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ЭВОЛЮЦИЯ МИКРОСТРУКТУРЫ ЖАРОПРОЧНЫХ HP СПЛАВОВ
ПРИ ДЛИТЕЛьНОЙ ВЫСОКОТЕМПЕРАТУРНОЙ ЭКСПЛУАТАЦИИ

TheмstructuralмinstabilityмofмFeщCrщNiщbasedмsuperalloysмandмtheмmechanismмofмsofteningмatмoperatingм
temperaturesмwereм studiedъмWeм investigatedм theмcontinuousмchangesм inм theм structureмandмkineticsмofм
dissolutionмofмinitialмphasesмwithмformationмandмdissolutionмofмintermediateмphasesмofмtheмcastмsuperalloyм
ьш45Cщю6CrщяяNiщюSiщюNbмunderм longщtimeмoperationмatмhighм temperatureъмTheмcharacterм andм theм
sequenceмofмphaseмtransformationsмinмFeщCrщNiщbasedмalloysмatмaмtemperatureмofмьш85щьш9ьмofмtheirмsolidusшм
alsoмunderмexternalмloadingшмwereмfoundмoutъмTheмstructuralмinstabilityмofмFeщCrщNiщbasedмsuperalloysм
andмtheмmechanismмofмsofteningмatмoperatingмtemperaturesмwereмstudiedъ
MICROSTRUCTURE;мPHASEмCOMPOSITION;мCASTмMODIFIEDмю5CRտя5NIмHEATщRESISщ
TANT ALLOYS; DIFFUSION IN ALLOYS; STRUCTURAL STABILITY; KINETICS OF PHASE 

TRANSFORMATIONS.

˟˾̊̎˼̄̒м̈̉̇̊́̉̊̇̄˷̖м̄˼̈̉˷˸˿̂̓̄̅̈̉̓м˿м̃˼̌˷̄˿˾̃м̇˷˾̊̆̇̅̎̄˼̄˿̖м̆̇˿м̉˼̃̆˼̇˷̉̊̇˷̌м̔́̈̆̂̊˷̉˷щ
̍˿˿м˽ ˷̇̅̆̇̅̎̄̒̌м̈ ̆̂˷˹̅˹м̄ ˷м̅ ̈̄̅˹˼м̈ ˿̈̉˼̃̒мFeщCrщNiъм˟ ̈̈̂˼˻̅˹˷̄̒м̄ ˼̆̇˼̇̒˹̄̒˼м˿ ˾̃˼̄˼̄˿̖м
̈̉̇̊́̉̊̇̒м˿м́˿̄˼̉˿́˷м̇˷̈̉˹̅̇˼̄˿̖мм̆˼̇˹˿̎̄̒̌м̋˷˾м̈м̅˸̇˷˾̅˹˷̄˿˼̃м˿м̆̅̈̂˼˻̊̐̕˿̃м̇˷̈̉˹̅̇˼щ
̄˿˼̃м̆ ̇̅̃˼˽̊̉̅̎̄̒̌м̋ ˷˾м˹ м̂ ˿̉̅̃м˽ ˷̇̅̆̇̅̎̄̅̃м̈ ̆̂˷˹˼мьш45Cщю6CrщяяNiщюSiщюNbм̆ ̇˿м˻ ̂˿̉˼̂̓щ
̄̅̀м˹ ̒̈̅́̅̉˼̃̆˼̇˷̉̊̇̄̅̀м̔ ́̈̆̂̊˷̉˷̍˿˿ъм̇ ̖̒˹̂˼̄̒м̌ ˷̇˷́̉˼̇м˿ м̆ ̇˿̇̅˻˷м̋ ˷˾̅˹̒̌м̆ ̇˼˹̇˷̐˼̄˿̀м
˹м̈̆̂˷˹˷̌м̄˷м̅̈̄̅˹˼м̈˿̈̉˼̃̒мFeщCrщNiм̆̇˿м̉˼̃̆˼̇˷̉̊̇˷̌мьш85щьш9ьм̅̉м̉˼̃̆˼̇˷̉̊̇̒м̈̅̂˿˻̊̈шм˷м
̉˷́˽˼м̆̅˻м˻˼̀̈̉˹˿˼̃м˹̄˼̏̄˼̀м̄˷˺̇̊˾́˿ъм˟˾̊̎˼̄̒м̈̉̇̊́̉̊̇̄˷̖м̄˼̈̉˷˸˿̂̓̄̅̈̉̓м˿м̃˼̌˷̄˿˾̃м̇˷˾щ
̊̆̇̅̎̄˼̄˿̖м˽ ˷̇̅̆̇̅̎̄̒̌м̈ ̆̂˷˹̅˹м̄ ˷м̅ ̈̄̅˹˼м̈ ˿̈̉˼̃̒мFeщCrщNiм̆ ̇˿м̉ ˼̃̆˼̇˷̉̊̇˷̌м̔ ́̈̆̂̊˷̉˷̍˿˿ъ
ˣ˟ˡ˧˥˨˩˧˪ˡ˩˪˧˗;м˫˗˞˥˙˲ˠм˨˥˨˩˗˙;мˢ˟˩˲˜мˣ˥˛˟˫˟˭˟˧˥˙˗ˤˤ˲˜м˝˗˧˥щ
˦˧˥ˮˤ˲˜м˨˦ˢ˗˙˲мю5CRտя5NI;м˛˟˫˫˪˞˟˶м˙м˨˦ˢ˗˙˗ˬ;м˨˩˧˪ˡ˩˪˧ˤ˗˶м˨˩˗˘˟ˢ˳щ
ˤ˥˨˩˳;мˡ˟ˤ˜˩˟ˡ˗м˫˗˞˥˙˲ˬм˦˧˜˙˧˗˰˜ˤ˟ˠъ

Introduction

Theмironщnickelмandмnickelщbasedмalloysмareмusedм
forмoperationмinмdynamicмconditionsмwithмloadмupмtoм
эььмthousandмhoursмatмtemperaturesмtoм7ььտ9ььмoCшм
i.e. T

op
м=м фьш6ьщьш8ьхм solм фT

op
 and T

sol
 – operating

temperatureмandмalloyмsolidusхъмTheyмhaveмanмunstableм
structureмandмareмproneмtoмaмcontinuousмchangeмduщ
ringмtheмoperationм[эտ5]ъмThisмprocessмcanօtмbeмstabiщ
lizedмbyмthermalмpreщtreatmentшмincludingмheatingмupм
toмэь5ьտэюььмoC followed by cooling and prolonged 

agingъмDuringмcontinuousмoperationмalloysмembrittleм

dueмtoмtheмevolutionмinмtheмstructureмofмtheмintermediщ
ateмphasesмʨшмʬшмμшмGшмZшмʙъмIntermediateмphasesмhaveм
diferentмchemicalмcompositionшмsigniicantlyмdiferentм
fromм theмaverageмcompositionмofм theмalloyмandм theм
compositionмofмtheмmatrixмʙщphaseм[6տэ4]ъ
Theмprimarilyм alloysмofм ironщchromiumщnickelщ

basedмareмusedмforмmanufacturingмofмequipmentмusedм
inм theмprocessingмofмoilмandмgasшмoperatingмatм temщ
peraturesмofм9ььտэьььмoC with a brief overheating to 

ээььտэюььмoCъмTheyмcontainмaмhighмamountмofмcarbonм
տмtoмьшяьտьш7ьмсмфwtъхмandмareмstabilizedмwithмNbшм



Metallurgy and Materials technology

73

TiшмMoшмWшмNмandмotherмelementsъмAlloysмoperatingм
temperatureм underм theseм conditionsм reaches 
T

op
м=мфьш8ьտьш85хмT

sol
шмwhichмisмanмuniqueмexample

ofм theмuseмofмheatщresistantмmaterialъмLargeмblanksм
withмwallмthicknessмupмtoм5ьмmmмareмmadeмbyмstationщ
aryмandмcentrifugalмcastingъмStructureмofмCrю5Niя5щ
alloysшмcontainingмфсшмwtъхмьш4տьш5мCшмюмSiшмюмNbшмhasм
anмexplicitмmetallographicallyмinhomogeneousмdenщ
driticм structureмwithм theм lengthм ofм theм irstщorderм
branchesмupмtoмяьььмμmшмaмwidthмofмюььмμmшмtheмlengthм
secondщorderмbranchesмupмtoмяььмμmмandмwidthмupм
toмэььмμmъмTheмoriginalмcastмstructureмconsistsмofмthreeм
mainмphases:мmatrixмsolidмsolutionмфʙщphaseхмф75տ
8ьмсшмvolъхшмeutecticмconsistingмofмʙщphaseмф~мэ6мсхм
andмchromiumмcarbidesмф~м4шьмсмхшмmatrixмcarbideмofм
niobiumмф~мюмсхъмSuchмstructureмareмformedмbecauseм
ofмaмlowмsolubilityмofмcarbonмinмʙщphaseмф<мьшэмсхмandм
segregationмofмchromiumмфupмtoмя5мсхмwithмaмformaщ
tionмofм eutecticм liquidшмwhichм shouldмcompriseм фat 
8ьмсшм volъм ofм ʙщphaseхм theм componentмbalanceмof 
юмсмCмandмupмtoмя5мсмCrъмTheмmechanismмofмformaщ
tionмofмniobiumмcarbideмisмlessмclearъмPerhapsмtheмkeyм
factorм isм theм lowм solubilityм ofм Nbм inм aм ʙщphaseм 
ф<мьш5мсмinмcomparisonмwithмitsмconcentrationмinмtheм
compositionмofм theмalloyмտмюмсхъмTheмstructureмofм
suchмalloysшм formedмduringмcrystallizationшм isм relaщ
tively stable because to change the alloy structure a 

substantialмatomsмredistributionмofмmetalмelementsмofм
basisмфFeшмCrшмNiхмisмneededъмHoweverшмatмaмconcentraщ
tionмofмthemмofмю5տ4ьмсмatмtheмtemperatureмofмopeщ
rationшмwhenмtheмdifusionмcoeicientмisмDм<мэьщэь cmю /s 

andм theм meanм freeм pathм ofм atomsм perм эм hourм
l = фDʩхьш5 <м6мμmшмitмisмveryмdiicultъмThisмisмaмmajorм
factorмinмdeterminingмaмpreferredмuseмofмcastмalloysмatм
temperaturesмupмtoмьш8мT

sol
.

Howeverшмtheмproblemsмofмstructuralмinstabilityмinм
theseмalloysшмneverthelessшмappearмtoмaмlargeмextentмdueм
to:мirstlyм щм castм conditionмcharacterizedмbyмaм largeм
initialмstructuralмandмchemicalмheterogeneityшмandмtheм
secondlyмщмtheмimpactмofмhigherмoperatingмtemperaщ
turesмandмsigniicantlyмlongerмdurationмofмoperationшм
reachingмэ4ьмthousandмhoursъмPriceмPмandмGrantмNм
wereмtheмirstмwhoмexperimentallyмconstructedмphaseм
diagramмofмtheмFeщCrщNiщsystemмforмaмtemperatureм
ofмэяььмoCм[PriceмPмandмGrantмNъмTransмAIMEмэ959;м
юэ5:6я5տя7]ъмApparentlyшм itм remainsм theмonlyмoneм
becauseмtoмreachмequilibriumмatмlowerмtemperaturesм
inм thisм systemмofмcomponentsм longмholdingмareм reщ
quiredмտмmoreмthanмэььмthousandмhoursъ

Due to the availability of strong carbide and niщ
trideщformingмelementsмտмCrшмTiшмNbшмandмtheмeleщ

mentsм formingм intermediateм intermetallicм phasesм
withмbasesм elementsм фironшмnickelм andм chromiumхм
– Si and Nb in alloys of this type take place a conщ
tinuousмtransformationмofмstructureмduringмhighмtemщ
peratureмholdingшмespeciallyмunderмtheмinluenceмofм
operatingмstressм[эտ6]ъмSigniicantмoperatingмprobщ
lemsмofмpartsмmadeмofмalloysмofмthisмtypeмwithмmultiщ
phaseмstructureмare:мindividualмfeaturesмofмmelting;м
theмpresenceмofмuncontrolledмimpurities;мblanksмproщ
ductionм technologyшм includingм foundriesшм plasticм
deformationшмweldingмandмotherмoperationsъмEssenщ
tiallyшмeachмbatchмofмblanksмmadeмoutмofмsuchмalloysм
is unique with individual behavior during processing 

andмoperationъмConsequentlyшмthereмisмanмuncertainщ
tyм inм theм comparisonмonм theм resultsм ofм numerousм
studiesмofмFeщCrщNiщalloysшмreceivedмusingмelectronм
microprobeмanalysisшмscanningмelectronмmicroscopyм
andмotherм techniquesшмpublishedмmainlyм inмюьььsъ 
Aмdetailedмdescriptionмofмalloyмcompositionsшмproщ
ductionмtechnologyмofмblanksшмfeaturesмofмheatмtreatщ
mentмandмoperationшмetcъмisмneededмforмtheмcomparaщ
tiveмanalysisмofмcontinuousмstructuralмtransformationsм
observedм inм themмatм highмholdingъмThisмmakesм itм
diicultмtoмanalyzeмandмforecastмtheмperformanceмofм
alloysмatмextremeмtemperaturesмandмdurationмofмusageъ
ThusшмtheмstudyмofмtheмstructuralмstabilityмofмFeщ

CrщNiщbasedмsuperalloysмandмdetectionмofмtheмmechщ
anismмofм softeningмatмoperatingм temperaturesм isм anм
urgentмchallengeшмtheмsolutionмofмwhichмwillмhelpмtoм
indмtheмwayмtoмextendмtheмlifeмofмhighмtemperatureм
constructionsмproducedмoutмofмthemъ

The purpose of this study is to investigate the 

stabilityмofмtheмstructureмandмphaseмcompositionмofм
theмcastмalloyмbasedмonмtheмbasicмcompositionмю5Crտ
я5Niмduringмprolongedмhighмtemperatureмholdingъ

Experimental procedures

Chemicalм compositionмofм theм investigatedмalloyм
comprisesмфсшмwtъх:мьш45Cшмю5CrшмяяNiшмюSiшмюNbшмasм
wellмasмadditivesмWшмMoшмTiшмAlмտмupмtoмэмсмofмeachм
elementмandмNмտмupмtoмьшюмсъмMeltingмofмtheмalloyм
wasмperformedмinмanмinductionмfurnaceмwithмaмcapacщ
ityмofм5ььмkgшмcastingsмwereмproducedмinмaмsandмmoldъм
ThenшмstructureмstabilizationмheatingмupмtoмэюььмьC 

with cooling in a furnace or in water was carried out. 

Theмresearchмonмmicrostructureмofмtheмalloyмwasмperщ
formedмonм theмopticalмmetallographicмmicroscopeм
CarlмZeissмAxiovertм4ьмatмmagniicationsмγм5ьъъъэьььм
withм theм useм ofм theм automaticм quantitativeм imageм
analysisм programмaccordingм toмASTMмEмэю45щьяъм
Microprobeмanalysisмofмtheмdistributionмofмchemicalм
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elementsмinмtheмmatrixмandмcompositionмofмtheмphaщ
sesмwasмcarriedмoutмonмtheмequipmentмTescanмVEGAм
5эя6мLMмwithмaмpreciseмdeterminationмofмtheмconcenщ
trationмфсшмrelativeъх:мforмFeшмNiшмCrшмSiшмNbшмMoшмWшм
TiмտмямсмforмCшмNмտмюьмсъмToмidentifyмtheмstructureм
of the alloy there was used electrolytic etching with 

oxalicмacidмэьмсъмProductionмandмpreparationмofмthinм
sectionsмwereмperformedмonмtheмequipmentм«Buehler»м
accordingмtoмASTMмEмящ95ъмAlloyмstructureмwasмinщ
vestigatedмusingмscanningмelectronмmicroscopeмQuanщ
taмюььмяDмFEGъ

Results

The research has shown that the structure of 

alloysмCщю5Crщя5NiщSiщNbмinмcastмconditionмconщ
sistsмofмmatrixмʙщмsolidмsubstitutionalмsolutionмandм
carbidesмфigъмэхъ 

Solid solution has a pronounced dendritic strucщ
ture with thin intercrystalline boundaries. According 

toмstatisticsмofмmicroprobeмanalysisмitмcontainsмфсшмwtъх:м
я8Feшмя5NiшмюяCrшмюSiшм<мэмсмфeachхмщмNbшмWшмMoъмItм
wasмfoundмthatмafterмhighмtemperatureмexposureмtheм
homogeneityмofмtheмmatrixмincreasesъмThusшмalreadyм
afterмюмhoursмofмexposureмatмээ5ьмoCмtheмdiferenceмinм
contentмofмFeшмCrшмMnмinмdiferentмpartsмofмtheмsolidм
solutionмisмpracticallyмabsentшмandмtheмdiferenceмinмtheм
contentмofмSiмdecreasesмfromмьш4տьш9мtoмьшэտьшямсъм
Theмphaseмʙмremainsмstableмinмchemicalмcompositionм
andм crystalм structureм inм theм temperatureм rangeм of 
T

op 
=мфьш8ьտьш85хT

sol
мatмlongtimeмholdingмunderмstressъ

FigъмэъмStructureмofмalloyмinмcastмstate:мmatrixмsolidмsolutionм
– γщphaseмфbaseх;мcarbidesмMe

7
C

3
 in eutectic

фspectrumм7шм8хмandмNbCмфspectrumм5шм6х;мcarbonitridesм
TiNмфspectrumмяшм4шм9х

Initial carbide phases consist of a eutectic carbide 

M
7
C

3
мonмchromiumмbaseмandмniobiumмcarbideшмwhich

hasмtitaniumмcarbonitrideмinsideмфigъмюшмяхъмInмcarbideм
M

7
C

3
мareмbeingмdissolvedмфсшмwtъхмupмtoм9мFeмandмю

տмNiшмWшмMoмфeachхмandмinмNbCмտмupмtoмэмFeшмCrшм
NiшмTiм фeachхъмDuringм theмelectronмmicroscopeмreщ
search of the alloy structure in the initial cast condiщ
tionмnoм fragmentationмofм chromiumмandмniobiumм
carbides was detected.

 

Spectrum 
Content of elements, % (wt.) 

C Cr Fe Ni Mo W 

1 9.27 79.36 7.65 1.47 0.73 1.52 

2 9.36 79.77 7.38 1.53 0.55 1.41 

3 8.87 78.71 8.84 1.70 0.58 1.30 

4 9.25 78.69 8.36 1.88 0.53 1.29 

5 9.38 77.07 9.38 1.97 0.67 1.53 

6 9.17 77.35 9.24 2.06 0.74 1.44 

7 8.94 78.29 9.13 1.65 0.61 1.38 

FigъмюъмStructureмofмcastмalloyмфa) and the

compositionмofмtheмniobiumмcarbideмфb)

Spectrum 
Content of elements, % (wt.) 

C Ti Cr Fe Ni Nb 

4 11.40 0.86 1.09 0.68 0.67 85.30 

Fig. 3. Structure of cast alloy (aхмandмtheмcomposition
ofмtheмniobiumмcarbideмфb)
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b)
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Afterмholdingмatмээ5ьм oCмforмюмhoursмchromiumм
carbide M

7
C

3
мwithмhexagonalмlatticeмisмtransforming

into MюяC6мwithмFCCмlatticeмфigъм4шм5мandмtableмэхъм
Theмexcessмcarbonмisмusedмforмtheмformationмofмinterщ
mediateмdispersedм carbidesшм formedм inм theмmatrixм
outsideм theм zoneмofм 5мμmм fromм theмboundariesмofм

eutecticмchromiumмcarbidesмфigъм5տ6шм7aхъмAfterмhighщ
temperatureм holdingм fragmentationм ofм carbidesм isм
detectedмфigъм4шм5хъмAnalysisмofмtheмshapeмofмcarbidesм
inмtheмalloyмstructureмallowsмassumingмthatмchromiumм
carbideмwithмaм smoothмconvexм surfaceмgrewм inм theм
liquidмmeltмandмniobiumмcarbideмwithмdrawnмsurfaceм
portions – in the solid phase.

Tableмэ

The average chemical composition of eutectic carbides in the structure of alloy in cast state and after holding

at 1150 0C of varying duration

№ State of the alloy Region of the carbide
Contentмofмelementsшмсмфwtъх

C Cr Fe Ni Mo W

э
ю

3

4

asщcast
ээ5ьм°˨шмюмh

ээ5ьм°˨шм5ьмh
ээ5ьм°˨шмэььмh

–

Dark

Light

–

–

9шэь
эьшяэ
9шюя
5ш6э
5ш4ю

78ш76
7эшэ4
69ш6э
7юш84
7яшэ6

8ш5э
ээш8ю
эюшю6
эюш76
эюш6я

эш55
4ш4ь
4ш6ю
4шя8
4шя7

ьш66
ьш78
эшяя
эшю4
эшэ6

эш4ю
эш55
юш95
яшэ7
яшю6

Fig. 4. Structure (aхмandмchemicalмcompositionмofмdiferentмpartsмфb) of the eutectic carbide Me
x
C

y

inмtheмalloyмafterмholdingмatмээ5ьмoCмforмюмh

Figъм5ъмStructureмofмalloyмafterмholdingмatмээ5ьмьCмforм5ьмhoursмinмbackщscattered
electron (aхмandмphaseмdistributionмmapшмsuperimposedмonмqualityмdifractionмpatternsмmapмфb)

a) b)

Spectrum 
Content of elements, % (wt.) 

C Cr Fe Ni Mo W 

1 10.06 71.65 11.82 4.21 0.78 1.48 

2 9.85 71.62 12.36 3.97 0.68 1.52 

3 9.23 71.75 11.89 4.76 0.84 1.53 

4 10.29 70.58 12.24 4.56 0.76 1.57 

5 9.28 68.83 12.99 4.75 1.28 2.87 

6 9.61 69.56 12.10 4.43 1.36 2.94 

7 8.80 70.27 11.75 4.77 1.25 3.16 

8 9.26 69.89 12.27 4.34 1.48 2.76 

эььм̃km ˴̂˼́̉̇̅̄̄̅˼м˿˾̅˸̇˷˽˼̄˿˼мэ
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Intermediateмintermetallicмphasesмwithмdiferentм
andмchangingмcompositionмtypesмofмʨщphaseмandмʙ′щ
phaseмwithмniobiumшмsiliconмorмniobiumмandмsiliconм
simultaneouslyмareмbeingмformedмatмtheмboundaryмofм
theмmatrixмphaseмwithмeutecticмchromiumмcarbideмandм
atмtheмboundaryмofмtheмmatrixмwithмniobiumмcarbideшм
asмwellмasмisolatedмinмtheмmatrixмatмaмhighмtemperatureм
holdingмфigъм7шb). Increasing of the duration of high 

temperatureмholdingмofмtheмalloyмleadsмtoмtheмpartialм

dissolutionмofмprimaryмcarbidesмbothмchromiumмandм
niobiumмbasedъмThisмisмevidencedмbyмtheмformationм
ofм jaggedм фreliefхмboundariesмbetweenмcarbidesмandм
matrixмфigъм8шaхъмAlsoмpossibleмisм«sprouting»мofмinщ
dividualм niobiumм carbidesм фigъм 8шbшм spectrumм юхм
throughмbranchesмofмeutecticмchromiumмcarbidesшмthisм
processмgoesмbyмstagesмտмwithмformationмofмtheмinterщ
mediateмʙ′щphaseмфigъм8шbшмspectrumмяхмcontainingмupм
toмэ6мсмфwtъхмofмniobiumъ

 

          Fe    Cr Nb

Figъм6ъмStructureмofмalloyмinмbackщscatteredмelectronsмфaхмandмtheмdistributionмmapмofмtheмchemicalмelements
фironшмchromiumмandмniobiumхмafterмholdingмatмээ5ь oCмforмэььмh

       

M7C3→M23C6 

(FeCrNi)mCn 

Figъм7ъмStructureмofмalloyмafterмholdingмatмээ5ьмьC: aмտмtransformationмofмeutecticмcarbideмM
7
C

3
 to MюяC6 

andмformationмofмtheмintermediateмcarbideмфFeCrNiхmC
n
мinмtheмmatrixмфʩм=мюмhх;мbмտмformation

ofмintermetallicмphasesмʨмфFeCrшмCr
5
NiFeхмandмʙ′мфFe

7
Cr

4
Ni

8
SiшмCr

7
Ni

5
Si

3
N

3
FeNbхмфʩм=мэььмhх

a) b)

a) b) ) d)
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Figъм8ъмStructureмofмalloyмafterмholdingмatмээ5ьмoCмforмэььмh:мaмտмmergingмofмniobiumмcarbideмфspectrumмэх
andмchromiumмcarbideмфspectrumм4хмthroughмformationмofмintermediateмʙ′щphaseмфspectrumм5хш

bмտмmergingмofмchromiumмcarbideмфspectrumм4шм6хмandмniobiumмcarbideмфspectrumх
юхмthroughмformationмofмintermediateмʙщphaseмфspectrumмяшм5шм9х

ThusшмcastмstructureмofмalloysмofмsystemмCщю5Crщ
я5NiщSiщNbм isм thermodynamicм nonequilibriumъм
Analysis of the results of research suggests that in this 

caseмtheмmainмfactorsмthatмprovideмhighмperformanceм
ofмFeщCrщNiмbasedмsuperalloysмare:
relativelyмlowмlevelмofмstaticмloadingsмfromм5мMPaм

forмoperatingмtemperatureмofмээ5ьмoCмupмtoм7ьмMPaм
щмforм8ььмoC;

presenceмinмtheмoriginalмcastмstructureшмalongмwithм
theмmatrixм solidм solutionмʙшм aм largeмnumberм фupм to 

юьмсшмvolъхмofмcoarseмeutectic:мbaseмcarbideмфM
7
C

3
 or 

MюяC6хмandмʙщphase;
theмformationмofмdispersedмinclusionsмofмcarbideм

MmC
n
м inмmatrixм outsideм ofм 5м μmм zoneм fromм theм

boundariesмofм eutecticм chromiumмcarbidesмdueм toм
difusionмtoмcarbideмMmC

n
мofмexcessмcarbonшмproduced

atмtheмmodiicationмofмtheмeutecticмchromiumмcarbideм
atмtheмreactionмюяM

7
C

3 → 7MюяC6 чмю7CъмContainingм
ofмmetalмelementsмinмtheмcarbideмMmC

n
 at the initial 

stageмofмholdingмфюмhoursхмisмфсшмwtъх:мяьмCrшм4ьмFeшм
юьмNiъмThisмisмcloseмtoмtheirмconcentrationмinмtheмmaщ
trixъмByмincreasingмtheмholdingмtimeмtoм5ьмhoursшмcomщ
position of dispersed carbides MmC

n
м inм theмmatrix

approachesмtheмcompositionмofмeutecticмcarbideмфсшм
wtъх:м55щ6ьмCrшмэящюьмFeшм8щэюмNiшм5мNbшмямWшм6щ9мC;

additional hardening of structure by inclusion of 

relativelyмstableмniobiumмcarbideмфNbCх;
continuousмtransformationмofмtheмinitialмphasesмinм

theмstructureмatмprolongedмhighмtemperatureмholding:м
chromiumмcarbidesмфM

7
C

3
) change their crystal strucщ

tureмandмtransformмtoмotherмonesмфwithмlowerмrelationм
ofмCмымMмconcentrationхшмniobiumмcarbidesмdissolve 

withмseparationмofмniobiumмinмsolidмmatrixмsolutionм
andмformationмofмintermetallicмphases;

continuous release and dissolution of various inщ
termediateмintermetallicмphasesмatмaмstableмmatrixмinм
theмalloyмstructureмofмcomplexмchemicalмcompositionъм
Theмintermetallicмphasesмareмformedмatмtheмboundaryм
ofмtheмmatrixмandмcarbideмphasesъмTheyмhaveмaмconщ
ditionalм formulaмфinмaccordanceмwithмtheмresultsмofм
determiningмofмtheмchemicalмcompositionмbyмmicroщ
probeм analysisх:м FeCrшм Cr

5
NiFeшм Fe

7
Cr

4
Ni

8
Siшм

Cr
7
Ni

5
Si

3
N

3
FeNb.

Obviouslyшмgrowthмandмdissolutionмofмintermediateм
carbideмandмintermetallicмphasesмareмdeterminedмbyм
difusionмprocessesъмForмgrowthмofмchromiumмbasedм
carbidesшмtheseмprocessesмareмdeterminedмbyмtheмdifщ
fusionмofмchromiumмinмtheмconditionsмofмֈdrift։мunщ
derмtheмinluenceмofмaмpotentialмieldмaroundмtheмcenщ
terмofмtheмnewмphaseъмDifusionмofмtheмcarbonмdoesм
notмlimitмtheмprocessмatмTм=мээ5ьмoC due to the high 

difusionмcoeicientмDм<мэьщ8 cmю ымsмandмtheмmeanм
freeмpathмofмatomsмinмэмhourмlм=мфDʩхьш5 <м6ьмμmъмForм
growthмandмdissolutionмofм intermetallicмphasesм thisм
processмisмlimitedмbyмdifusionмofмsiliconмandмniobiumъм
Thisм demonstratesм theм kineticsм ofм theм increaseмorм
decreaseмinмparticleмsizeмofмparticularмphaseмinмtimeшм
if the process of growth or dissolution of the particles 

hasмalreadyмbegunмforмsomeмreasonъ
Forecastм ofм formationмofм variousм intermediateм

phasesм inм alloysм containingмmoreм thanм эьм activeм

a) b)
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chemicalмelementsмwithoutмexplicitмbaseмфsolventхшм
whoseм roleм playм ironшм nickelм andм chromiumмwithм
aboutм9ьмсмфwtъхмofмtheмcompositionшмatмhighмtemщ
peraturesмandмprolongedмholdingsшмisмaмdiicultмanalщ
ysisмproblemъмStudiesмinмrecentмyearsм[эտ4шм6шмэьտэ4]м
showм thatм theм phaseм compositionм ofм theseм alloysм
changesмcontinuouslyмduringмprolongedмhighм temщ
peratureмholdingъмCurrentlyшмthereмareмresultsмofмdeщ
terminingм theм compositionм ofм theм intermediateм
phasesшм formedм inм theм structureмofм theмalloysмafterм
holdingмforмupмtoмэ6ьмthousandмhoursм[ю]шмandмtheм
numberмofмpossibleмphasesмreachesмupмtoмюьмkindsъ

Research conducted in this study show that the 

applicationмofмexternalмlowмstressмatмhighмtemperatureм
holdingмstimulatesмtheмformationмofмaмnewмphasesмտм
intermetallicмorм carbonitrideмտм inм theм structureмofм
alloyъмGrowthмkineticsмofмphasesмchangesмatмaмlongtimeм
loadмholdingъмThusшмatмtheмboundariesмofмintragranuщ
larмdislocationмcellsм chromiumмcarbidesмcanмbeм reщ
leasedшмasмwellмasмintermetallicмphasesмandмnitridesъ

Conclusions

Conditionsмofмuseмforмpartsмmadeмofмrefractoryмheatм
resistantмalloysмCщю5Crщя5NiщSiщNbщsystemмatмtemщ
peraturesмofм9ььտэьььмoCмwithмaмpossibleмtemporaryм
overheatingм toмээььտэюььм oCмфьш8ьտьш85м fromм theм
solidusмtemperatureхмareмextremeшмconsideringмtemщ

peratureшмasмwellмasмstructuralмinstabilityъмStructuralм
instabilityмinмthisмcaseмisмtheмcontinuousмformationшм
growthмandмdissolutionмofмintermediateмcarbideмandм
intermetallicмphasesмofмvariableмcompositionшмwhichм
areмnotмinмthermodynamicмequilibriumъмArguedмtherщ
modynamicмevaluationмofмexistenceмofмintermediateм
phasesмinмalloysмofмthisмcomponentsмsystemшмcompщ
risingмmulticomponentмbaseмտмironщchromiumщnicщ
kelмandмseveralмactiveмstructureмstabilizingмelementsшм
isмcurrentlyмdiicultъмThisмisмdueмtoмobviousмexperiщ
mentallyмconirmedмфhighмholdingмatмьш8ьտьш85мfromм
theм solidusм temperatureм longerм thanмэььм thousandм
hoursхм absenceм ofм thermodynamicм equilibriumшм
whichмcorrespondsм theмachievementмofмinalм strucщ
turalмstateмwithмaмstableмsetмofмphasesъмThusшмanмimщ
portant task at the present stage of research of such 

alloysмisмtheмaccumulationмofмstatisticallyмcompatibleм
experimentalмresultsмofмdirectмinstrumentalмdetermiщ
nationмofмtheмchemicalмcompositionмofмtheмintermediщ
ateмphasesшм formedм inм theirм structureмduringмhighм
temperatureмфьш7ьտьш85мfromмtheмsolidusмtemperaщ
tureхм longм фюььм thousandмhoursмorмmoreхмholdingм
under operating stress. The results of these studies 

mayмhelpмtoмdetermineмtheмmechanismsмofмprocessesм
leading to the continuous changes in the structure of 

these alloys and to assess the likelihood of achieving 

ofмinalмstructuralмstateмinмthemъ
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