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BBEAEHWUE

H3roTOB/IeHHEe JIONATOK Ia30TypPOMHHBIX JBHUTaTeslek
(T'TH) compsikeHO C IIPHMeHeHHeM [JOPOrOCTOSIIHX
MaTepHasoB W CIOKHBIX TeXHOJOTHI, YTO 3HA4H-
TeJIbHO OTPa’kaeTcsl Ha MX cebeCcTOMMOCTH. JIomaTKU
TYpOUHBL SB/ISIIOTCS OTBETCTBEHHBIMM MHeTAISIMHU,
GYHKIIMOHUPYOIIMMH B TSKEJIBIX 3KCILIYaTallMOH-
HBIX YCJIOBUSAX, XapaKTePU3YIOLIUXCS IIPOJOJIKUTEIb
HBIMH MEXaHUYeCKHMMH M TePMHUYECKMMU HaIlpsKe-
HHSIMH, BBICOKUMU TeMIIepaTypaMH H BO3/JeHCTBHeM
Koppo3uH. IIpu obHapykeHHH [AepeKTOB BO BpeMs
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INTRODUCTION
The manufacture of gas turbine engine (GTE) blades
involves the use of expensive materials and compre-
hensive technologies that significantly affects their
cost. The turbine blades are critical parts that are used
under severe operating conditions specified by the pro-
longed mechanical and thermal stress, high tempera-
tures and corrosion. If the defects are found during
the scheduled inspection, the blades are replaced due
to the limited applicability or lack of repair methods.
Replacement of the damaged blades with new ones
significantly increases the turbine operating costs, so
interest in the repair technologies in this area is con-
stantly deepening.

The laser direct deposition (LDD) technologies are
very promising in relation to the repair of gas turbine
engine blades [1]. The essence of LDD technology is as
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IIJITAHOBOI'O OCMOTPA JIOIMATKU IO[BEPraloTcs 3aMeHe
13-33 OTPaHUYeHHUs] IPUMEHHUMOCTH WJIH IPHU OTCYT-
CTBUM TEeXHOJIOTHH I10 UX PeMOHTY. 3aMeHa ITOBpeXK-
IOEeHHBIX JIOIIATOK HOBBIMH 3HAYHTE/NBHO YBEeTHYH-
BaeT CTOMMOCTb 3KCIUIyaTallUK TypOHHBI, II03TOMY
HMHTepec K pPeMOHTHBIM TeXHOJIOTHSIM B JAHHOM chepe
HeITpepbIBHO PaCTeT.

BecbMa MepCHeKTHUBHBIMHU, IIPUMEHHUTETbHO
K PeMOHTY JIonaTok ['T]l, SIBISIIOTCS TeXHOJOTUH IIpsi-
Moro snasepHoro BblpamuBaHus (IIVIB) [1]. CyTb Tex-
Hostorud I1JIB 3aK/I049aeTcs B CIeAYIOIIeM: JIa3epHbIH
JIy4 BBICOKOI MOIIHOCTH POKYCHPYeTCsI Ha IIOBEPXHO-
CTH AeTalu, co3laBasi BAHHY pacIlaBa. B 3Ty obmacTs
[ofaeTcsl MeTa/UIMYeCKUH IOPOIIOK, KOTOPBIM pac-
I/1aB/ISsICh, POPMHUPYET BAJMK HAIIABJIEHHOTO MaTe-
puana. PobOT-MaHUIYIATOpP IlepeMellaeT OITHYe-
CKYIO TOJIOBKY [2] C yCTaHOBJIEHHBIM Ha HeH COIIOM
IJI ToJa4Yy MeTa/UIMYeCcKOro IIOpOoIIKa II0 3apaHee
BBIODAaHHOM TpPaeKTOPUU U COrJacHo 3D-monenu
BhIpalIMBaeMoro usmenus. Takum obpasom, CI0M 3a
C710eM IIPOUCXOAUT BhIpallliBaHHe H3/e/Hs.

[71aBHBIM IIPeHMYIIeCTBOM 3THX TeXHOJIOTHUH SIBJISI-
eTCsl BBICOKAsl IJIOTHOCTh MOIIHOCTH M JIOKaJIBHOCTb
HarpeBa B 30He BO3/IEMCTBHS, UTO I103BOJISIET IIPOBO-
IOUTh HAIJIABKY TOHKOCTEHHBIX BBIXOAHBIX KPOMOK 6e3
06pasoBaHMUS 6OIBIION 30HBI TEPMUUECKOTO BIUSHMUS.
BakHOM XapaKTEePUCTHKOM JIa3epPHOrO M3Iy4deHMs
KaK MCTOYHHKA TeIlJIa SIBJISIeTCS ero TeXHOJIOTHue-
CKast TUOKOCTB, IO3BOJISIONIAST PabOTaTh B HMMITYJIbC-
HBIX PeKMMaXx C IIHPOKUMHU JUANIA30HAMU 3HAaUeHUH
BpeMeHU HMIIy/IbCa U BPeMeHHU I1ay3bl. YIIpaBIeHHe
OAHHBIMU IIapaMeTpaMH [aeT BO3MOXKHOCTb KOH-
TPOIHPOBaTh 00beM BaHHBI PacIliaBa, AIHUTEIbHOCTDb
IpUOBIBAHHUS MeTajUla BBIIIe KPUTHYECKHUX TeMIle-
paTyp, CKOPOCTH OXJIaKAEHHUS, a TakoKe IPH HeobXo-
OVMOCTH II03BOJISIET OTAENIHTh IIPOLlecC HarpeBa OT
Ipoliecca IutaBieHus (3],

B pabore paccMoTpeH mpuMep OTpPaboTku U IIpU-
MeHeHHUsI JIa3epPHOM Ta30MOpPONIKOBOK HAIUIaBKH /s
BOCCTAHOBJIEHMSI COIIJIOBBIX JIOIIATOK 2 CTyIIeHH JIBUTIa-
tenss MAN TURBO.

TEXHO/IOT 1S NA3EPHOM
rA30MNOPOLLKOBOW HAMJIABKU

IIpy nasepHOM HarulaBKe (pHC. 1) IUIaB/IeHHe OCHOB-
HOT0O W MPHCAZOYHOTO MeTa/Ula OCYIINEeCTB/ISeTCS
C IIOMOIIIBIO JIA3€PHOrOo M31ydeHHs 1. IIpeTepneBIINM
B IIpollecce HaIlJIaBKX (a30Bble M CTPYKTYypHBIE IIpe-
BpallleHHs MeTa/lll JeTaau § obpasyeT 30Hy TepMHUUe-
CKOr0 BIIMSIHHSA /. B KauecTBe MPUCAJOYHOr0 MeTajlaa
B NAHHOM IIpollecce MNPHUMEHSIOT MeTa/TIM4YeCKHH
IIOPOLIOK, KOTOPBIM, PACIUIABIASACh M IepeMellnBa-
SCb C OCHOBHBIM MeTa/IoM, obpa3yeT BaHHY pac-
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follows: a high-power laser beam is focused on the
surface of the part while developing a molten pool.
The metal powder is fed into this area, melts, and
forms a bead of deposited material. A robotic manipu-
lator moves the optical head [2] with a nozzle installed
for feeding the metal powder along a pre-selected
route and according to a 3D model of the product being
grown. Thus, the product is deposited on a layer upon
layer basis.

The main advantage of these technologies is the
high power density and local heating in the impact
area that allows cladding of thin-walled trailing edges
without generation of a large heat-affected zone. An
important specification of laser radiation as a heat
source is its process flexibility that allows working in
the pulsed modes with wide ranges of pulse time and
pause time values. Control of these parameters makes
it possible to monitor the molten pool volume, the
duration of metal stay above the critical temperatures,
cooling rates, and, if necessary, allows separating the
heating process from the melting process [3].

This article examines an example of the develop-
ment and application of laser gas-powder cladding for
restoration of the MAN TURBO engine 2°¢ stage nozzle
blades.

Puc. 1. Mpouecc naszepHol 2a30n0poLiKos8oli HanAasKku
Fig. 1. Laser gas powder cladding process
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wiaBa 6. Ilomava mopomka B BaHHY pacmitaBa ocy- || LASER GAS POWDER
IeCTB/IsIeTCsT Yepe3 WHXKeKTophl 3, pacnonoxkeHHble || CLADDING TECHNOLOGY
B coruie 2. B xome maHHOM paborel mcmonp3oBanu || During the laser cladding process (Fig. 1), the base
coro C4-12 ¢ yeThIpbMsI HEDKeKTOpaMmH, dokycupy- || and filler metal are melted using the laser radiation 1.
IOIIMMHU Ta30IIOpOIIKOBYIO CMech 4, Ha pacctosHuu || The metal of the part 8 that has undergone phase and
12 MM oT TOpLa comia. Yepe3 oceBOM KaHAI U3 coruta || structural transformations during cladding, gener-
II0ZAeTCsI 3al[UTHBIM a3 aproH 5. ates a heat-affected zone 7. In this process, the metal
[Toce KpUCTA/IM3AallMM BaHHHBI paciiaBa obpa- || powder is used as a filler metal. It melts, mixes with
3yeTcsl BaJMK, OJHHUMHM M3 OCHOBHBIX IapameTpoB || the base metal, and forms a molten pool 6. The pow-
KOTOpOTO SIBJISIOTCSL IIMPHUHA, InybuHa mporutasie- || der is fed into the molten pool through the injectors 3
HHS U BbIcoTa. Heobxomumble pasMepsl BanKKa ycTa- || located in the nozzle 2. In this paper, a C4-12 nozzle
HaBJIMBAIOT HCXOAS M3 reoMeTpHUUecKHX pa3mepoB || was applied, with four injectors focusing the gas-pow-
meTanu, TpebOBaHHUM K IIPUITYCKAaM Ha MexaHH4Yeckylo || der mixture 4 at a distance of 12 mm from the nozzle

06paboTKy U TpebyeMOoil YHCTOTHI IIOBEPXHOCTH. end. The argon shielding gas 5 is fed from the nozzle
through the axial channel.
NCCNIEQOBATEJIbCKOE OBOPYAOBAHUE After the molten metal crystallization, a bead is

OTpaboTKy PeXXHMOB M paboTsl 110 BoccTaHOBIeHHIO || formed. Some of its main parameters includes width,

CepHH COIUIOBBIX JIONATOK IIPOBOAUIM Ha poboTu- || side penetration and reinforcement. The required

3MPOBAaHHOM TEXHOJOTHYECKOM KoMIulekce mpsmoro || dimensions of the bead are set based on the geometric

nasepHoro BeipamuBanus (PTK ITJIB) (puc. 2). dimensions of the part, requirements for machining
allowance and surface cleanliness.

RESEARCH EQUIPMENT

The application of modes and works to restore a series
of nozzle blades have been performed using a robotized
station for laser direct deposition (RSLDD) (Fig. 2).

The modernized RSLDD includes the following
equipment:

» Robot Fanuc M-20iA/20M;

+ Double-axis positioner Fanuc with a lifting

capacity of 500 kg;

 IPC ytterbium fiber laser with the power
of 5 kw;

+ Powder feeder Oerlicon Twin 10 C;

 Processing tool based on the FLW d30 laser head
(IPC), including an adjustment unit (Saint-
Petersburg Polytechnic University), a transition
part (Saint-Petersburg Polytechnic University)
and a C4-18 nozzle (Saint-Petersburg Polytechnic
University);

+ Anairtight chamber with a glove box, including
the excess pressure generation and maintenance
systems;

+ Process equipment with the ceramic heaters for
preliminary and subsequent heating.

The RSLDD is designed for laser direct deposition
and laser cladding in a controlled atmosphere. The
cladding process automation ensures a minimum
machining allowance.

Puc. 2. Pobomu3upo8aHHas ycmaHosKa npsimoz0 Aa3epHO20

8bIpaWLUBAHUSI OPTIMIZATION OF THE CLADDING MODE

Fig. 2. Robotized station for laser direct deposition Due to the need to restore thin-walled trailing
edges with a thickness of 1 mm and parts with
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B cocraB mopepHu3HpoBaHHOro PTK IIJIB BXOZUT
crenyrolee obopymoBaHue:

e pobot Fanuc M-20iA/20M;

* 2-X 0CceBOM ITO3HIMOHep Fanuc rpy3onoabeMHO-
cThi0 500 KT;

* UTTepbHeBbIH OIITOBOJIOKOHHBIH J1a3ep IPC mMor-
HOCTBIO 5 KBT;

+ mopormkoBsy nutatens Oerlicon Twin 10 C;

* TexHOJIOTHYeCKHI MHCTPYMeHT Ha 6ase asep-
HoM rosioBkd FLW d30 (IPG), BR/IIOYAIOMIHUHI
IOCTHPOBOYHBIH y3ei (CII6ITY), mepexoqHyio
yactb (CIIBIIY) u comto C4-18 (CIIBILY);

* TepMeTHYHas KaMepa C [IepuaTOUHBIM OOKCOM,
BKJ/IIOYAIOIAs CHCTeMBI CO3JaHM U IOAAePsKa-
HHUS U30BITOYHOTO AaB/IeHMUS;

* TEeXHOJIOTHYeCKas OCHACTKA C KepAMUYeCKUMHU
HarpeBaTeIsIMH [IJIS IIPeIBaPUTEILHOIO
Y COIIYTCTBYIOILEro IIOA0rPeBa.

PTK IIJIB mpegHasHaveH [Jis IIPSMOTO JIa3epHOTO
BBIPAIMBAaHUSI WU JIa3epHOM HAIUIaBKH B KOHTPO-
nUpyeMon aTMocdepe. ABTOMaTH3alMsl IIpoliecca
HaIUIaBKHU obecriedrBaeT MUHHUMATBHBIH IIPHUITYCK Ha
MeXaHHUYecKyio o0paboTKy.

OTPABOTKA PEXXUMA HATIJTABKUA

M3-32 Heob6XOJMMOCTH BOCCTaHOBJIEHMS TOHKOCTEH-
HBIX BBIXOAHBIX KPOMOK TOJIIIMHOL OT 1 MM, a TakoKe
YJacTel, HMEIOIINX CIOKHBIN POQHIIb, 1151 HAII/IABKU
HCII0/Ib30BA/IM MMIITYJIBCHBIN peskuM. OH HMeeT 6071b-
1Iee 10 CPAaBHEHUIO C HEeIIPePhIBHBIM PEKHMMOM KOJIK-
YecTBO I1apaMeTpoB, YTO IIO3BOJISET PeryarpoBaTh
B IIMPOKMX IIpefie/iaX OCHOBHEIE [IapaMeTphI ITpoliecca
HaIUIaBKH. K/IIIOYeBBIM IIPU 3TOM SBJISETCS CHUKEHHE
IIOTOHHOH 3HEPryuH, UTO II03BOJISIEeT CHU3HUTh OCTATOU-
HBIe IIPOJOJIbHBEIE HAIIPSPKeHMS B IIBe. DTO CBA3aHO
C U3MeHeHHeM QOPMBI TeMIIepaTyPHBIX IIOJIek: H30-
TepMBbl CTaHOBSATCSL 6osiee OKPYIJILIMH, OTHOIIEHHe
BeJIMYMHBI IPOJOIBHOM OCH HM30Tephl K II0IIepedHOt
YMEHBIIAeTCH.

B KauecTBe MarTepHasa i HaIlJIABKHU HCII0/IH30-
BJICA MeTaJ/UIMYeCKHUI >KapOIPOYHBIM HHKeTIeBbIH
nopouiok JI1648 ¢ dppakuuert 40-200 mxMm. Hccrnemosa-
HHSI MeXaHHU4YeCKUX CBOMCTB 006pa3sLioB, IOTyUYeHHBIX
JIa3epHOM Ta30II0POIIKOBOM HAIUIABKOM K3 3apybex-
Horo aHasiora JII648, moKa3aJu 4YTO MexXaHHYeCcKHe
CBOMCTBA HAIUIaBJIEHHOTO MeTalna OIM3KH K CBOM-
CTBaM JIUTHIX CII/IABOB Ha OCHOBe KobasbTa [4].

[Ipu oTpaboTke peXKHMa HAIUIABKU Pe3yIbTaThI
pabot [5, 6] 6bIIK B3STHI 32 OCHOBY IJISI BapbHpPOBa-
HHUSA CJIeAYIONIMX IapaMeTpPOB: MOIIHOCTDH JIa3epHOI0
usnyyeHus P ot 500 Bt mo 1500 Br, MacCCOBBIH pacxon,
nopomka R or 3 1o 7 r/MuH, BpeMs uMIyasca T, OT
0,05 c mo 1,5 c, Bpems mayser T, oT 0,1 ¢ o 2 ¢, cMene-

=

a compound section, a pulse mode was used for
cladding. It has a larger number of parameters
compared to the continuous mode that allows for
a wide range of adjustments for the main param-
eters of the cladding process. In this case, the key
function is the linear energy reduction that pro-
vides for a reduction in the residual longitudinal
stresses in the weld. This is due to a change in the
shape of temperature fields: the isotherms become
more rounded, the ratio of the isotherm longitudi-
nal axis to the transverse axis is decreased.

The metal heat-resistant nickel powder EP648
with a fraction of 40-200 pm was used as the add-
ing material. The studies of mechanical properties
of the samples obtained by the laser gas-powder
cladding technology using a foreign analogue of
EP648 have showed that the mechanical properties
of deposited metal are close to the properties of cast
alloys based on cobalt [4].

When optimizing the cladding mode, the results
of papers [5, 6] were taken as a basis for varying
the following parameters: laser radiation power
P from 500 W to 1500 W, powder mass flow rate R
from 3 to 7 g/min, pulse time T;from 0.05s to 1.5,
pause time T, from 0.1 s to 2 s, displacement along
the x-axis from 0.8 to 1.2 mm, displacement along
the z-axis from 0.2 to 0.5 mm; the distance to the
head cut H has remained constant in all experi-
ments. The cladding mode parameters that allow
obtaining the high-quality formation are given
in Table 1, the deposited layer section is shown in
Fig. 3, the deposited layer appearance is shown in
Fig. 4.

The deposited metal is generated by a columnar
structure. During deposition, partial melting of the
dendrite branches of the MAR-M 509 alloy occurs. It
is well-known that the surface energy between the
melt and two crystallites is greater than between
two crystals, therefore, the solid phase nuclei are
developed on the melted surfaces of the dendrites.
The crystals are grown normally along the isother-
mal surface in the direction opposite to the heat
removal. Continuous changes in the temperature
gradient when the heat source is removed entails
a continuous change in the crystallite growth direc-
tion. As a first approximation, it can be considered
that the crystallite axes remain orthogonal to the
surfaces of the crystallization front family. The
change in the spatial orientation of the grains is
visible on the deposited wall section (Fig. 5).

Due to the dissolution of carbides, the fusion line
section has an increased hardness (Fig. 6). To reduce
any residual stresses and decrease hardness in the
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Tabnuua 1. MNapameTpbl peXkmMmMa HanaaBku
Table 1. Parameters of the cladding mode

R,
r/MUH

R,
g/min

1000 4 0,2 1 193 13 0,5

HHe 110 ocH X, oT 0,8 mo 1,2 MM, CMellleHHe I10 OCH Z
ot 0,2 go 0,5 MM, paccTosiHHe [0 cpe3a rojioBel H
BO BCeX OITbITaX OCTaBa/IOCh IIOCTOSSHHEIM. [lapaMeTphl
PeKMMa HaIUIaBKH, II03BOJISIOIIME IIOJIYYUTh Kaye-
CTBeHHOe GOpPMHUPOBaHUe, MPEeACTaBIeHbl B Tabn. 1,
IonepevHbIH MUIMGQ HAIUIABIEHHOIO CJI0Sl - Ha PUC. 3,
BHeIIHHWI BUJ HAIIJIAaBJIEHHOIO CJIOS — Ha PHC. 4.
HamnnaBneHHBIM MeTain o6pa3oBaH CTon64aToi
CTPYKTypoH. IIpu HamsaaBKe IIPOHUCXOOUT YacTHYHOe
OIlIaB/IeHHe BeTBeH OeHIPUTOB cIlaBa MAR-M 509.
Kaxk M3BeCTHO, IOBEPXHOCTHAs SHEPIus MeXIy pac-
IUTaBOM U JBYMS KPUCTA/UIMTAMHU 60Iblle, YeM MEXIY
OBYMSI KPUCTQ/UIAaMH, IIOSTOMY 3apOABIIIN TBepIOU
$a3pl BO3HHMKAIOT Ha OIUIABJIEHHBIX II0BePXHOCTSIX
OeHAPUTOB. KpHUCTa/luIBl pacTyT HOPMAIbHO K H30Tep-
MMYeCKOHM ITOBEPXHOCTH B HAIIpPaBJIeHHH, 0OpaTHOM
HaIlpaB/IeHHIO TeIIOOTBoJA. HemmpepriBHOe H3MeHe-
HUe TpaJHeHTa TeMIIepaTyphl IpU YHaJeHUU KUCTOY-

fusion zone, stress-relief annealing was performed at
a temperature of 650 °C for 2 hours [7].

To test the mechanical properties of the deposited
metal, a series of cylindrical samples was prepared
for static tensile testing according to GOST 1497-84,
type IV, No. 8. The test was performed along and across
the growth direction. The mechanical test results are
given in Table 2. It is shown by the data given in Table
2 that the deposited material EP648 has high mechani-
cal properties that allow it to be used for the restora-
tion of blades.

TECHNOLOGICAL MEASURES

TO PREVENT CRACK FORMATION DURING
THE LASER CLADDING PROCESS

In an attempt to apply the optimized cladding method
for the MAN TURBO engine 2"d stage nozzle blades,
2 types of cracks were formed (Fig. 7).

16 I? 18 19 20 21 22 21 24 25

Puc. 4. ®omozpadus nony4eHHoOU Hanaaeku
Fig. 4. Photograph of the obtained weld deposit

[——
1000 MKM | pm

Puc. 3. MonepeuHrbili waud obpasua u3 648
Fig. 3. Cross-section of a sample made of EP648
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Puc. 5. Mukpocmpykmypa 30Hbl C8aPHO20 COEOUHEHUSI
Fig. 5. Microstructure of the weld zone

800
700 -
600 | 311648
500 |-
B 400
300 |-

200

100 -

0 | | | | | |
-1 0 1 2 3 4 5 6

MM | mm

Puc. 6. PacnpedeneHue meepdocmu no ebicome
HAaNAAsNeHHO20 CAOS

Fig. 6. Distribution of hardness by the deposited layer
height

HUKA TeIUIa BileYeT 3a cOO0 HerrpeprIBHOE M3MeHeHHe
HaIlpaB/IeHHs pPOCTa KPUCTA/UIMTOB. B IepBOM IIpH-
ONVDKeHUH MOKHO CUMTATh, YTO OCH KPHUCTAUIUTOB
OCTAIOTCSl OPTOTOHAJBHBIMH K IIOBEPXHOCTSIM CeMeH-
cTBa (POHTOB KPUCTA/IM3aLMHH. F3MeHeHMe IIpo-
CTPAaHCTBEHHOMN OPHEHTAlLIMM 3€pPeH BHJHO Ha IIoIle-
peuHOM IUIHde HaIlJIaBJIeHHOM CTeHKH (pHC. 5).

BcrencTBre pacTBopeHU st KapOHIOB yUaCTOK IMHUU
CIUIaB/IEHHSI KMeeT IIOBHIIIeHHYI0 TBEPHOCTh (pHC. 6).
15 yMeHBIIeHHUS OCTATOYHBIX HAIIPSDKEeHHUH KU CHU-
SKeHHsI TBePAOCTH B 30HEe CIUIABJIeHUS IIPOBOIH/IH
OTKMT IIpH TeMIlepaType 650 °C B TeueHHUe 2 4 [7].

JI7s1 IpoBepKU MeXaHUYeCKHX CBOKMCTB HaIlJIaBJIeH-
HOI'0 MeTa/l/la U3TOTOBU/IN CEePUI0 LIMIMHAPHUYECKUX
06pa3LoB A HCIBITAHHUHM Ha CTaTH4YeCcKoe PpacTs-
skeHUe 110 I'OCT 1497-84, tun IV, Ne 8. HcrneiTaHUe
IIPOBOOHMJIM BIOJb M IIOIIepeK HaIlpaBJIeHHs BbIpa-
IIMBaHUS, Pe3y/lbTaThl MeXaHHYeCKHX HCIBITAHHH
IIpelCTaBieHsl B Tabi. 2. Kak BUAHO U3 IIPEACTAB/IeH-
HBIX B Tabs. 2 IaHHBIX, HAIUIABJIEHHBIN MaTepHasl
DOI1648 obnmamaeT BBICOKMMH MeXaHUYECKUMU CBOH-
CTBaMH, YTO I103BOJISeT IIPHMEHUTEL ero IjIsd BOCCTa-
HOBJIEHHS JIOTIATOK.

TEXHONOIMM4YECKWE MEPDI
MNMPEAOTBPALLEHNA OBPA3OBAHUA
TPELLWH NPU IA3EPHOW HANNABKE

I1pU [OIIBITKE IPUMEHUTD OTPAOOTAHHBIH PEKUM IS
HAIUIaBKU COIUIOBBIX JIOIIATOK 2 CTYIIEHU ABUTATENsS
MAN TURBO 06pa30BBIBaI0Ch 2 BUJA TPEIIKH (pHUC. 7).

The main reason for their formation is welding
deformations and stresses that occur as a result of
casting shrinkage related to the decreased metal vol-
ume during crystallization and cooling [8] as well as
due to the opening of microcracks occurred during
operation (Fig. 8).

To reduce welding stresses and deformations, the
following measures were taken:

+ Cleaning the surface layer of the blade metal in

the area adjacent to the fusion line;

+ Pre-annealing at a temperature of 650 °C for 2
hours to relieve stresses that occur during opera-
tion;

» Welding of an intermediate layer made of
a material with the high plasticity Inconel 625;

« Welding of stiffening ribs to reduce deforma-
tions;

+ Preheating and subsequent heating up to 300 °C
to reduce the cooling rate in various areas of the
welded joint;

+ Annealing to relieve stress after cladding at
650 °C for 2 hours.

The above measures have made it possible to pre-
vent crack formation during the cladding process and
subsequent heat treatment.

The preliminary and subsequent heating up to
300 °C was performed using the specialized equip-
ment including the ceramic infrared emitters with
a spherical radiating surface and a scattering angle
of 75°. The total power of the emitters was 2000 W. The
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Tabnnua 2. Pe3ynbTaTbl UCNbITAHUM HA CTATUYECKOe PACTSKeHMEe HannaBAeHHOro Matepumana 3648
Table 2. Results of static tensile tests of the deposited material EP648

Bblpe3ka o6pasua Temnepartypa Mpepen BpemeHHoe OTHOCUTeNIbHOe OTHOCUTeNIbHOe
Sample cut WCNbITAHUW, = TeKy4yecTu, COMPOTMB/EHME,  YOJAUHEHWE NPU  CYXKEHWE B LUENKe,
°C 0y, MMa gy, MMMa paspeise, §, % b, %
Test Yield Ultimate Elongation at Contraction
temperature, strength, strength, DIELS in the neck,
°C 0y, MPa Jg, MPa 8, % 1, %
[Monepek HanpaB/ieHNS BblpalBaHUs 22 621 816 27,9 42
Across the deposition direction
502 746 22,0 27
508 800 31,2 38
BAonb HanpasieHus BbipallMBaHMs 440 735 46,8 59
Along the deposition direction
449 755 46,4 60
443 746 43,6 60

OCHOBHOM INPUYMHON HUX 0Opa30BaHUS SBISIOTCS
CBapo4YHble OePOpMaLlMKM U HAIPSKEHHs, KOTOpbIe
BO3HMKAIOT BCJIe[ICTBHE JIUTEHMHOM YCaJKH, CBs3aH-
HOM C yMeHblleHHeM ob6beMa MeTaj/ula IpHU KpH-
CTAJIIM3allMK U OCTBIBAaHMHU [8], a TaloKe BCIIeNCTBHE
PacKpBITHS BO3HHUKIIHX B IIpOLlecce 3KCIIyaTALluHU
MMKPOTpelrH (puc. 8).

s yMeHBUIEHHSI CBAapOYHBIX HaIPSOKeHHUH
U fedopMalKi 6bIIM IPUHSTHI CJIeAYIOIIKe MEephI:

* 3a4MCTKA [I0BePXHOCTHOTO CJIOSI MeTaslla
JIOTIATKU B 30He, ITpUJIEeraroller K TMHUHU CIIJIaB-
JIeHUS;

* IpefBapUTENIbHBIM OTKUI 650 °C B TeyeHHe 2 4.
IUISL CHSITUS HAIIPSDKEHU M, BOSHUKIINX ITPH 3KC-
ILUIyaTallkH;

* HaIlJIaBKa IIPOMEXKYTOYHOIO CJIOSl U3 MaTepHasla
C BBICOKOH IVIACTUYHOCTLIO Inconel 625;

+ IpHBapKa pebep 5KeCTKOCTH ISl yMeHBIIEHHU S
OebopMallni;

* IIpefBapHTe/bHBIN U COMYTCTBYIOIIH I I10A0IPEB
I1o 300 °C o1 CHHPKeHHMSI CKOPOCTH OXJIaKAeHHU S
Ha pas/JIMYHBIX y4acTKax CBAPHOI'O COeJHeHUS ;

*  OTKUT AJISI CHSTHS HAIIPsSDKeHUH Iocye
HariaBky 650 °C B TeyeHHe 2 4.

[TpyBeeHHBIe BbILIe Mepbl [I03BOJIM/IM IIpefoTBpa-
TUTh TPEIINHO0Opa30BaHUe B IMPOLlecce HAIJIABKU

U IIOC/IeIyIoI el TepMHUUeCcKOok 06paboTKU. Puc. 7.TpeujuHbl, 06pa308aHHbIe NPU HANAGBKE:
[IpenBapUTeNbHBIN K CONYTCTBYIOIIHK IIOLOIPEB a) - No AUHUU CNAABAGHUSI;

no 300 °C ocymiecTB/ISIM C MCIIOJb30BaHHMEM CIIe- b) - 8 30He mepmuYecko20 8AUSHUS

LMQJIN3UPOBAHHOM OCHACTKH, OCHAIlleHHOM Kepa- Fig. 7. Cracks formed during the cladding process:

MHYECKUMH HHPPaKpaCHBIMH H3JIydaTeasIMH CO a) - along the fusion line; b) - in the heat-affected zone
chepHrUecKOM H3Jydalolller IT0BEPXHOCTBIO C YIJIOM
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paccerBaHusa 75°. CymMMapHas MOLIHOCTh H3JIy4aTe-
nen 2000 BT. KoHTpo/Ib TeMIIEPaTyphl I10J0TPeBa OCy-
IIeCTB/ISUIM C HCIO0/Nb30BaHHeM HHpaKkpacHoro bec-
KOHTAKTHOIO TepMOMeTpa. JIomaTKy yCTaHABIHBAIU
Ha JIO’KEMeHT, Pa3MeIleHHBIH MeXIy ABYMS H3/1y4a-
TensiMu (puc. 9).

C MCII0/Ib30BAHMEM BBIIIEOMNMCAHHOTO TeXHOJIOTH-
YeCKOro Ipoliecca MeTOLOM Jla3epHOM HaIIABKH BOC-
CTAaHOBHJIM [IBe CePHUH COIIOBHIX JIONATOK B 06IIeM
KonuyecTBe 20 mTyK. IlepBas cepus yCIIeIIHO IIPOoIIIa
IIOJKOHTPOJIbHBIE MCIIBITAHHS B TeYeHHe 12 ThICAY
yacoB B coctaBe asurartejis MAN TURBO u B HacTosI-
MK MOMEHT 3KCIIIyaTHPYeTC.

BbIBO/ bl

B pesynbrare mpoBefeHHBIX pabor 6sU1 oTpaboTaH
PeKHM JIa3epHOM Ta30IOpOIIKOBOM HaIlJIaBKU. Ha
OCHOBAaHHUHK IIPOBeIeHHOIO MeTa/lIorpadHuuecKoro
aHa/lM3a YCTAaHOBIEHO, YTO NPHYHMHAMH BO3HHKHO-
BeHHMS TPelHH SIBISIOTCS MUKPOTPEIIHHBI B II0BEepX-
HOCTHBIX CJIOSIX, BO3HHKIIHE B MeTajl/le B IIpoLiecce
3KCIUIyaTallMK. B mpomecce TepmomedpopMallHoH-
HOTO LMKJIa HaIlJIABKKM MHKPOTPEIlUHBl PacKphbIBa-
I0TCsI, 00pa3ysi MaKpOTpelUHBI. YUHUThIBAsI XapaKTep
HX BO3HMKHOBeHHs, 6bUla oTpaboTaHa TeXHOJIOTHS,
[I03BOJISIOIIAsl CHHU3HUTh PHCK BO3HHKHOBEHMS Tpe-
IKH. IIpoBefeHO BOCCTaHOBJIeHHe 20 JIOIATOK M3
KobaspTOBOro crnaBa MAR-M 509 ¢ mpuMeHeHHeM
0TeYeCTBeHHOro ropomika 31648 ¥ IIpoBemeHBl IO~
KOHTPOJIbHBIE HCIIBITAHHS, IOATBepAUBIILe SKCILIya-
TAaLlMOHHYIO Ha[Ie>KHOCTD JIOIIATOK, BOCCTAHOB/IEHHBIX
7a3epHOMU ra30I0pOIIKOBOM HaIlJIaBKOH.
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Puc. 8. LLaug 30HbI cnnasneHust MAR-M 509 u 31648
(Hanaaska c npaeoli cMopoHbi)

Fig. 8. Section of the fusion zone MAR-M 509 and EP648
(weld deposit on the right side)

heating temperature was controlled using an infrared
non-contact thermometer. The blade was installed on
a support located between two emitters (Fig. 9).

While using the above-described technological pro-
cess, two series of nozzle blades in a total of 20 pieces
were restored by the laser cladding. The first series
successfully passed the controlled tests for 12 thousand
hours as a part of a MAN TURBO engine and is still
currently in use.

Puc. 9. Modenb ocHacmku 0As1 npedsapumenbHo20

u conymcmaytowezo nodozpesa Aonamku

Fig. 9. Model of equipment for preliminary and subsequent
heating of a blade
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CONCLUSIONS

As a result of the works performed, the laser gas-
powder cladding mode was optimized. Based on
the metallographic analysis, it was found that the
causes of cracks are microcracks in the surface lay-
ers that occurred in the metal during operation.
During the thermal deformation cycle of cladding,
the microcracks are opened up, while forming mac-
rocracks. With due regard to the nature of their
occurrence, a technology was developed that allows
reducing the risk of cracks. 20 blades made of cobalt
alloy MAR-M 509 were restored using the domestic
powder EP648. The controlled tests were carried out,
confirming the functional reliability of the blades
restored by the laser gas-powder cladding process.
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«J‘lasepﬂble W aAAUTUBHBIE TEXHOIOTHMY

Poﬁamsupﬂsaaumﬁ TEXHONOTHHECKHA KOMIIERE

rHBpMAHOH NazepHO-AYrOBOR CHADKM
TeXHHYECKHE XapaKTepHCTHKH:
*  CuCTEMa NEpEMELLEHMA:
6-M OCEBON NPOMBILNEHHBIH POGOT +2-X OCeBoi nnaut(ﬂo&ep {onumoHansHo)
MOPTaNLHOFO THNa + 2-X OCEBOI NO3MUMOHEP (ONUMOHANBHO)
=  Mrrepbuestid BONOKOHHLIA Nasep
MpoMbiuneHHEA CBAPOYHBIA annapar
» (CeapuBaeMble MaTEPManbl: CTaAM M CNNABLI HA OcHoBE Fe, NI 'I‘i.Cn.Cu Al
= Tonwwmna ceapusaemoro metanna: Ao 20 MM 3a ogut npoxoa
= yMou3onAUMOHHaR 33UlKTHANA KabkHa C ONTHHECKMMKM QUABTRAMK H BHABCHABNIDAEHWEM
= Marotosutens: CNEMY (PD) -

PoboTHIMpoBaHHLIA KOMMNEKC NPAMOTD NE3EPHOND ERIPIUMESHMA
TeXHMYECKHE XAPAKTEPHCTHKH:
= CucTema nepemelleHHs;
6-4 OCEBOH NPOMBILNEHHBIR poBOT +2-X OCEBOR NO3WUMOHEP (CNUHOHANEHD)
NOPTaNLHOro TMNa + 2-X OCeBOH No3MUMoHep (oNuMoHanbHO) '
»  WrrepGuessii BONOKOHHBIA Na3ep MOWHOCTEID A 6 KBT
Hannaenaembiid MaTepuan: METaNNMYECKMIA NOPOLWOK,
CB3apo4Han nposonoka (Ha ocHoee Fe, Ni, Ti, Co, Cu, Al), @M
» [IpoW3BOGMTENBHOCTE: A0 2 Kifyac
faBapuTHbie pasmMeps obpabaTeieaeMoro wagaenus: Ao e1300x800 MM .
Macca wanenma: no 1000 1?"—
* [logTopaeMocte pobota = 0,03 MM h
Mopowkoewid nuTatens: 1-4 konbe - -
KoHTponupyemas atMochepa
*  BakyyMupyeMbld Wwno:
WaroToeuTens: CNGMNY (PD)

MobunbHLIA KOMNNEKC Na3epHOR HaNNABKH

TeXHWHECKME XaPAKTEPHUCTHIK:
CucTeMa nepeMeLteHta; 6-1 OCEE0H PODOT W AONOAHUTENEHARA OCk € BO3MOMHOCTEID
NOAKNHOYEHUA K BHEWHWM YCTPORCTBAM NO3WUKMOHWMPOBAHWA
MTTepbresbld BONOKOHHLIR NA380 C MaKCMMaNsHOW MOLWHOCTEIO oo 6 kBT
Hannasnsemslid Matepuan; MeTannuyeckii Nopowok,
CBapoYyHan npoeonoka (Ha ocHose Fe, Ni, Ti, Cr, Co, Cu, Al), B3C, @M
MpoMzB0LHMTENEHOCTE: A0 4-X KI/4ac
MopowxoswiA nuTatent: 1-4 konbwl

«  MakcuManbHan Macca MIAENKA: He OrpaHuYeHa

HMzrotoeuTens: CNBMY (PD)
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