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ABSTRACT

Thealloysfor applicationsat high temperature may microstructurally evolve
in service. This is notably the case of the volume fractions and of the
morphologies of the carbides reinforcing the aloys issued from certain
families, as the cobalt-based superaloys. If these phenomena are obvious
after along time spent at high temperature, they may start during the first
hours of thermal cycling, with more or less consequences, this notably
depending on the amount and the natures of the strengthening carbides. In
this work, two types of carbides among the most used ones, were consid-
ered in a Co-30Cr aloy base: tantalum carbides and chromium carbides,
either separately or present together. Four maximal temperatureswere stud-
ied, between 1050 and 1250°C, for the 2 hours isothermal stage of the ther-
mal cycle. After three cyclesthe microstructures of the alloyswere analysed
by SEM observations, DRX runs and image analysis measurementsto char-
acterize the microstructure evolution from the initial as-cast state. This
evidenced a rapid evolution of both morphology and volume fraction of
carbides which should continue during the following cycles, as shown by
the great differences still remaining with the thermodynamic cal culations
performed for the stage temperatures.
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INTRODUCTION

Among therefractory { hot corrosion + creep} -re-
sstant metalic aloyswhich arecommonly called “su-
peraloys’ there are the cast alloys based on cobalt and
which are reinforced by carbides. The latter are the
primary onesformed intheinterdendritic spacesat the
end of solidification, and the secondary ones appeared
inthematrix, during speciad multi-stage heet trestment,

ashomogeneoudly dispersed fine particles. Although
it concernsrather not many hightemperaturematerids
thisfamily of superdloysremainsdtill important for gp-
plicationsrequiring high chromium amountsfor thecor-
rosion resistance against aggressiveliquid substances
asmoltenglass?.

Duringtheir use at high temperaturethe carbides
strengthening the concerned cobalt al oys undergo mor-
phologica changesof longtimes, for exampleinample
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isothermal conditions, with problemsof rarefaction’® —
in terms of decreasing surface fraction aswell as of
coalescence— and fragmentation!®. But thiscan also
occur whenthealloy issubjected to variations of tem-
perature, evenfor shorter valuesof cumulated times. If,
inthisfield, themicrostructure behaviour of cobalt al-
loyscontaining carbidesisrather well known, the car-
bide evolutionin conditionsof therma cycling needsto
be deeper studiedin the case of specid kinetic condi-
tionsof temperaturevariations. Thisisprecisdy theam
of the present work to apply several { three cycles} —
thermd teststothreedifferent modd dloys, andto com-
parethefina microstructurestotheinitial ones, with
interpretations hel ped by thermodynamic cal cul ations.

EXPERIMENTAL

Threechemicd composition of alloyswereconsd-
ered in this work: Co (bal.)-30Cr-0.3C, Co (bal.)-
30Cr-0.3C-4.5Taand Co (bal.)-30Cr-0.6C-4.5Ta, dl
contentsbeing expressedinweight percents. Thechoice
of these compositions, based on previousworks con-
cerningthisfamily of aloys, wasgoverned by thewish
of obtaining chromium carbidesonly (first dloy), tanta-
lum carbides only (second alloy), or amix of thetwo
typesof carbides(third dloy). Thesethreedloyswere
elaborated by foundry under inert atmosphere, from
initia chargescomposed of pureelements(Co, Cr and
Ta AlfaAesar, purity higher than 99.9wt.%; C: graph-
ite). They were melted and solidified in the water—
cooled copper crucibleof aCELEShigh frequency in-
duction furnacein aninert atmosphere composed of
pure argon (300mbars). Thethreeobtained ingots, al
of about forty grams, werethen cut to obtainasample
for the metall ographi c examination of the as-cast mi-
crostructure, and several parallelepipeds of about
3x5x5 mm3for thethermal cyclingtests.

Thethermd cyclingtests, performedininert atmo-
sphere, were composed of :

- aheating a 10°C min? from the ambient tem
peratureto thetargeted high temperature (Taage),

- anisothermal stageof 2hoursat T,

- acooling a -10°C min* down to room tempera-
ture, thisbeing repeated threetimes.

Theas-cast sample aswell asthe samplesprevi-
oudly subjected tothermal cycling (theseonescut again
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toreved the core microstructure), wereembedded in
acoldresnmixture (manufacturer ESCIL: resn CY 230
+ hardener HY 956) and polished with SIC papersfrom
240to0 1200 grit, with final polishing doneusing atex-
tiledisk containing 1pm alumina particles. The metallo-
graphic observationsweredoneusingaFied Emisson
Gun - Scanning Electron Microscopy (FEG-SEM:
Hitachi S-4800), inthe Back Scattered Electronsmode
(BSE, 20kV). Several micrographsweretaken at dif-
ferent magnificationsbetween x250 and x1000. These
oneswereexploitedtoillustratethemicrostructuresand
to measure the surface fractions of the two types of
carbidesby imageanays s (softwareAdobe Photoshop
CS). X-Ray Diffraction runs were additionally per-
formed to specify the natures of the carbides, usinga
Philips X’ Pert Pro diffractometer (wavelength CuK :
1.5406 Angstroms).

In order to interpret themicrostructureevol ution of
thedloysthermodynamic cd culationswere performed
using the Thermo-Calc version N software®™ and ada-
tabaseinitially contai ning the descriptions of the Co-
Cr-C system and its sub-systemd®* enriched by the
description of the binary and ternary sub-systems Ta-
C, Co-Ta, Cr-Taand Co-Ta-Cl*#%], The natures and
volumefractionsof the phases stabilized at high tem-
peratureand still present after returnto room tempera:
turewerethus compared to the naturesand massfrac-
tions converted in volumefractionsgiven by thether-
modynamic cal culations performed for the chemical
compositionsof thealoysand thedifferent tempera-
tures of 2 hours- stage during thethermal cycling. For
the conversion of themassfractionsinto volumefrac-
tionsthefollowing volume masseswereused*®: 8.9 g
cm® for thematrix, 6.94 g cm® for the Cr,C, carbides
and 14.5 gcm2for the TaC carbides.

RESULTSAND DISCUSSION

As-cast microstructuresof thealloys

Just after solidification and cooling thethreealoys
displaysthemicrostructures presented in Figure 1 for
the““Co3C” alloy (Co-30Cr-0.3C alloy), the “Co3CT”
alloy (Co-30Cr-0.3C-4.5Ta) and the “Co6CT” alloy
(Co-30Cr-0.6C-4.5Ta). In each casethe main micro-
graphisaonetaken at amagnification of x 250 to have
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Figurel: Theas-cast microstructuresof thethreealloys
(Co3C: top, Co3CT: middle, and Co6CT: bottom); in all cases:
picturestaken at x 250 (main picture) and x 1000 (inserted
enlarged view)

ageneral view on the microstructure and the onein-
serted inthetop-right corner isamoredetailed view of
the carbides’ morphology (at x 1000).

Woteriolsy Scicnce  mmm—

The three aloys display a dendritic matrix and
interdendritic carbides. Seemingly, inthesemicrogrgphs
obtainedin Back Scattered El ectrons mode, these car-
bidesareexclusvely chromium carbides (dark particles)
intheCo3Cdloy, exclusvely tantaum carbides (white
particles) inthe Co3CT dloy. The Co6CT dloy seems
containing both chromium carbidesand tantalum car-
bides.

Microstructures after the three cycles- thermal
runs

By comparison with the as-cast microstructureil-
lustrated in Figure 1 (top-left), themicrostructural state
of the Co3C dloy hassignificantly changed after ther-
mal cycling, lessfor a stage temperature of 1050°C
than for thetwo highest stagetemperatures (1150 and
1200°C). Indeed, as evidenced by the micrographs
presentedin Figure2, theinitia chromium carbideshave
either diminished (1050°C) or almost disappeared
(1250 and 1200°C). This is confirmed by the X-Ray
Diffraction patternswhich never redlly show peakscor-
responding to thecarbidessince, indl cases, theseones
arenow inexistent or present intwo small quantitiesto
be detected. These XRD patterns show in addition that
apart of austenitemay till existinthematrix (become
essentially HCP) after thefinal cooling to room tem-
perature (especialy for Tstage = 1050°C).

Asevidenced by the micrographspresentedin Fig-
ure 3 theresistance of the carbidesof the Co3CT alloy
to therepeated exposure to high temperatureis obvi-
ously much better for the TaC carbidessincethey are
still present in grest quantity after each thermal cycling
test, although one can notethat these quantitiesare at
least alittlelowered and that thecarbides’ integrity was
affected, by comparison to the as-cast microstructure.
More precisely it seems that the TaC carbides are
presentindightly lower quantitiesand Sgnificantly more
fragmented when the stage temperature was higher.
Degspitethat the carbides (TaC) are much lessnumer-
ousthan in the carbidesin the Co3C alloy, the XRD
patterns do not systematically detect the presence of
these carbides. Indeed, when present, the peaks re-
vesaling the presence of TaC carbidesarerather small.
Inversely the pesks corresponding to thematrix are of
course here too more accentuated and they demon-
strate hereagain that thematrix isgeneraly partly aus-
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tenitic (FCC) and partly hexagond (HCP).
Thesamephenomenaof quantity decreaseand frag-
mentation increase of the TaC carbides, both enhanced
by ahigher stagetemperature, are encountered for the
Co6CT aloy (Figure6). Thechromium carbidesare
seemingly still present but lessvisiblethanintheas-cast
microstructure. The XRD patternsbetter show herethe
presence of the TaC carbides, whileadditional peaks
tend to reveal the presence of the other carbides but
without allowingto redlly discriminate between thetwo
probable chromium carbidestype: M.C,or M_C..

Thermodynamic calculations

Tohdpfor themicrostructureidentification and for com-
parison purposethermodynamic cal cul ationswere per-
formed usingthe Thermo-CacversonN software. The
results of these calculations, computed for thethree or
four stagetemperatures, arepresentedin TABLE 1 for
the Co3C dloy, TABLE 2for the Co3CT dloy andin
TABLE 3for the Co6CT aloy.

Onecan seefirgt that matrix may beausteniticat al
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the stage temperatures and then that the thermal cy-
clinginvolved at each cyclethechangeof itscrystdline
network from {HCP + FCC} (asrevealed by XRD)
to FCC and theinverse partial transformation at cool-
ing. Concerning the carbidesthe thermal cycling may
induce achange of nature of the chromium carbides,
between their high temperaturetype (M,C,) and their
low temperaturetype (M.,C,), only inthe case of L
=1200 and 1250°C for the Co3C alloy, and of T oo~
1250°C for the Co3CT alloy. But it was decided to
experimentally try only 1050, 1150 and 1200°C for
thesetwo chromium carbides- containing aloystore-
main far from thetemperature of fusion start for these
two aloystherefractoriness of whichisknownto be
lowered by the presence of eutectic chromium carbides.
Concerning the Co3CT alloy, cyclingmay inducedis-
appearance at heating and possiblere-precipitation at
cooling. However, therather long isotherma stagedu-
rations (evenif they are of only 2 hours per cycle), in
balance with therather fast heating and cooling, may
lead to the keeping of the high temperature types of

dandritic
matrix

chromium

carbides

G 1303000
4 0y OObiM  SEM WO LS. Tem

Figure2: Themicrostructureof theCo3C alloy after thermal cycling; bottom right: 3x2h at 1050°C, bottom left: 3x 2h at
1150°C and top left: 3 x 2h at 1200°C:; in all cases: pictures taken at x250 (main picture) and x 1000 (inserted enlarged view)
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Figure3: XRD-aided identification of thematrix network
and of thecarbides’ types for the Co3C alloy after thermal
cycling; bottom: 3 x 2h at 1050°C, middle: 3 x 2h at 1150°C
and top: 3% 2h at 1200°C

carbides, in contrast with themetallic matrix which may
transform faster during temperature changes (asproven

Figure4: Themicrostructureof theCo3CT alloy after thermal cycling; bottom right: 3x2h at 1050°C, bottom left: 3x2h at
1150°C, top left: 3x2h at 1200°C and top right: 3x2h at 1250°C; in all cases: pictures taken at x250 (main picture) andx1000

by theat least partial transformationin HCP evidenced
by XRD).

M easur ement of the car bide surfacefractionsby
imageanalysis

Accordingto Thermo-Calcit aso appearsthat the
carbides, which should be of coursepresent in greater
quantities (when considered dl together) if the carbon
content ishigher and if the concerned metal isastron-
ger carbide-former, would be present inlower quanti-
tieswhenthestagetemperatureishigher. Thisisinquali-
tatively good agreement with the metal lographic ob-
servations. Thiscan bemore quantitatively studied by
mesasuring the surfacefractions of the carbides present
inthedloysafter thermd cycling. Theresultsof image
andysisarepresentedin TABLE 4, aswell asthetheo-
retic volumefractions cal cul ated from themass frac-
tionsissued from thethermodynamic calculations. It
appearsthat, athoughthereisonetimeagood agree-
ment between redl carbides surfacefractionsand cal-
culated volumefractions (Co3CT at 1250°C) there is
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Figure5: XRD-aided identification of thematrix network
and of thecarbides’ types for the Co3CT alloy after thermal

cycling

generaly significant mismatchesbetween thetwo sets
of values. much less chromium carbidesthan ca culated
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intheCo3Cdloy for al temperatures, much moretan-
talum carbidesthan calculated in the Co3CT alloy for
al temperatures, and smultaneously much moretanta
lum carbides and much less chromium carbidesthan
caculatedinthe Co6CT dloy alsofor dl temperatures.
It can a so be noted that the alloys exposed to thermal
cycling generaly contain more chromium carbidesand/
or lesstantalum carbidesthanin their as-cast condi-
tions.

General commentaries

Comparisonwith their point of departure (as-cast
state) the alloy have significantly evolved
microstructurally. Inone case, alloy Co3C, thesingle
type of carbide— chromium carbide — the as-cast mi-
crostructurewasvery poor of carbidesand therewas
after thermd cycling that carbideshad becomevisible
(essentidly for thetwo stagetemperaturesnot two high).
Sincethe thermodynamic cal culationsindicated higher
vauesof volumefractions(after conversion of themass
fractions), onecanthink that themicrostructure evol u-

=--eo.__ tantalum
carbides

[ —
‘‘‘‘‘‘‘
‘‘‘‘‘

matrix

Figure6: Themicrostructureof the Co6CT alloy after ther mal cycling; bottomright: 3x2h at 1050°C, bottom left: 3 x2h at
1150°C and top left: 3x2h at 1200°C; in all cases: pictures taken at X250 (main picture) and X1000 (inserted enlarged view)
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Figure7: XRD-aided identification of thematrix network
and of thecar bides’ types for the Co6CT alloy after thermal
cycling; bottom: 3 x 2h at 1050°C, middle: 3 x 2h at 1150°C
and top: 3% 2h at 1200°C

tion should go on during additional cycles, with asre-
sult aprogressive hardening of thealloy. Thiscan be

initidly duetoatoorapidinitia solidificationwhichdid
not allow the preci pitation of many carbides, thisre-
aultingfor thisternary alloy in an as-cast microstructure
still closeto the high temperature solidification micro-
structureintermsof carbidesfractions. Thethermal
cycling, by exposing thealloy to longer timesat inter-
mediate temperatures, allowed the carbidesto grow
and to go closer to the thermodynamic equilibrium at
thesetemperatures. Thisevolution was obvioudy not
finished sincethe obtained carbidesfractions, after only
three cyclescontaining a2 hours-stage, weretill rather
far fromthevauesof equilibrium.

For the Co3CT aloy, which contain almost only
TaC carbidesin the as-cast condition aswell asafter
thermal cycling, the same as-cast |ow presence of tan-
talum carbides existed too, but thiswas|ess marked.
However, during the three cycles of exposure to
1050°C the TaC volume fraction increases, to reach

TABLE 1: Resultsof thermodynamic cal culationsfor the Co3C alloy

Matrix: crystalline network

Carbide 1: nature

Carbide 2: nature

T
%% mass%  chem.comp.Wt.%) mass%  chem.comp.(Wt.%) mass%  chem. comp.(wt.%)
FCC M-Cs /
1250°C 71.83Co - 29.03Cr 83.59Cr — 8.93C
9%8.22 0.143C 178 7.48Co / /
FCC M-Cs /
1200°C 71.04Co — 28.85Cr 83.90Cr — 8.93C
97.91 0.115C 210 7.17Co / /
FCC / M,3Cs
1150°C 71.70Co — 28.20Cr 75.43Cr — 19.02Co
96.20 0.092C / / 3.81 5 56C
FCC / M,3Cs
1050°C 72.17Co — 27.78Cr 76.46Cr — 17.97Co
95.45 0.049C / / 4,55 5560
TABLE 2: Resultsof thermodynamic calculationsfor the Co3CT alloy
T Matrix: crystalline network Carbide 1: nature Carbide 2: nature
sage mass.% chem. comp.(wt.%) mass.% chem. comp.(wt.%) mass.% chem. comp.(wt.%)
FCC TaC /
1250°C 67.63Co— 31.11Cr 93.47Ta- 6.22C
96.41 1.19Ta- 0.080C 3.59 0.29Cr — 0.02Co / /
FCC TaC /
1200°C 67.76Co — 31.17Cr 93.50Ta- 6.22C
96.22 1.00Ta- 0.067C 379 0.27Cr — 0.015Co / /
FCC TaC /
1150°C 67.89Co — 31.23Cr 93.52Ta- 6.22C
96.04 0.83Ta- 0.06C 3.96 0.24C — 0.01Co / /
FCC TaC M23Ce
1050°C 68.11Co — 31.28Cr 93.58Ta— 6.23C 79.10Cr — 15.32Co
971 0.58Ta— 0.035C 422 0.19Cr — 0.01Co /.16 5.58C_ 0Ta
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TABLE 3: Resultsof thermodynamic calculationsfor the Co6CT alloy

Matrix: crystalline network

Carbide 1: nature

Carbide 2: nature

-
%% mass%  chem.comp.(Wt%) mass%  chem.comp.(Wt%) mass%  chem. comp.(wt.%)
FCC TaC M-Cs
1250°C 69.23Co — 29.85Cr 93.21Ta- 6.27C 84.16Cr — 8.93C
93.50 0.79Ta- 0.14C 4.04 0.49Cr — 0.03Co 246 6.90Co - OTa
FCC TaC M Cs
1200°C 70.01Co - 29.17Cr 93.27Ta- 6.27C 75.94Cr — 18.50Co
91.56 0.71Ta— 0.11C 413 0.44Cr — 0.03Co 431 5.56C  OTa
FCC TaC M23Cs
1150°C 70.30Co — 28.95Cr 93.36Ta— 6.26C 76.38Cr — 18.06Co
9110 0.66Ta— 0.08C 417 0.36Cr — 0.02Co 4.2 5.56C — 0Ta
FCC TaC M 2Cs
1050°C 70.75Co — 28.63Cr 93.51Ta- 6.24C 77.39Cr — 17.03Co
90.46 0.57Ta- 0.044C 4.26 0.24Cr — 0.01Co 529 5.57C_ 0Ta

TABLE 4: Surfacefractionsof carbidesmeasured by imageanalysisand comparison with thevolumefractionsdeduced from
the massfractionsissued from thether modynamic calculations

Taoe Image analysis Co3C Co3CT Co6CT
/Th. Calc TaC Cr,Cy TaC Cr,C, TaC Cr,C,
Im. Andl. / / 1.91+0.35  0.02+0.01 / /
1250°C
Th. Calc / / 2.23 0 / /
1900°C Im. Andl. / 0.42+0.06 2774027  0.03+0.01  471+1.51  1.66+0.60
Th. Calc / 2.68 2.36 0 2.54 5.55
1150°C Im. Andl. / 0.92+023  2.67+038  0.02+0.01  4.88+0.72  251+1.12
Th. Calc / 4.83 2.47 0 2.57 6.07
1050°C Im. Andl. / 254+1.08 5534099  0.23+0.10  4.74+0.83  3.05+1.28
Th. Calc / 5.76 2.63 0.09 2.62 6.79
As-cast Im. Andl. / 0.32+0.11  3.86+0.54  0.01+0.01  4.18+0.89  1.53+0.28

haigher volumefraction than predicted by Thermo-
Calc. For thethreehighest stagetemperatures, the TaC
fractions obtained werein contrast lower than inthe
as-cast condition but higher again than the predicted
ones. Thiscan be explained by thefact that the tanta-
lum atoms had maybe severdly segregated towardsthe
last zonesto solidify and then promoted aninitid forma:
tion of TaC carbidesintheseinterdendritic paceshigher
than predicted by thermodynamic calculations, later fol-
lowed by an achievement of thisinterdendritic TaC pre-
cipitation during the stagesat 1050°C. In contrast, the
stageat temperature 100°C higher and more favoured
fragmentation of theinitid carbides(drivingforce: thein-
terfacia energy reduction) and asmoothing of the segre-
gationduringsolidification by inversediffusonof theTa
atoms, leading to abetter chemical homogeneity. The
progressof carbide precipitation, of both TaC and chro-
mium carbides, obvioudly a so occurred for the super-

saturated matrix part surrounding theinterdendritic gpaces
of the Co6CT alloy, with asresult moretantalum car-
bi desand more chromium carbidesthaninthe as-cast
condition. However, probably becauseamoredifficult
inversediffuson of thebig Taatomsfromoutsidetoin-
Sdethematrix dendrites, by comparisonwiththesmdler
Cr atoms, the TaC carbidestend to bedrastically more
present and the chromium carbides|ess present, than
indicated by Thermo-Calc.

CONCLUSIONS

Thefirgt cycles—even short in time — of the cycling
temperatureevolution may lead toimportant microstruc-
tureevolutionsof carbides-strengthened cobalt-based
alloys, asdemonstrated here with simpleternary and
quaternary dloys. Inthesemodé dloys, themetdlurgi-
cd ingahility of themicrogtructuresresultinginitialy from
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rather fast solidification and solid state cooling, rapidly
occurs, with as consequences, for thestudied dloys, a
probabl e strengthening effect (more carbides). How-
ever thismay also induce problemsasaninitial me-
chanical deterioration of the alloyswhich are maybe
not strengthened enough in thefirst hoursof service,
possible geometrical instabilities... It appearsto be
better to stabilize the microstructures of thea loys by
convenient heat-treatment after solidification (asusu-
aly done) toavoid suchinitid microstructureevolution,
and then potentia problems, beforeusingthe piecesin
thermd cycling.
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