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AHHoTanus — [IpoBejeHO  MOJEKYISPHO-AMHAMHYECKOE  HM3YYEHHE  CTPYKTYPHO-(ha30BBIX
nsmenennii B OL[K MoHokpucTamiax u oopasmnax FegsNigs ¢ 1Byx(dasHoill rpaJeHTHON 3epEHHOM
CTPYKTYpOil TpH yHaapHOW Harpy3ke. 3epHa MopenmpyeMbeix oOpasmoB ¢ [TIK pemrerkoit
conmepxamu yamenu ¢ OLIK cTpykTypoil W WMeNH BBIpaXEHHYIO TeKCTypy. llokazaHo, dTO
npoduiib yaapHOW BOJIHBI paclieruisieTcss Ha Tpu (poHTa, KOTOpble (OPMHPYIOT TPH 30HBI C
XapaKTepHBIMH nepecTpoikaMu CTPYKTYPBI: YIPYTUMH, TUTACTHYCCKUMHU u
IUIACTUYECKUMHU/(a30BbIMU. Paznuyus B cKOpOCTsIX TpeX ppOHTOB BeXyT K M3MEHEHHUIO Pa3MEpPOB
(opMHpYEeMBIX 30H TIPH PACHPOCTPAaHEHUM YIApHOH BOJNHBL Tak, pa3Mep 30HBI IUIACTHYECKUX
W3MEHEHHH YBEIIMUMBAETCS W3-3a OTCTaBaHMS (POHTA IUIACTHYECKUX/(Da30BBIX IEPECTPOEK.
VYBenuueHue TrpajJMeHTa pa3Mmepa 3epeH oOpasua 3a cueT Oojiee MEJNKHX 3EpeH BeleT K
CYIIECTBEHHOMY yMEHBIICHWIO 30HBI IUIACTHYHOCTH. Takoe TMoBeneHHe OO0YCIOBICHO
MOJTaBJICHUEM TeHepaliy JUCIOKalWi B 3epHaxX Mayoro pasMmepa. Iloka3aHo, 94TO OpHEHTAIHs
OLIK pemreTkd MOHOKPHCTAJUIa OTHOCHTEIBHO HATIPABICHUS yNApPHOW HArpy3KH CYIIECTBEHHO
BINSIET Ha WHTCHCHBHOCTH (Pa30BBIX mpeBpameHwid. [Ipm pacmpocTpaHeHWHM yOapHOW BOJHEI
BIIOJTH KpucTautorpadudaeckoro HampasieHus [110] mpoucxomar Hambojee aKTUBHBIC (ha30BBIC
nepexoapl, yem s opueHTanwni [111] u [112]. BomHBI pasrpy3ku Takke HHUIMHAPYIOT (a3oBBIC
TpaHchopMaImu 3a GPOHTOM UX PACIIPOCTPAHCHUS.

Kniouegvie cnosa: rpaguieHTHasi 3epeHHasi CTPYKTypa, ABYyX(a3HbI MaTepual, ylaapHas BOJIHA,
(ha30BbId 1Epexol1, MOJICKYJISIpHAs JUHAMHKA
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Phase Transformations in Two-Phase FegsNigs Alloys with
Grain Size Gradient under Shock Loading

A. V. Korchuganov', D. S. Kryzhevich', A. S. Grigoriev', O. A. Berezikov',
K. P. Zolnikov*

! Institute of Strength Physics and Materials Science SB RAS, Tomsk, Russia, 634055

Abstract — A molecular dynamics study of structural and phase changes in bcc single crystals
and FegsNigs samples with a two-phase gradient grained structure under shock loading was
performed. Grains of the simulated samples with an fcc lattice contained lamellas with a bcc
structure and had a pronounced texture. It was shown that the shock wave profile splits into three
fronts, which form three zones with characteristic structural rearrangements: elastic, plastic, and
plastic/phase. Differences in the velocities of the three fronts lead to a change in the sizes of the
formed zones during shock wave propagation. Thus, the size of the plastic change zone increases
due to the lag of the plastic/phase rearrangement front. An increase in the grain size gradient of the
sample due to smaller grains leads to a significant decrease in the size of the plastic zone. This
behavior is due to the suppression of dislocation nucleation in small grains. It is shown that the
orientation of the bcc lattice relative to the direction of the shock loading significantly affects the
intensity of phase transformations. When the shock wave propagates along the [110]
crystallographic direction, the most active phase transitions occur than for the [111] and [112]
orientations. Release waves also initiate phase transformations behind the front of their
propagation.

Keywords: gradient grained structure, two-phase material, shock wave, phase transition, molecular
dynamics
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AnHoTtanmsi — B pabore mpeacraBieHO HCCIEOBAaHUE pPa3IMYHBIX CTPYKTYPHO-(a30BBIX
coctosiHui  crutaBa  Fe-Mn-5Si, nosydeHHBIX WHTEHCHBHOW IUIacTHYeckoid nedopmanneit
METOJIaMH PaBHOKAHAJILHOTO YIJIOBOI'O MPECCOBAHUS M KPYUYEHHS! TOJ BBICOKUM JIaBICHHEM.
OKCHEpUMEHTAIBHO M3MEPEeHBl M NPOAaHAJIM3MPOBAHBl Pa3IMYHbIE (HU3MKO-MEXaHUYECKHUE
XapaKTepUCTHKH CIUIaBa B AyCTCHUTHOM KPYIMHO3EPHHCTOM, HAHOCTPYKTYPHOM 3€peHHO-
Ccy03epeHHOM W JBOMHHKOBOM COCTOSIHAH, a TaKXe B MPEHMYIIECTBEHHO MAapTCHCHTHOM U
IBYX(a3HOM YIBTPAMEIKO3EPHICTOM COCTOSHHUH. MeToJaMy WHACHTHPOBAHUS BBIABICHO, UTO
WHTCHCUBHAs IUIacTUYecKas aedopMaryisi IMOBBIIIAET MOIYJIh YOPYrocTH, pabdoTy ympyroi
nedopManny, a TakKe YINPYTYI0 COCTABIIONIYI0 pabOTHI, yMEHBINAs KOHTAKTHYIO JKECTKOCTh
HHACHTOpA ¢ Ae(hOPMUPOBAHHBEIM MaTepHAIIOM U padoTy IuracThudeckor aedopmarmm. [Tpu aTom
nByx(a3HOe COCTOSHHE CIUiaBa mmocie naedopMmanuu 0o0JiagaeT HAMMEHBIIUMH 3HAYCHHUSIMU
MOJyJIsl YIPYTOCTH U pabOThI TUIACTHYCCKOU JeopMaluu Mpu HAHOOJbIIEM 3HAYCHUU PaOOThHI
yIpyroi aepopmanuu.

Kniouegvie cnosa: Fe-Mn-5Si cmnaB; paBHOKaHAJIbHOE YIJIOBOE MPECCOBAHUE; KPYYCHHE IOJ
BBICOKMM JIaBJICHHEM, HAaHOMHICHTHPOBAaHHE; MOAYJb YNPYTOCTH; MHKpPOCTPYKTypa; (a3oBblii
COCTaB; MHUKPOTBEPAOCTb.
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Abstract—The paper presents a study of various structural and phase states of the Fe-Mn-5Si
alloy obtained by severe plastic deformation using equal-channel angular pressing and high-
pressure torsion. Various physical and mechanical characteristics of the alloy in the austenitic
coarse-grained, nanostructured grain-subgrain and twinned states, as well as in the predominantly
martensitic and two-phase ultrafine-grained states, were experimentally measured and analyzed.
Using indentation methods, it was found that intense plastic deformation increases the modulus of
elasticity, the work of elastic deformation, and the elastic component of the work, reducing the
contact rigidity of the indenter with the deformed material and the work of plastic deformation. In
this case, the two-phase state of the alloy after deformation has the lowest values of the modulus of
elasticity and the work of plastic deformation at the highest value of the work of elastic
deformation.

Keywords: Fe-Mn-5Si alloy; equal-channel angular pressing; high-pressure torsion,
nanoindentation; Young's modulus; microstructure; phase composition; microhardness
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MUKPOCTPYKTYpPa U MEXaHNYECKHE CBOMCTBA
MEeXaHUYEeCKH JIETHPOBAHHOIO CILIaBa
Al-Zr-Mn-Cu

0. A. SfIxoBueBa, A. I'. Mouyrosckuii, J. H. 3anaeBa, A. C. IlIpocBupsikoB,
H. b. Emenuna, A. B. MuxaiijoBckas™®

HUTY «MUCuCy», 119049, Mockea, Jlenunckuil npocnexm, 0. 4

* e-mail: mihaylovskaya@misis.ru

AnHotanmsi — PazpaboTka  MaTepuanoB M TEXHOJIOTMUECKMX  PEXUMOB  OOecHedeHus
MOBBILIEHHO!N yJeIbHOW MPOYHOCTH aKTyajbHas 3ajaya, pellleHne KOTOPOH BaKHO JUIS Pa3HBIX
oTpacieil TPaHCIIOPTHOTO MAIIMHOCTPOEHUs. B naHHON paboTe NpOBeAEH aHaln3 HBONIOLHUH
rapamMeTpoB CTPYKTYpPbl W MeXaHM4YecKux cBoHcTB cmiaBa Al -5 %Zr -4 %Mn -2 % Cu,
MOJYYEHHOTO MEXaHMYECKUM JIETMPOBAaHUEM C IIOCIEIYIOIIeH KOHCOJIMIAalMed TpaHyl IpH
temnepatypax 350 — 450 °C. O6paboTka cMeCH IIMXTOBBIX KOMIIOHEHTOB B TedeHne 1049 B
BBICOKORHEPTeTHUECKOH ITaHETapHOH MapoBoil MenbHUIIE (HOPMUPYET HAHOCTPYKTYPUPOBAHHBIE
TpaHyJbl MIEPECHIIICHHOTO TBEPIOTO PAacTBOpa Ha OCHOBE AIIOMHHHUS C pa3MepoM 3epeH 20 —
30 aM m mumkpotBepaocThio ~460 HV. Ilocne KOMIAKTUPOBAaHHA M OTKHTA IPOHUCXOIHUT POCT
3eper 710 90 HM ¢ BbIIEIeHHEM JacThI] BTOPHIX (a3 AlgMn, AlyyCu,Mn; u AlzZr u hpopmupoBanme
30H CBOOOJIHBIX OT BBLAEJICHUH 110 IpaHHIaM I'paHyJl. MUKpPOTBEPIOCTh IPaHyJI MOCIIe Harpesa Jo
TEeMIIepaTypbl KOMIAKTUpoBaHUs cHmkaercs 10 ~300 - 340 HV, a TBepmocTh KOMIIaKTOB He
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npesbrmaet 280 HV BBuay ocratounoit mopucroctu. Hanmensuryto mopuctocts (0.5 %) nmeroT
o0pasmpl, koHcomuaupoBanHsie ipu 450 °C, mpeaen TeKkydecTd KOTOpbiX gocturaetr ~700 MIla
mpu KoMmHaTHOW Temmepatype u ~170 MIla mpu 350 °C mo pe3ynpraTaM HCIBITAHHA Ha
OJTHOOCHOE CXKaTHE.

Kniouesvie cnoea: amoOMUHHEBBIE CINIABBI, NEPECHIMICHHBIH TBEPIBI PAacTBOpP, MEXaHHMUYECKOE
JIETUPOBaHKE, TUCTIEPCOUIBI, MUKPOCTPYKTYPa, MEXaHMYECKIE CBOMCTRA.

Microstructure and mechanical properties of
mechanically alloyed Al-Zr-Mn-Cu alloy

O. A. Yakovtseva, A. G. Mochugovskiy, E. N. Zanaeva, A. S. Prosviryakov,
N. B. Emelina, A. V. Mikhaylovskaya*

National University of Science and Technology MISIS, Moscow, Russian Federation, 119049

Abstract — The development of materials and processing regimes for the enhancement of specific
strength is a challenge for the aviation, aerospace, and transportation industries. The evolution of
the microstructural parameters and mechanical properties of the Al -5 %Zr —4 %Mn -2 %Cu
alloy during mechanical alloying followed by hot pressing at temperatures between 350 and
450 °C. A high-energy ball milling for ten-hour period led to the formation of nanostructured
granules of aluminum based solid solution. The consolidated granules with a grain size of 20 —
30 nm and microhardness of ~ 460 HV. After hot pressing and further annealing, grain size
increased up to ~90 nm, the AlsZr, AlsMn and Al Cu,Mn; phases precipitated and the formation
of zones free from secretions along the boundaries of the granules. The microhardness of the
granules after annealing to the compaction temperature decreases to ~ 300 — 340 HV, and the
hardness of the hot pressed samples does not exceed 280 HV, which is attributed to residual
porosity. The lowest porosity (0.5 %) is found in samples consolidated at 450 °C, the compression
yield strength of which reaches ~700 MPa at room temperature and ~ 170 MPa at a testing
temperature of 350 °C.

Keywords: aluminium alloys, supersaturated solid solution, mechanical alloying, dispersoids,
microstructure, mechanical properties
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Oco0eHHOCTH B3aUMOICHCTBUA KOMIIOHEHTOB NPH

creKaHun nmopomkoBbIx cMeceii Ti-Al-(Fe-Fe,Oj3)

A.T. Kuszea™, E. H. KOpOCTeJIeBal, B. B. KomeBal

Y Unemumym ¢usuxu npounocmu u mamepuanosedenus CO PAH, 2. Tomck, 634055, Poccus

* e-mail: anna-knyazeva@mail.ru

AnHoTtanusi — VccnenmoBan (a3oBbIii COCTaB M MUKPOCTPYKTYpa CIIEUEHHBIX MOPOIIKOBBIX
MaTepualioB Ha OCHOBE MHOTOKOMIOHEHTHbIX cMmeceil Ti+Al+(Fe+Fe,03), tae omnum wu3
KOMITOHEHTOB SIBJISIETCSI MTOPOIIOK OKHUCJIEHHOW CTalbHOM CTPYXKU. PaccMOTpEHO JBa BapHaHTa
COOTHONIEHHSI TUTAHA U ATFOMUHHUS [IPU OJJMHAKOBOM OOBEMHOM COJIEPIKAHUH MOPOIIKA CTPYIKKH.
OOHapy»XeHO, YTO MPUCYTCTBUE B UCXOJHOM IMOPOIIKE CTPYKKHM OKCHJIA XKeJie3a He TapaHTHPYeT
(dbopMupoBaHUe OTAETBHBIX (Da3 OKCHAA amfOMUHHS. [Ipy BaKyyMHOM CIIEKAaHHU KaK B MEPBOM
BapUaHTE COCTaBa, TAK U BO BTOPOM, [IPEUMYIIIECTBEHHO 00pa3yoTCs ATIOMUHUBI xKele3a. Takke
O0TMeYEeHO 06pa3zoBaHne TPONHBIX HHTepMeTaHa0B TiFe,Al u cioxubix okcuaos FETIO;.

Krouesvie cnosa. Crekanue, TOpONIIKOBBIA MaTepual, CTPYKTypa, (a3ooOpazoBaHue,
HHTEPMETAILIHIBI.

Interaction Features of Components during Sintering
of Powder Mixtures Ti-Al-(Fe-Fe,03)

A. G. Knyazeva', E. N. Korosteleva', V. V. Korzhova'
! Institute of Strength Physics and Materials Science SB RAS, Tomsk, 634055, Russia

Abstract—The phase composition and microstructure of sintered powder materials based on
multicomponent mixtures of Ti+Al+(Fe+Fe,03), where one of the components is an oxidized steel
swarf powder, has been studied. Two variants of the ratio of titanium and aluminum with the same
volume content of swarf powder are considered. It was found that the presence of iron oxide in the
initial swarf powder does not guarantee the formation of separate aluminum oxide phases. During
vacuum sintering, both in the first version of the composition and in the second one, iron
aluminides are mainly formed. The formation of ternary intermetallides TiFe,Al and complex
oxides FeTiO; was also noted.
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CTpyKTypa U CBOMCTBAa HOHHO-IJIA3MEHHBIX
NMOKPBLITHH HA OCHOBE NMEPEXOIHbIX METAJIJIOB
U UX HUTPUJA0B, HAHECEHHbIX HA MOBEPXHOCTH

OepuiIneBOM OPOH3BI

H. B. Cemenuyk*, O. C. HoBunkas
Hnemumym ¢usuxu npounocmu u mamepuanogedenuss CO PAH, Tomck, 634055, Poccus
* g-mail: natali.t.v@ispms.ru

AnHotanus — lccnenoBaHbl MUKPOCTPYKTYpa, (a3oBEI COCTaB M TPUOOIOTUUCCKUE CBOWCTBA
MOKPBHITUH, HAHCCCHHBIX Ha OCPWLIMEBYI0 OpOH3Y JUIsl TOBBIINICHUS €€ M3HOCOCTOHKOCTH.
PaccMoTpeHbl KOMIO3UIIMOHHBIE U TPAIMEHTHBIE MOKPBITUS HA OCHOBE MEIU W TUTaHA, a TaKKe
onHocioiHbie U MHOTOoCHOMHBIE MOKPBITHS TiN 1 CrN/TiN. YcTaHOBICHO, YTO KOMITO3UIIMOHHEIC
u rpamueHTHbIe TOKpbITHS Cu-Ti UMET MHOro(GasHyK CTPYKTYPY C PaBHOMEPHBIM MU
IpaJueHTHBIM paclpeiesieHueM TUTaHa 10 CEYEHMIO TOKPBITHS B 3aBHCHUMOCTH OT PEXHMOB
HMOHHO-TUTa3MEHHOTO HambUIeHHsA. MHorocnoiiHsie OKPBITHS CrN/TiN neMOHCTPHPYIOT YETKYIO
MIEPUOTNIHOCTE CJIOeB ¢ TommuHON ciost 250 HM (l6-cioitHoe) m 125 wm (32-cmoitHoe).
OpnocnoitHoe mokpeiTie TiN XapakTepu3yeTcsl cToI04YaToi CTPYKTypod TOMMUHON 4 MKM. s
ynyqmienuns anre3nu nokpeitiid TiN u CrN K HOAI0XKKe UCTIONB30BaICs nepexoanbiii cinoi Cu-Ti,
KOTOPBII CHIDKaeT HAINpSHKEHHWS Ha TpaHUIC pa3/iela W TOBBIIIACT aAre3MOHHYIO MPOYHOCTE.
CKpeTd-TecTHPOBaHNE MOATBEPAMIO XOPOIIYIO aIre3Wi0 BCEX MOKPBITHHA, IPU ATOM IOKPBITHS
BeIAepkuBaroT Harpy3ku ot 10 H (ogrocnoiinoe u 16-cnoiinoe) g0 30 H (CrN ¢ noacnoem Cu-Ti).
Tpubosjornyeckue WCMOBITAHUS [MOKA3aJIM, YTO HW3HAIIMBAHHE MOKPBITHH MPOUCXOAUT II0
MEXaHU3My MHKpPOAaOpa3MBHOTO TPEHHS, 32 HCKJIIOUCHHEM KOMITIO3MIIMOHHOTO M TPaJUCHTHOTO
Cu-Ti MOKpHITHH, KOTOPBIC Pa3pyIIAOTCSA MO AATC3UOHHO-XPYNMKOMY MexaHu3My. Haubombiyro
W3HOCOCTOMKOCTh JeMOHCTPUPYIOT 32-cioiiHoe nokpbitue CrN/TiN u nokpsitus ¢ noacioem Cu-
Ti. Pe3ynbTaThl HCCENOBaHUS TMOKa3bIBAIOT, YTO HCIOJIH30BAHUE MHOTOCIOWHBIX CTPYKTYp U
nepexoaHbix cioeB Cu-Ti 3HAYUTETBHO YIyYIIaeT MEXaHHYeCKHe M TPUOOIOTHYECKUE CBOHCTBA
MOKPHITHH, HAaHECEHHBIX Ha OCPHUIMEBYIO OpOH3Y, YTO JejaeT WX IePCIeKTUBHBIMU IS
MIPUMEHCHHUS B YCIOBHUAX MOBHIIICHHBIX HATPY30K M U3HOCA.

Kniouegvie crosa: bepunnueBass OpoH3a, HOHHO-TUIa3MEHHBIE IIOKPBITHS, MHKPOCTPYKTYDA,
TpeHHe, CKPEeTY-TeCT.

Structure and Properties of lon-Plasma Coatings Based
on Transition Metals and Their Nitrides Deposited on the
Surface of Beryllium

N. V. Semenchuk?, O. S. Novitskaya®
! Institute of Strength Physics and Materials Science SB RAS

Abstract — The microstructure, phase composition, and tribological properties of coatings
deposited on beryllium bronze to enhance its wear resistance were investigated. Composite and
gradient Cu-Ti coatings, as well as single-layer and multilayer TiN and CrN/TiN coatings, were
examined. It was found that composite and gradient Cu-Ti coatings exhibit a multiphase structure
with either a uniform or gradient titanium distribution across the coating cross-section, depending
on the ion-plasma spraying parameters. Multilayer CrN/TiN coatings displayed a well-defined
layer periodicity, with individual layer thicknesses of 250 nm (16-layer coating) and 125 nm (32-
layer coating). The single-layer TiN coating featured a columnar microstructure and had a total
thickness of 4 pm. To enhance the adhesion of TiN and CrN coatings to the substrate, a Cu-Ti



interlayer was applied, reducing interfacial stresses and improving bond strength. Scratch tests
confirmed good adhesion for all coatings, with the coatings sustaining loads ranging from 10 N
(single-layer and 16-layer coatings) up to 30 N (CrN coating with a Cu-Ti interlayer). Tribological
tests revealed that most coatings wear via a microabrasive friction mechanism, except for the
composite and gradient Cu-Ti coatings, which fail through an adhesive-brittle mechanism. The 32-
layer CrN/TiN coating and the coatings with a Cu-Ti interlayer exhibited the highest wear
resistance. The findings demonstrate that multilayer architectures and Cu-Ti interlayers
significantly enhance the mechanical and tribological properties of beryllium bronze coatings,
making them promising for high-load and high-wear applications.

Keywords: Beryllium bronze, ion-plasma coatings, microstructure, friction, scratch test
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AHHoTauuss — B pabote npuBeneHs! pe3ybTaThl CPaBHUTEIILHBIX UCCIIENOBAaHNUI GOPMUPOBAHUS
MaKpo- M MHKPOCTPYKTYPBI IPU 3JIEKTPOHHO-ITyYeBOM AJAUTHBHOM IPOMU3BOJICTBE THTAHOBBIX
criaBoB Mapok Ti-6Al-4V u Ti-4Al-3V ¢ aHaOrMyHOM CHCTEMOM JIETUPOBAHUS U Pa3IHYHBIM
coepKaHueM AIIOMHHUSA M BaHaaus. L{enbro ncciaenoBanus ObIIIO OLCHUTH BIMSHHUE CONCPIKAHUS
nerupyrormux 3meMeHToB (Al 1 V) Ha CTpyKTypHO-(ha30BOEC COCTOSIHHE CIUIABOB H MX CBOMCTBA.
[IpoBeneHHBIC HCCIIENOBAHUS MOKA3bIBAIOT, YTO U OOOMX CIUIABOB XapaKTepHA TOCTATOYHO
BBICOKAsI CTEMEHb AaHU30TPOITHU CTPYKTYPHI U CBOWCTB, HO ISl CIUIABA C MEHBIIUM COJICPIKaHHEM
IIOMUHHS ¥ BaHAIUs ATO BhIpaxkeHO Oosiee sipko. Ilpu yBenuueHuM coieprkaHus JETHPYROLUX
QJIEMCHTOB IPOUCXOAUT CHUIKCHHUE pazMepa 3€pEH B TUTAHOBOM CIUIaBE€ U H3MCHCHUC
CTPYKTYPHO-()a30BOr0 COCTOSIHUS CIiaBa. POpMUPOBAHUE CIIOKHOOPTAHU30BAHHOM CTPYKTYPHI C
pacriagoM B-macTuH Ha op-TigAl 1 o '-Ti MPUBOAKT K MOBBILICHHIO MPOYHOCTHBIX MOKA3aTeNeH B
crmaBe  Ti-6Al-4V B cpaBHenun co cmiaBoMm Ti-4Al-3V, i KOTOPOro OCHOBHBIMH
CTPYKTYPHBIMH COCTABIISIONIMMH IOCIE NEYaTH SBIAIOTCS o-(ha3a ¢ JOCTATOYHO MAJIOW Jojeit
npocioek B-¢aspl. s 000X cIIaBoB XapaKTepHa 3HAYNTEIbHAS aHU30TPOIHS CBOMCTB KaK MPH
UCIIBITAHMM HA CTaTUYECKOE PACTSHKCHHE, TaK W IIPU YCTAIOCTHBIX HCHBITAHUAX W YHapHOM
Ba3kocTH. Ilpu pactsokennn crumaBa  T1-4Al-3V  HawOosbliass MPOYHOCTH W HAWMEHBIIAS
IUIACTUYHOCTh ~MarepHajia XapakTepHa [uisi O0paslioB, HCIBITAHHBIX B JAHArOHAJILHOM
HAMPABICHUM, & HAWMEHbIIAas TMPOYHOCTh M HAaWOOJbLIAS IUIACTHYHOCTH Ui 00pasloB,
WCTIBITAHHBIX B HampaBieHWH BblpammBanus. s cmiaBa Ti-6Al-4V nanHas 3aKOHOMEPHOCTH
TaKKe MPOCICKUBACTCS, HO MEHee SIPKO BbIpakeHa. HecMOTpst Ha TO, YTO CpeAHHE 3HAYCHHS
npenena IPOYHOCTH st oOpasuos cmiasa Ti-6Al-4V npeocxomat cmas Ti-4Al-3V Gosee yem
Ha 200 MIla, a moka3zatenb MUKpoTBepaocTU Gojee yem Ha 1,0 I'Tla, cras Ti-4Al-3V oGnamaer
JOCTAaTOYHO XOPOIIMMH ITOKa3aTeIAMH IIe4aTaeMOCTH M 332 CYET MEHbLICH CTOMMOCTH MOXET
MIPUMEHSATHCS IS TIOTydeHus fetaneit metogom DJIAIL

Knrouesvie cnoea: AEKTPOHHO-ITy4eBOE aIUTUBHOE TIPOU3BOJICTBO (BJIAID),
BBICOKOTIpOn3BoquTeNbHast 3D-mevath, TUTAHOBBIE CIUIABBI, MAKPOCTPYKTYpPa, MHKPOCTPYKTYpa,
CTPYKTYpHO-(ha30BOE COCTOSTHHE



The influence of the content of alloying elements in
titanium alloys Ti-6Al-4V and Ti-4Al-3V on the macro-
and microstructure in wire-feed electron beam additive

manufacturing

A. V. Chumaevskii'*, D. A. Guryanov?, S. V. Fortuna®, N. N. Shamarin®,
K. S. Osipovich®, V. M. Semenchuk?, A. I. Amirov!, A. O. Panfilov}, E. A.
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! Institute of Strength Physics and Materials Science of the Siberian Branch of the Russian
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Russia, Moscow, 125993, Volokolamskoe Hwy, 4
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Abstract—This paper outlines the results of investigating the structural arrangement at different
scales in Ti-6Al-4V and Ti-4Al-3V titanium alloys that share the same alloying elements but have
differing amounts of aluminum and vanadium. The research indicates that both alloys display a
notable anisotropy of structural and mechanical properties that is more pronounced in the alloy
with reduced aluminum and vanadium levels. Increasing the alloying element content results in
reduced grain size in the titanium alloy and alters its structural and phase characteristics. The
development of a complicated structure comprising o,-TizAl, o "-Ti, and B-Ti phases in the o/f-
lath structures results in enhanced strength characteristics of the Ti-6Al-4V alloy in comparison
with the Ti-4AI-3V alloy, in which the primary structural elements following printing consist of
the o-phase with a minor fraction of B-phase interlayers. Both alloys exhibit pronounced
anisotropy in their mechanical response during static tensile tests as well as in fatigue and impact
toughness evaluations. In tensile testing, the Ti-4Al-3V alloy samples tested in the diagonal
direction exhibit the greatest strength and the lowest ductility, while those tested in the growth
direction show the lowest strength and the greatest ductility. Such a tendency is also observed in
the Ti-6Al-4V alloy, although it is less distinct. Although the average tensile strength of the Ti-
6Al-4V alloy samples exceeds that of the Ti-4Al-3V alloy by over 200 MPa and the micro-
hardness value by more than 1.0 GPa, the Ti-4AI-3V alloy demonstrates reasonable printability
characteristics and can be utilized for producing components via the WEBAM method due to its
lower cost.

Keywords: wire-feed electron beam additive manufacturing (WEBAM), high-performance 3D
printing, titanium alloys, macrostructure, microstructure, structural-phase state
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AnHoTauusi — [IpoBeneHsl  wccneoBaHUS 3aKOHOMEPHOCTEH CTPYKTYpOOOpa3oBaHHS —IPH
H3TOTOBJICHUH KPYITHOTa0ApUTHBIX MOJENBHBIX OOpasloB aJAWTHBHBIX W3ICNUN M3 HHUKEJIEBBIX
CIUTAaBOB M CTaJieil B COIMOCTABJICHWU C IMOJYYCHHBIMH paHee MaHHBIMH IO CIUIAaBaM Ha OCHOBE



THTaHA, aTIOMHHMA, Meau u 1p. [IpoBeneHHbIe HCCIeROBaHMS IIOKAa3bIBAIOT, YTO (GOPMHPOBAHHE
CTPYKTYPHO-(a30BOTO COCTOSHUS HUKEJICBBIX CIIABOB M CTajed B OOJIBIIOI CTEIIEHH 3aBUCHT OT
THIIA CIUIaBa U JICTUPYIOIIUX JJIEeMEHTOB. J[IMTeIbHOe BpeMs CyIIeCTBOBAHMS BAaHHBI pacIuiaBa U
BO3HUKAIOIIlee TIepepacipeielicHie JErupyIomuX 3JIeMEHTOB Uit crutaBoB Tuma Inconel 625
SIBJIICTCSI BECOMOM TPOGIIEMOM TIpH TIeuaTH, B TO BpeMs Kak s cruiaBo tuma Inconel 718 u
BBICOKOJICTHPOBAHHBIX HHUKEJICBBIX JKapONPOYHBIX CIUIABOB XapaKTEPHBI BHICOKHE MEXaHHYCCKUE
cBoiictBa. [Ipu aTOM, cerperanyu JeTUPYIOMINX 3JIEMEHTOB 110 TPaHUIaM JCHAPUTOB MOTYT OBITH
HEYCTPaHUMBIMH TEPMHYECKOH 00paboTKOH mpu (OPMHPOBAaHMM B JaHHBIX 0O0JIACTAX
HEPACTBOPUMBIX Kap61/me1x JacCcTHull. Ileyatn AJIUTUBHBIX l/l3)1€.]'ll/ll71 U3 ayCTCHUTHBLIX
HEep)KaBEIOLIMX CTalleil MPUBOIUT K (POPMUPOBAHUIO JICHAPUTHBIX KOJIOHHWH, a il (eppuro-
MEPJIMTHBIX CTalel XapakTepHO (JOPMHPOBAHHE PABHOOCHOM 3epeHHOW CTPYKTyphl. Jlist craineit
Pa3IMYHOTO THIA M HUKEJICBBIX CIUIABOB, a TAKOKe OMMETAJUIMYECKUX 3JIEMEHTOB Ha UX OCHOBE, HE
XapakTepHO (OPMHUPOBaHUS 1e(EKTOB B BUIE MOP MM TPEIIUH. B 30HE CTPYKTYpHOro rpagueHTa
dopMmupyeTcs IUIaBHAS 30HA Mepexoja OT OAHOTO MaTepuaia K Apyromy. IlonydeHHbIC NaHHBIC
JEMOHCTPUPYIOT TOT ()akT, 4YTO MPOBOJIOYHAS AJUTHBHAS OSJICKTPOHHO-JIy4eBas TEXHOJIOTHS
SBJISICTCS. ONHOW M3 HamOoJee MPUEMIIEMbIX Ul H3TOTOBJICHHS JeTalled U3 CTalei M HUKEICBBIX
CITaBOB PA3JIMYHOrO TUIIA, BKIIOYAs OMMETaJUTMYECKUE DJIEMEHTBI Ha UX OCHOBE.

Kniouegvie cnosa: 3neKTpOHHO-IydeBOE aJJIUTHBHOE MPOU3BOJCTBO, BBICOKOIIPOM3BOAUTEIbHASL
3D-nevath, HUKENIEBbIE CILIABBI, CTAIM, MAKPOCTPYKTYpa, MUKPOCTPYKTYpa, CTPYKTYpHO-(ha3zoBoe
COCTOSTHHE

Application of wire and electron beam technologies for
the production of large-sized industrial products

A. V. Chumaevskii*, D. A. Gurianov?, K. S. Osipovich, A. V. Filippov', S. V.
Fortuna®, N. N. Shamarin®, V. M. Semenchuk?, E. A. Sidorov?, Yu. V. Kushnarev?,
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YInstitute of Strength Physics and Materials Science, Siberian Branch of the Russian Academy of
Sciences, Russia, Tomsk, 634055
Novosibirsk State Technical University, Russia, Novosibirsk, 630073

Abstract—This paper focused on the structural features of large-scale nickel-based alloy and steel
samples and compares them with previously obtained data on titanium, aluminum, copper, and
other alloys. These studies demonstrate that the structural and phase state of nickel-based alloys
and steels largely depends on the alloy type and alloying elements. The long life of a melt pool and
resulting partitioning of alloying elements for Inconel 625 alloys pose a significant printing
challenge, while Inconel 718 alloys and high-alloy nickel-based high temperature alloys exhibit
excellent mechanical properties. Furthermore, partitioning of alloying elements along dendrite
boundaries can be unavoidable by heat treatment due to the formation of insoluble carbide
particles in these areas. Printing austenitic stainless steels results in a structure organized into
dendritic colonies, while ferrite-pearlite steels are characterized by the formation of a grain
structure. Various types of steels and nickel-based alloys, as well as bimetallic components based
on them, do not typically exhibit defects such as pores or cracks. A smooth transition zone from
one material to another is formed in the structural gradient zone. The obtained data demonstrate
that wire and feed electron beam additive technology is one of the most suitable for the
manufacture of parts from various types of steels and nickel-based alloys, including bimetallic
components based on them.

Keywords: electron beam additive manufacturing, high-performance 3D printing, nickel-based
alloys, steels, macrostructure, microstructure, structural-phase state
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Abstract — B naHHOM HCCIICIOBAHUHM M3YUYCHBI CTPYKTYpPa, TEKCTYpa W MEXaHUUECKHE CBOMCTBA
npyTkoB u3 P-cmiaBa Ti-39Nb-7Zr 1ocie WHTEHCHBHOM TUIACTHYECKON Me(OpMAIMH METOIOM



poranmonHoit koBku (PK). MonenupoBaHue MeTomoM KOHEUYHBIX dyeMeHToB (MKD) BbIsBUIIO
HEpaBHOMEPHOE pacripeiesieHme HANPSHKCHAN B MpyTKax, XapaKTepu3yIomeecs
MPEUMYIICCTBEHHO pACTATUBAIOMIMMH HANPSDKEHUSIMA B CEpALIEBHHE W COKUMAIOIIUMH
HaTpSOKCHUSAMH Ha TOBepXHOCTH. CTAaTUCTHYECKWH aHaNW3 JaHHBIX OPHEHTAIIMOHHOM
MHKPOCKOTIMM ~ TIOKa3aJl  HaJW4de  MHKPOCTPYKTYPHOTO  TpagleHTa: KaK  TOJIIWHA
ne(OPMHUPOBAHHBIX 3EPEH, TaK U pa3Mep PEKPUCTAIUIN30BAaHHBIX 3¢PEH YMEHBIIAIICH OT IIEHTpa K
MOBEPXHOCTH, B TO BpEeMsI Kak JOJIsl PEKpHUCTaUIM30BaHHBIX 3€peH Bozpactana. [Ipomecc PK
WHIYLUMPOBaJl TPATUCHTHYIO TEKCTYpYy C PAa3IUYHOW OpHeHTanuedl 3EpeH B UEHTpajJbHOU U
MPUIIOBEPXHOCTHOM 0O0JIacTSAX. YBeNWYeHHe TBEPIOCTH B IIPUIIOBEPXHOCTHBIX CIIOSIX OBLIO
00ycnoBNICHO u3MeNnbYeHHEeM 3epHa. Pacuérer daxropa Teitmopa mokazanu HE3HAYUTEIBHOE
BJIUSIHUE TEKCTYypbl Ha MEXaHMYECKHE CBOICTBAa. Molyib YHNPYyrocTd IO CEYEHHUIO IpYyTKa
OoCTaBaJIC TOCTOSIHHBIM M cocTaBisin 75 + 1 I'Tla, yTo CBUAETENBCTBYET O AOCTHUIKEHHUU
MTOBEPXHOCTHOTO yIIPOYHEHHUs 0e3 N3MCHEHUS YIIPYTHUX CBOMCTB.

Keywords TuTaHOBEIE IICEBIO-B-CIUIABBL, TEKCTypa, pPOTALMOHHAS KOBKA, OHOWHEPTHOCTH,
CTPYKTYpa, MEXaHHYECKHE CBOMCTBA

Impact of Rotary Forging on the Structure,
Texture,
and Properties of Rods Made of a Biocompatible
p-alloy Ti-39Nb-7Zr
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Abstract — In this study, we examined the structure, texture, and mechanical properties of p-alloy
Ti-39Nb-7Zr rods following intensive plastic deformation through rotary forging (RF). Finite
element method (FEM) simulations revealed an uneven stress distribution within the rods,
characterized by predominantly tensile stresses in the core and compressive stresses at the surface.
Statistical analysis of orientation microscopy data indicated a microstructural gradient: both the
thickness of deformed grains and the size of recrystallized grains decreased from the core to the
surface, while the proportion of recrystallized grains increased. The RF process induced a gradient
texture, with distinct grain orientations in the central and near-surface areas. An increase in
hardness in the near-surface layers was attributed to grain refinement. Taylor factor calculations
showed a minor effect of texture on the mechanical properties. The elastic modulus across the rod
section remained consistent at 75 + 1 GPa, suggesting that surface hardening was achieved without
altering elastic properties.

Keywords: titanium pseudo-p-alloys, texture, rotary forging, bioinertness, structure, mechanical
properties
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