEITHUNBACT Gy, M ¥ B 3,7 11 2,6 pasa, 1 IPUBOJHT K yBEIHYCHHIO G, B 1,5 pasa, 1Mo CpaBHEHHIO C e¢ 3Ha-
yeHueM B KK cocrosnuu. I1oBbIIeHHBIN ypOBEHb CBOICTB MCCIEIOBAHHBIX AMCIIEPCHOHHO-TBEPACIOIINX
CIJIAaBOB MEH CBS3aH C JOMOJHUTENBFHBIM UX YIPOYHEHHEM, 00YCIIOBICHHBIM paciaoM TBEPIOTO pacTBOpa
C BBIICJICHHEM HaHouacTul BTopbIX (a3 B mpouecce AKYII u orxura.

OmnpeneneHo, yto ynpounsitomui 3¢ ¢exr craBoB ¢ CMK crpykrypoii, monydennoir merogom JKVYII,
COXpaHsAETCs MPU CKOPOCTAX AepopManun 10° ¢ [TomyuenHbIE SKCTIEpUMEHTAIbHBIE TAaHHBIE O XapakTepe
OTKOJIBHOTO pa3pyIleHHs U OLEHKa BIUAHU qucriepcHocTd U AedektHoctd CMK cTpyKTyphl Ha cOpOTHB-
neHre 1e(pOPMUPOBAHUIO TIPH CYOMUKPOCEKYHIHBIX ATUTENbHOCTSAX HATPY3KH MO3BOJIAIOT MPOTHO3UPOBATh
negopMallMOHHOE MOBEACHNE MEAN U CIUIABOB ME/IN B SKCTPEMAIbHBIX YCIOBHUX IKCILUTyaTallHu.

PaboTa BBINONHEHA B paMKax TOCYAapCTBEHHOTO 3aaanus MunoOpHayku Poccun o temam: «CTpyKTy-
pa» Ne 122021000033-2 1 Ne AAAA-A19-119071190040-5.

THE DYNAMIC PROPERTIES OF COPPER AND COPPER ALLOYS
UNDER SHOCK-WAVE LOADING

L V. Khomskaya', D. N. Abdullina', S. V. Razorenov?, E. V. Shorokhov®

M. N. Mikheev Institute of Metal Physics of the Ural Branch of RAS, Ekaterinburg, Russia

?Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS,
Chernogolovka, Russia

SFSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

The mechanical properties of copper and dispersion-hardening alloys Cu—0.03wt.%Zr and Cu—0.10wt. %Cr
with a submicrocrystalline (SMC) structure formed during dynamic channel-angular pressing (DCAP) were in-
vestigated. The properties of the materials were studied under conditions of shock compression at a pressure of
4.7-7.3 GPa and a strain rate of (0.9-3.2) - 10° s™'. The registration of wave processes in the samples was car-
ried out using a VISAR laser Doppler velocimeter. As a result, the velocity profiles of the free surface of copper
and alloys were obtained in the initial state and after DCAP. In addition, the velocity profiles of the free surface
were additionally obtained for alloys after combined treatment: DCAP and annealing at 400—450°C. From the
analysis of wave profiles, the dynamic Hugoniot elastic limit (Gy; ), the dynamic yield stress (Y) and the spall
strength (Gsp) of materials before and after DCAP were calculated according to different regimes. From the
comparison of the wave profiles and dynamic characteristics, it is concluded that refinement the initial coarse-
crystalline (CC) structure to the SMC state leads to a significant change in the dynamic properties of materials.

It has been determined that the grain refinement of copper from CC (100 pm) to SMC and SMC+NC
(0.05-0.5 pum) states increases oy and Y by 6 times. This is due to the specific nonequilibrium states



COOEPXAHUE HA MPEABIAYLLYIO CTPAHULY HA CNEAYIOLLYIO CTPAHULY MEYATb

formed in copper during DCAP as a result of high-speed fragmentation processes and dynamic recrystal-
lization. It has been determined that the dispersion of the copper structure increases by 1.4 times the osp,
compared with the CC analog. This is due to the formation in copper upon DCAP with n = 4 of a structure
consisting of highly misoriented grains with dimensions from 0.05 to 0.40 pm with mainly nonequilibrium
high-angle boundaries, which promotes a slowing down of the growth of the microcracks, i. e., leads to a
delay of the process of the fracture induced by high-strain-rate deformation.

It has been found that the grain refinement of the Cu—0.03%Zr alloy from CC (200-400 pm) to SMC
(0.3-1.0 pm) states increased oy and ¥ by 1.9 and 1.8 times, but decreased o, by 1.4 times. Subsequent
annealing (aging) at 400—450°C can increase the characteristics of the elastic-plastic transition by 3.0 and
3.7 times and increase the spall strength almost to the level of the CC analog. The combined treatment was
selected: DCAP, n =3 and annealing at 450°C, 1 hour, which allows to obtain a Cu—0.03%Zr alloy with high
microhardness, thermal stability and increased dynamic strength characteristics.

It has been shown that dispersion of the Cu—0.10%Cr alloy structure to the SMC state significantly in-
creases oy and Y'by 3.7 and 2.6 times, and leads to an increase in 6, by 1.5 times as compared to its value
in the CC state. The increased level of properties of the studied dispersion-hardening copper alloys is associ-
ated with their additional strain hardening caused by decomposition of the solid solution with the precipita-
tion of nanoparticles of second phases during DCAP and subsequent annealing.

It has been determined that the hardening effect of alloys with a SMC structure obtained by the DCAP
method is retained at strain rate of 10° s'. The obtained experimental data on the nature of the spall fracture
and the estimation of the influence of the dispersion and defect of the structure on the resistance to high-
speed deformation at submicrosecond durations of loading will allow us to predict the behavior of copper
and copper alloys under extreme operating conditions.

The work was accomplished according to the State Assignment of the Ministry of Education and Science
of Russia on the theme “Structure” No. 122021000033-2 and No. AAAA19-119071190040-5.
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PEAKIIMOHHAS AKTUBHOCTD BOPA,
MOANPUIINPOBAHHOI'O HEHTOKCHUIOM BAHA/IUA

B. I llleguenxo, B. H. Kpacunvruukos, A. B. Kontoxosa, /I. A. Ecenesuu

WuctutyT xumun tBepaoro tena Y PO PAH, ExarepunOypr, Poccus

E-mail: shevchenko@ihim.uran.ru

VnenbHas TemoTa o0pa3zoBaHus okcuaa 6opa 18 297 xJ[k/KT, 4TO BBIIIE TAKOBOW TPH OKHCICHHU allio-
muHUA 16 427 xJx/kr. OgHako, MOPOIIKK OOpa HE HAIUIM IIMPOKOTO NMPUMEHEHHs B KaueCTBE T'OPIOYMX
B JHepreTnueckux kKonaeHcupoBaHHBIX cucteMax (DKC). [IpuumHamu 3TOro ABIAIOTCA JIETKOIUIABKHH OK-
cun B,O; Ha nosepxnoctu yactun (7, = 450°C), koTophlii GIOKHPYET AOCTYN KUCIOPOAA K peaKLIMOHHOM
MOBEPXHOCTH, OJarofapsi CTeKI000pa3yIoUM CBOWCTBAM M HU3KOH Muddy3uu KHciaopoaa, a Takke BBICO-
KOW Temrieparype miaBieHus camoro 6opa (2074°C). Beicokas Temmeparypa kunenus 6opa (oxono 3900°C)
MPaKTUYECKH HCKIIOYaeT ero ropenue B mapoBoi (aze. [lo 3Tum mpuymHaMm, MpeACTaBiIseTcsS HHTEpec-
HBIM MOAM(HULIMPOBAHHE TOBEPXHOCTU YacTHI Oopa ¢ 1Ienblo 00ecredeHrs TPaHCIopTa KUCIopoaa K peak-
MOHHOU MOBEpXHOCTH. B pabote [1], Ha OCHOBE TEOPETHYECKOTO MOAX0Aa, OKa3aHO, YTO BOCIUIAMEHEHHUE
0opa MoxeT ObITh 00YCIIOBIEHO JecTabMIn3anneil OKCHIHOTO CJI0sI 32 CYET HOBEPXHOCTHBIX HAMPSHKEHHUH, KO-
TOpbIE HAPYIIAT CHMMETPHIO B IIPOJIOJILHOM HANPaBI€HUH M BBI3BIBAIOT Pa3phlB IIeHKH B,05. ABTOp 0TMe-
YaeT TaKkXkKe, 4TO CLIEHapHH BOCIIaMEHEHHS1 00pa MOTYT H3MEHSThCS [TPU MOSBICHUH BO3MYILICHUH BCEX BUIOB.

HWcxons u3 aToro HaMu pa3paboTaHa SHEpreTHIecKas KOMIIO3MIUs 6opa u crocol ee nomyueHus [2], my-
TEM COBMEIIEHHS ¢ ICHTOKCUIOM BaHAMs B BUJE TeJIeH pa3InyHON MIPUPOIBL.

B HacTosmieil paboTe MccieqoBaHO BIMSHHE MOAM(HKAUMKE MOBEPXHOCTH MOPOIIKa aMopdHOro 6opa
MEHTOKCUIOM BaHaJMsl Ha MPOLECC €r0 OKUCIIEHHUS B BO3IYIIHON cpeie. YCTAaHOBJIEHO MOJIOKUTENBHOE BO3-
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neiicteue V,0s Ha MOTHOTY OKHMCIIEHUs Oopa M yielnbHOe TemsoBblaenenue (puc. 1). Paccmorpensl npu-
YUHBI HOBBIIIEHUs PEAKIIMOHHONW aKTUBHOCTH OOpa, CBA3aHHBIE C OCOOEHHOCTAMM JMarpaMMbl (pa3oBOro
paBHOBecus B cucreme B,0;-V,0s.

Puc. 1. [luarpamma yaeapHOTO TEIUIOBBIZACICHHS HCXOMHOTO M MOTU(DHIIMPOBAHHOTO Oopa

PaboTa BbIMONHEHAa B COOTBETCTBUM C roc. 3agaHueM WHctuTyta Xxumum TBepaoro temna YpO PAH
Ne AAAA-AT19-119031890028-0

Jlureparypa

1. Maiinken, /I. BocriamMmeHeHHE METaLTMYECKOW YaCTHIIBI M HEYCTOMYMBOCTh OKCHIIHOTO ciios [ Tekcr] //
®usuka ropenus u B3peiBa. — 2006. — T. 2, Ne 1. — C. 39-52.

2. Mar. Ne 2509790 Poccuiickasa @enepamus, MITIK C09K8/60 B22F1/00 C01F7/42. Crioco6 akTuBaiuu
nopomka amomunus [Texcr] / [lleBuenko B. I, Ecenesuu JI. A., KontokoBa A. B., Kpacunsaukos B. H. ;
3asBUTENb U maTeHTooOnaaarens MHctutyT xumun tBepaoro Tena YpO PAH ; 3asen. 12.05.2012 ; omy6m.
20.03.2014, brom. Ne 8.

THE REACTIVITY OF BORON MODIFIED
BY VANADIUM PENTOXIDE

V. G. Shevchenko, V. N. Krasilnikov, A. V. Konyukova, D. A. Eselevich

Institute of Solid State Chemistry UB RAS, Ekaterinburg, Russia
E-mail: shevchenko@ihim.uran.ru

The specific heat of formation of boron oxide is 18 297 kJ/kg, which is higher than that for the oxidation of
aluminum 16 427 kJ/kg. However, boron powders have not found wide application as fuels in power condensed
systems (ECS). The reasons for this are the low-melting oxide B,0; on the surface of the particles (7, = 450°C),
which blocks the access of oxygen to the reaction surface due to its glass-forming properties and low diffusion
of oxygen, as well as the high melting point of boron itself (2074°C). The high boiling point of boron (about
3900°C) practically excludes its combustion in the vapor phase. For these reasons, it is of interest to modify the
surface of boron particles in order to provide oxygen transport to the reaction surface. Based on a theoretical
approach, it was shown in [1] that the ignition of boron can be caused by the destabilization of the oxide layer
due to surface stresses, which break the symmetry in the longitudinal direction and cause the B,O; film to break.
The author also notes that boron ignition scenarios can change with the appearance of disturbances of all types.

Based on this, we have developed an energy composition of boron and a method for its production [2], by
combining with vanadium pentoxide in the form of gels of various nature.

In this work, we studied the effect of modifying the surface of amorphous boron powder with vanadium
pentoxide on the process of its oxidation in air. A positive effect of V,05 on the completeness of boron
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oxidation and specific heat release was established (Fig. 1). The reasons for the increase in the reactivity of
boron associated with the features of the phase equilibrium diagram in the B,0;-V,0; system are considered.

Fig. 1. Diagram of the specific heat release of the original and modified boron

The present work was performed in accordance with a state order to the Institute of Solid State Chemistry,
Ural Branch, Russian Academy of Sciences, No AAAA-A19-119031890028-0
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OKCIIEpUMEHTHI C OJHOKPATHBIM U ABYKPAaTHBIM YAAPHBIM C)KaTHEM BEILLECTBA SIBJISIOTCA OCHOBOM UId
MIOCTPOEHMSI ypaBHEHUI COCTOSHUS MaTepUaoB IPU BBICOKUX JAaBIEHUSAX. PerucTpaius y1apHo-BOITHOBBIX
MPOLIECCOB MPH MOMOIIM CHHXPOTpoHHOTO M3nmyueHus (CH) cymecTBeHHO pacimpuia HHPOPMaTUBHOCTh
9KCIEPUMEHTOB, B TOM UHCJIE COMTPOBOKAAIOIINXCS MHOTOKPATHBIM CyKaTHeM. V3MepeHue MomoneHus mpsi-
Moro nyuka CH mo3BossieT Nony4nuTh HHQOPMALUIO O TUHAMUKE H3MEHEHHUS TUIOTHOCTH 00BEKTa HCCIeo-
BaHMA. TakuM 00pa3oM, HCIOIB30BaHUE PE3YJABTATOB CHHXPOTPOHHOM PErucTpaliy MpH MaTeMaTHu4ecKoM

MOACIMPOBAHNU YAAPHO-BOJHOBBIX MPOLECCOB OTKPBHIBACT IIMPOKUC BO3MOKHOCTHU AJId IOCTPOCHUA YpaB-
HCHMI COCTOSHUS Pa3JINYHbIX MAaTCPUAJIOB.
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B nanHoii paboTe mpeacTaBieHa METOIMKA ONpeAEIeHHUs TapaMeTPOB YPaBHEHUH COCTOSIHUSL Ha OCHOBE
paccUMTaHHBIX M SKCIIEPUMEHTAIBHO NOTYy4YEeHHBIX MPO(UIIEH OTHOCHTEIFHOTO MOTTIONIEHHUS HCCIIELyeMOTO
Marepuana.

Jlng npoBeZieHNs BBIYMCIUTEIBLHOTO SKCIIEPUMEHTA MTOCTPOEHA MaTeMaTniecKkasi MOAENb YIPYTroIu1acTH-
YeCKUX TE€UEHUI cpenibl Ha OCHOBE Mozenu mactuuHocty [panamna—Pelica [1, 2]. Uncnennas peannzanus
MIPEUIOKEHHON MaTeMaTHYeCcKoli MOJeNIM OCHOBaHa Ha MeTofe [3]. BoccTaHOBIEHNE MIIOTHOCTH BELIECTBA
BJOJIb JTy4a CHHXPOTPOHHOTO U3TY4YEHHS U OTHOCUTEIBHOTO MOMIOLIEHHSI TPOBOIMIIOCH C UCIIOIB30BaHUEM
MmeTtomuku [4]. dns ompeneneHus mapaMeTpoB ypaBHEHHH COCTOSHHS pa3paboTaHa METOAMKA Ha OCHOBE
MUHMMHU3AIUH (PyHKIHOHANA OTKJIOHEHWH YMCICHHBIX M 3KCIEPUMEHTANBHBIX Npoduield OTHOCUTENBHO-
ro noromeHus. s anpodanuy METOIUKH MPOBEACHO YHMCIEHHOE MOAETUPOBAHKE 3a/1a4l B TOCTAHOBKE,
COOTBETCTBYIOIIEH KCTIEPUMEHTAM I10 OJJHO- ¥ IBYKPAaTHOMY C)KaTHIO MOJIMMETUMeTaKkpuiara [5].
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CONSTRUCTION OF THE EQUATION OF STATE OF MATERIALS
FROM THE RESULTS OF EXPERIMENTS USING SYNCHROTRON
DIAGNOSIS

M. A. Biryukova"?, N. L. Klinacheva', E. B. Smirnov"?, Ya. E. Starikov',
E. S. Shestakovskaya', A. P. Yalovets'

'South Ural State University (national research university), Chelyabinsk, Russia

2FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical
Physics”, Snezhinsk, Russia

E-mail: shestakovskaiaes@susu.ru

Experiments with one- and two-fold shock compression of matter are the basis for constructing equations
of state for materials at high pressures. Registration of shock-wave processes using synchrotron radiation
(SR) significantly expanded the information content of experiments, including those accompanied by multi-
ple compression. Measuring the absorption of a direct SR beam makes it possible to obtain information about
the dynamics of changes in the density of the object of study. Thus, the use of the results of synchrotron reg-
istration in the mathematical modeling of shock-wave processes opens up wide possibilities for constructing
equations of state for various materials.

This paper presents a method for determining the parameters of the equations of state based on the calcu-
lated and experimentally obtained relative absorption profiles of the material under study.

To perform a computational experiment, a mathematical model of elastoplastic flows of a medium was
constructed based on the Prandtl-Reiss plasticity model [1, 2]. The numerical implementation of the pro-
posed mathematical model is based on the method [3]. Reconstruction of the density of matter along the
beam of synchrotron radiation and relative absorption was carried out using the technique [4]. To determine
the parameters of the equations of state, a method has been developed based on minimizing the functional
of deviations of the numerical and experimental relative absorption profiles. To test the method, numerical
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simulation of the problem was performed out in the formulation corresponding to experiments on one- and
two-fold compression of polymethylmethacrylate [5].
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OCOBEHHOCTH JE®OPMALIUU METAJVIMYECKUX TPYBOK
NOJI AEMNCTBUEM YJIAPHOM BOJHBI HOABOJAHOTO B3PHIBA

/. T. FOcynos

OI'VII «Poccwuiicknii @enepanvubiii Anepusriii Leatp — Beepoccniickuit HUU texamueckot hpu3nku
nmenH akagemuka E. M. 3a0a0axunay», CHexxuHCK, Poccus

HccnenoBansl 0COOEHHOCTHU ,Z[C(i)OpMaL[I/II/I U KpUTCPUU MNEPEKPLITUA MECTATITIMYCCKUX pr60K nonq ):[eﬁc—
TBHUEM y,[[apHOfI BOJIHBI ITOABOJHOT'O B3phIBA. HOJ'Iy‘IeHHBIC AAaHHBIC UMCIOT HCIMMOCPCACTBECHHOC OTHOILICHUC
K MOCTAHOBKE U aHAJIN3y PE3YJILTATOB OIIBITOB IO MOACIMPOBAHUIO NIEPCKPBITUA CKBAXKUH B MPOYHBIX CPC-
Aax, MOryT OBITh UCITOJIE30BAHEI AJId UCCIICA0BaHN A MapaMETPOB pa3pyILICHUS U YCTOP'I‘{HBOCTH Pa3IMYHOro
BuUaa TPY6OHpOBO,Z[OB. HaKOHCL{, PE3YIbTAThl 3TUX I/ICCHG,I[OBB.HI/II\/'I ITO3BOJIMIN O00OCHOBATHL U MpEeaJIOXKUTh
croco0 HU3MEPCHUA KOOpAWHAT H3o6ap1/1qecm/1x HOBerHOCTCﬁ HpOHBBOJ’IBHOfI q)OpMLI C IOMOUIBIO MTPOTA-
KCHHBIX pr6‘laTI:IX JaTYUKOB JaBJICHHA. C IIOMOIIBIO 3TOIO crocoba yAaJ10Ch CPABHUTL IMapaMeTphbl IIOA-
BOAHOTI'O 1 B3PLIBOB BONMU3U MMOBCPXHOCTH.

FEATURES OF DEFORMATION OF METAL-PIPE COLLAPSE
UNDER THE SHOCK WAVE GENERATED
BY THE UNDERWATER EXPLOSION

D. T. Yusupov

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Features of deformation and criteria of metal-pipe collapse under the shock wave generated by the un-
derwater explosion were investigated. The obtained data are closely related to the experimental setup and
analysis of experiments simulating the borehole blockage in high-strength media. These data can be used
to study destruction-and-stability parameters for different pipelines. In addition, results of this investigation
made it possible to validate and propose the method for measuring coordinates of arbitrary-shape isobaric
surfaces using extended tubular pressure transducers. This method also allowed comparison of parameters
of underwater and near-surface explosions.
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IKCIIEPUMEHTAJIBHBIE PE3YJ/IBTATBI OITPEAEJEHUA
OCTATOYHO# SHEPIUM NPETEPIEBIINX
B3PBIBHOE OB KXKATUE METAJIVIMYECKHUX ITAPOB

. T. FOcynos, A. IO. I'apmawes, /]. 11. Kyuko, A. A. [leemsapes,
A. B. Ilemposyes, /1. M. Lllankosckuii

OI'VII «Poccuiickuit enepanpasiii Anepusiii Lleatp — Beepoccentickuit HUU Texandeckon pusuku
nmenu akagemuka E. M. 3a0a0axunay, CHexnHck, Poccus

OnpezneneHre 0CTaTOUHOM TEIJIOBOM 3HEPTUU C MOMOILBIO TBEPAOTEIHHOIO KaJOpPUMETpa, BBHIOIHEH-
HO€ HEMOCPEICTBEHHO IOCIE B3PBIBHOTO OOXKATHS LIAPOB M3 KOHCTPYKLUMOHHBIX MaTepHalioB, MPEICTaB-
JIeT HayYHBIH U MPAaKTUUYECKUI MHTEpEC ¢ TOUKU 3PEHUS U3YUEHUS CTPYKTYPHBIX U MPOUYHOCTHBIX CBOMCTB
Marepuana mapa B YCIOBHIX KyMYJSLHMU SHEPTHH, Pa3IMUYHBIX CIOCOOOB BBOJA PHEPTHH B HCCIIEAYEMBbIH
o0pasel, a Tak)Ke yueTa ypoBHEH AMCCUIAaTHUBHBIX MOTepb. PaboTa mpoBeneHa Al MpoBEPKU U KaTHOPOBKH
YpaBHEHUI COCTOSHUS U B X COCTaBE KHHETUYECKUX MOJIEJIEN CABUTOBBIX U OTKOJIBHBIX IPOYHOCTEH.

B pabote npuBeneHs! NOCTaHOBKA M SKCIIEPUMEHTAIBHBIE PE3YbTaThl B3PBIBHBIX AKCIIEPUMEHTOB C IIa-
paMH U3 pa3IMYHbIX KOHCTPYKIMOHHBIX Marepuainos: aycTeHUTHOH ctanu 12X18H10T; 30XI'CA B cocros-
HUY [TOCTaBKHU U 3aKaJeHHOM; ctanu cT.3; Meau M1. [loka3zaHbl pe3yabTaThl BIMSHUSA KOIUYECTBA TOUEK MHH-
LMUPOBaHMsI Ha BBOJ SHEPTHH B 1Iap, BIMSHUE TUIIa MaTepHalla Ha MONIOIIEHNE SHEPTUN IIPHU OJUHAKOBOM
sHeproBaojie. [IponsmocTpupoBano BiIusHUE (a30BBIX MEPEXOJO0B U PEKUMOB HArPY>KEHHS Ha OCTATOYHYIO
SHEPTHIO IS Pa3IMYHBIX METAJUIMYECKHUX MaTepUaoB.

EXPERIMENTAL RESULTS OF EVALUATING RESIDUAL ENERGY
OF EXPLOSIVE-COMPACTED METAL SPHERES

D. T Yusupov, A. Yu. Garmashev, D. P. Kuchko, A. A. Degtyaryov,
A. V. Petrovtsev, D. V. Shalkovskiy

FSUE “Russian Federal Nuclear Center — Zababakhin All-Russian Research Institute of Technical Physics”,
Snezhinsk, Russia

Residual heat energy evaluation using a solid-state calorimeter, performed immediately after explosive
compaction of spheres made of structure materials, is of scientific and practical interest for purposes of
investigating structural and strength properties of the sphere material under energy cumulation conditions,
of studying different ways of energy input into the test sample, and of accounting dissipation losses. The
objective of the work was to test and calibrate the equations of state and their kinetic models of shear and
spallation strengths.

The paper presents the setup and results of explosive experiments with spheres made of different struc-
ture materials, in particular, 12Kh18N10T austenitic steel; 30KhGSA as-delivered and hardened steel; steel
grade 3; and M1 cooper. The effect of the number of initiation points on energy input into the sphere is shown
as well as the material type effect on energy absorption at the same energy input. The effect of phase transi-
tions and loading conditions on residual energy is illustrated for different metal materials.




	Электронные структуры и физические свойства гидрида урана при ударном сжатии
	Ц. Цуй, Ц. Фу, Х. Чжэн, М. Чжэн, Д. Ли, Ю. Ян*
	Лаборатория вычислительной физики, Институт прикладной физики и вычислительной математики, Пекин, КНР
	Electronic Structures and Physical Properties 
of Uranium Hydride under Shock Compression
	J. Cui, Z. Fu, H. Zheng, M. Zheng, D. Li, and Y. Yang*
	LCP, Institute of Applied Physics and Computational Mathematics, Beijing, China


	Влияние высокоскоростной деформации 
и термической обработки на структуру и свойства низколегированных сплавов меди
	Д. Н. Абдуллина1, И. В. Хомская1, В. И. Зельдович1, Е. В. Шорохов2, А. Э. Хейфец1
	1ФГБУН Институт физики металлов имени М. Н. Михеева УрО РАН, Екатеринбург, Россия
	2ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	The effect of high strain-rate deformation 
and heat treatment on the structure and properties of low-alloy copper alloys
	D. N. Abdullina1, I. V. Khomskaya1, V. I. Zel’dovich1, E. V. Shorokhov2, A. E. Kheifets1
	1M. N. Mikheev Institute of Metal Physics of the Ural Branch of RAS, Ekaterinburg, Russia
	2FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Полуэмпирическое широкодиапазонное 
уравнение состояния меди в форме модели РОСА-МФИ
	И. Н. Арапов, А. А. Каякин, А. С. Данилов, Д. Г. Гордеев, Л. Ф. Гударенко 
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ 
экспериментальной физики», Саров, Россия


	Semiempirical Wide-Range Equation 
of State for Copper in the Form of the ROSA-MFI Model 
	I. N. Arapov, A. A. Kayakin, A. S. Danilov, D. G. Gordeev, L. F. Gudarenko 
	FSUE “Russian Federal Nuclear Center – All-Russian Research Institute of Experimental Physics”, Sarov, Russia


	Исследование влияния облучения высокоэнергетическими электронами 
на свойства бинарных топологических изоляторов 
с разным типом проводимости
	Д. В. Беляев1, М. Н. Сарычев2, В. И. Иванов2, К. А. Кох3, О. Е. Терещенко4, Т. В. Кузнецова1, 2 
	1Институт физики металлов имени М. Н. Михеева, Екатеринбург, Россия
	2Уральский федеральный университет, Екатеринбург, Россия
	3Институт геологии и минералогии имени В. С. Соболева СО РАН, Новосибирск, Россия
	4Институт физики полупроводников имени А. В. Ржанова СО РАН, Новосибирск, Россия


	Investigation of the influence of irradiation 
with high-energy electrons on the properties 
of binary topological insulators 
with different types of conductivity
	D. V. Belyaev1, M. N. Sarychev2, V. Y. Ivanov2, K. A. Kokh3, O. E. Tereshchenko4, T. V. Kuznetsova1, 2 
	1M. N. Miheev Institute of Metal Physics of UB RAS, Ekaterinburg, Russia
	2Ural Federal University, Ekaterinburg, Russia
	3V. S. Sobolev Institute of Geology and Mineralogy of SB RAS, Novosibirsk, Russia
	4Rzhanov Institute of Semiconductor Physics of SB RAS, Novosibirsk, Russia


	Уравнение состояния жидкой фазы тантала 
при высоких давлениях и температурах
	К. А. Боярских1, 2, 3, К. В. Хищенко1, 2, 3, 4
	1Объединенный институт высоких температур РАН, Москва, Россия
	2Московский физико-технический институт, Долгопрудный, Россия
	3Федеральный исследовательский центр проблем химической физики и медицинской химии РАН, Черноголовка, Россия
	4Южно-Уральский государственный университет, Челябинск, Россия


	Equation of state of the liquid phase of tantalum 
at high pressures and temperatures
	K. A. Boyarskikh1, 2, 3, K. V. Khishchenko1, 2, 3, 4
	1Joint Institute for High Temperatures RAS, Moscow, Russia
	2Moscow Institute of Physics and Technology, Dolgoprudny, Russia
	3Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS, Chernogolovka, Russia
	4South Ural State University, Chelyabinsk, Russia


	Структурные исследования и реология схождения алюминиевых оболочек
	И. Г. Бродова1, В. В. Астафьев1, И. Г. Ширинкина1, С. В. Балушкин2, Г. В. Куликов2, 
А. Ю. Симонов2, В. И. Беляков2
	1Институт физики металлов УрО РАН им. М. Н. Михеева, Екатеринбург, Россия
	2ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия 


	The structural studies and the rheology 
of the convergence of aluminum shells
	I. G. Brodova1, V. V. Astaf`ev1, I. G. Shirinkina1, S. V. Balushkin2, G. V. Kuliakov2, 
A. U. Simonov2, V. I. Beliakov2
	1Mikheev Institute of Metal Physics, Ural Branch of the Russian Academy of Sciences, Ekaterinburg, Russia
	2FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Динамическое разрушение титана: 
молекулярно-динамическое исследование 
и микромеханическая модель
	Д. С. Воронин1, А. Е. Майер2
	Челябинский государственный университет, Челябинск, Россия


	Dynamic fracture of titanium: Molecular dynamics study and micromechanical model
	D. S. Voronin1, A. E. Mayer2
	Chelyabinsk State University, Chelyabinsk, Russia


	Регистрация откольных явлений в медном лайнере, метаемом при взрыве бризантного 
взрывчатого вещества на основе октогена
	И. Г. Галиуллин, А. Ю. Гармашев, Е. Б. Смирнов, А. В. Сарафанников, Д. П. Кучко, 
К. М. Просвирнин, Д. Г. Панкратов, К. М. Еганов, А. В. Воробьев, А. С. Гремитских
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Spallation recording in copper liner driven 
by HMX-based explosive
	I. G. Galiullin, A. Yu. Garmashev, E. B. Smirnov, A. V. Sarafannikov, D. P. Kuchko, 
K. M. Prosvirnin, D. G. Pankratov, K. V. Eganov, A. V. Vorobiev, A. S. Gremitskikh
	FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Исследование теплофизических свойств железа 
на основе ab initio расчетов 
и эксперимента по импульсному нагреву
	И. С. Гальцов, М. А. Парамонов, В. Б. Фокин, Д. В. Минаков, 
А. В. Дороватовский, М. А. Шейндлин
	Объединенный институт высоких температур РАН, Москва, Россия
	Московский физико-технический институт, Москва, Россия


	Thermophysical properties 
of iron from ab initio calculations 
and pulse heating experiment
	I. S. Galtsov, M. A. Paramonov, V. B. Fokin, D. V. Minakov, 
A. V. Dorovatovskiy, M. A. Sheindlin
	Joint Institute for High Temperatures of the Russian Academy of Sciences
	Moscow Institute of Physics and Technology


	Генерация дефектов при ударном сжатии металла
	С. Д. Гилев
	Институт гидродинамики им. М. А. Лаврентьева СО РАН, Новосибирск, Россия


	Generation of Defects in Shock Compression of Metal 
	S. D. Gilev
	Lavrentyev Institute of Hydrodynamics, Siberian Division of RAS, Novosibirsk, Russia


	Модель фазовых переходов в Al-Cu сплавах 
	Н. А. Грачёва, Е. В. Фомин, А. Е. Майер
	Челябинский государственный университет, Челябинск, Россия


	Model of phase transitions in Al-Cu alloys
	N. A. Grachyova, E. V. Fomin, A. E. Meyer
	Chelyabinsk State University, Chelyabinsk, Russia


	Особенности ударного сжатия 
наноразмерного никеля
	А. Ю. Долгобородов1, 2, T. A. Ростилов1, С. Ю. Ананьев1, В. С. Зиборов1, 
В. В. Якушев3, М. Л. Кусков2
	1Объединенный институт высоких температур РАН, Москва, Россия
	2Федеральный исследовательский центр химической физики им. Н. Семенова РАН, Москва, Россия
	3Федеральный исследовательский центр проблем химической физики и медицинской химии РАН, Черноголовка, Россия


	Features of shock compression of nanosized nickel
	A. Yu. Dolgoborodov1, 2, T. A. Rostilov1, S. Yu. Ananev1, V. S. Ziborov1, 
V. V. Yakushev3, M. L. Kuskov2
	1Joint Institute for High Temperatures RAS, Moscow, Russia
	2N. Semenov Federal Research Center for Chemical Physics RAS, Moscow, Russia
	3Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS, Chernogolovka, Russia


	Вакуумплотная слабо проводящая керамика 
на основе алюминатов бария
	Б. П. Толочко, Л. К. Бердникова, А. А. Жданок, З. А. Коротаева, М. А. Михайленко
	Институт химии твердого тела и механохимии СО РАН, Новосибирск, Россия


	Vacuum tight and low-conductive ceramics based 
on barium aluminates
	B. P. Tolochko, L. K. Berdnikova, A. A. Zhdanok, Z. A. Korotaeva, M. A. Mikhailenko
	Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk, Russia


	Микроструктуры деформации кристаллов циркона (ZrSiO4) при ударном давлении 20, 40 и 60 ГПа 
	Д. А. Замятин1, 2, Е. И. Ковалева3
	1Институт геологии и геохимии им. А. Н. Заварицкого УрО РАН, Екатеринбург, Россия
	2Уральский Федеральный Университет им. Б. Н. Ельцина, Екатеринбург, Россия
	3University of the Western Cape, Bellville, ЮАР


	Deformation microstructures in zircon (ZrSiO4) crystals resulting from shock pressures 
of 20, 40, and 60 GPa
	D. A. Zamyatin1, 2, E. I. Kovaleva3
	1Zavaritsky Institute of Geology and Geochemistry Ural Branch, Russian Academy of Sciences, Ekaterinburg, Russia
	2Ural Federal University, Ekaterinburg, Russia
	3University of the Western Cape, Bellville, South Africa


	Методика термогравиометрического анализа композиционных материалов
	А. Э. Запонов
	Военная академия Ракетных войск стратегического назначения имени Петра Великого, Балашиха, Россия


	Method of composite material’s 
thermograviometric analys
	A. E. Zaponov
	The Military Academy of Strategic Rocket Troops after Peter the Great, Balashiha, Russia


	Структура и свойства аустенитной 
нержавеющей стали, полученной методом селективного лазерного плавления
	В. И. Зельдович1, И. В. Хомская1, Н. Ю. Фролова1, А. Э. Хейфец1, Д. Н. Абдуллина1, 
Е. А. Петухов2, Е. Б. Смирнов2, Е. В. Шорохов2, А. И. Клёнов2, А. А. Пильщиков2
	1ФГБУН Институт физики металлов имени М. Н. Михеева УрО РАН, Екатеринбург, Россия
	2ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Structure and properties of austenitic stainless steel prepared by selective laser melting
	V. I. Zel’dovich1, I. V. Khomskaya1, N. Yu. Frolova1, A. E. Kheifets1, D. N. Abdullina1, 
E. A. Petukhov2, E. B. Smirnov2, E. V. Shorokhov2, A. I. Klenov2, and A. A. Pil’shchikov2
	1Mikheev Institute of Metal Physics, Ural Branch, Russian Academy of Sciences, Ekaterinburg, Russia
	2FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Исследование дефектной структуры 
в образцах никелевого жаропрочного сплава, полученного с помощью лазерного 3D принтера
	Д. И. Давыдов1, А. А. Пильщиков2, Н. И. Виноградова1, Н. В. Казанцева1, Е. В. Ежов1
	1Институт физики металлов УрО РАН им. М. Н. Михеева, Екатеринбург, Россия
	2Снежинский физико-технический институт – филиал федерального государственного автономного образовательного учреждения высшего профессионального образования «Национальный исследовательский ядерный университет «МИФИ», Снежинск, Россия


	Investigation of the defective structure 
in samples of a nickel heat-resistant alloy manufactured with a laser 3d printer
	D. I. Davydov1, A. A. Pilshchikov2, N. I. Vinogradova1, N. V. Kazantseva1, E. V. Ezhov1
	1Institute of Metal Physics, Ural Branch of the Russian Academy of Sciences, Ekaterinburg, Russia
	2Snezhinsky Institute of Physics and Technology – branch of the Federal State Autonomous Educational Institution of Higher Professional Education “National Research Nuclear University “MEPHI”, Snezhinsk, Russia


	Способы увеличения максимальной базы регистрации методом лазерного дальномера
	С. А. Финюшин, А. В. Фёдоров, Е. А. Чудаков, И. В. Шмелев, Д. А. Калашников, 
Е. А. Разумков, А. М. Тарасов, Т. О. Скляднева
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ экспериментальной физики», Саров, Россия


	Methods for increasing the maximum 
registration base by the laser rangefinder method
	S. A. Finyushin, A. V. Fedorov, E. A. Chudakov, I. V. Shmelev, D. A. Kalashnikov, E. A. Razumkov, A. M. Tarasov, T. O. Sklyadneva
	FSUE “Russian Federal Nuclear Center – All-Russian Research Institute of Experimental Physics”, Sarov, Russia


	Уравнения состояния минералов и горных пород
	А. А. Каякин, В. Г. Куделькин, И. Н. Арапов, Д. Г. Гордеев, Л. Ф. Гударенко, В. А. Карепов 
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ экспериментальной физики», Саров, Россия


	Equations of state of minerals and earth materials
	A. A. Kayakin, V. G. Kudelkin, I. N. Arapov, D. G. Gordeev, L. F. Gudarenko, V. A. Karepov 
	FSUE “Russian Federal Nuclear Center – All-Russian Research Institute of Experimental Physics”, Sarov, Russia


	Структура и динамические свойства 
алюминиевого сплава АК6, синтезированного селиктивным лазерным плавлением
	А. И. Клёнов1, А. Н. Петрова2, И. Г. Бродова2, Е. Б. Смирнов1, 
А. Ю. Гармашев1, Д. П. Кучко1
	1ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина, Снежинск, Россия
	2ФГБУН Институт физики металлов имени М. Н. Михеева УрО РАН, Екатеринбург, Россия


	Structure and dynamic properties 
of selective laser melting aluminum AK6 alloy 
	A. I. Klenov1, A. N. Petrova2, I. G. Brodova2, E. B. Smirnov1, A. Yu. Garmashev1, D. P. Kuchko1
	1FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia
	2Mikheev Institute of Metal Physics, Ural Branch of Russian Academy of Sciences, Ekaterinburg, Russia


	Методы повышения динамического диапазона хронографических электронно-оптических регистраторов
	П. И. Коновалов, А. Ю. Соколов, Р. И. Нуртдинов, А. С. Долотов, Д. В. Никишин, 
Д. И. Сметанкин, М. П. Викулин, А. В. Щербаков, В. В. Муханов, И. А. Ефимов
	ФГУП «Всероссийский научно-исследовательский институт автоматики им. Н. Л. Духова», Москва, Россия


	Methods for increasing the streak camera dynamic range
	P. I. Konovalov, A. Yu. Sokolov, R. I. Nurtdinov, A. S. Dolotov, D. V. Nikishin, D. I. Smetankin, 
M. P. Vikulin, A. V. Shcherbakov, V. V. Mukhanov, I. A. Efimov
	Dukhov Automatics Research Institute (VNIIA), Federal State Unitary Enterprise, Moscow, Russia


	Реакционная способность порошка АСД-6, модифицированного гидрогелем V2O5
	В. Г. Шевченко, В. Н. Красильников, А. В. Конюкова, Д. А. Еселевич
	Институт химии твердого тела УРО РАН, Екатеринбург, Россия


	The reactivity of ASD-6 powder modified 
by V2O5 hydrogel
	V. G. Shevchenko, V. N. Krasilnikov, A. V. Konyukova, D. A. Eselevich
	Institute of Solid State Chemistry UB RAS, Ekaterinburg, Russia


	О точности определения 
величины откольной прочности 
по данным измерений на контактной поверхности
	А. В. Красильников, В. Н. Ногин, А. А. Дегтярев, Д. Т. Юсупов
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия
	E-mail: krasilnikovav@vniitf.ru


	Accuracy of spall strength determination 
from measurements on the contact surface
	A. V. Krasilnikov, V. N. Nogin, A. A. Degtayroyv, D. T. Yusupov
	FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Модифицирование технических марок алюминия
	Б. П. Толочко, В. А. Кузнецов, А. А. Жданок, З. А. Коротаева, 
М. А. Михайленко, Л. К. Бердникова
	Институт химии твердого тела и механохимии СО РАН, Новосибирск, Россия


	Modification of technical aluminum grades
	B. P. Tolochko, V. A. Kuznetsov, A. A. Zhdanok, Z. A. Korotaeva, 
M. A. Mikhailenko, L. K. Berdnikova
	Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk, Russia


	Определяющие соотношения для описания поведения металлов и сплавов в широком диапазоне скорости деформации: от квазистатического 
до ударно-волнового нагружения
	Д. Р. Ледон, О. Б. Наймарк
	Институт механики сплошных сред УрО РАН, Пермь, Россия


	Constitutive relations for describing the behavior 
of metals and alloys in a wide range of strain rate: from quasi-static to shock-wave loading
	D. R. Ledon, O. B. Naimark
	Institute of Continuous Media Mechanics UB RAS, Perm, Russia


	Влияние облучения электронами с энергией 10 МэВ 
на оптические свойства монокристаллов α-In2Se3
	A. Д. Лобанов1, *, М. А. Сулимов1, Д. И. Радзивончик1, М. Н. Сарычев2, 
В. Ю. Иванов2, Т. В. Кузнецова1, 2
	1Институт физики металлов имени М. Н. Михеева УрО РАН, Екатеринбург, Россия
	2УрФУ имени первого Президента России Б. Н. Ельцина, Екатеринбург, Россия


	Effect of 10-MeV electron irradiation 
on the optical properties of bulk α-In2Se3 crystals
	A. D. Lobanov1, *, M. A. Sulimov1, M. N. Sarychev2, D. I. Radzivonchik1, 
V. Yu. Ivanov2, T. V. Kuznetsova1, 2
	1M. N. Mikheev Institute of Metal Physics UB RAS, Ekaterinburg, Russia
	2Ural Federal University, Ekaterinburg, Russia


	Численное моделирование 
термодинамических параметров германия 
при высокоэнергетическом воздействии 
	К. К. Маевский
	Институт гидродинамики им. М. А. Лаврентьева СО РАН, Новосибирск, Россия
	Новосибирский государственный университет, Новосибирск, Россия


	Numerical simulation of thermodynamic parameters of germanium under high-energy loading
	K. K. Maevskii
	Lavrentyev Institute of Hydrodynamics SB RAS, Novosibirsk, Russia
	Novosibirsk State University, Novosibirsk, Russia


	Кривые плавления циркония и гафния 
на основе первопринципного моделирования 
и эксперимента по импульсному нагреву 
	Д. В. Минаков, М. А. Парамонов, А. В. Дороватовский, В. Б. Фокин, 
П. Р. Левашов, М. А. Шейндлин
	Объединенный институт высоких температур РАН, Москва, Россия


	Melting curves of Hf and Zr 
from first-principles simulation 
and pulse heating experiment 
	D. V. Minakov, M. A. Paramonov, A. V. Dorovatovskiy, V. B. Fokin, P. R. Levashov, M. A. Sheindlin
	Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow, Russia


	Исследование автомодельных закономерностей поведения конденсированных сред с дефектами 
при интенсивных воздействиях
	О. Б. Наймарк
	Институт механики сплошных сред УрО РАН, Пермь, Россия 


	Study of self-similar behavior of condensed matter with defects under intense loading
	O. B. Naimark
	Institute of Continuos Media Mechanics UB RAS, Perm, Russia


	Расчет показателя преломления монокристаллов LiF и Gd3Ga5O12 в диапазоне давлений до 200 ГПа
	Е. И. Несмиянов1, А. В. Красильников2, Я. Е. Стариков1, Е. С. Шестаковская1, А. Я. Лейви1
	1Южно-Уральский государственный университет (национальный исследовательский университет), Челябинск, Россия
	2ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Calculation of refractive indices for LiF 
and Gd3Ga5O12 single crystals under pressures up to 200 GPa
	E. I. Nesmiyanov1, A. V. Krasilnikov2, Y. E. Starikov1, E. S. Shestakovskaya1, A. Y. Leyve1
	1South-Ural State University (National Research University), Chelyabinsk, Russia
	2FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Релаксация упругого предвестника высокомодульной керамики 
при ударно-волновом нагружении
	А. Ю. Николаев, А. А. Дегтярев, Д. Ю. Кадочников, А. К. Музыря, Н. П. Оглезнева, 
Ф. И. Тарасов, Д. Т. Юсупов
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Elastic precursor release in high-modulus ceramics under shock-wave loading
	A. Yu. Nikolaev, A. A. Degtyarev, D. Yu. Kadochnikov, A. K. Muzyrya, N. P. Oglezneva, 
F. I. Tarasov, D. T. Yusupov
	FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Сравнение кривых холодного сжатия, 
полученных по моделям среднего атома 
и из первопринципных расчетов 
	Н. А. Смирнов, А. А. Овечкин, П. А. Лобода
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Cold compression curves from ab initio calculations and average-atom models
	N. A. Smirnov, A. A. Ovechkin, P. A. Loboda
	FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Разработка параметрических 
межатомных потенциалов 
на основе нейронных сетей для AL струкур
	Б. А. Панченко, А. Е. Майер
	Челябинский Государственный Университет, Челябинск, Россия


	Development of parametric interatomic potentials based on neural networks for AL structures
	B. A. Panchenko, A. E. Mayer
	Chelyabinsk State University, Chelyabinsk, Russia


	Системы диагностики сильноточного 
электронного пучка
	А. Р. Ахметов1, И. А. Журавлев1, П. А. Колесников1,  О. И. Мешков2, И. В. Пензин1,
 А. В. Петренко2, Р. В. Протас1, С. Д. Хренков1, Д. Н. Шепелев1 
	1ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия
	2Институт ядерной физики им. Г. И. Будкера СО РАН, Новосибирск, Россия


	Diagnostics systems for high-current electron beam
	А. R. Akhmetov1, I. А. Zhuravlev1, P. A. Kolesnikov1,  О. I. Meshkov2, I. V. Penzin1, А. V. Petrenko2, R. V. Protas1, S. D. Khrenkov1, D. N. Shepelev1 
	1FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia
	2Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia


	Влияние графена на динамические свойства алюмоматричных композитов
	И. Г. Бродова1, С. В. Разоренов2, А. Н. Петрова1, И. Г. Ширинкина1, Е. В. Шорохов3
	1Институт физики металлов имени М. Н. Михеева УрО РАН, Екатеринбург, Россия
	2Федеральный исследовательский центр проблем химической физики и медицинской химии РАН, Черноголовка, Россия
	3ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Influence of graphen on dynamic properties 
of aluminum matrix composites
	I. G. Brodova1, S. V. Razorenov2, A. N. Petrova1, I. G. Shirinkina1, E. V. Shorokhov3
	1Mikheev Institute of Metal Physics, Ural Branch of the Russian Academy of Sciences, Ekaterinburg, Russia
	2Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry, Chernogolovka, Russian
	3FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Об удвоении скорости при выходе ударной волны 
на свободную поверхность 
	А. В. Петровцев
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Particle velocity doubling after shock arrival 
to the free surface
	A. V. Petrovtsev
	FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Структурные превращения и механические свойства вольфрама при интенсивных деформациях 
под высоким давлением и различных температурах
	В. П. Пилюгин1, 3, Д. В. Зайцев2, А. А. Куклина2, Г. П. Панфилов2, П. Е. Панфилов3, 
А. М. Пацелов1, К. А. Постовалова1, Д. И. Мелкозеров1, 3, Ю. В. Соловьева4, 
Д. А. Сосян1, 3, Т. П. Толмачев1
	1Институт физики металлов УрО РАН им. М. Н. Михеева, Екатеринбург, Россия
	2Уральский государственный горный университет, Екатеринбург, Россия
	3Институт естественных наук и математики УрФУ, Екатеринбург, Россия
	4Томский государственный архитектурно-строительный университет, Томск, Россия


	Structural transformations and mechanical properties of tungsten under intense deformations under high pressure and different temperatures
	V. P. Pilyugin1, 3, D. V. Zaytsev2, A. A. Kuklina2, G. P. Panfilov3, P. E. Panfilov2, A. M. Patselov1, 
K. A. Postovalova1, D. I. Melkozerov1, 3, Yu. V. Solov’eva4, D. A. Sosyan1, 3, T. P. Tolmachev1
	1M. N. Miheev Institute of Metal Physics of Ural Branch of RAS, Ekaterinburg, Russia
	2Ural State Mining University, Ekaterinburg, Russia
	3Institute of Natural Sciences and Mathematics of Ural Federal University, Ekaterinburg, Russia
	4Tomsk State University of Architecture and Civil Engineering, Tomsk, Russia


	Теплоноситель для микроканальных устройств 
с локальным импульсным тепловыделением
	И. И. Поволоцкий, Д. В. Волосников, А. А. Игольников, П. В. Скрипов
	Институт теплофизики УрО РАН, Екатеринбург, Россия


	Heat carrier for microchannel devices 
with local pulsed heat generation 
	I. I. Povolotskiy, D. V. Volosnikov, А. А. Igolnikov, P. V. Skripov
	ITP UB RAS, Ekaterinburg, Russia


	Эволюция структуры хромогафниевой бронзы 
при высокоскоростной динамической деформации и кручении под высоким давлением
	В. В. Попов1, Е. Н. Попова1, Р. М. Фалахутдинов1, Г. В. Гаан2, Е. В. Шорохов2
	1Институт физики металлов им. М. Н. Михеева УрО РАН, Екатеринбург, Россия
	2ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Evolution of the structure of chromium-hafnium bronze under high-speed dynamic deformation 
and high-pressure torsion 
	V. V. Popov1, E. N. Popova1, R. M. Falahutdinov1, G. V. Gaan2, E. V. Shorokhov2
	1M. N. Miheev Institute of Metal Physics, UB RAS, Ekaterinburg, Russia 
	2FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Исследование влияния обработки ускоренными электронами на изменение физических свойств полиэтилентерефталата, применяемого для изделий медицинского назначения
	И. С. Каманцев, Е. А. Путилова, В. П. Швейкин, И. Г. Маргамов
	ФГБУН Институт машиноведения имени Э. С. Горкунова УрО РАН, Екатеринбург, Россия


	Study of the effect of treatment 
with accelerated electrons on the changes 
in physical properties of polyethylene terephthalate used for medical products
	I. S. Kamantsev, E. A. Putilova, V. P. Shveikin, I. G. Margamov
	Institute of Engineering Science, Ural Branch of the Russian Academy of Sciences, Ekaterinburg, Russia


	Динамические свойства 
алюминиевого сплава АЛТЭК
	Д. Ю. Распосиенко1, А. Н. Петрова1, Г. В. Гаркушин2, А. С. Савиных2, С. В. Разоренов2
	1Институт физики металлов УрО РАН, Екатеринбург, Россия
	2Федеральный исследовательский центр проблем химической физики и медицинской химии РАН, Черноголовка, Россия


	Dynamic properties of the ALTEK aluminum alloy 
	D. Y. Rassiyenko1, A. N. Petrova1, G. V. Garkushin2, A. S. Saviny2, S. V. Razenov2
	1M. N. Mikheev lnstitute of Metal Physics of Ural Branch of Russian Academy of Sciences, Ekaterinburg, Russia
	2Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS, Chernogolovka, Russia 


	Модифицированный тест Тейлора 
с профилированными медными цилиндрами: эксперимент, микроструктурный анализ 
и 3D SPH моделирование с оптимизацией модели дислокационной пластичности
	Е. С. Родионов, В. В. Погорелко, В. Г. Лупанов, П. Н. Майер, А. Е. Майер
	Челябинский государственный университет, Челябинск, Россия


	Modified Taylor test with profiled copper cylinders: experiment, microstructural analysis 
and 3D SPH modeling with optimization 
of the dislocation plasticity model
	E. S. Rodionov, V. V. Pogorelko, V. G. Lupanov, P. N. Mayer, A. E. Mayer
	Chelyabinsk state university, Chelyabinsk, Russia


	Физические свойства тугоплавких карбидов (энтальпия, теплоемкость Ср, теплота плавления 
и электросопротивление) – до 5000 К; и углерода, – 
до 8000 К (включая теплоемкость СV) 
	А. И. Савватимский1, 2, С. В. Онуфриев2 
	1Физический институт им. П. Н. Лебедева РАН, Москва, Россия
	2Объединенный институт высоких температур РАН, Москва, Россия


	Physical properties of refractory carbides (enthalpy, specific heat Ср, melting heat, and resistivity) – 
up to 5000 K; and of carbon, – up to 8000 K 
(including specific heat СV) 
	A. I. Savvatimckiy1, 2, S. V. Onufriev2 
	1P. N.Lebedev Physical Institute of RAS, Moscow, Russia
	2Joint Institute for High Temperature of RAS, Moscow, Russia


	Изменение динамических свойств 
алюминиевой бронзы после равноканального углового прессования
	Г. Г. Савенков1, М. С. Смаковский1, В. В. Столяров2
	1АО «Машиностроительный завод «Армалит», Санкт-Петербург, Россия
	2Институт машиноведения им. А. А. Благонравова РАН, Москва, Россия 


	Changing the Dynamic Properties of Aluminum Bronze after Equal-Channel Angular Pressing
	G. G. Savenkov1, M. S. Smakovsky1, V. V. Stolyarov2
	1Machine Building Plant «Armalit», Saint Petersburg, Russia
	2Mechanical Engineering Research Institute of the RAS, Moscow, Russia


	Модернизированный генератор гамма излучения 
на базе бетатрона типа БИМ
	О. А. Шамро, Ю. П. Куропаткин, В. И. Нижегородцев, К. В. Савченко, В. Д. Селемир, 
В. А. Фомичёв, А. А. Чинин
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ экспериментальной физики», Саров, Россия 


	Upgraded Gamma-Ray Generator Based 
on Ironless Pulsed Betatron
	O. A. Shamro, Yu. P. Kuropatkin, V. I. Nizhegorodtsev, K. V. Savchenko, V. D. Selemir, 
V. A. Fomichev, A. A. Chinin
	FSUE “Russian Federal Nuclear Center – All-Russian Research Institute of Experimental Physics”, Sarov, Russia


	К вопросу о появлении нитевидных структур 
в синтактных пенах после воздействия потока релятивистских электронов
	Д. Н. Садовничий1, Ю. М. Милехин1, К. Ю. Шереметьев1, Е. Д. Казаков2, 3, М. Ю. Орлов2, 
М. Б. Марков3, Е. Б. Савенков3
	1ФГУП «Федеральный центр двойных технологий «Союз», Дзержинский, Россия
	2Национальный исследовательский центр «Курчатовский институт», Москва, Россия 
	3Федеральный исследовательский центр «Институт прикладной математики им. М. В. Келдыша РАН», Москва, Россия


	To the question of formation 
of filamentous structures in syntactic foam under the action of a relativistic electron beam
	D. N. Sadovnichii1, Yu. M. Milekhin1, K. Yu. Sheremet’ev1, E. D. Kazakov2, 3, M. Yu. Orlov2, 
M. B. Markov3, E. B. Savenkov3
	1FSUE «The Federal center for dual-use technologies «Soyuz», Dzerzhinskii, Russia
	2National Research Center «Kurchatov Institute», Moscow, Russia
	3Keldysh Institute of Applied Mathematics, Russian Academy of Science, Moscow, Russia


	Моделирование ударного сжатия 
сплавов вольфрам–медь 
при высоких давлениях и температурах 
	Н. Н. Середкин1, 2, 3, К. В. Хищенко1, 3, 4, 5
	1Объединенный институт высоких температур РАН, Москва, Россия
	2Национальный исследовательский ядерный университет «МИФИ», Москва, Россия
	3Федеральный исследовательский центр проблем химической физики и медицинской химии РАН, Черноголовка, Россия
	4Московский физико-технический институт, Долгопрудный, Россия
	5Южно-Уральский государственный университет, Челябинск


	Modeling of shock compression 
of tungsten–copper alloys 
at high pressures and temperatures
	N. N. Seredkin1, 2, 3, K. V. Khishchenko1, 3, 4, 5
	1Joint Institute for High Temperatures RAS, Moscow, Russia 
	2National Research Nuclear University MEPhI, Moscow, Russia 
	3Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS, Chernogolovka, Russia 
	4Moscow Institute of Physics and Technology, Dolgoprudny, Russia 
	5South Ural State University, Chelyabinsk, Russia


	Первопринципные расчеты скоростей звука 
в металлах при высоких давлениях
	Н. А. Смирнов
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Sound velocities in metals under high pressures 
from first-principles calculations
	N. A. Smirnov
	FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Локализация пластической деформации 
как результат эволюции дефектной структуры материалов
	М. А. Соковиков1, М. Ю. Симонов2, В. В. Чудинов1, В. А. Оборин1, 
С. В. Уваров1, О. Б. Наймарк1
	1Институт механики сплошных сред УрО РАН, Пермь, Россия
	2Пермский национальный исследовательский политехнический университет, Пермь, Россия


	Plastic strain localization caused by evolution 
of the defect structure of materials
	M. A. Sokovikov1, M. A. Simonov2, V. V. Chudinov1, V. A. Oborin1, S. V. Uvarov1, O. B. Naimark1
	1Institute of Continuous Media Mechanics of the Ural Branch of the Russian Academy of Sciences, Perm, Russia
	2Perm National Research Polytechnic University, Perm, Russia


	Хронографический электронно-оптический преобразователь с AIIIBV фотокатодом на базе GaAs
	П. И. Коновалов, А. В. Сахаровский, А. Ю. Соколов, Р. И. Нуртдинов, Д. В. Никишин, 
М. П. Викулин, И. Г. Прянишников, А. С. Долотов, А. Б. Попугаев, А. В. Шевчик
	ФГУП «Всероссийский научно-исследовательский институт автоматики им. Н. Л. Духова», Москва, Россия


	Streak tube with gaas-based AIIIBV photocathode 
	P. I. Konovalov, A. V. Sakharovsky, A. Yu. Sokolov, R. I. Nurtdinov, D. V. Nikishin, M. P. Vikulin, 
I. G. Pryanishnikov, A. S. Dolotov, A. B. Popugaev, A. V. Shevchik
	Dukhov Automatics Research Institute (VNIIA), Federal State Unitary Enterprise, Moscow, Russia


	Численное моделирование формирования 
полей напряжений в гетерогенных ВВ
	Я. Е. Стариков, А. П. Яловец
	Южно-Уральский государственный университет (национальный исследовательский университет), Челябинск, Россия


	Numerical simulation of the formation 
of stress fields in heterogeneous explosives
	Ya. E. Starikov, A. P. Yalovets
	South Ural State University (national research university), Chelyabinsk, Russia


	Взаимодействие пластической деформации 
и импульсного тока большой плотности 
в материалах 
	В. В. Столяров
	Институт машиноведения им. А. А. Благонравова РАН, Москва, Россия


	Interaction of plastic deformation 
and high-density pulse current in materials
	V. V. Stolyarov
	Mechanical Engineering Research Institute of the RAS, Moscow, Russia


	Влияние химического и фазового состава 
на электропластический эффект 
в титановых сплавах
	М. С. Смаковский1, В. В. Столяров2
	1АО «Машиностроительный завод «Армалит», Санкт-Петербург, Россия
	2Институт машиноведения им. А. А. Благонравова РАН, Москва, Россия 


	Influence of chemical and phase composition 
on electroplastic effect in Ti-based alloys
	M. S. Smakovsky1, V. V. Stolyarov2 
	1Machine Building Plant «Armalit» Saint Petersburg, Russia
	2Mechanical Engineering Research Institute of the RAS, Moscow, Russia


	Электропластический эффект 
в безоловянистой бронзе 
	В. В. Столяров1, Г. Г. Савенков2, М. С. Смаковский2
	1Институт машиноведения им. А. А. Благонравова РАН, Москва, Россия
	2АО «Машиностроительный завод «Армалит», Санкт-Петербург, Россия


	Electroplastic effect in tinless bronze
	V. V. Stolyarov1, G. G. Savenkov2, M. S. Smakovsky2
	1Mechanical Engineering Research Institute of the RAS, Moscow, Russia
	2Machine Building Plant «Armalit» Saint Petersburg, Russia


	Динамика волновых процессов 
сжатия и расширения в палладии 
при пикосекундном лазерном воздействии
	И. А. Стучебрюхов1, 2, С. А. Абросимов1, А. Ю. Семенов1, 3, К. В. Хищенко4, 3, 5, 6
	1Институт общей физики им. А. М. Прохорова РАН, Москва, Россия
	2Физический институт имени П. Н. Лебедева РАН, Москва, Россия
	3Московский физико-технический институт, Долгопрудный, Россия
	4Объединенный институт высоких температур РАН, Москва, Россия
	5Федеральный исследовательский центр проблем химической физики и медицинской химии РАН, Черноголовка, Россия
	6Южно-Уральский государственный университет, Челябинск


	Dynamics of wave processes 
of compression and expansion in palladium 
under picosecond laser irradiation
	I. A. Stuchebryukhov1, 2, S. A. Abrosimov1,  A. Yu. Semenov1, 3, K. V. Khishchenko4, 3, 5, 6
	1Prokhorov General Physics Institute RAS, Moscow, Russia
	2Lebedev Physical Institute RAS, Moscow, Russia
	3Moscow Institute of Physics and Technology, Dolgoprudny, Russia
	4Joint Institute for High Temperatures RAS, Moscow, Russia
	5Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS, Chernogolovka, Russia
	6South Ural State University, Chelyabinsk, Russia


	Оптическая схема метода гетеродин-интерферометра 
с многократным временным уплотнением сигналов
	А. М. Тарасов, Е. А. Чудаков, Д. А. Калашников, А. В. Фёдоров, А. О. Яговкин, Е. А. Разумков, А. Е. Сафронов, Л. В. Чернов, Т. О. Скляднева
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ экспериментальной физики», Саров, Россия


	Optical scheme of the heterodyne interferometer method with multiple time compaction of signals
	A. M. Tarasov, E. A. Chudakov, D. A. Kalashnikov, A. V. Fedorov, A. O. Yagovkin, E. A. Razumkov, A. E. Safronov, L. V. Chernov, T. O. Sklyadneva
	FSUE “Russian Federal Nuclear Center – All-Russian Research Institute of Experimental Physics”, Sarov, Russia


	Первопринципные расчеты проводимости 
и оптических свойств циркония и свинца 
в окрестности критической точки
	В. Б. Фокин, Д. В. Минаков, М. А. Парамонов, П. Р. Левашов
	ФГБУН Объединенный институт высоких температур Российской академии наук, Москва, Россия
	Московский физико-технический институт (национальный исследовательский университет), Москва, Россия


	Ab initio calculations of conductivity 
and optical properties of Zr and Pb 
in the vicinity of the critical point
	V. B. Fokin, D. V. Minakov, M. A. Paramonov, P. R. Levashov
	Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow, Russia
	Moscow Institute of Physics and Technology (National Research University), Moscow, Russia


	Ударная сжимаемость пенополикарбоната 
и уравнение состояния этого материала 
при высоких плотностях энергии
	Ф. И. Тарасов1, А. Ю. Николаев1, Р. Н. Канунников1, А. С. Лобачёв1, В. Е. Симонов1, 
Я. М. Горопашный1, Е. Б. Смирнов1, 2, Д. В. Петров1, К. В. Хищенко2, 3, 4, 5
	1ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия
	2Южно-Уральский государственный университет, Челябинск, Россия
	3Объединенный институт высоких температур РАН, Москва, Россия
	4Московский физико-технический институт, Долгопрудный, Россия
	5Федеральный исследовательский центр проблем химической физики и медицинской химии РАН, Черноголовка, Россия


	Shock compressibility of polycarbonate foam 
and the equation of state of this material 
at high energy densities
	F. I. Tarasov1, А. Yu. Nikolaev1, R. N. Kanunnikov1, А. S. Lobachyov1, V. Е. Simonov1, 
Ya. М. Goropashnyi1, E. B. Smirnov1, 2, D. V. Petrov1, K. V. Khishchenko2, 3, 4, 5
	1FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia
	2South Ural State University, Chelyabinsk, Russia
	3Joint Institute for High Temperatures RAS, Moscow, Russia
	4Moscow Institute of Physics and Technology, Dolgoprudny, Russia
	5Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS, Chernogolovka, Russia


	Уравнение состояния рутения 
при высоких давлениях и температурах
	К. В. Хищенко
	Объединенный институт высоких температур РАН, Москва, Россия
	Федеральный исследовательский центр проблем химической физики и медицинской химии РАН, Черноголовка, Россия
	Московский физико-технический институт, Долгопрудный, Россия
	Южно-Уральский государственный университет, Челябинск


	Equation of state for ruthenium at high pressures 
and temperatures
	K. V. Khishchenko
	Joint Institute for High Temperatures RAS, Moscow, Russia 
	Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS, Chernogolovka, Russia 
	Moscow Institute of Physics and Technology, Dolgoprudny, Russia 
	South Ural State University, Chelyabinsk, Russia


	Экспериментальное и теоретическое исследование термодинамических свойств оксида бериллия 
при высоких давлениях в волнах ударного сжатия
	К. В. Хищенко1, 2, 3, 4, К. К. Крупников5, Ю. Н. Жугин5, А. Ю. Николаев5, 
Е. Б. Смирнов5, 4, Д. В. Петров5
	1Объединенный институт высоких температур РАН, Москва, Россия
	2Московский физико-технический институт, Долгопрудный, Россия
	3Федеральный исследовательский центр проблем химической физики и медицинской химии РАН, Черноголовка, Россия
	4Южно-Уральский государственный университет, Челябинск, Россия
	5ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Experimental and theoretical study 
of the thermodynamic properties of beryllium oxide at high pressures in shock compression waves
	K. V. Khishchenko1, 2, 3, 4, K. K. Krupnikov5, Yu. N. Zhugin5, A. Yu. Nikolaev5, 
E. B. Smirnov5, 4, D. V. Petrov5
	1Joint Institute for High Temperatures RAS, Moscow, Russia
	2Moscow Institute of Physics and Technology, Dolgoprudny, Russia
	3Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS, Chernogolovka, Russia
	4South Ural State University, Chelyabinsk, Russia
	5FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Динамические свойства меди и сплавов меди 
при ударно-волновом нагружении
	И. В. Хомская1, Д. Н. Абдуллина1, С. В. Разоренов2, Е. В. Шорохов3
	1ФГБУН Институт физики металлов имени М. Н. Михеева УрО РАН, Екатеринбург, Россия
	2Федеральный исследовательский центр проблем химической физики и медицинской химии РАН, Черноголовка, Россия
	3ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	The dynamic properties of copper and copper alloys under shock-wave loading
	I. V. Khomskaya1, D. N. Abdullina1, S. V. Razorenov2, E. V. Shorokhov3
	1M. N. Mikheev Institute of Metal Physics of the Ural Branch of RAS, Ekaterinburg, Russia 
	2Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS, Chernogolovka, Russia
	3FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Реакционная активность бора, 
модифицированного пентоксидом ванадия
	В. Г. Шевченко, В. Н. Красильников, А. В. Конюкова, Д. А. Еселевич
	Институт химии твердого тела УРО РАН, Екатеринбург, Россия


	The reactivity of boron modified 
by vanadium pentoxide
	V. G. Shevchenko, V. N. Krasilnikov, A. V. Konyukova, D. A. Eselevich
	Institute of Solid State Chemistry UB RAS, Ekaterinburg, Russia


	Построение уравнения состояния материалов по результатам экспериментов с применением синхротронной диагностики 
	М. А. Бирюкова1, 2, Н. Л. Клиначева1, Е. Б. Смирнов1, 2, Я. Е. Стариков1, 
Е. С. Шестаковская1, А. П. Яловец1
	1Южно-Уральский государственный университет (национальный исследовательский университет), Челябинск, Россия
	2ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Construction of the equation of state of materials from the results of experiments using synchrotron diagnosis
	M. A. Biryukova1, 2, N. L. Klinacheva1, E. B. Smirnov1, 2, Ya. E. Starikov1, 
E. S. Shestakovskaya1, A. P. Yalovets1
	1South Ural State University (national research university), Chelyabinsk, Russia
	2FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Особенности деформации металлических трубок под действием ударной волны подводного взрыва
	Д. Т. Юсупов
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Features of deformation of metal-pipe collapse 
under the shock wave generated 
by the underwater explosion
	D. T. Yusupov
	FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia


	Экспериментальные результаты определения остаточной энергии претерпевших 
взрывное обжатие металлических шаров
	Д. Т. Юсупов, А. Ю. Гармашев, Д. П. Кучко, А. А. Дегтярев, 
А. В. Петровцев, Д. М. Шалковский 
	ФГУП «Российский Федеральный Ядерный Центр – Всероссийский НИИ технической физики имени академика Е. И. Забабахина», Снежинск, Россия


	Experimental results of evaluating residual energy of explosive-compacted metal spheres
	D. T. Yusupov, A. Yu. Garmashev, D. P. Kuchko, A. A. Degtyaryov, 
A. V. Petrovtsev, D. V. Shalkovskiy 
	FSUE “Russian Federal Nuclear Center – Zababakhin All-Russian Research Institute of Technical Physics”, Snezhinsk, Russia





	Кнопка 2: 
	Кнопка 3: 
	Кнопка 4: 
	Кнопка 5: 
	Кнопка 6: 
	Кнопка 7: 
	Кнопка 8: 
	Кнопка 9: 
	Кнопка 10: 
	Кнопка 11: 
	Кнопка 12: 
	Кнопка 13: 
	Кнопка 14: 
	Кнопка 15: 
	Кнопка 16: 
	Кнопка 17: 
	Кнопка 18: 
	Кнопка 19: 
	Кнопка 20: 
	Кнопка 21: 
	Кнопка 22: 
	Кнопка 23: 
	Кнопка 24: 
	Кнопка 25: 
	Кнопка 26: 
	Кнопка 27: 
	Кнопка 28: 
	Кнопка 29: 
	Кнопка 30: 
	Кнопка 31: 
	Кнопка 32: 
	Кнопка 33: 
	Кнопка 34: 
	Кнопка 35: 
	Кнопка 36: 
	Кнопка 37: 
	Кнопка 38: 
	Кнопка 39: 
	Кнопка 40: 
	Кнопка 41: 
	Кнопка 42: 
	Кнопка 43: 
	Кнопка 44: 
	Кнопка 45: 
	Кнопка 46: 
	Кнопка 47: 
	Кнопка 48: 
	Кнопка 49: 
	Кнопка 50: 
	Кнопка 51: 
	Кнопка 52: 
	Кнопка 53: 
	Кнопка 54: 
	Кнопка 55: 
	Кнопка 56: 
	Кнопка 57: 
	Кнопка 58: 
	Кнопка 59: 
	Кнопка 68: 
	Кнопка 69: 
	Кнопка 70: 
	Кнопка 71: 
	Кнопка 72: 
	Кнопка 73: 
	Кнопка 74: 
	Кнопка 75: 
	Кнопка 76: 
	Кнопка 77: 
	Кнопка 78: 
	Кнопка 79: 
	Кнопка 80: 
	Кнопка 81: 
	Кнопка 82: 
	Кнопка 83: 
	Кнопка 84: 
	Кнопка 85: 
	Кнопка 86: 
	Кнопка 87: 
	Кнопка 88: 
	Кнопка 89: 
	Кнопка 90: 
	Кнопка 91: 
	Кнопка 92: 
	Кнопка 93: 
	Кнопка 94: 
	Кнопка 95: 
	Кнопка 96: 
	Кнопка 97: 
	Кнопка 98: 
	Кнопка 99: 
	Кнопка 100: 
	Кнопка 101: 
	Кнопка 102: 
	Кнопка 103: 
	Кнопка 104: 
	Кнопка 105: 
	Кнопка 106: 
	Кнопка 107: 
	Кнопка 108: 
	Кнопка 109: 
	Кнопка 110: 
	Кнопка 111: 
	Кнопка 112: 
	Кнопка 113: 
	Кнопка 114: 
	Кнопка 115: 
	Кнопка 116: 
	Кнопка 117: 
	Кнопка 118: 
	Кнопка 119: 
	Кнопка 120: 
	Кнопка 121: 
	Кнопка 122: 
	Кнопка 123: 
	Кнопка 124: 
	Кнопка 125: 
	Кнопка 126: 
	Кнопка 127: 
	Кнопка 128: 
	Кнопка 129: 
	Кнопка 130: 
	Кнопка 131: 
	Кнопка 132: 
	Кнопка 133: 
	Кнопка 134: 
	Кнопка 135: 
	Кнопка 136: 
	Кнопка 137: 
	Кнопка 138: 
	Кнопка 139: 
	Кнопка 140: 
	Кнопка 141: 
	Кнопка 142: 
	Кнопка 143: 
	Кнопка 144: 
	Кнопка 145: 
	Кнопка 146: 
	Кнопка 147: 
	Кнопка 148: 
	Кнопка 149: 
	Кнопка 150: 
	Кнопка 151: 
	Кнопка 152: 
	Кнопка 153: 
	Кнопка 154: 
	Кнопка 155: 
	Кнопка 156: 
	Кнопка 157: 
	Кнопка 158: 
	Кнопка 159: 
	Кнопка 160: 
	Кнопка 161: 
	Кнопка 162: 
	Кнопка 163: 
	Кнопка 164: 
	Кнопка 165: 
	Кнопка 166: 
	Кнопка 167: 
	Кнопка 168: 
	Кнопка 169: 
	Кнопка 170: 
	Кнопка 171: 
	Кнопка 172: 
	Кнопка 173: 
	Кнопка 174: 
	Кнопка 175: 
	Кнопка 176: 
	Кнопка 177: 
	Кнопка 178: 
	Кнопка 179: 
	Кнопка 180: 
	Кнопка 181: 
	Кнопка 182: 
	Кнопка 183: 
	Кнопка 184: 
	Кнопка 185: 
	Кнопка 186: 
	Кнопка 187: 
	Кнопка 188: 
	Кнопка 189: 
	Кнопка 190: 
	Кнопка 191: 
	Кнопка 192: 
	Кнопка 193: 
	Кнопка 194: 
	Кнопка 195: 
	Кнопка 196: 
	Кнопка 197: 
	Кнопка 198: 
	Кнопка 199: 
	Кнопка 200: 
	Кнопка 201: 
	Кнопка 202: 
	Кнопка 203: 
	Кнопка 204: 
	Кнопка 205: 
	Кнопка 206: 
	Кнопка 207: 
	Кнопка 208: 
	Кнопка 209: 
	Кнопка 210: 
	Кнопка 211: 
	Кнопка 212: 
	Кнопка 213: 
	Кнопка 214: 
	Кнопка 215: 
	Кнопка 216: 
	Кнопка 217: 
	Кнопка 218: 
	Кнопка 219: 
	Кнопка 220: 
	Кнопка 221: 
	Кнопка 222: 
	Кнопка 223: 
	Кнопка 224: 
	Кнопка 225: 
	Кнопка 226: 
	Кнопка 227: 
	Кнопка 228: 
	Кнопка 229: 
	Кнопка 230: 
	Кнопка 231: 
	Кнопка 232: 
	Кнопка 233: 
	Кнопка 234: 
	Кнопка 235: 
	Кнопка 236: 
	Кнопка 237: 
	Кнопка 238: 
	Кнопка 239: 
	Кнопка 240: 
	Кнопка 241: 
	Кнопка 242: 
	Кнопка 243: 
	Кнопка 244: 
	Кнопка 245: 
	Кнопка 246: 
	Кнопка 247: 
	Кнопка 248: 
	Кнопка 249: 
	Кнопка 250: 
	Кнопка 251: 
	Кнопка 252: 
	Кнопка 253: 
	Кнопка 254: 
	Кнопка 255: 
	Кнопка 256: 
	Кнопка 257: 
	Кнопка 258: 
	Кнопка 259: 
	Кнопка 260: 
	Кнопка 261: 
	Кнопка 262: 
	Кнопка 263: 
	Кнопка 264: 
	Кнопка 265: 
	Кнопка 266: 
	Кнопка 267: 
	Кнопка 268: 
	Кнопка 269: 
	Кнопка 270: 
	Кнопка 271: 
	Кнопка 272: 
	Кнопка 273: 
	Кнопка 274: 
	Кнопка 275: 
	Кнопка 276: 
	Кнопка 277: 
	Кнопка 278: 
	Кнопка 279: 
	Кнопка 280: 
	Кнопка 281: 
	Кнопка 282: 
	Кнопка 283: 
	Кнопка 284: 
	Кнопка 285: 
	Кнопка 286: 
	Кнопка 287: 
	Кнопка 288: 
	Кнопка 289: 
	Кнопка 290: 
	Кнопка 291: 
	Кнопка 292: 
	Кнопка 293: 
	Кнопка 294: 
	Кнопка 295: 
	Кнопка 296: 
	Кнопка 297: 
	Кнопка 298: 
	Кнопка 299: 
	Кнопка 300: 
	Кнопка 301: 
	Кнопка 302: 
	Кнопка 303: 
	Кнопка 304: 
	Кнопка 305: 
	Кнопка 306: 
	Кнопка 307: 
	Кнопка 308: 
	Кнопка 309: 
	Кнопка 310: 
	Кнопка 311: 
	Кнопка 312: 
	Кнопка 313: 
	Кнопка 314: 
	Кнопка 315: 
	Кнопка 316: 
	Кнопка 317: 
	Кнопка 318: 
	Кнопка 319: 
	Кнопка 320: 
	Кнопка 321: 
	Кнопка 322: 
	Кнопка 323: 
	Кнопка 324: 
	Кнопка 325: 
	Кнопка 326: 
	Кнопка 327: 
	Кнопка 328: 
	Кнопка 329: 
	Кнопка 330: 
	Кнопка 331: 
	Кнопка 332: 
	Кнопка 333: 
	Кнопка 334: 
	Кнопка 335: 
	Кнопка 336: 
	Кнопка 337: 
	Кнопка 338: 
	Кнопка 339: 
	Кнопка 340: 
	Кнопка 341: 
	Кнопка 342: 
	Кнопка 343: 
	Кнопка 344: 
	Кнопка 345: 
	Кнопка 346: 
	Кнопка 347: 
	Кнопка 348: 
	Кнопка 349: 
	Кнопка 350: 
	Кнопка 351: 
	Кнопка 352: 
	Кнопка 353: 
	Кнопка 354: 
	Кнопка 355: 
	Кнопка 356: 
	Кнопка 357: 
	Кнопка 358: 
	Кнопка 359: 
	Кнопка 360: 
	Кнопка 361: 
	Кнопка 362: 
	Кнопка 363: 
	Кнопка 364: 
	Кнопка 365: 
	Кнопка 366: 
	Кнопка 367: 
	Кнопка 368: 
	Кнопка 369: 
	Кнопка 370: 
	Кнопка 371: 
	Кнопка 372: 
	Кнопка 373: 
	Кнопка 374: 
	Кнопка 375: 
	Кнопка 376: 
	Кнопка 377: 
	Кнопка 378: 
	Кнопка 379: 
	Кнопка 380: 
	Кнопка 381: 
	Кнопка 382: 
	Кнопка 383: 
	Кнопка 384: 
	Кнопка 385: 
	Кнопка 386: 
	Кнопка 387: 
	Кнопка 388: 
	Кнопка 389: 
	Кнопка 390: 
	Кнопка 391: 
	Кнопка 392: 
	Кнопка 393: 
	Кнопка 394: 
	Кнопка 395: 
	Кнопка 396: 
	Кнопка 397: 
	Кнопка 398: 
	Кнопка 399: 
	Кнопка 400: 
	Кнопка 401: 
	Кнопка 402: 
	Кнопка 403: 
	Кнопка 404: 
	Кнопка 405: 
	Кнопка 406: 
	Кнопка 407: 
	Кнопка 408: 
	Кнопка 409: 
	Кнопка 410: 
	Кнопка 411: 
	Кнопка 412: 
	Кнопка 413: 
	Кнопка 414: 
	Кнопка 415: 
	Кнопка 416: 
	Кнопка 417: 
	Кнопка 418: 
	Кнопка 419: 
	Кнопка 420: 
	Кнопка 421: 
	Кнопка 422: 
	Кнопка 423: 
	Кнопка 424: 
	Кнопка 425: 
	Кнопка 426: 
	Кнопка 427: 
	Кнопка 428: 
	Кнопка 429: 
	Кнопка 430: 
	Кнопка 431: 
	Кнопка 432: 
	Кнопка 433: 
	Кнопка 434: 
	Кнопка 435: 
	Кнопка 436: 
	Кнопка 437: 
	Кнопка 438: 
	Кнопка 439: 
	Кнопка 440: 
	Кнопка 441: 
	Кнопка 442: 
	Кнопка 443: 
	Кнопка 444: 
	Кнопка 445: 
	Кнопка 446: 
	Кнопка 447: 
	Кнопка 448: 
	Кнопка 449: 
	Кнопка 450: 
	Кнопка 451: 
	Кнопка 452: 
	Кнопка 453: 
	Кнопка 454: 
	Кнопка 455: 
	Кнопка 456: 
	Кнопка 457: 
	Кнопка 458: 
	Кнопка 459: 
	Кнопка 460: 
	Кнопка 461: 
	Кнопка 462: 
	Кнопка 463: 
	Кнопка 464: 
	Кнопка 465: 
	Кнопка 466: 
	Кнопка 467: 
	Кнопка 468: 
	Кнопка 469: 
	Кнопка 470: 
	Кнопка 471: 
	Кнопка 472: 
	Кнопка 473: 
	Кнопка 474: 
	Кнопка 475: 
	Кнопка 476: 
	Кнопка 477: 
	Кнопка 478: 
	Кнопка 479: 
	Кнопка 480: 
	Кнопка 481: 
	Кнопка 482: 
	Кнопка 483: 
	Кнопка 484: 
	Кнопка 485: 
	Кнопка 486: 
	Кнопка 487: 
	Кнопка 488: 
	Кнопка 489: 
	Кнопка 490: 
	Кнопка 491: 
	Кнопка 492: 
	Кнопка 493: 
	Кнопка 494: 
	Кнопка 495: 
	Кнопка 496: 
	Кнопка 497: 
	Кнопка 498: 
	Кнопка 499: 
	Кнопка 500: 
	Кнопка 501: 
	Кнопка 502: 
	Кнопка 503: 
	Кнопка 504: 
	Кнопка 505: 
	Кнопка 506: 
	Кнопка 507: 
	Кнопка 508: 
	Кнопка 509: 
	Кнопка 510: 
	Кнопка 511: 
	Кнопка 512: 
	Кнопка 513: 
	Кнопка 514: 
	Кнопка 515: 
	Кнопка 516: 
	Кнопка 517: 
	Кнопка 518: 
	Кнопка 519: 
	Кнопка 520: 
	Кнопка 521: 
	Кнопка 522: 
	Кнопка 523: 
	Кнопка 524: 
	Кнопка 525: 
	Кнопка 526: 
	Кнопка 527: 
	Кнопка 528: 
	Кнопка 529: 
	Кнопка 530: 
	Кнопка 531: 
	Кнопка 532: 
	Кнопка 533: 
	Кнопка 534: 
	Кнопка 535: 


