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Ha OCHOBaHMM aHanM3a JaHHbIX O CTPOEHUU U CBOMCTBAX CBapHbIX COeAVUHEHUN U MAaTeMaTU4ecKoro
MOZ,e/INPOBaHMS NOKasaHa poJib BbICOKOCKOPOCTHOM CBEPXMJIACTUYHOCTU HAHOCTPYKTYPHOIO COCTOSIHUS
B popMUPOBAHUM CBAPHOIO COeAMHEHUS NPpY IMHENHO CBapke TPeHUEM TUTAHOBbIX CMJIABOB

The role of high-speed superplasticity of the nanostructured state in welded joints formation
by a linear friction welding of titanium alloys based on the mathematical modeling and the
analysis of the structure and properties of a welded joint is shown.

BBEAAEHUE

YinydileHue XapaKTePHUCTHUK aBUALlMOHHBIX CHUJIOBBIX
YCTaHOBOK BO MHOI'OM CBSI3aHO C IIOBBIIIEHHMEM IIPOY-
HOCTH MaTepHajoB, IPUMEHIeMBIX [/ H3rOTOBJIe-
HUSI KOMIIPECCOPHBIX JIOMAaToOK. OMHUM U3 Hauboree
MepCIeKTHBHBIX IIyTel YIIPOUHeHHUS ABJISIeTCS [I0J1y-
YeHMe YJIbTPaMelKO3epHHUCTHX (YM3) U HAaHOKPU-
CTa/I/IN4YeCKHX CTPYKTYp 3a CUeT HUHTeHCHBHOM IlJIa-
CcTU4ecKol Jedopmanuu [1].

B kKommpeccopax coBpeMeHHBIX I'T/] Bce yaile mpu-
MEHSIOTCSI MOHOKOJIeCA, B KOTOPBIX JIOIATKH U JUCK He
MMeIOT MeXaHHYeCKUX KPeIVIEHHH, a COCTABIISIOT eI1-
Hoe 11eJioe (puc.1a), HO IIPK 3TOM COXpaHsieTcst TpeboBa-
Hue M3r0TOBJIEHM S JIOIIATOK U JMCKa U3 Pa3HbIX CILIa-
BOB. TakKM 06pa3oM, 3a/iava pacragaeTcs Ha iBe.

[lepBas 3ajava IpezcTaBasieT coboi monyde-
HHe JIOIIATOK C IIOBBIIIeHHBIMHU II0Ka3aTeasIMHU CTa-
THYeCKOU U LIUKINYECKOM IIPOYHOCTH U IIpPHeMIIe-
MBIM YPOBHEM YAAPHOH BA3KOCTH, YTO JOCTUIAETCS

co3maHHueM B HUX YM3-CTPYKTYpHl C pa3smepom
3epHa 600...800 HM. Takas CTPYKTypa COXPAHSIETCS B
JIOTIaTKe W I10CJIe IMITAMIIOBKH B PeSKUMe HHU3KOTeM-
IepaTypHOM cBepxIaacTuuHocTH (CII).

BTopom 3amadeil 4BseTCS COeJHHEHHe JIONATOK C
OUCKOM. ENMHCTBeHHBIM HMEIIUM IIPOMBILIJIeH-
HOe IIpHMeHeHH e CII0CO60M 10Ty UeHU I TAKHUX COel -
HeHUH SIB/IsIeTCS IMHeNHas cBapKa TpeHueM (JICT).
B sTOM criocobe cBapHBaeMBIH CTHIK JIOKAIBHO Pa3o-
rpeBaeTcsi TPeHHEM IIPHU BO3BPATHO-TIOCTYIATe/lb"
HOM JIBM>KeHUHU (puc.26), Iocse 4yero, B pesynbrare
IJIACTUYeCKOM JebopMallMy pa3orpeTon obnacTy,
bopmupyetrcsa TBeppodasHoe coefuHeHHe. MeTof
OCBaMBaeTCs OTeYeCTBeHHOU IIPOMBIIIIEHHOCTBIO, K
HaCTOsIleMY BpeMeHH Y>Ke I10/1yYeHbl CBAPHbIe MOHO-
Kojieca, B TOM YHKCJIe K C JIOIIaTKaMHU M3 crjiaBa BT6 B
YM3-COCTOSHUH, U3TOTOBJIEHHBIMHU 10 OIIMCAaHHOM
BbIIIe TeXHOJIOTUH [2, 6]. TlonydeHHbIe pe3yabTaThl
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NpeACTaBIsIOT 60/IBIION MPaKTHU-
4YeCKHMHU HHTepec, HO OCTAaB/SIOT
OTKPBITHIMHU BOIIPOCHEL O MeXaHH3-
MaX TPaHCPOpMaLMU MUKPOCTPYK-
Typsl B riporiecce JICT.

MATEPUAJIbI U METO/LbI
NCCNEAOBAHMA

s ompeneneHHs MeXaHH3MOB
TpaHCHOPMALIMK MHUKPOCTPYKTY P
OBLTI IIpOBeleH aHAIN3 YKe IIpoBe-
JEeHHBIX B [2, 4, 6] pe3y/1bTaTOB HCCIle-
JOBaHUK CBapHBIX COeJUHEHUH
craBa BTG co crtaBoM BT8-1. IIpu
5TOM OBLIM HCIIOJIb30BAHBI JAHHBIE
06 M3MeHeHHH [TapaMeTPOB PesKHUMa,
3alllCaHHbBIe B XOJe CBapKH, IOy~
YeHHBble C IPUMeHeHHeM CPe[CTB

Ycunve
Axial Force

MNepemelleHne
Displacement

OIITUYECKOM U JIEKTPOHHOHM MeTall-
norpaduu, H3MepeHUH MUKPOTBep-
IOCTH, & TAK>KE Pe3y/IbTaThl MOETH-
POBaHHUS TeMIIEPaTypPHOIO MO U
HaIpsiKeHHO-1eHOPMUPOBAHHOTO
COCTOSIHHUA [3, 5].

PE3Y/IbTATDI

BHemHM BUJ (PHC.2a) U MaKPOCKOIIMYeCcKoe CTpoe-
Hue (puc.26) CBapHBIX COeTHUHEHHM ABYyX®a3HHIX
CII/IaBOB Ha OCHOBe THTaHA AB/ISIOTCS OTPaskeHHeM
IIPOLIeCCOB IJIACTHYECKON AedopMalLlUU MeTajaa
cBapHoro mBa. Ha ¢oTorpadusx xopomo BUIEH

Puc.1. Pabouee Koneco KoMnpeccopa 8 KOHCMPYKMUBHOM LCNOAHEeHUL: MOHOKOAeco (a) u
cxema npouecca AuneliHol ceapku mpeHuem (b)
Fig.1. Blisk (a) and the linear friction welding process scheme (b)

BbIIaB/IeHHBI 3a IIpeie/ibl OPMHUPYIOLIErocs Coe1u-
HeHHS B [Ipoliecce 0Caf KU JeTajleH rpart.

Jlerko 3aMeTHTh, UTO I'paT QOPMHUPYeTCS B BUE
TOHKOM I10JIOCHI, SB/SIOIEHCS IIPOAOIKeHHEeM CBap-
HOIO IIBAa M COCTOSIIeH M3 MaTepHasa, BhAB/ICH-
HOro U3 06eux JeTasen.

M3 npencTaBaeHHON Ha PUC.3 UKJIOTPaMMEBI IIPO-
Ilecca CBapKY BUHBI BpeMeHHBbIe XapaKTepPUCTUKH

INTRODUCTION
Enhancement of the air propul-
sion units is to a large extent con-
nected with strength improve-
ment of the materials used for
manufacturing the compressor’s
blades. One of the most prospec-
tive ways of hardening the mate-
rials is to manufacture the ultra-
fine grained (UFC) and nanocrys-
talline structures due to intensive
plastic deformation [1].
Nowadays, compressors of the
modern gas turbine engines (GTE)
have blisks wherein blades and
disk do not have mechanical fas-
teners but present a single (see
Fig.1a), however, the requirement

is that blades and the disk are
made of different alloys. Thus, the
problem is divided into two tasks.

The first task is to manufac-
ture the blades having high char-
acteristics of static and cyclic
strength and reasonable level
of impact strength which is
achieved by creating within them
a UFG structure with a grain size
of 600...800 nm. This structure is
retained in a blade after punching
in the low-temperature superplas-
tisity (SP) mode as well.

The second task is to connect
blades to a disk. The linear fric-
tion welding (LFW) is the only
industrial method to make such

connections. This method pro-
vides for heating the joint to be
welded by friction in the course
of reciprocating motion (see
Fig.2b) and afterwards the solid-
phase connection is formed as a
result of the heated area struc-
tural yielding. Now the method
is being mastered by the domes-
tic industry and the first welded
blisks, including the blisks with
blades made of BT6 alloy in UFG
state, have been prepared by the
technology described above [2, 6].

The obtained results are of
a practical interest but leave
open the questions concerning
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Puc.2. BHewwHull 8ud ceapeHHbix 06pasiios (a) u Makpouiaug coeduHeHust conamiu ¢ duckom (b)
Fig.2. Appearance of the welded samples (a) and macro slice of the blade and disk joint

cross section (b)

nporiecca - obIiee BpeMs Harpesa
COCTaBJISIJIO OKOJIO 1,4 ¢, a IpomoI-
SKUTeJIbHOCTD ocagku 0,65...0,68 c.
3a 3TO0 BpeMs CO CKOPOCTHIO
6,5...6,8 MM/c IPOUCXOOUT fedop-
MHPpOBaHHEe MaTepHajia B 30He
CBapku U GOpMHpOBaHHe rpara.
CpenHas CKOPOCTH AebopMallUH
MeTajJla B HalpaBjeHUHU Iep-
MeHJUKYIIPHOM IIJIOCKOCTH IIBa
cocTaBisna 5 c’l, mpu 3TOM MakK-
CMMajibHasg CKOPOCTh Aedopma-
LMK U TeMIlepaTypa LOCTHUTAITCI

microstructure transformation
mechanisms during the LFW.

MATERIALS AND METHODS OF
STUDY

The obtained research results [2,
4, 6] of welded joints made of VT6
and VT8-1 alloys were analyzed
in order to identify the micro-
structure transforming mecha-
nisms. In so doing, the dynam-
ics of the parameters recorded
in the welding process with the
use of optical and electronic met-
allography tools, micro-hard-
ness measurements and results

B IIJIOCKOCTH CThIKA U, KaK BUJHO
U3 puc.4, MOTYT COCTaBIATH
16 ¢! 1 1500 K cOOTBETCTBEHHO.
HakoruleHHas B IIpoLiecce BbIJaB-
JIMBAaHUSA B I'PaT CTelleHb Aedop-
MaILlMH1 MOKeT IIpeBhIIIaTh 450%.
IIpu TOoM, UTO TaKHe XapaKTe-
PHUCTHKH, KaK IPOLOJIKUTEIb-
HOCTb HaIrpeBa U CKOPOCTbh yCTa-
HOBUBIIEHCS OCafZKH, B CIy-
4Yae NPHUBAPKHU JIONATOK B M3- u
YM3-COCTOAHUAX, NpPaKTHYe-
CKH He Pa3lInuvalTcd - MHUKpPO-
CKOIIMYeCcKoe CTpOeHHe CBap-
HBIX COeJHHEHUH YM3-/I0IIaToK
nMeeT psifi ocobeHHOCTeH. [
Jetaned B M3-COCTOSIHUU Ipa-
HHIlAa CBAPHOIO IIBa U 30HBHI

T T s 4
s0f P T ——
B emmerr e T T oI
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Puc.3. Luknozpamma npouecca, 3anucaHHas 8 xode npusapku Aonamxu K oucky
Fig.3. The welding process cyclogram (blade being welded to disk)

of temperature field and stress-
strain behaviour modeling were
used [3, 5].

RESULTS
Appearance (see Fig.2a) and
macro structure (see Fig.2b) of
two-phase alloys welded joints
based on titanium reflect the
processes of the weld metal
structural yielding. The photos
vividly show the upsetted burr
extruded out of the joint being
formed.

It is easy to see that burr is
formed as a thin strip which is
a continuation of the weld and
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consists of the material extruded
from both parts.

Fig.3 presents a cyclogram of
the welding process illustrat-
ing such temporary character-
istics of the process like general
heating time (1.4 s) and an upset
time 0.65...0.68 s. During this
time the material in the welding
area is being strained at a speed
of 6.5...6.8 mm/s and the burr is
being formed.

An average strain rate of the
metal in the direction perpen-
dicular to the weld plane was
5 st with the maximum strain
rate and temperature reached in
the joint plane, and, as it can be
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Puc.4. Ycnosus 8 30He popmupyow,e2ocsl C8apHo20 CoeduHe-
Hus cnaaga BTG, onpedeneHHble pacuemom 8 coomeemcmeauu
¢ [3, 5]. Z=0 coomeemcmayem nAockocmu cmuika

Fig.4. Temperature and strain rate distribution over the weld
zone of VTG, calculated according to [3, 5]. Z=0 corresponds to
the welded interface

TepMOMeXaHHYeCKOro BAUSHHUS (3TMB) aBug-
eTCSI JOCTATOYHO YeTKOH U JIEI'KO BBISIBJISIETCS Cpef-
CTBAMH OIITUYeCKOM MeTa/lorpaduu. B ciaydae ke
CBapKH fieTaner B YM3-COCTOSIHHU ITPOTSIKeHHOCTh
3TMB cymecTBeHHO 60IblIIe, a e FPAHUIIBI PA3MBITHI
(puc.5).

B ciydae mapsl BT8-1/M3 BT6 MHKPOCTPYKTypa
30HBI CBAPHOTO LIBA COCTOUT U3 MHUKPOHUTIOIBYATOIO
MapTeHCHTA, XapaKTepHOIo AJIst GBICTPOro oxyuask/ie-
HUS CIIaBa U3 B-obnactu. B BapuaHTe YM3 HCXOLHOM
3arOTOBKH MHUKPOCTPYKTYPY LIEHTPAIBHOTO CJI0S IIIBa
06pa3yloT MapTeHCUTHBIE INIACTHUHBI CO CPeIHeH JIJIH-
HOH rnopsaka 800 HM U TonmuHoH 30...75 HM (pHC.6).
B cTopoHe 0T cpefHer TMHUH COOPMHPOBAJICA HAHO-
CTPYKTYPHBIM MapTeHCHUT IOYTH Hepas3JIH4YUMBIH
IIpH JaHHOM yBeJIHYeHUH. Hapsany ¢ MapTeHCHUTOM B
CTPYKType IBa HAbII0LAI0TCS OKPYIJIBle 3ePHA OCTa-
TOYHOM a-a3sl pa3mepoM oKoso 100 HM (puc.7).

PacnipenesieHHe MUKPOTBepHOCTH (pHc.5a) cOOT-
BETCTBYeT pacrpene/leHuIo ¢pa3 B CBAPHBIX COeIUHe-
HHAX. MaKkcuMaJ/ibHOe 3Ha4YeHHe HV cooTBeTCTByeT
30He CThIKA, a [10 Mepe yJaJeHUs OT Hero CHUKAeTCS
[10 3Ha4eHH U OCHOBHOI'O0 MaTepHasa. PacnpeesneHue
MUKPOTBEPAOCTH BHE CBAPHOTO IIBa CO CTOPOHBKI
BT8-1 mpaKTH4eCcKH He 3aBUCUT OT CTPYKTYPhl BTOPOL
nmetanu. Co cTOpoHbl BT6 MHKPOTBEPAOCTD B CII/IaBe
C UCXOLHOM YM3-CTPYKTYpoH CHHKaeTcs bosee
IIJIAaBHO, 4eM B cyuae M3-martepuana. IlogobHele
pasnuvus Habnogaay paHee AJIsI CBAPHOTO COeHHe-
HH 06pasLos u3 M3- u YM3-crinasa BT6 [4, 7).

OBCY)XAEHUE

B 30He KOHTaKTa TPYLIMXCS MTOBEPXHOCTeI IIPO-
HCXOJHUT HarpeB CO CKOPOCTBIO THICSAY IPa/yCOB B
CeKyH/Jly U B COYeTaHHMH C BBICOKOM CKOPOCTBLIO U

.%AOOA\\

—e— M3 BTG | FG VTG
—— YM3 BT6 | UFG VTG

el ol i

r ry *

TTe——o o

500 HM | nm

CTbik geTanen | Welding interface

CBapHow wos | Welded joint

M3 BTG | FGVT6

YM3 BTG | UFG VTG

Puc.5. Mukpomeepdocmb (a) u mukpocmpykmypa (b, ¢) coeduHerus BT8-1 ¢ BT6
Fig.5. Welded joint \VT6/V/T8-1 microhardness (a) and microstructure (b, c)
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Puc.6. MapmeHcum 8 MuKkpocmpyKkmype c8apH020 Wea cnaasa
BT6 8 M3-cocmosgHuu
Fig.6. Martensite in the weld zone of the fine grained \V'T6 alloy

MHTEeHCHBHOCTBIO CIBUTOBOU JepopMalliu Ha poHe
C’KMMAaIOIerd HAarpy3KH HPHUBOJUT K yMeHbIIe-
HHIO pasMepa 3epHa U GOPMHUPOBAHUI YM3- ui1u
HaHOKPHUCTAJIJINUeCKOU CTPYKTYPHL. IlmacThuueckas
JebopMmalus MeTa//IMYeCKUX MaTepHaJoB, IIPo-
KHCXOAsIlas B BUJe CABUIA, pPeaju3yercs ABYyMS
OCHOBHBIMU JePOPMalLMOHHBIMH MeXaHHU3MaMHU
BHYTPH3ePEeHHBIM AUCIOKALMOHHBIM CKOJIbXKe-
HHEeM M 3epHOIPDAHMYHBIM IIPOCKajab3bIBAaHHEM.
B HaHOCTPYKTYPHBIX MaTepHaliaXx BHyTpH3epeH-
HOe JMCJIOKALlMOHHOe CKOJbXeHHe 3aTPYLHeHO

OTPaHHYEHHUSIMHU FeHepaliuu U IlepeMelleHU s JUC-
JIOKALIMH, B TO BpeMs KaK 3epHOTPaHHUYHOe IIPO-
CKaJIb3bIBAaHUE CTAHOBUTCS IIPUOPUTETHHIM bia-
rofaps yBeJH4YeHHUIO yIelbHOU IJIOMAAU I'PaHUI].
9TO co3faeT MPeAIOChIKY /ISl BOSHUKHOBEHU S
3¢ PeKrTa CBepXIIaCTUYHOCTH. COIJIaCHO COBPeMEeH-
HBIM IpencTaBaeHusiM, CII ocymecTBasieTcs AeH-
CTBHEM II0JI0C KOOIIEPHPOBAHHOIO CABUTIA, C IIPeob-
JafA0MHUM y4YacTHeM 3epHOTPAHUYHOIO IIPOCKAJIb-
3pIBaHUA [8, 9, 10]. CkopocTh AedOpMaLIMU B 3TOM
c/ly4dae oIpefenseTcss CKOPOCThIO CABUTIA 10 KAXKA0U
[10JI0Ce M YHCJIOM JeHCTBYIOMUX MMoaoc. CKOPOCTh
COBMTA II0 I10JI0CE B 3HAYHTE/JbHOM CTEIIeHU 3aBU-
CHUT OT TeMIIepaTypPbl, IPUIOKeHHBIX HAaIIPSOKeHU K
Y pa3Mepa 3epHa: C IOHKU>KeHHEeM TeMIIepPaTyphl CKO-
POCTb 3epHOIPAaHHUYHOIO IIPOCKA/Ib3bIBAHUS CHU-
>KaeTcsl, a C yMeHbllIeHHeM pa3Mepa 3epHa ~ Bo3pac-
TaeT. MaKCHMaJIbHOe BO3MOXKHOE YHCJIO JeUCTBYIO-
I MX [10JIOC 3aBUCUT OT pa3Mepa 3epHa — 4yeM MeJlbye
3epHO, TeM O0JIbIlle I10JI0C MOKeT CHOPMHUPOBATHCS
MeskIy HUMH. TakuM 06pa3oM, BEIIIOTHSIETCS 3aBHU-
CUMOCTb CKOPOCTH AedopMallMH, OTMeYeHHas B
bonpurnHCTBe Teopu CII [11]:

(3]
d
)
I7e s - HallpsDKeHHe TedeHHs; d - pa3Mep 3epHa.

B cnyuyae YM3- 1 HAHOCTPYKTYPHBIX MAaTePHAJIOB
CBEPXIJIACTUYHOCTDb an06peTaeT AB€ YHHKaJ/IbHbIE
Pa3sHOBHIHOCTH — HU3KOTEMIIEPATYPHYO K BBICO-
KOCKOPOCTHYI0. HHU3KoTeMIIepaTypHas CBepxIlia-

CTHYHOCTD — COUYeTaHUE HU3KOU CKOPOCTH CABUTA

seen from Fig.4, they can be 16 s
and 1,500 K, respectively. The
accumulated strain level during
extrusion may exceed 450%.

The heating time and upset
time in case of blades welding
in FG and UFG states do not differ
practically because the microscopic
structure of UFG blade welding
joints has a number of features.
The boundary of the weld joint
and thermo-mechanical affected
zone (TMAZ) in the FC state parts
is quite clear and may be eas-
ily detected by optical metal-
lographic methods. However,
in case the parts are welded in
the UFG state, the TMAZ length

is sufficiently greater and its
boundary is blurred (see Fig.5).
In case of the VT8-1/FC VT6
pair the welding joint micro-
structure zone consists of
microneedle martensite which
is characteristic of rapid cooling
of the alloy in the B-area. If the
initial blank is of UFG type, the
central layer microstructure of
the joint is formed by martens-
ite plates with an average length
of about 800 nm and thickness
of 30...75 nm (see Fig.6). At this
magnification the nanostruc-
tured martensite is formed aside
of the centre line and is practi-
cally invisible. In parallel with

HAHO MHOVCTPHA Tom 12 Ne 3-4 (90) 2019

martensite, the joint structure
contains visible rounded grains
of residual a-phase of about
100 nm (see Fig.7). Distribution
of microhardness (see Fig.5a)
corresponds to the distribution
of phases in the welded joints.
The maximum value of HV cor-
responds to the joint zone and
decreases to the base material val-
ues as the distance from the weld-
ing joint increases. Distribution of
microhardness outside the weld-
ing joint on the VT8-1 side does
not practically depend on the sec-
ond part structure. Microhardness
on the VT6 side in the alloy with
initial UFG structure decreases
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Puc.7. MapmeHcum u a-¢aza 8 MUKpOCMPYKmMype c8apHo20 Weda cnaasa BTG 8 YM3-cocmosiHuu
Fig.7. Martensite and a-phase in the weld zone of the ultrafine grained /TG alloy

B Ka’kJ0H1 mosoce U 6o/pIIoro uucia mnoaoc B YM3
CTPYKTYpe — OCTaTOYHO XOPOIIo U3y4eHa [12]. Bo BBe-
JeHHH YIIOMSAHYTO H3rOTOBJIEHHE JIOIIATOK C IIPHMe-
HeHHeM HU3KoTemnepaTypHoH CII. CBeleHH O IIpU-
MeHeHHH BBICOKOCKOPOCTHOM CII IpaKTU4YeCKH HeT,
IIOCKOJIBKY [IJISI ee peann3aliuu TPebyoTcs, Ka3aloch
6BI, B3aMMOMCKJIIOYAIOIIHe YCI0BH S - YM3-CTpyKTypa
U BBICOKAs TeMIlepaTypa. Peanusanus o6oux ycio-
BUH Bo3MokHa npu JICT, Korga BpeMs HarpeBa U
JepopMaluy UCYHUCIISIOTCS HOMSMU CEKYHIBI.

B mpoitecce ocagKu TeyeHHe MeTajijia IIBa B
Pe>XHMe BBICOKOCKOPOCTHOM CBEpXIIJIACTHYHOCTH
obecriedynBaeT yaaeHHe HArpeTOro MeTaslia B IparT,

IJIOTHOe CMBIKAHHeE ITIOBEPXHOCTEH U CTabuiIu3u-
pyet TeMmepatrypHoe moJie. O TOM, YTO B 3TOM IIPO-
Liecce AeMCTBUTEIBHO HMeeT MeCTO BBICOKOCKOPOCT-
Has CII cBUIeTe/NbCTBYeT popMa U pasmepsl I'para,
BBIZIABJIEHHOTO U3 30HBL CBAPKH, CTeIleHb fedopma-
LMY, IIpeBhIIalomas 450%, oTCyTCTBHE TPeIlHH, IIop
U APYTHUX HapyLIeHUH CIJIONIHOCTH.

[Tocne OKOHYAaHHS HarpeBa M O0CaJKHU IIPOXOTUT
PEeKPHCTa/UTHU3ALUS U POCT 3epeH PB-dassl, a 3aTeM, B
YCJIOBUAX OXJIAKAEHHU S CO CKOPOCTIMHU B COTHH I'pa-
[IYCOB 3a CEKYHY, ~ MAapTEeHCUTHOE IIpeBpalleHue,

ITpu cBapKe CIIJIaBOB TUTaHa B YM3-COCTOSSHHUU
MCXOOHas 3arOTOBKA COLEPSKHUT IIOATOTOBJIEHHYIO

slower than in case of FG materi-
als. Earlier the similar differences
in welding joint of samples made
of FG and UFG VTG6 alloy have been
observed [4, 7].

DISCUSSION

In the contact zone of friction sur-
faces the heating rate is about
thousands degrees per second,
and the high rate and intensity
of shearing strain together with
a compressive load lead to reduc-
tion of grain size and forms the
UFG or nanocrystalline struc-
ture. Structural yielding of metal-
lic materials takes place as a
shear between two basic strain

mechanisms (intragranular slid-
ing and grain-boundary slip-
page). In nanostructured materi-
als an intragranular sliding is hin-
dered by generation and disloca-
tion movement restrictions, while
grain-boundary slippage becomes
a priority because of growth of
the specific area of boundaries.
This is a background for appear-
ance of superplasticity. According
to modern concepts, superplas-
ticity results due to action of the
cooperated shear strips with the
predominant role of the grain-
boundary slippage [8, 9, 10]. In
this case the strain rate is deter-
mined by the shear rate of each

strip and a number of the involved
strips. The shear rate of the strip
is determined by temperature,
applied stresses and grain size -
when temperature is decreased the
grain boundary slippage becomes
lower, but it increases with a grain
growth. The maximum possible
number of acting strips depends
on the grain size, when a grain
becomes less, the number of strips
formed between it increases. Thus,
the dependence of strain rate in
case of superplasticity noted in
most works [11] is satisfied:

(3]
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HAHOMATEPUADbI

Puc.8. YemanocmHas mpeuwuHa 8 conamke u3 cnaasa BTG,
npueapexHoli kK ducky u3 cnaaea BT8-1 [2]

Fig.8. Fatigue crack in a blade made of VT6 alloy welded to a disk
made of alloy VT8-1 [2]

YM3-CTPyKTypy C pa3mepoM 3epHa 600 um. B aToM
Clyd4ae peajM3yeTCs TOT Ke MeXaHM3M TpaHCcPop-
MalM¥ MUKPOCTPYKTYPBL CTPYKTYPhI, HO, BC/IeJ-
cTBHe 6oslee BBICOKOM AedpOpMaLIOHHOK CII0COOHO-
cTi YM3-MmaTepuana, 30Ha HHTeHCUBHOU JedopMa-
LMY CTAHOBMTCS LIMPe I10 CPABHEHHIO C BApHAH-
ToM MK-CTPyKTyphl. B uTore, ropsyas 30Ha CTaHO-
BUTCSI MeHee JIOKa/JIM30BaHHOM, a MaKCHMaJbHas
TeMmmeparypa HuXe. CIJiaB coxpaHseT IByxpasHoe
COCTOSIHHe, UTo Haubosee 61aronpUsiTHO AJIs pea-
TH3alUH BEICOKOCKOPOCTHOM CBePXIIJIACTUYHOCTH.

CTpoeHHe CBAPHOTO COeJIMHEHUSI, B 3TOM CJIydae,
OTJMYaeTCs HAJIMUHeM OCTaTOYHOM a-(a3bl B CBAp-
HOM IIBe, 6o/lee MeJIKOM U OLHOPOAHOM CTPYKTY-
PO¥, Pa3sMBITOM FpaHHIleHd MeXAy BoM U 3TMB,
IIJIaBHBIM M3MeHeHHeM MHKPOTBePAOCTH II0 IIoIle-
peYHOMY CeYeHHUIO CBAPHOIO COeMHeHUs. Bce 910
IIOJIOKHMTEbHO CKa3bIBaeTCs Ha CBOMCTBAX COeU-
HeHHSI: IPOYHOCTb COOTBETCTBYeT OCHOBHOMY MaTe-
pHuany, Kak Ipy CTaTH4YeCKOM, TaK U IPU LIUKJIHYe-
CKOM HarpyskeHHUH (puc.8). Pa3pyiieHue 06pasioB u
peanbHBIX U3/ eTHH IPOUCXOAHUIO TOBKO 10 OCHOB-
HOMY MaTepHaly.

BbIBOADI
OnucaHHBIEe MeXaHHU3MBI OIIpeeIsiIoT 0COOeHHOCTH
CTPOEeHHS CBAPHBIX COeJMHEeHUH CIJIaBOB TUTaHA
U UX UCKIIOYHUTEIbHbBIE MeXdaHHUYeCKHE XdpaKTe-
PHUCTHUKH. BEICOKOCKOPOCTHAS CBEPXIIIACTUYHOCTD
obecreurBaeT BpIIaBIKMBaHMe B IPaT UMEIOMIKXCS
Ha CBapuUBaeMBbIX IIOBEPXHOCTSX 3aTrps3HEHMH,
OTCYTCTBHe IleperpeBa B 30He CBaPKH U BBICOKYIO
cTeneHb JedopMaLUU, HEOOXOAUMYIO AJIs CO3/a-
HUS PU3MUeCKOro KOHTaKTa U 06pa3oBaHUs CBap-
HOro coeflHeHHUs1. CBapHble COeIUHEHU S JIOIIaTOK
C AMCKOM PaBHOIIPOYHBI OCHOBHOMY MeTaJlly, IIpH-
yeM CoeJMHeHHUS feTaneil B YM3-coCcTOSSHUH 06/1a-
JAIOT CylleCTBeHHO MEHbIIUM YPOBHEM CTPYKTYP-
HOM M MeXaHHYeCKOH HeOJHOPOSHOCTH.
OnucaHHBIe MeXaHU3MBI OyIyT JeHCTBOBATh He
TOJBKO IIPH Ilepexojie C MUKPOHHOTO Ha CybMu-
KPOHHBIM YPOBeHb, HO U IIPH JabHeHIIleM YMeHb-
IMIeHUU pa3MepoB 3epHa CBapHUBaeMBbIX JleTallell, B

where s is a flow stress, d - grain
size.

Superplasticity acquires two
unique varieties in the case of
UFG and nanostructured mate-
rials - low temperature super-
plasticity and high rate super-
plasticity. Low temperature
superplasticity is a combina-
tion of low shear rate in each
strip and a great number of
strips in UFG structure, and has
been studied quite well [12]. We
mentioned manufacturing of
blades using low temperature
superplasticity in the intro-
duction. There is practically no
information about high rate

superplasticity application due
to the fact that its realization
needs to combine two different
conditions: UFG structure and
high temperature. It is possible
to combine both conditions with
LFW when the heating time and
strain are fractions of a second.
In the high rate superplastic-
ity mode the metal flow during
upsetting provides for removal
of the heated metal to a burr,
and for tight closure of surfaces
and stabilization of the tem-
perature field. The shape and
size of the flash extruded from
the welding zone, strain degree
exceeding 450% and absence of
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cracks, pores and other defects
of continuality confirm pres-
ence of high rate superplastic-
ity. After heating and upsetting
come to an end, re-crystalliza-
tion and B-phase grain growth
take place, then the martens-
ite transformation occurs while
cooling at hundreds degrees per
second. The initial blank con-
tains the prepared UFG struc-
ture with grain size of 600 nm
when welding titanium alloys
in UFGC state. In this case the
same mechanism of micro-
structure transformation of
the structure takes place, how-
ever, due to the higher strain
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capacity of UFG of the mate-
rial, the zone of intensive strain
becomes larger as compared
with the FG structure case. As
a result, the hot zone becomes
less localized and the maxi-
mum temperature decreases.
The alloy preserves a two-phase
state that favours the high rate
superplasticity. In this case
the weld composition has the
residual a-phase and more uni-
form and smaller structure and
blurred border between weld-
ing joint and TMAZ as well
as a smooth change of micro-
hardness over the welded joint
cross section. These factors are

positive for improvement of the
joint properties: the strength
corresponds to the base material
both at static and cyclic loading
(see Fig.8). Destruction of sam-
ples and real parts occurred in
the basic material only.

CONCLUSIONS

The described mechanisms deter-
mine the structural peculiari-
ties of welded joints of titanium
alloys and their exceptional
mechanical characteristics. High-
temperature superplasticity pro-
vides for extrusion of pollutions
present on the welded surfaces to
a flash, absence of overheating in

the welding zone and a high level
of strain required to form a phys-
ical contact of the surfaces and
prepare a welding joint. Welded
joints of blades and disk have the
same strength as the base metal,
and the joints of parts in the UFG
state demonstrate a significantly
lower level of the structural and
mechanical heterogeneity. These
mechanisms will act not only on
a micro- and submicron level, but
also when the grain sizes of the
welded parts continue to decrease,
therefore, it is necessary to con-
sider LFW a promising method
for welding bulky nanostructured
materials. [
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