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ВЛИЯНИЕ СТРУКТУРЫ И ФАЗОВОГО СОСТАВА МАТЕРИАЛА
ЛОПАТОК ПАРОВЫХ ТУРБИН ИЗ ТИТАНОВЫХ СПЛАВОВ
НА ИХ УСТОЙЧИВОСТь К ЭРОЗИОННОМУ РАЗРУШЕНИЮ

TitaniumмalloysмkeepмaмleadingмpositionмinмmanufacturingмsteamмturbineмbladesъмTheмuniqueмcombinationм
ofмhighмspeciicмstrengthмandмfractureмtoughnessшмcorrosionмresistanceшмpolymorphismшмaмtendencyмtoмphaseм
transformationsм andм highм resistanceм toм shockм loadingм determinedм theirмwideм applicationм inм powerм
engineeringъмHoweverшмpowerмengineeringмisмstillмfacingмaмproblemмofмerosionмdamageмofмsteamмturbineм
bladesмasмaмresultмofмaмdropмimpactмofмvaporмparticlesмatмspeedsмofмэ5ьъъъ6ььмmмымsъмTheмcomplicationмinм
solvingмthisмproblemмisмthatмitмisмdiicultмtoмestablishмaмlinkмbetweenмwearмandмstructuralщphaseмcompositionм
ofм theмsurfaceмofм turbineмbladesъмInм thisмpaperшмusingмopticalмmetallographyшмelectronмmicroscopyшмrayм
analysisмandмXщrayмmicrospectralмanalysisшмweмdevelopedмaмmethodм forм studyingмstructuralмandмphaseм
transformationsмinмtheмmaterialмofмsteamмturbineмbladesмofмtitaniumмalloyмVT6мafterмtechnologicalмtreatmentsм
inмdiferentмmodesъмAnмattemptмwasмmadeмtoмestablishмaмlinkмbetweenмresistanceмtoмerosionмdestructionм
andмstructuralмandмphaseмcompositionмofмtitaniumмalloysъ
STEAM TURBINE; STRUCTURAL AND PHASE TRANSFORMATIONS; OPTICAL METALщ
LOGRAPHY;мELECTRONмMICROSCOPY;мXщRAYмMICROSPECTRALмANALYSISъ
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Introduction

Titaniumмalloysм keepм aм leadingм positionм inм theм
creationм ofм steamм turbineм bladesъм Theм uniqueм
combinationмofмhighм speciicм strengthмandм fractureм

toughnessшм corrosionм resistanceшмpolymorphismшм aм
tendencyмtoмphaseмtransformationsмandмhighмresistanceм
toм shockм loadingмdeinedм theirмwideмapplicationм inм
powerмengineeringмфforмexampleмseeмigъмэшaшмbххм[эшмю]ъ
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FigъмэъмDependenceмofмspallмstrengthмfromмvelocityмdeformationмforмdiferentмmetalsмфa);

dependenceмofмfractureмtoughnessмfromмyieldмstrengthмforмtitaniumмalloysмфb)

Howeverшмtheмpowerмengineeringмstillмhasмaмprobщ
lemмofмerosionмdamageмofмsteamмturbineмbladesмasмaм
resultмofмaмdropмimpactмofмvaporмparticlesмatмaмspeedм
ofмэ5ьտ6ььмmмымsъмTheмdiicultyмofмsolvingмtheмprobщ
lemмisмthatмdiicultмtoмestablishмaмlinkмbetweenмwearм
andмstructuralщphaseмcompositionмofмtheмsurfaceмofм
turbineмbladesм фtheм typicalм exampleмofм erosionмdeщ
structionмofмsteamмturbineмbladesмisмshownмinмigъмюхъ

FigъмюъмExampleмofмerosionмdestructionмofмsteamмturbineм
blades

Twoщphaseмtitaniumмalloysмfoundмwideмapplicationм
inмturbineмconstructionмdueмtoмopinionм[я]шмthatмtheм
greatestмresistanceмtoмefectмofмexposureмsteamмdropsм
shouldмbeмtwoщphaseмalloysмwithмlowмinternalмstressesм
andмhighмplasticмpropertiesшм duringмwhichм timeмofм
stressмthereмexistмphaseмtransformationsмstrengtheningм
theмsubjectмmaterialъ

Atмefectмofмexposureмsteamмdropsшмieldмsizesмofмaм
stressingмareмcommensurableмwithмsizesмofмstructuralм
componentsшмandмredistributionмofмinternalмstressesм
betweenмthemмisмimpossibleъмTheмroleмofмindividualм
durabilityшм intensityшм aм chemicalм compositionм andм
phaseмtransformationsмinмseparateмstructuralмcompoщ

nentsмthereforeмincreasesъмToмsolveмthisмproblemмitмisм
necessaryмindм theм relationмbetweenм theмwearм andм
structuralщphaseмstateмofмtheмsurfaceмandмaxialмlayersм
ofмbladesмmaterialъ

The object of research

Theмobjectмofмresearchмhasмbeenмsamplesмofмsteamм
turbineмbladesмofмtheмtwoщphaseмtitaniumмalloyмVT6м
фTiщ6Alщ4Vхмaverageмstrengthмafterмdeformationмinмbм
areaмandмinalмdeformedмbyмstampingм inмareasмʗчβ 

nextмtoмtheмreducedмtemperaturesмT5ь and T7ьшмcorщ
respondingмtoмtheмirstмandмsecondмtechnologyъмTheм
temperatureмofмinalмtransitionмofмanмalloyмinмbщмregionм
(

pt
хмwasмmadeмэьэ5мь˨ъ
Asмfollowsмfromмearlierмcarriedмoutмworksм[4տ8]шм

onмtheмbasisмofмcomplexмresearchмofмmechanismsмofм
formationмandмdecompositionмnonequilibriumмβ(αхщм
and α(βхщмphasesшм redistributionмbetweenм themмofм
alloyingмelementsшмphysicalмandмmechanicalмproperщ
tiesмofм theмdeformedм titaniumмalloysмofм aмdiferentм
alloyingшмandмalsoмtheмestablishedмlawsшмtheмgeneralizedм
kineticмdiagramшмigъмяшмhasмbeenмconstructedъмThusм
weмtookмintoмaccountмnotмonlyмaмtemperatureмofмheatщ
ing absolute ( хшмbutмalsoмproducedмtheмidenticalмconщ
tentsмofмhighщtemperatureмβщphasesмф βхъмWeмestabщ
lishedшмthatмtheмmoreмnonequilibrumмβ(αхщмandмα(βхщм
solidмsolutionsмcontainedмtheмsameмalloyingмelements;м
theirмpolystageмdecompositionмoccurredмatмlowerмtemщ
peraturesшмandмforмgreaterмtimeъмItмisмshownшмthatмtitaщ
niumмblanksмpossessмhighмtechnologicalмpropertiesмinм
aмtemperatureщtimeмintervalмtwoщphaseм(α+βхщмregionм
atмtemperaturesмidenticalмф5ьмсхмcontentsмhighщtemщ
perature αщмandмβщмphases

 
( 5ьхмandмnearмtoмaмtemщ

peratureмofмtransitionмinмsingleщphaseмβщмregion
 
(

75
). 
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FigъмяъмGeneralizedмkineticмdiagramмofмstructureмandмphaseм
transformationмinмtitaniumмalloys

Theмproductмpossessesмmaterialмwithмhighмoperaщ
tionalмpropertiesмafterмanмisothermalмexposureмnearмtoм
temperature

 э5. In these cases αщмandмβщмphaseмcomщ
ponentsмappearмenrichedшмtheмasмαщмandмβщмstabilizingм
alloyingмelementsшмinмtheseмprocessesмofмaмpolygonizaщ
tion that causes increase of plasticity characteristics 

and allows crack origin of alloys to develop.

Thusшмconstructionмofмserialмcurvesмofмincreaseмofм
theмcontentsмhighщtemperatureмβщмphasesмdependingм
onмaмtemperatureмofмheatingмфaмmethodмofмhardenщ
ingхшмwillмallowмusмtoмestimateмtheмresultedмtemperaщ
turesмofмheatingм andм toмdevelopм theм scientiicallyщ
groundedм modesм ofм technologicalм treatmentм ofм
titaniumмblanksм[6]ъ

Structure and the Phase Composition

Bothм stampingм technologyмprovidesм aм bimodalм
structure αщphaseмglobularмфα

I
хмandмplateletщshapedм

(α
I I

хшмdividedмbyмlayersмofмβ
II
мտмphasesмфigъм4шaшмb).

Electronмmicroscopeмphotosмфigъм4шcшмd) shows that

theмboundariesмofмphaseмcomponentsмфα
I
шмα

II
шмβ

II
) for 

theмirstмtechnologyмmuchмbetterмrelaxationшмdueмtoм

customizationsмofмdislocationъмTheмsecondмtechnoщ
logyм isм seenм lessмofмnumberмcurvedмextinctionмconщ
toursшмindicateмtheмpresenceмofмinternalмstressesъ

Figъм4ъмTheмmicrostructureмafterмstampingмonмtheмirst
(a) and second (b) technologies; the electron

microscopeмstructureмafterмstampingмonмtheмirstмфc)

and second (d) to technologies

Asмseenмfromмtheмtableмэшмwidthмplateмofмα
II
мщмphaseм

byмtheмirstмtechnologyмinмямtimesмandмinterlayersмofм
β

II
мщphaseмinм8мtimesмgreaterмthanмbyмtheмsecondмtechщ

nologyъмThisм evidenceм diferentм temperaturesм andм
coolingмratesъмByмtheмirstмtechnologyшмatмlowщtemperщ
atureмisмformedмstructureмsimilarмtoмtheмWidmanstatщ
tenъмSuchмstructureшм inмaмnumberмofм sourcesшмhasмaм
higherм fatigueм strengthм thanм theмmartensiteщlikeмbyм
theмsecondмtechnologyм[9]ъмInмmaterialsмofмbothмbladesм
withмbimodalмstructureшмtheмsizeмlamellar

 
(β

II 
чмα

II
) 

щ
 
aмcomponentмwasмmoreмsizeмglobular

 
α

I
 – phases.

Distribution of Alloying Elements

TheмresearchмresultsмobtainedмbyмXщrayмmicrospecщ
tralмanalysisмofмtheмcontentsмofмalloyingмelementsмфaluщ
minumшмvanadiumшмtitaniumшмironхмinмseparateмphaseм
componentsмshowsмinмtableмюъ

a) b)

c) d)

β
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Tableмэ

The particles size of phase components of metal blades, fabricated on two technologies

Phaseмcomponents Sizeмofмparticlesмofмphasesмafterмtheмirstм
technologyшмμm

Size of particles of phases after the 

secondмtechnologyшмμm

α
I

α
II

β
II

α
II
чβ

II

э5
юшю
ьш8
юю

эю
ьш7
ьшэ
э8

Tableмю

The contents of alloying elements in phase components of metal blades, fabricated on two technologies

Phaseмcomponents
Concentrationмafterмtheмirstмtechnologyшм

weightмс
Concentrationмafterмtheмsecondмtechnologyшм

weightмс

Al V Al V

α
I

α
II

ʘ
II

7шяь
6шьэ
4шэ4

эшя5
яш6ь
9ш64

6ш97
5ш68
4ш6э

юшь4
4шюэ
8шю8

Asмseenмfromмtheмtableмforмbothмtechnologiesшмtheм
secondary plates of α

II
мщмphaseмhaveмaмchemicalмcomщ

positionмthatмisмcomparableмtoмtheмaverageмcomposiщ
tionмofмtheмalloyмTiщ6ALщ4VъмTheмglobularмprimaryмα

I
 

щмphaseшмcomparedмwithмtheмplateмα
II
мщмphaseмcontainsм

lessмthanмюшюсмvanadiumмandмmoreмthanмэшясмaluщ
minumъмThinмlayersмofмsecondaryмβ

I
мщмphaseмhaveмbeen

enrichedмbyмvanadiumмфβщstabilizerхъмInмtheмmaterialм
byм theмirstм technologyмβ

II
м щм phaseм containsм vanaщ

diumмmoreмatмэшясмandмaluminumмlessмatмьш5сшмthanм
the second technology.

Suchмdistributionмalloyingмelementsмprovidesмreщ
lative softness of layers β

II
мщмphaseмandмhigherмperforщ

manceмasмcomparedмwithмtheмsecondмtechnologyшмinм
whichмinverseмratioмofмalloyingмelementsм[эь]ъмOnмtheм
contraryшм globalizesмprimary

 
α

I
м щм phasesм inм blades

materialмfabricatedмonмtheмirstмtechnologyшмinмcomщ
parisonмwithмtheмsecondшмcontainedмaмvanadiumмlessм
onмьш6мсмandмaluminumмmoreмonмэшямсмфweightхъ

The fig. 5 shows a typical distribution of the alщ
loyingмelementsмwithм stepмьш5мmicronsъмItмisмseenшм
thatмisмmostмnonщuniformмinмaмmaterialмtheмvanadiumм
isмdistributedшмbeingмfocusedмinмβ

II 
щмphaseъмItsмconщ

centrationмchangesмfromмэмupмtoмюьмсъмAluminumмisм
distributedмmoreмsimilarlyшмitsмconcentrationмchangesм
fromмямupмtoм7мсъ

Figъм5ъмTheмmicrostructureмandмdistributionмofмalloyingмelements
inмstructuralмcomponentsмofмmaterialмbladesмfromмalloyмV˩6ъ
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Microhardness of phase components

In Table 3 are shown the data of statistical treatщ
mentмofмresultsмofмmeasurementsмmicrohardnessмofм
separateмphaseмcomponentsъмItмisмseenмthatмtheмmiщ
crohardnessмofмtheмmaterialмbyмtheмsecondмtechnolщ
ogyмisмhigherмthanмtheмirstшмwhichмconirmsмtheмpresщ
ence of internal stresses. It is necessary noted that the 

irstмtechnologyмmakesмlessмtheмdiferenceмbetweenмtheм
hardnessмofмglobularмandмlamellarмstructureъ

Theмbladesмmaterialмfabricatedмonмbothмtechnoloщ
giesмhadмaмbimodalмstructureъмProbablyшмtheмstrengthм
balance α

I
щмandмфα

II
мчмβ

I
) – structural fashions can

guaranteeм highм serviceabilityм ofм aмmaterialм underм
loaщdingъмApparentlyмfromмtableмяшмinмbladesмmateriщ
alsмfabricatedмonмtheмirstмtechnologyшмinмcomparisonм
withмtheмsecondшмtheмsmallerмdiferenceмinмhardnessм
between globular andм lamellarм structuresшм whichм
madeм 55эм andм 644м MPaшм accordingly has been 

achieved.

Onмfigъм6мcorrelationмdependencesмofмresultsмofм
measurementsм ofм microhardnessм onм aм chemicalм
compoundмofмseparateмphasesмфα

I
шмα

II
шмβ

II
хмinмaмcondiщ

tionмofмdeliveryмandмinмaмmartensiteмphaseмafterмhardщ
eningsмfromмdiferentмtemperaturesмareмsubmittedъмItм
isм seenм thatм theмmicrohardnessмofмplatesмα

II
щphase

and the globules of α
I
щphaseмincreasesмwithмthemмaм

andмbмstabilizingмelementsъмItм shouldмbeмnotedмthatм
theмmicrohardnessмincreasesмwithмgrowthмofмaщstabiщ
lizerшмprobablyмdueмtoмtheмformationмαIмщмmartensiteм
andмdecreasesмwithмincreasingмamountмofмβ stabilizing 

elementsшмleadingмtoмtheмformationмαIIмщмmartensiteъм
Thisмagreesмwithмwhatмwasмseenмearlierмinмtheмmateщ
rialмbyмtheмirstмtechnologyмinмcomparisonмwithмtheм
secondм technologyм isм formedмβщphaseмwithмaм largeм
content of βщstabilizingмelementsъмThisмagreesмwithм
theмigureшмsuchмaмdistributionмofмvanadiumшмgivesмlessм
microhardnessм andм greaterм softnessм ofм layersмβ

II
щ

phase.

Table 3

Microhardness of phase components of blades metal fabricated on two technologies

Phaseмcomponents Microhardness of particles of phases 

afterмtheмirstмtechnologyшмMPa
Microhardness of particles of phases 

afterмtheмsecondмtechnologyшмMPa

α
I

α
II

β
II

α
II
мчβ

II

я55ь
я8яь
ю584
ю999

я664
4ь9э
яььь
яьюь

Figъм6ъмDependenceмofмresultsмofмaмratingмofмmicrohardnessмonмa
chemicalмcompoundмofмseparateмphaseмcomponentsммфα

I
шмα

II
шмβ

II
шмmartensiteх

alloyмV˩6

Concentrationшмweigмс

MicrohardnessшмMPa
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